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Foreword

This thesis delves into the world of ionotropic glutamate receptors (iGluRs). Particularly, I focus

on the delta family of iGluRs, the only family of iGluRs known for their lack of direct activation

by ligands, with a spotlight on the evolutionary journey and functional properties of these recep-

tors across various animal species. The introductory chapter one sets the stage by providing an

overview of neuronal signaling mechanisms and the critical role that iGluRs play in modulating

synaptic activity. I further narrow down the introduction to the distinct features of delta iGluRs,

laying the groundwork for my aims in chapter two and subsequent experimental study. My

study makes use of molecular phylogenetics, electrophysiology, and mutagenesis techniques

to uncover the evolution and functional properties of various delta iGluRs, methods which are

described in chapter three. Chapter four stands as the cornerstone of my thesis, unveiling the

surprising activation of numerous invertebrate delta iGluRs by GABA, a neurotransmitter tra-

ditionally associated with inhibitory effects in the nervous system. In chapter five, I delve into

the pharmacological and biophysical properties of the starfish delta receptor AcaGluD and its

relation to other iGluRs. In chapter six, by comparing active GABA-gated invertebrate delta

receptors to inactive vertebrate delta receptors and using mutagenesis I decipher the molecular

basis for the loss of GABA-gated currents observed in vertebrate delta iGluRs. Chapter seven

assesses the relevance of these findings for related fields, and overall, this thesis presents a com-

prehensive analysis of delta iGluRs, offering a new perspective on their evolution and functional

diversity.

Foreword

Thisthesisdelvesintotheworldofionotropicglutamatereceptors(iGluRs).Particularly,Ifocus

onthedeltafamilyofiGluRs,theonlyfamilyofiGluRsknownfortheirlackofdirectactivation

byligands,withaspotlightontheevolutionaryjourneyandfunctionalpropertiesoftheserecep-

torsacrossvariousanimalspecies.Theintroductorychapteronesetsthestagebyprovidingan

overviewofneuronalsignalingmechanismsandthecriticalrolethatiGluRsplayinmodulating

synapticactivity.IfurthernarrowdowntheintroductiontothedistinctfeaturesofdeltaiGluRs,

layingthegroundworkformyaimsinchaptertwoandsubsequentexperimentalstudy.My

studymakesuseofmolecularphylogenetics,electrophysiology,andmutagenesistechniques

touncovertheevolutionandfunctionalpropertiesofvariousdeltaiGluRs,methodswhichare

describedinchapterthree.Chapterfourstandsasthecornerstoneofmythesis,unveilingthe

surprisingactivationofnumerousinvertebratedeltaiGluRsbyGABA,aneurotransmittertra-

ditionallyassociatedwithinhibitoryeffectsinthenervoussystem.Inchapterfive,Idelveinto

thepharmacologicalandbiophysicalpropertiesofthestarfishdeltareceptorAcaGluDandits

relationtootheriGluRs.Inchaptersix,bycomparingactiveGABA-gatedinvertebratedelta

receptorstoinactivevertebratedeltareceptorsandusingmutagenesisIdecipherthemolecular

basisforthelossofGABA-gatedcurrentsobservedinvertebratedeltaiGluRs.Chapterseven

assessestherelevanceofthesefindingsforrelatedfields,andoverall,thisthesispresentsacom-

prehensiveanalysisofdeltaiGluRs,offeringanewperspectiveontheirevolutionandfunctional

diversity.
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Abstract (in English)

In the mammalian brain, ionotropic glutamate receptors (iGluRs) are critical in mediating ex-

citatory signals between neurons. These receptors are categorized into four distinct families:

AMPA, KA, NMDA, and delta. Unlike other iGluR families, delta receptors are not activated

by neurotransmitter binding. This thesis presents a comprehensive analysis combining phylo-

genetics, electrophysiological experiments, and site-directed mutagenesis, to explore the func-

tional diversity of delta receptors from numerous animals and identify the molecular basis for

the functional divergence of mammalian delta receptors. My findings reveal that delta iGluRs

in various invertebrate species function similarly to the AMPA/KA receptors found in mam-

mals but, uniquely, are activated by γ-aminobutyric acid (GABA), traditionally recognized as

an inhibitory neurotransmitter. This discovery points to a potential excitatory role for GABA in

invertebrate neural circuits, challenging conventional paradigms of neurotransmission. More-

over, my analysis identifies nine amino acid substitutions that arose in the vertebrate lineage,

significantly contributing to the distinctive functional divergence of mammalian delta iGluRs.
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thefunctionaldivergenceofmammaliandeltareceptors.MyfindingsrevealthatdeltaiGluRs

invariousinvertebratespeciesfunctionsimilarlytotheAMPA/KAreceptorsfoundinmam-

malsbut,uniquely,areactivatedbyγ-aminobutyricacid(GABA),traditionallyrecognizedas

aninhibitoryneurotransmitter.ThisdiscoverypointstoapotentialexcitatoryroleforGABAin

invertebrateneuralcircuits,challengingconventionalparadigmsofneurotransmission.More-

over,myanalysisidentifiesnineaminoacidsubstitutionsthataroseinthevertebratelineage,

significantlycontributingtothedistinctivefunctionaldivergenceofmammaliandeltaiGluRs.
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Abstract (på norsk)

I pattedyrhjernen er ionotrope glutamatreseptorer (iGluR) avgjørende for å formidle eksitatorisk

nevrotransmisjon. Disse reseptorene deles inn i fire forskjellige familier: AMPA, KA, NMDA

og delta. I motsetning til de andre iGluR-familiene aktiveres ikke delta-reseptorene ved bind-

ing av nevrotransmittere. Denne avhandlingen presenterer en omfattende analyse som kom-

binerer fylogenetikk, elektrofysiologiske eksperimenter og stedsrettet mutagenese for å utforske

det funksjonelle mangfoldet av deltareseptorer fra en rekke dyr og identifisere det molekylære

grunnlaget for den funksjonelle divergensenmellom deltareseptorer hos pattedyr. Funnenemine

viser at delta iGluR-reseptorer hos ulike arter av virvelløse dyr fungerer på samme måte som

AMPA/KA-reseptorene hos pattedyr, men at de aktiveres av γ-aminosmørsyre (GABA), som

tradisjonelt er kjent som en hemmende nevrotransmitter. Denne oppdagelsen peker på en poten-

siell eksitatorisk rolle for GABA i nevrale kretser hos virvelløse dyr, noe som utfordrer konven-

sjonelle paradigmer for nevrotransmisjon. I tillegg identifiserer analysen min ni aminosyre-

substitusjoner som oppsto i virveldyrlinjen, noe som i betydelig grad bidrar til den særegne

funksjonelle divergensen mellom delta iGluR-ene hos pattedyr.

Abstract(pånorsk)

Ipattedyrhjernenerionotropeglutamatreseptorer(iGluR)avgjørendeforåformidleeksitatorisk

nevrotransmisjon.Dissereseptorenedelesinnifireforskjelligefamilier:AMPA,KA,NMDA

ogdelta.ImotsetningtildeandreiGluR-familieneaktiveresikkedelta-reseptorenevedbind-

ingavnevrotransmittere.Denneavhandlingenpresentererenomfattendeanalysesomkom-

binererfylogenetikk,elektrofysiologiskeeksperimenterogstedsrettetmutageneseforåutforske

detfunksjonellemangfoldetavdeltareseptorerfraenrekkedyrogidentifiseredetmolekylære

grunnlagetfordenfunksjonelledivergensenmellomdeltareseptorerhospattedyr.Funnenemine

viseratdeltaiGluR-reseptorerhosulikearteravvirvelløsedyrfungererpåsammemåtesom

AMPA/KA-reseptorenehospattedyr,menatdeaktiveresavγ-aminosmørsyre(GABA),som

tradisjonelterkjentsomenhemmendenevrotransmitter.Denneoppdagelsenpekerpåenpoten-

sielleksitatoriskrolleforGABAinevralekretserhosvirvelløsedyr,noesomutfordrerkonven-

sjonelleparadigmerfornevrotransmisjon.Itilleggidentifisereranalysenminniaminosyre-

substitusjonersomoppstoivirveldyrlinjen,noesomibetydeliggradbidrartildensæregne

funksjonelledivergensenmellomdeltaiGluR-enehospattedyr.
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Chapter 1

Introduction

1.1 Neurons and Signal Transmission

The central nervous system (CNS), composed of the brain and spinal cord, serves as the prin-

cipal control hub of the body’s activities and functions and it’s responsible for orchestrating a

wide range of sensory information and motor responses, from regulating vital processes such

as breathing to enabling complex behaviors like thinking, learning, and emotions. Structurally

and functionally, it consists of an elaborate network of cells called neurons that have the ability

of communicating with each other. Most neurons are composed of a cell body from which pro-

trude numerous dendritic branches and a single, elongated axon. Neurons are interconnected by

synapses, the functional point of contact of neurons within the network, where communication

occurs through the coupling of a presynaptic axon terminal and a postsynaptic dendrite.

The fundamental basis of neural communication lies in the generation and propagation of electri-

cal signals. These electrical signals manifest as transient shifts in the cell’s membrane potential,

the electrical voltage difference across the neuron’s membrane, resulting from the differential

concentration of ions—mainly extracellular sodium (Na+), calcium (Ca2+) and chloride (Cl–)

and intracellular potassium (K+) and various organic anions—between the inside and outside of

the cell. It is generally stabilized, or polarized, at approximately –70 mV at rest, which is main-

tained by ion pumps and channels in the cell membrane (Pivovarov et al. (2019)). When the
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2 1. Introduction

membrane potential of a neuron becomes sufficiently depolarized, reaching a threshold value

(between –50 and –55 mV) it leads to the rapid opening of voltage-gated Na+ channels and

a subsequent influx of Na+, further depolarizing the membrane and elevating the potential to

a peak value near +30 mV. The depolarization also inactivates sodium channels and activates

slightly slower voltage-gated K+ channels, allowing potassium ions to exit the neuron and thus

repolarizing the membrane towards the resting potential (Hodgkin and Huxley (1939)). Reach-

ing the end of the repolarization phase there’s an overshoot to a hyperpolarized state due to

the delayed closing of K+ channels, momentarily making the neuron less excitable (Yoshimura

and Jessell (1989)). These events define an action potential, an all-or-nothing event that once

initiated it propagates along the neuron’s axon without diminishing in strength, thanks to the

continuous opening of ion channels along the axon’s length, and culminates in the opening of

voltage-gated Ca2+ channels leading to an influx of Ca2+. Incoming Ca2+ act as a secondary

messenger and initiate the fusion of neurotransmitters-containing vesicles with the presynaptic

membrane. This allows the neurotransmitters to infuse the synaptic gap, a 20 nm space between

the presynaptic and the postsynaptic neuron, and specifically bind to neurotransmitter receptors

that are localized on the postsynaptic membrane (Teleanu et al. (2022)).

This conversion of electrical signal to chemical one opens the door to a wide array of events.

Namely, the type of receptor involved dictates the nature of the response within a neuron. In

the case of ionotropic receptors a swift alteration of their structure upon neurotransmitter bind-

ing, and consequent pore opening, allows the passage for ions such as Na+, K+, or Ca2+ within

milliseconds, that leads to rapid changes in the neuronal membrane potential and facilitating

fast synaptic transmission. Metabotropic receptors, in contrast, initiate a more prolonged re-

sponse by activating G-proteins, which in turn can trigger various other downstream signaling

pathways. Based on the specific neurotransmitter or receptor involved, the postsynaptic neuron

may receive a signal that is either excitatory or inhibitory. When ionotropic receptors allow

the influx of cations, the neuron’s membrane potential becomes more positive, which typically

leads to excitatory postsynaptic potentials (EPSP) that triggers voltage-dependent Na+ channels
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and a dendritic action potential that propagates along the dendritic membrane towards the axon.

Conversely, when ionotropic receptors selectively allow the influx of Cl– ions or the efflux of

K+, the neuron’s membrane potential becomes more negative, a process known as hyperpolar-

ization, thus diminishing or completely abolishing an EPSP (Takagi (2000)). The accuracy in

distinguishing these processes is crucial because it underlines how neural networks manage the

balance between excitation and inhibition, a fundamental aspect of their function.
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Most inhibitory synapses in the brain and spinal cord use either γ-aminobutyric acid (GABA)

or glycine as neurotransmitters. GABA, the most prevalent inhibitory neurotransmitter in the

CNS, operates primarily through GABAA receptors, ionotropic receptors from the pentameric

ligand-gated ion channel (pLGIC) superfamily. In addition to ionotropic receptors, GABA also

acts on metabotropic GABAB receptors, which are G-protein coupled receptors that modulate

neurotransmission over longer periods of time and influence a wide range of intracellular sig-

naling pathways that lead to longer-lasting effects on neuronal excitability. GABAergic sig-

naling is crucial in brain physiology and its dysfunction can lead to pathological conditions

such as epilepsy. This typically occurs when the equilibrium between excitation and inhibition

within the network is disrupted (Treiman (2001)). GABAA receptors consist of five symmetric

subunits. 19 different GABAAR subunits have been cloned in the mammalian CNS and this

diversity enables significant variability in the composition of GABAAR (Olsen and Sieghart

(2009)). Each subunit is characterized by an extracellular domain (ECD) that includes “half”

of the intersubunit binding site for GABA binding, a transmembrane domain made up of four

transmembrane helices (TM1-TM4) with the TM2 helix lining the ion channel pore, and a flex-

ible intracellular domain (ICD) (Miller and Aricescu (2014)). The receptor’s structure is finely

tuned to respond to GABA binding with conformational changes that open the Cl– channel, a

mechanism that is modulated by various pharmacological agents, including benzodiazepines,

anaesthetics and neurosteroids (Olsen (2018); Olsen and Sieghart (2009)). These compounds
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bind to different sites on the GABAA receptor complex than GABA, acting as positive allosteric

modulators and, consequently potentiating the inhibition of neurons and are used in the treat-

ment of conditions like anxiety, epilepsy, and sleep disorders (Castellano et al. (2021)).

Transitioning from the pharmacological modulation of GABAA receptors in mature neurons, it

is interesting to note the dynamic functionality of these receptors during different life stages

in the mammalian brain. During early neural development, the intracellular environment of

these neurons is characterized by a higher concentration of Cl– relative to the extracellular en-

vironment and its maintained primarily through the activity of the Cl– membrane importer pro-

tein sodium-potassium-chloride cotransporter 1 NKCC1 (Payne et al. (2003)). Activation of

GABAA receptors under these conditions results in Cl– ions flowing out of the neuron, leading

to membrane depolarization—in stark contrast to the hyperpolarizing, inhibitory effect seen in

adult neurons (Ben-Ari and Holmes (2005)). As the brain matures the expression of NKCC1

decreases and an upregulation of potassium-chloride cotransporter 2 (KCC2) take place. KCC2

extrude Cl– from the inside of the neuron, lowering the intracellular concentration of Cl– below

the equilibrium potential of GABAA receptor-mediated Cl– influx (Delpire (2000); Chabwine

et al. (2015); Rivera et al. (1999)). Interestingly, the timing of the GABA shift from excitatory

to inhibitory function is not uniform across the nervous system but appears strongly dependent

on the neuronal type, sex, and species (Peerboom and Wierenga (2021)).

1.3 Glutamate and glutamate receptors

Glutamate is the principal excitatory neurotransmitter in the mammalian CNS and plays a criti-

cal role in virtually all aspects of brain function (Johnson and Aprison (1970); Fagg and Foster

(1983)) and in turn glutamate receptors play a crucial role in transmitting excitatory signals

in neuronal networks. Glutamate receptors are broadly classified into two groups: ionotropic

receptors, which are ligand-gated ion channels, and metabotropic receptors, which function

through G protein-coupled mechanisms. Ionotropic glutamate receptors (iGluRs) function as

cation-selective channels that are directly opened by glutamate, facilitating rapid signal trans-
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duction across synapses, while in metabotropic glutamate receptors (mGluRs), glutamate bind-

ing alters mGluR interactions with G proteins, leading to relatively slow-acting intracellular

signaling cascades (Conn (2003)). Within mammals, the coding of iGluR subunits is accom-

plished by 18 distinct genes and are categorized into four families based on sequence homol-

ogy and pharmacological characteristics. Three of these families were named after selective

agonists identified during their initial classification: α-amino-3-hydroxy-4-methylisoxazole-5-

propionic acid (AMPA) receptors, kainate receptors (KA) and N-methyl-D-aspartate (NMDA)

receptors (Hollmann and Heinemann (1994)). Unlike these three, a fourth family, for which

no activating agonist has been identified, lead to their classification as ’delta receptors’ and

their inclusion in the iGluR family was based primarily on sequence similarity (Yamazaki et al.

(1992)). A functional iGluR is a tetramer assembled from subunits within the same family, al-

lowing for the formation of either homomers, which consist of identical subunits, or heteromers,

composed of different subunits. In mammals, the AMPA receptor family is composed of four

subunits (GluA1-A4), KA receptors by five subunits (GluK1-K5), NMDA receptors by seven

subunits (GluN1, GluN2A-D, GluN3A-B) and delta receptors by two subunits (GluD1-2) (Wis-

den and Seeburg (1993)).

1.3.1 Evolution of iGluRs

The evolution iGluRs is believed to be marked by substantial adaptability and diversification of

these receptors across different species. There are lineage-specific classes that are not present

in vertebrates indicating a complex evolutionary history belied by the well-known AMPA, KA,

NMDA and delta receptor groups. Recent studies have proposed a reorganization of iGluRs

into groups, some of which were previously unrecognized. This reclassification acknowledges

the existence of additional receptor types that have evolved distinct characteristics, potentially

leading to novel receptor functions that have yet to be fully understood. Ramos-Vicente and col-

leagues (Ramos-Vicente et al. (2018)) proposed a new classification for iGluRs that better encap-

sulates their diversity across different animal lineages. This new classification introduces two

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo

1.3 Glutamate and glutamate receptors 5

duction across synapses, while in metabotropic glutamate receptors (mGluRs), glutamate bind-

ing alters mGluR interactions with G proteins, leading to relatively slow-acting intracellular

signaling cascades (Conn (2003)). Within mammals, the coding of iGluR subunits is accom-

plished by 18 distinct genes and are categorized into four families based on sequence homol-

ogy and pharmacological characteristics. Three of these families were named after selective

agonists identified during their initial classification: α-amino-3-hydroxy-4-methylisoxazole-5-

propionic acid (AMPA) receptors, kainate receptors (KA) and N-methyl-D-aspartate (NMDA)

receptors (Hollmann and Heinemann (1994)). Unlike these three, a fourth family, for which

no activating agonist has been identified, lead to their classification as ’delta receptors’ and

their inclusion in the iGluR family was based primarily on sequence similarity (Yamazaki et al.

(1992)). A functional iGluR is a tetramer assembled from subunits within the same family, al-

lowing for the formation of either homomers, which consist of identical subunits, or heteromers,

composed of different subunits. In mammals, the AMPA receptor family is composed of four

subunits (GluA1-A4), KA receptors by five subunits (GluK1-K5), NMDA receptors by seven

subunits (GluN1, GluN2A-D, GluN3A-B) and delta receptors by two subunits (GluD1-2) (Wis-

den and Seeburg (1993)).

1.3.1 Evolution of iGluRs

The evolution iGluRs is believed to be marked by substantial adaptability and diversification of

these receptors across different species. There are lineage-specific classes that are not present

in vertebrates indicating a complex evolutionary history belied by the well-known AMPA, KA,

NMDA and delta receptor groups. Recent studies have proposed a reorganization of iGluRs

into groups, some of which were previously unrecognized. This reclassification acknowledges

the existence of additional receptor types that have evolved distinct characteristics, potentially

leading to novel receptor functions that have yet to be fully understood. Ramos-Vicente and col-

leagues (Ramos-Vicente et al. (2018)) proposed a new classification for iGluRs that better encap-

sulates their diversity across different animal lineages. This new classification introduces two

1.3 Glutamate and glutamate receptors 5

duction across synapses, while in metabotropic glutamate receptors (mGluRs), glutamate bind-

ing alters mGluR interactions with G proteins, leading to relatively slow-acting intracellular

signaling cascades (Conn (2003)). Within mammals, the coding of iGluR subunits is accom-

plished by 18 distinct genes and are categorized into four families based on sequence homol-

ogy and pharmacological characteristics. Three of these families were named after selective

agonists identified during their initial classification: α-amino-3-hydroxy-4-methylisoxazole-5-

propionic acid (AMPA) receptors, kainate receptors (KA) and N-methyl-D-aspartate (NMDA)

receptors (Hollmann and Heinemann (1994)). Unlike these three, a fourth family, for which

no activating agonist has been identified, lead to their classification as ’delta receptors’ and

their inclusion in the iGluR family was based primarily on sequence similarity (Yamazaki et al.

(1992)). A functional iGluR is a tetramer assembled from subunits within the same family, al-

lowing for the formation of either homomers, which consist of identical subunits, or heteromers,

composed of different subunits. In mammals, the AMPA receptor family is composed of four

subunits (GluA1-A4), KA receptors by five subunits (GluK1-K5), NMDA receptors by seven

subunits (GluN1, GluN2A-D, GluN3A-B) and delta receptors by two subunits (GluD1-2) (Wis-

den and Seeburg (1993)).

1.3.1 Evolution of iGluRs

The evolution iGluRs is believed to be marked by substantial adaptability and diversification of

these receptors across different species. There are lineage-specific classes that are not present

in vertebrates indicating a complex evolutionary history belied by the well-known AMPA, KA,

NMDA and delta receptor groups. Recent studies have proposed a reorganization of iGluRs

into groups, some of which were previously unrecognized. This reclassification acknowledges

the existence of additional receptor types that have evolved distinct characteristics, potentially

leading to novel receptor functions that have yet to be fully understood. Ramos-Vicente and col-

leagues (Ramos-Vicente et al. (2018)) proposed a new classification for iGluRs that better encap-

sulates their diversity across different animal lineages. This new classification introduces two

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo

1.3Glutamateandglutamatereceptors5

ductionacrosssynapses,whileinmetabotropicglutamatereceptors(mGluRs),glutamatebind-

ingaltersmGluRinteractionswithGproteins,leadingtorelativelyslow-actingintracellular

signalingcascades(Conn(2003)).Withinmammals,thecodingofiGluRsubunitsisaccom-

plishedby18distinctgenesandarecategorizedintofourfamiliesbasedonsequencehomol-

ogyandpharmacologicalcharacteristics.Threeofthesefamilieswerenamedafterselective

agonistsidentifiedduringtheirinitialclassification:α-amino-3-hydroxy-4-methylisoxazole-5-

propionicacid(AMPA)receptors,kainatereceptors(KA)andN-methyl-D-aspartate(NMDA)

receptors(HollmannandHeinemann(1994)).Unlikethesethree,afourthfamily,forwhich

noactivatingagonisthasbeenidentified,leadtotheirclassificationas’deltareceptors’and

theirinclusionintheiGluRfamilywasbasedprimarilyonsequencesimilarity(Yamazakietal.

(1992)).AfunctionaliGluRisatetramerassembledfromsubunitswithinthesamefamily,al-

lowingfortheformationofeitherhomomers,whichconsistofidenticalsubunits,orheteromers,

composedofdifferentsubunits.Inmammals,theAMPAreceptorfamilyiscomposedoffour

subunits(GluA1-A4),KAreceptorsbyfivesubunits(GluK1-K5),NMDAreceptorsbyseven

subunits(GluN1,GluN2A-D,GluN3A-B)anddeltareceptorsbytwosubunits(GluD1-2)(Wis-

denandSeeburg(1993)).

1.3.1EvolutionofiGluRs

TheevolutioniGluRsisbelievedtobemarkedbysubstantialadaptabilityanddiversificationof

thesereceptorsacrossdifferentspecies.Therearelineage-specificclassesthatarenotpresent

invertebratesindicatingacomplexevolutionaryhistorybeliedbythewell-knownAMPA,KA,

NMDAanddeltareceptorgroups.RecentstudieshaveproposedareorganizationofiGluRs

intogroups,someofwhichwerepreviouslyunrecognized.Thisreclassificationacknowledges

theexistenceofadditionalreceptortypesthathaveevolveddistinctcharacteristics,potentially

leadingtonovelreceptorfunctionsthathaveyettobefullyunderstood.Ramos-Vicenteandcol-

leagues(Ramos-Vicenteetal.(2018))proposedanewclassificationforiGluRsthatbetterencap-

sulatestheirdiversityacrossdifferentanimallineages.Thisnewclassificationintroducestwo



6 1. Introduction

novel families, named Epsilon and Lambda, while retaining the NMDA receptors from the ex-

isting categorization and merging AMPA/KA/delta families with a new family termed Phi, into

the broader AKDF family (Fig. 1.1). The researchers proposed that the foundational structure

for these families (Epsilon, AKDF, Lambda and NMDA) was established in the last common

ancestor of all animals, implying that the very first animals already possessed all four subfami-

lies. They suggest that the Epsilon family is the most ancient, found across most animal groups

today, while Lambda is restricted to poriferans. The AKDF family is present in poriferans, pla-

cozoans, cnidarians and bilaterians while the most known AMPA, KA, delta are restricted to

bilateral. This implies that when bilaterians diverged from other animals, the AKDF gene that

they inherited from the last common ancestor of bilaterians and cnidarians went through several

rounds of duplication and diverged quite early. Subsequently, when bilaterian animals diverged,

most of the newer animal lineages inherited an AMPA receptor gene, a KA receptor gene and a

delta receptor gene. NMDA receptors are found in cnidarians and bilaterians. (Ramos-Vicente

et al. (2018)). Two possible models emerge based on the work of Ramos-Vicente and col-

leagues. The first model, the one proposed in the study (Ramos-Vicente et al. (2018)), suggests

that the last common ancestor of all animals already possessed the families of ionotropic gluta-

mate receptors—Epsilon, Lambda, AKDF, and NMDA—with some families being lost during

evolution along different animals. An alternative model suggests a more incremental evolu-

tion of these receptor families. Initially, only a precursor of the Epsilon receptors existed in

the last common ancestor of all animals. Subsequent gene duplications led to the emergence of

the AKDF family in the ancestor of placozoans, cnidarians, and bilaterians, with the Lambda

sub-family appearing exclusively in poriferans. Another gene duplication event is proposed to

have given rise to the NMDA receptors in cnidarians and bilaterians (Fig. 1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).

6 1. Introduction

novel families, named Epsilon and Lambda, while retaining the NMDA receptors from the ex-

isting categorization and merging AMPA/KA/delta families with a new family termed Phi, into

the broader AKDF family (Fig. 1.1). The researchers proposed that the foundational structure

for these families (Epsilon, AKDF, Lambda and NMDA) was established in the last common

ancestor of all animals, implying that the very first animals already possessed all four subfami-

lies. They suggest that the Epsilon family is the most ancient, found across most animal groups

today, while Lambda is restricted to poriferans. The AKDF family is present in poriferans, pla-

cozoans, cnidarians and bilaterians while the most known AMPA, KA, delta are restricted to

bilateral. This implies that when bilaterians diverged from other animals, the AKDF gene that

they inherited from the last common ancestor of bilaterians and cnidarians went through several

rounds of duplication and diverged quite early. Subsequently, when bilaterian animals diverged,

most of the newer animal lineages inherited an AMPA receptor gene, a KA receptor gene and a

delta receptor gene. NMDA receptors are found in cnidarians and bilaterians. (Ramos-Vicente

et al. (2018)). Two possible models emerge based on the work of Ramos-Vicente and col-

leagues. The first model, the one proposed in the study (Ramos-Vicente et al. (2018)), suggests

that the last common ancestor of all animals already possessed the families of ionotropic gluta-

mate receptors—Epsilon, Lambda, AKDF, and NMDA—with some families being lost during

evolution along different animals. An alternative model suggests a more incremental evolu-

tion of these receptor families. Initially, only a precursor of the Epsilon receptors existed in

the last common ancestor of all animals. Subsequent gene duplications led to the emergence of

the AKDF family in the ancestor of placozoans, cnidarians, and bilaterians, with the Lambda

sub-family appearing exclusively in poriferans. Another gene duplication event is proposed to

have given rise to the NMDA receptors in cnidarians and bilaterians (Fig. 1.1).

6 1. Introduction

novel families, named Epsilon and Lambda, while retaining the NMDA receptors from the ex-

isting categorization and merging AMPA/KA/delta families with a new family termed Phi, into

the broader AKDF family (Fig. 1.1). The researchers proposed that the foundational structure

for these families (Epsilon, AKDF, Lambda and NMDA) was established in the last common

ancestor of all animals, implying that the very first animals already possessed all four subfami-

lies. They suggest that the Epsilon family is the most ancient, found across most animal groups

today, while Lambda is restricted to poriferans. The AKDF family is present in poriferans, pla-

cozoans, cnidarians and bilaterians while the most known AMPA, KA, delta are restricted to

bilateral. This implies that when bilaterians diverged from other animals, the AKDF gene that

they inherited from the last common ancestor of bilaterians and cnidarians went through several

rounds of duplication and diverged quite early. Subsequently, when bilaterian animals diverged,

most of the newer animal lineages inherited an AMPA receptor gene, a KA receptor gene and a

delta receptor gene. NMDA receptors are found in cnidarians and bilaterians. (Ramos-Vicente

et al. (2018)). Two possible models emerge based on the work of Ramos-Vicente and col-

leagues. The first model, the one proposed in the study (Ramos-Vicente et al. (2018)), suggests

that the last common ancestor of all animals already possessed the families of ionotropic gluta-

mate receptors—Epsilon, Lambda, AKDF, and NMDA—with some families being lost during

evolution along different animals. An alternative model suggests a more incremental evolu-

tion of these receptor families. Initially, only a precursor of the Epsilon receptors existed in

the last common ancestor of all animals. Subsequent gene duplications led to the emergence of

the AKDF family in the ancestor of placozoans, cnidarians, and bilaterians, with the Lambda

sub-family appearing exclusively in poriferans. Another gene duplication event is proposed to

have given rise to the NMDA receptors in cnidarians and bilaterians (Fig. 1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).

61.Introduction

novelfamilies,namedEpsilonandLambda,whileretainingtheNMDAreceptorsfromtheex-

istingcategorizationandmergingAMPA/KA/deltafamilieswithanewfamilytermedPhi,into

thebroaderAKDFfamily(Fig.1.1).Theresearchersproposedthatthefoundationalstructure

forthesefamilies(Epsilon,AKDF,LambdaandNMDA)wasestablishedinthelastcommon

ancestorofallanimals,implyingthattheveryfirstanimalsalreadypossessedallfoursubfami-

lies.TheysuggestthattheEpsilonfamilyisthemostancient,foundacrossmostanimalgroups

today,whileLambdaisrestrictedtoporiferans.TheAKDFfamilyispresentinporiferans,pla-

cozoans,cnidariansandbilaterianswhilethemostknownAMPA,KA,deltaarerestrictedto

bilateral.Thisimpliesthatwhenbilateriansdivergedfromotheranimals,theAKDFgenethat

theyinheritedfromthelastcommonancestorofbilateriansandcnidarianswentthroughseveral

roundsofduplicationanddivergedquiteearly.Subsequently,whenbilateriananimalsdiverged,

mostoftheneweranimallineagesinheritedanAMPAreceptorgene,aKAreceptorgeneanda

deltareceptorgene.NMDAreceptorsarefoundincnidariansandbilaterians.(Ramos-Vicente

etal.(2018)).TwopossiblemodelsemergebasedontheworkofRamos-Vicenteandcol-

leagues.Thefirstmodel,theoneproposedinthestudy(Ramos-Vicenteetal.(2018)),suggests

thatthelastcommonancestorofallanimalsalreadypossessedthefamiliesofionotropicgluta-

matereceptors—Epsilon,Lambda,AKDF,andNMDA—withsomefamiliesbeinglostduring

evolutionalongdifferentanimals.Analternativemodelsuggestsamoreincrementalevolu-

tionofthesereceptorfamilies.Initially,onlyaprecursoroftheEpsilonreceptorsexistedin

thelastcommonancestorofallanimals.Subsequentgeneduplicationsledtotheemergenceof

theAKDFfamilyintheancestorofplacozoans,cnidarians,andbilaterians,withtheLambda

sub-familyappearingexclusivelyinporiferans.Anothergeneduplicationeventisproposedto

havegivenrisetotheNMDAreceptorsincnidariansandbilaterians(Fig.1.1).



1.3 Glutamate and glutamate receptors 7

Figure 1.1: Cartoon tree of model of possible evolution of iGluRs Cartoon phylogenetic tree illustrat-
ing the evolutionary distribution of four iGluR families—Lambda, Epsilon, NMDA, and AKDF—across
different animal lineages. Each iGluR family is represented by a distinct color: Epsilon (brown), AKDF
(green), NMDA (dark blue) and Lambda (light blue). The model shown in this cartoon tree is the incre-
mental evolution of iGluRs families as opposed to the one reported in Ramos-Vicente et al. (2018).

1.3.2 Topology and structure of iGluRs

The structure of each iGluR subunit consists of four distinct domains: an extracellular amino-

terminal domain (NTD) and ligand binding domain (LBD), a trans membrane domain region

(TMD) containing three membrane spanning α-helices (M1, M3, M4) and a re-entrant pore loop

(M2), and the intracellular C-terminal domain (CTD) (Sobolevsky et al. (2009)). Two subunits

first assemble into a dimer, and the receptor complex is the result of a dimer of dimers formation

(Rossmann et al. (2011)). In mammalian iGluRs the ATD layer in one dimer is constituted by

subunits A and B, while the second dimer is formed by subunits C and D (Fig. 1.2). A structural

crossover occurs from the ATD to the LBD where the composition of the dimers shifts so that

subunits A and D come together to form one dimer, and subunits B and C form the second dimer

in the LBD layer (Fig. 1.2) (Sobolevsky et al. (2009)).
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Figure 1.2: X-ray structure of GluA2 and domain arrangements Full length X-ray structure of GluA2
with four subunits labelled A-D. Each colour refers to one subunit (PDB:3kg2).

Recent findings shows that homomeric GluD1 receptors do not exhibit this swap of domains

between NTD and LBD (Burada et al. (2020a)). Similarly, the low-resolution structure of the

extracellular domain of GluD2 appears to maintain a non-domain swapped conformation as well

(Burada et al. (2020b)). It seems that among mammalian iGluRs, delta receptors are unique in

exhibiting this non-domain swapped architectural feature.

TheNTD, including approximately 400-450 amino acids, assumes a semi-independent struc-

tural configuration. It has been observed that iGluRs lacking the NTDs can still function as

ligand-gated ion channels (Pasternack et al. (2002)), yet the NTD contributes to modulating

the kinetics of the ion channel and the formation of the receptor’s tetrameric structure (Pao-

letti et al. (2000)). Moreover the NTD host several N-glycosylation sites that play an important

role in modulating the process of receptor desensitization. It has been observed that interac-

tions between these N-glycosylation sites and certain lectins, such as concanavalin A (ConA),

can influence this process. Specifically, ConA has been shown to bind to these glycosylated

sites (with a preference on KA over AMPA receptors), leading to the potentiation of receptor

currents by reducing desensitization of the receptors. (Everts et al. (1997); Thalhammer et al.

(2002)). Additionally, NMDA receptors possess a specific site in their NTD for binding zinc

(Zn2+) and allosteric modulators (Amico-Ruvio et al. (2011); Perin-Dureau et al. (2002)). The
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1.3 Glutamate and glutamate receptors 9

ATD of GluD2 receptors has been shown to interact with the extracellular cerebellin1 (Cbln1)

(Matsuda et al. (2010); Elegheert et al. (2016)), and similar interactions have been identified for

GluD1 (Yasumura et al. (2012)).

The LBD is relatively small compared to the NTD (∼250 amino acids) and is structured

around two non-continuous extracellular segments: S1 which is between NTD and M1 in pri-

mary structure and S2 which is between M3 and M4 (Fig. 1.3 A). These segments are organized

into a clamshell-like configuration where the top lobe is called D1 and the lower lobe D2 (Fig.

1.3 B). The binding of an agonist to the space between these two sections leads to the clamshell

closing, which in turn by pulling the LBD-TMD linker via structural rearrangements of the

transmembrane α-helices initiates the ion channel’s opening (Armstrong and Gouaux (2000)).

In AMPARs, alternative splicing in the LBD leads to spliced versions of the receptor subunits,

which result in different functional properties and are refered as flip/flop variants. The flip

variant tends to show slower desensitization compared to the flop variant (Pei et al. (2009)).

Glutamate is the endogenous ligand for the majority of subunits, while GluN1, GluN3A-B, and

GluD1-2 are known to bind glycine and D-serine (Hansen et al. (2021)).

Figure 1.3: Linear architecture and LBD structure of iGluR (A) Primary structure of a single subunit
of iGluR. (B) Left, cartoon representation of of the iGluR subunit domain arrangement. Right, X-ray
structure of the LBD of GluA2where S1 and S2 domains are colored accordingly to the linear architecture
(PDB:3kg2).
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10 1. Introduction

The TMD forms the ion channel in iGluRs. The membrane α-helices M1, M3 and M4 span

the lipid bilayer of the membrane due to a longer sequence of hydrophobic amino acids while the

shorter pore loop M2 is only located in the inner lipid layer (Fig. 1.2). This structure resembles

that of a K+ channel (Kuner et al. (2003);Wood et al. (1995); Wo and Oswald (1995)) with the

difference that the pore loop of a K+ channel goes into the cell membrane from the extracellular

side. This lead to the hypothesis that the iGluR channel might originally be an inverted variant

of a K+ channel (Zhorov and Tikhonov (2004)). M1 is located on the periphery of the channel

cavity. The short M2 pore loop is where the ”Q/R editing” site is found and plays a crucial role

in determining ion permeability. In AMPA/KA receptors mutating a conserved M2 glutamine

(Q) to arginine (R) in the laboratory, or as occurs via RNA editing naturally in certain subunits,

makes the receptors significantly less permeable to Ca2+ (Burnashev et al. (1996)). M3 α-helices

are the most inner helices around the upper part of the pore and their movement away from the

center allows for ions to flow through the pore in the gating process (Twomey et al. (2017)).

This upper M3 segment is also home for the highly conserved SYTANLAAF motif that defines

most iGluRs (Hansen et al. (2021)). A naturally occurring point mutation, which replaces the

third alanine (A) from the motif to a threonine (T), results in a constitutively open channel in

GluD2 receptors, also known as the lurcher mutant (Zuo et al. (1997)). Mutations in this region

can also drastically influence the receptor’s desensitization and modify the effectiveness of par-

tial agonists (Schmid et al. (2007); Taverna et al. (2000)). Placed furthest away from the ion

cavity, M4 is crucial for the proper tetrameric assembly of subunits and their transport to the

plasma membrane (Salussolia et al. (2011)).

The CTD sits entirely in the intracellular side of the cell and possess a intrinsically disordered

structure (Choi et al. (2013)). It is integral to the interactions with intracellular proteins that

participate in various functions such as second messenger signaling, receptor localization to

specific cell regions and receptor stabilization at synapses (Hansen et al. (2021)). Furthermore,

The CTD of iGluRs often includes specific sequences that are recognized by PDZ domain-
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containing proteins. These PDZ domains, typically located in synaptic proteins, bind to the

CTD and are integral to the assembly of signal transduction complexes. This PDZ binding

modulates various aspects of iGluR function, including trafficking to the membrane, synaptic

localization, and stabilization, as well as the regulation of receptor signaling properties (Tomita

et al. (2001)).

1.3.3 Activation and desensitization

Since iGluRs are crucial in the rapid transmission of signals across excitatory synapses, their

response time must be inherently fast (Baranovic and Plested (2016)). This necessity for speed

is underscored by the dynamics of glutamate release into the synaptic cleft. Upon release from

the presynaptic neuron, glutamate concentration swiftly reaches mM concentration for a very

brief amount of time (<10 ms), as glutamate transporters promptly clear glutamate from the

synapse (Moussawi et al. (2011)). Therefore, the binding of a ligand must be transferred as

effectively as possible to the opening of the channel in order to allow fast communication. The

initial step in glutamate receptor activation is the binding of glutamate to the LBD, leading to

the closure of the binding pocket. Initially, the α-carboxyl group of glutamate interacts with an

highly conserved arginine within the D1 domain and the D2 domain is drawn upwards towards

the γ-carboxyl group of glutamate. This results in the clam-shell closing and the sealing of the

ligand in the ligand binding site. Throughout this process, D1 is stabilized by its interaction with

the D1 domain of an adjacent subunit within the dimer. Conversely, as the D2 domain moves

up, it draws the connecting TMD linkers towards itself and away from the axis of the pore,

transmitting this movement to the transmembrane α-helices leading to the opening of the ion

channel pore (Armstrong and Gouaux (2000)). From structural and other biophysical studies

of AMPARs, if the ligand remains bound the receptor undergoes a subsequent conformational

shift, transitioning into a so-called desensitized state. This change involves the disengagement

of D1 domain interactions at the receptor dimer interface, causing these domains to move apart.

Consequently, the channel is still closed despite the ligand being still bound (Armstrong et al.
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Figure 1.4: Schematic representation of the conformational changes during activation and desen-
sitization Cartoon representation of one of the two dimers of the receptor complex. NTDs and CTDs
are omitted for clarity. In the resting state the receptor is in a inactive state. The LBD is open, allowing
glutamate to interact with the D1 domain, which in turns attracts the D2 domain. The conformational
change is transferred via the linkers to the TMD, and the channel is in ac active state. With glutamate still
bound, the D1 domains move away from each other, relaxing the linkers and desensitizing the receptor.

(2006)). Upon dissociation of the ligand, the receptor returns to its resting state and can be

activated again (Fig. 1.4).

Different compounds or mutations that enhance the interactions between the D1 domains

can prevent desensitization. Among these, the lectin Concanavalin A (ConA), which binds to

the carbohydrate side chains of the receptors, was found to inhibit the desensitization of KA

receptors (Mayer and Vyklicky Jr. (1989)). Specific mutations in the S1 region of AMPA recep-

tors such as L483F have been found to significantly reduce or nearly eliminate desensitization

(Stern-Bach et al. (1998)). Interestingly, mutations that affect desensitization are not exclu-

sive to the LBD domain. In fact in homomeric GluA2 receptors, a mutation in the lurcher site

(A643V) caused a gain-of-function receptor with substantially diminished desensitization com-

pared to WT (Coombs et al. (2022)). This unreported missense mutation was identified in a

patient that suffered from epilepsy seizures, underlining how a finely tuned balance between

activation and desensitization states is required in a healty brain.
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1.4 Mammalian delta iGluRs

AMPA, KA, and NMDA iGluRs were characterized pharmacologically based on the synthetic

agonists they interact with, and biophysically, based on their kinetics and ion conduction (Watkins

and Jane (2006)), and when the cDNAs were cloned, heterologously expressed receptors re-

flected this (Seeburg (1993)). In contrast after delta receptors were cloned and heterologously

expressed, they were considered orphan receptors (Hollmann and Heinemann (1994); Zuo et al.

(1997)), meaning a likely native agonist was yet to be identified, or their activity was not via

typical transmitter ligands. This belief persisted for many years, because of their inability to

create functional channels either independently or when combined with other iGluR subunits.

GluD2

The only way to pharmacology characterize delta receptors was via the lurcher mutant, a sponta-

neous genetic alteration that results in GluD2 ion channels that are constitutive active (Zuo et al.

(1997)). This mutation is characterized by a single amino acid mutation in the highly conserved

sequence SYTANLAAF motif at the end of M3 in the TMD, where a hydrophobic alanine is

replaced by a hydrophilic threonine (A654T). Naur and colleagues showed that D-serine and

glycine bind to the LBD of GluD2, leading to a reduction in the spontaneous currents through

the GluD2-lurcher channels (Naur et al. (2007)). This indicates that ligand binding prompts a

significant structural change that is able to transfer conformational changes to the TMD in order

to decrease the constitutive flow of ion across the channel pore. Despite the GluD2-LBD X-ray

structure revealing that D-serine induces a closure in the LBD similar to the activation seen in

other iGluRs it is not enough to elicit currents at WT GluD2 (Naur et al. (2007)). An interesting

aspect of the GluD2-lurcher receptor is the enhancement of constitutive currents in the presence

of extracellular Ca2+ ions (Wollmuth et al. (2000)). This enhancement is due to two Ca2+ ions

binding at the LBD dimer interface of GluD2 (Hansen et al. (2009)). Therefore, extracellular

Ca2+ and D-serine exert opposing effects on the GluD2-lurcher receptors and the presence of

Ca2+ ions can mitigate the inhibition effect of D-serine of constitutive currents (Hansen et al.
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(2009)). It was theorized that D-serine binding at the LBD causes a destabilization of the dimer

interface between the D1 domains, leading to a conformational shift akin to desensitization seen

in other glutamate receptors. Conversely, Ca2+ binding fortifies the dimer interface of the D1

domains within a dimer, thereby maintaining GluD2-lurcher receptor in an open state. Inter-

estingly, breakage of a naturally occurring disulfide bond between C756 and C811 in the D2

domain that has been suggested to limit the conformational changes of GluD2, switched D-

serine effect from inhibition to potentiation in GluD2-lurcher. This effect was especially visible

when the dimer interface is stabilized by covalent linkage (via P528C + L789C mutations) lock-

ing together two adjacent D1 domains. However, the corresponding mutations had no effect on

WT GluD2.(Hansen et al. (2009)). By substituting the LBD of GluD2 with that of KA recep-

tor GluK2, functional receptors were created that could respond to different ligands (Schmid

et al. (2009)). Conversely, a reverse chimera, consisting of a GluK2 receptor where the LBD

has been replaced with that of GluD2, makes receptors that do not respond to D-serine (Schmid

et al. (2009)). This finding suggests that the inability of WT GluD2 to elicit ligand-gated cur-

rents, even if the ligand is able to bind and conformational changes are observed, is probably

due to the characteristics of its LBD. An important step in understanding the gating proprieties

of GluD2 came recently. It was known for some time that delta receptors plays a crucial role in

the formation and stabilization of synapses (Matsuda et al. (2010); Fossati et al. (2019)). GluD2

receptors, for example, interact with cerebellin-1 (Cbln1), a soluble protein released by granule

cells. Cbln1 forms a trimer that can connect via a disulfide bond with another trimer, creating a

hexamer structure capable of dimerizing through its cysteine-rich region with the extracellular

domain of the presynaptic protein neurexin (Matsuda et al. (2010)). The neurexin-Cbln-1 com-

plex is able to bind the NTD of GluD2 in the postsynaptic membrane thereby creating a stabiliz-

ing bridge for the parallel fibers-Purkinje cells (PF-PC) synapses (Elegheert et al. (2016)). This

interaction seems to be not purely structural. Glycine and D-serine are capable of activating

GluD2 receptors in HEK-293T cell clusters with the neurexin-Cbln-1 complex and in synap-

tically connected cultured cerebellar neurons (Carrillo et al. (2021)). This activation process
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(2009)).ItwastheorizedthatD-serinebindingattheLBDcausesadestabilizationofthedimer

interfacebetweentheD1domains,leadingtoaconformationalshiftakintodesensitizationseen
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involves a gating mechanism that necessitates the binding of the NTD to presynaptic scaffold

proteins, or in the absence of that, through the formation of cysteine cross-links in the NTD,

restricting its movement an in turn creating a more compact NTD layer between the two dimers

(Carrillo et al. (2021)).

GluD1

Whether the lurcher mutation in GluD1 also leads to the formation of constitutively open chan-

nels remained unclear for some time, as it was reported that the same A654T mutation in GluD1

does not produce constitutively open channels (Williams et al. (2003)). Nonetheless, an alanine

scanning study of the M3 α-helix demonstrated that GluD1 is in principle capable of forming

homomeric receptor complexes. Mutations such as A650C, L652A, A654C, and F655A near

the lurcher site led to the formation of constitutively open channels (Yadav et al. (2011)) very

much like GluD2-lurcher. Analogous to GluD2-lurcher constitutive currents of GluD1-F655A

could be potentiated by extracellular Ca2+ ions, suggesting that the same mechanism of dimer

stabilization of GluD2 by Ca2+ is also at play in GluD1. Only recently, near the end of my

PhD studies, it was demonstrated that in human GluD1 receptors, where C645I and A654T mu-

tations were introduced in order to generate consitutive activity, D-serine and the classical in-

hibitory transmitter GABA enhanced the constitutive currents of the receptor (Piot et al. (2023)).

Moreover, structural data of the isolated LBD in complex with GABA/D-serine revealed that

the molecular determinant of GABA-binding in GluD1 is E446, located in D1. In the X-ray

structure from that study, the carboxylate side chain of E446 interacts with the γ-amino group

of GABA. This interaction is absent in the case of D-serine-bound GluD1. In fact, replacing

the negatively charged E446, with polar uncharged amino acids serine and glutamine, or the

shorter carboxylate amino acid aspartate eliminated the enhancement of constitutive currents

by GABA on GluD1-C645I-A654T. The same mutation did not affect D-serine enhancement

(Piot et al. (2023)). Interestingly, GluD2-lurcher seemed to be unresponsive to GABA and no

modulation was observed even though E446 in conserved in both GluD1 and GluD2 receptors
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(Piot et al. (2023)). This implies that additional factors within GluD1 play a role in conferring

GABA selectivity among mammalian delta receptors and E446 is not the sole determinant of

this sensitivity.

Non-ionotropic functions of delta iGluRs

GluD1 is prominently expressed in the neocortex, hippocampus, striatum, and cerebellum. Its

expression is particularly enhanced during synaptogenesis and maintained at high levels during

adulthood, indicative of a crucial role in the development and maintenance of synaptic con-

nections (Hepp et al. (2015)). GluD1 was shown to be involved in the formation of excitatory

synapses in the cerebellum through its expression at parallel fiber synapses on molecular layer

interneurons (Konno et al. (2014)). Recently it was found to be involved in the regulation of in-

hibitory synapses in cortical pyramidal neurons (Fossati et al. (2019)). Co-expression of GluD1

with metabotropic receptor mGlu1 in HEK cells resulted in a slow depolarizing current mediated

by GluD1 that was elicited by 3,5-dihydroxyphenylglycine (DHPG), an agonist for mGlu1 (Be-

namer et al. (2018)). Similar activity was observed in dopamine neurons where both receptors

are expressed. In midbrain slices, the mGlu1 agonist-evoked slow postsynaptic currents were

absent in the dead-pore mutant GluD1-V617R, suggesting the participation of native GluD1

channels in these currents. Furthermore, these mGlu1-dependent currents were suppressed in

GRID1 knockout mice, which display schizophrenia-relevant endophenotypes (Benamer et al.

(2018)). GluD1 receptors were shown to carry a tonic inward current that is critical for setting the

baseline excitability of dorsal raphe neurons. This tonic activity is enhanced by the activation of

α-1-adrenergic receptors triggered by noradrenaline, which further amplifies the inward current

and supports continuous, pacemaker-like firing of these neurons (Gantz et al. (2020)). Interest-

ingly, GluD1 act as a postsynaptic organizer for inhibitory synapses, required for their forma-

tion and the regulation of GABAergic synaptic transmission. GluD1 interacts with cerebellin-4,

a scaffolding protein secreted by somatostatin-expressing interneurons, which bridges GluD1

with presynaptic neurexins. This interaction enables GluD1 to elicit non-ionotropic postsynap-
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tic signaling through the activation of the guanine nucleotide exchange factor ARHGEF12 and

the regulatory subunit of protein phosphatase 1 PPP1R12A, but only when GluD1 binds to its

agonists glycine or D-serine (Fossati et al. (2019)). These challenge the traditional view of

ionotropic glutamate receptors as solely ionotropic receptors and places GluD1 at the center of

promoting synaptic organization, both excitatory and inhibitory.

Contrarily to the more widespread expression of GluD1 in the CNS, GluD2 expression is more

restricted to Purkinje cells in the cerebellum, specifically limited to PF-PC synapses during de-

velopment and in its mature state (Zhao et al. (1998); Araki et al. (1993)). It plays a crucial

role in modulating long-term depression (LTD) by binding D-serine secreted by Bergmann glia

and prompting the internalization of AMPA receptors in the developing brain (Kakegawa et al.

(2011)). Absence of the receptor in the synapses and mutations at the D-serine binding site can

significantly diminish LTD. This suggests that D-serine may initiate a structural change within

the receptor, activating downstream intracellular signaling pathways dependent on the CTD of

GluD2 (Kakegawa et al. (2011)). Similarly to GluD1, it has been discovered that GluD2 gating

can be activated by mGlu1 receptors (Ady et al. (2014)). In HEK cells this process requires a

functional GluD2 ion channel and DHPG-induced mGlu1 stimulation relies on protein canoni-

cal signaling pathway, specifically phospholipase C (PLC) and protein kinase C (PKC). These

findings were corroborated ex-vivo in experiments at the cerebellar PF-PC synapse (Dadak et al.

(2017)).

The biophysical properties and the physiological roles of mammalian delta receptors are

therefore clearly multifaceted. Despite the absence of observable ligand-gated activity in iso-

lated WT delta receptors, compelling evidence suggests that these receptors are indeed capable

of binding agonists, with subsequent conformational changes induced upon ligand binding. This

is exemplified by studies on lurcher mutants and further supported by experiments involving

chimeras and targeted mutagenesis, which have collectively hinted at a capability for ligand-

gated currents in delta receptors. Furthermore, delta receptors share a common evolutionary
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velopmentandinitsmaturestate(Zhaoetal.(1998);Arakietal.(1993)).Itplaysacrucial

roleinmodulatinglong-termdepression(LTD)bybindingD-serinesecretedbyBergmannglia

andpromptingtheinternalizationofAMPAreceptorsinthedevelopingbrain(Kakegawaetal.

(2011)).AbsenceofthereceptorinthesynapsesandmutationsattheD-serinebindingsitecan

significantlydiminishLTD.ThissuggeststhatD-serinemayinitiateastructuralchangewithin
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18 1. Introduction

history with other ligand-gated glutamate receptors, such as AMPA and KA receptors. This

shared lineage prompts intriguing questions about the molecular changes that led to the loss

of typical ligand-gated channel activity that have defined the current receptor function in the

nervous system. The central question remains: do delta receptors mediate their physiological

effects exclusively through interactions with other proteins, or can they be directly activated by

specific agonists? And how did mammalian receptors evolve to lose their ligand-gated activity,

transitioning instead to mediate their effects through protein-protein interactions and through

intracellular signaling pathways? This thesis aims to delve into the evolution of delta receptors

and examine their variations across different animal species. Such an investigation could shed

light on their functional diversity and evolutionary significance, potentially unveiling novel as-

pects of their mechanism of action.
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Chapter 2

Aims

Since little is known on (1) the molecular determinants of the divergent function in delta iGluR

receptors and (2) if/how they are readily activated by endogenous and pharmacological modu-

lators the aims, of my PhD project are:

1. To establish a clear functional and evolutionary picture of the delta family, usingmolecular

phylogenetics, heterologous expression of diverse delta iGluRs, and electrophysiology.

2. To dissect the amino acid substitutions that gave rise to the unique function of mammalian

delta iGluRs with site directed mutagenesis and electrophysiology.
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Chapter 3

Methods

3.1 Sequence assembly and phylogenetic analysis

To conduct the phylogenetic analysis and investigate the presence of putative delta iGluR genes

throughout the metazoans, iGluR amino acid sequences were sought from four chordates (Rattus

norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), two hemichordates

(Ptychodera flava and Saccoglossus kowalevskii), two echinoderms (Acanthaster planci andAn-

neissia japonica), one ecdysozoan (Strigamia maritima), two spiralians (Crassostrea gigas and

Schmidtea mediterranea), two xenoturbellids (Xenoturbella profunda and Xenoturbella bocki),

two acoels (Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids (Meara

stichopi andNemertodermawestbladi), two cnidarians (Hydra vulgaris andNematostella vecten-

sis), one placozoan (Trichoplax spH2), one poriferan (Oscarella carmela), and two ctenophores

(Euplokamis dunlapae and Pleurobrachia bachei).

Rat sequences were retrieved from UniProt. Other sequences were retrieved via BlastP

(Altschul et al. (1997)) search with Rattus norvegicusGluD2 (NCBI XP_038964327.1) as query

in KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella vectensis);

Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmelaOCAR_T-CDS_130911 dataset);

OISTMarineGenomicsUnit, https://marinegenomics. oist.jp/acornworm/viewer/info?project_id=33;

a published dataset for xenacoelamorphs (Andrikou et al. (2019)) ; and NCBI (Johnson et al.
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(2008)) (all other species). I included an additional two plant sequences from Arabidopsis

thaliana (NCBI) as an outgroup. The sequences were aligned using MAFFT (Katoh et al.

(2002)) v7.450 in Geneious Prime (Geneious) and sequences that were > 95% identical to

another or that were excessively long or incomplete were removed. The resulting alignment

contained 246 sequences with 4692 amino acids position (including gaps). From this align-

ment I generated a maximum-likelihood phylogenetic tree with IQ-Tree (Minh et al. (2020))

using the ModelFinder option that automatically determines the best-fit model for the align-

ment. Q.pfam+G4 substitution model (Minh et al. (2021), El-Gebali et al. (2019)) was found to

be the best model that fitted my model (log-likelihood of model – 410679). Branch support was

estimated with SH-aLRT method (Guindon et al. (2010)) and ultrafast bootstrap (Hoang et al.

(2018)).

3.2 Nucleotide synthesis and mutagenesis kits

Sequences selected for complementary DNA (cDNA) synthesis, cRNA transcription and ex-

pression were Rattus norvegicus delta 2 NM_024379.2 and delta 1 NM_024378.3, Danio rerio

AAI62459.1, Acanthaster planciXP_022085687.1, Saccoglossus kowalevskiiXP_002732006.1,

Diopisthoporus longitubus c29957_g1_i2 and Meara stichopi 16765.1 from transcriptome in

Andrikou et al. (2019), Crassostrea gigantea XP_011428248.2. The sequences were selected

based on their position in the putative delta iGluR family and to cover a broad diversity of an-

imal lineages. In an effort to improve their expression Crassostrea gigantea XP_011428248.2

and Danio rerio AAI62459.1 sequences were codon-optimized for Xenopus laevis in iCodon

(Diez et al. (2022)) after I learnt of this tool. cDNA for all sequences was commercially syn-

thesized and subcloned (Genscript) between SalI and BamHI sites in a pSP64 (polyA) vec-

tor (Promega) preceded by a loosely Kozak consensus sequence, flanked by Xenopus laevis

β-globin 5’ and 3’ untranslated and containing a C-terminal cMyc tag (for the exception of

Saccoglossus kowalevskii XP_002732006.1) (Appendix A). Rattus norvegicus GluA2 (flip iso-

form) in the pRK5 vector was a gift from David MacLean (University of Rochester Medical
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3.2 Nucleotide synthesis and mutagenesis kits 23

Center), and human TARPγ2 (CACNG2) in the pcDNA3.1(+) vector was a gift from Stephan

Pless (University of Copenhagen).

Site-directed mutagenesis for single- and double-mutant cDNA was designed with partly

overlapping mutant primers (Xia et al. (2015)) that I designed and ordered (Merck). Mutant

plasmids were generated with with Phusion Hotstart II High Fidelity polymerase (Fisher Scien-

tific) following supplier’s protocol. Chimeras were generated by combining fragments cloned

with custom primers using and according to the GenBuilder Cloning Kit (Genscript) (Fig. 3.1).

All WT and mutant sequences were confirmed by Sanger sequencing (Genewiz) (Fig. 3.2).

Prior to cRNA transcription cDNAs were linearized with EcoRI site just after the poly(A) se-

quence for constructs in the modified pSP64 vector via HindIII for Rattus norvegicus GluA2.

cRNA was transcribed with mMESSAGE mMACHINE SP6 Transcription Kit (Thermo Fisher

Scientific) utilizing the upstream SP6 site.

Figure 3.1: Primers design for two chimera constructs Primer design for (A) AcaGluDRatNTD and (B)
AcaGluDRatNTDlink chimera constructs. Annotations in red refers to primer design. Annotations in yellow
refers to the linker sequence of AcaGluD (A) and RatGluD2 (B). Sequences visualized in in Geneious
Prime (Geneious).
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Figure 3.2: Example of primers design for twomutant constructs Primer design for mutants AcaGluD
S713A (top) and RatGluD2 A654T (bottom). From left to right. Names of the designed primers for
mutagenesis and related sequence and calculated melting temperature (in bold nucleotides that differs
from template sequence). PCR protocol used for generating the according mutant. Sequencing results
visualized in in Geneious Prime (Geneious).

3.3 Heterologous expression in Xenopus laevis oocytes, elec-

trophysiology and data analysis

Collagenase-treated Xenopus leavis stage V/VI oocytes were commercially acquired (EcoCyte

Bioscience) kept in 50% (in water) Leibovitz’s L-15 medium (Gibco) supplemented with addi-

tional 0.25mg/mL gentamicin, 1mML-glutamine, and 15mMHEPES, pH 7.6 at 18 °C. Occytes

were injected (Nanoliter 2010, World Precision Instruments) with 20 ng cRNA (WT, mutants

and chimera constructs. For RatGluA2 experiments: 10 ng GluA2 cRNA + 1 ng TARPγ2

cRNA). Two-electrode voltage clamp experiments were performed three to four days after in-

jection, during this time unhealthy oocytes were removed regularly and remaining cells were

moved to fresh dishes and new media.

1 M stocks of glycine, GABA, D-serine, monosodium glutamate and 0.1 M stocks of CGP-

78608 and 5,7-dichlorokynurenic acid (DCKA) were prepared in Ca2+ and MgCl2-free bath so-

lution (see below) and stored at -20. Stocks of 0.1 M pentamidine, 6-cyano-7-nitroquinoxaline-
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oocyte were calculated by variable slope nonlinear regression in Prism v9 and used to calculate
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polyclonal IgG (H+L) Alexa Fluor 568 conjugate (Invitrogen A11004, Thermofisher) 1:1000

in blocking buffer for 1 h at room temperature, and washed three times with PBS. Slices were

mounted on a glass slide in 50% glycerol, and raw images were acquired on an Olympus FLU-

OVIEW FV3000 confocal laser scanning microscope with standard PMT detectors, 20× air and

30× and 40× silicon oil immersion lenses. Raw images were visualized and processed with Fiji

software (Schindelin et al. (2012)).

3.5 Structural model of AcaGluD ligand binding domain

The structural model for the AcaGluD ligand binding domain (LBD) was generated using the

AlphaFold2 algorithm through Colab-Fold v2 (Jumper et al. (2021), Mirdita et al. (2022)).

3.6 Homology model of AcaGluD

To illustrate the position of the 41 mutations in AcaGluD I generated an homology model of

the full-length receptor by uploading the sequence to SWISS-MODEL server (Waterhouse et al.

(2018)). The template used for building the model was that of GluA2 X-ray structure (PDB:

3KG2). The .pdb file generated is visualized in Fig. 6.5 A using ChimeraX 1.4 software (Meng

et al. (2023)).
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Dockings were conducted using AutoDock 4.2 (Morris et al. (2009)). The structure file (.pdb)

generated by AlphaFold2 was used for the docking experiments of AcaGluD, while RatGluD2

was docked using the PDB structure file (PDB: 2V3U) (Naur et al. (2007)) after removing unnec-

essarymolecules such as water and D-serine from the X-ray structure. Both GABA andD-serine

molecules used as ligands were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound

CID: 119 and 71077 respectively). Employing a blind docking approach, 100 experiments were

carried out for each ligand, with a maximum of 25 million energy evaluations per experiment

using the Lamarckian genetic algorithm and default parameters from AutoDock4.2. The result-

ing configurations were clustered into ligand binding modes with <2.0 Å rmsd from each other.

Clusters of energetically favorable configurations typically included over 10 similar binding

modes. Fig. 5.5 shows the first five most energetically favorable binding poses from the first,

most energetically favorable, cluster and images of the ligand-receptor complex were generated

using ChimeraX 1.4 (Meng et al. (2023)).

3.8 N-Linked Glycosylation Site Prediction

To identify the number of potential N-linked glycosylation sites in AcaGluD, RatGluD2, and

RatGluD1 I used the NetNGlyc 1.0 web service tool (Gupta and Brunak (2002)) using the amino

acid sequences as input. The parameters used for the NetNGlyc 1.0 analysis were kept at default

settings.
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Chapter 4

Results I - Exploring the broader delta

iGluR family

In exploring the functional diversity within the broader delta iGluR family, especially if and

how mammalian receptors differ from those of distantly related species, it was crucial to first

establish a clear phylogenetic framework. This framework not only delineates the evolutionary

breadth of the family, e.g. which types of animals have delta iGluRs, but it also sets the stage

for subsequent functional analyses, e.g. which receptors should be tested to best assess the

functional signature of the family.

4.1 Phylogenetic analysis of the glutamate receptor genes

The phylogenetic analysis was designed to cover a broad spectrum of species, thus providing a

comprehensive view of the delta iGluR family. To do that, representative species were selected

from diverse animal lineages. This selection included species frommajor bilaterian groups such

as deuterostomes, protostomes, and xenacoelomorphs and non-bilaterian groups like cnidarians,

placozoans, poriferans and ctenophores (two plant iGluR genes from Arabidopsis thalianawere

also included and used as an outgroup for the phylogenetic tree).

All iGluR genes were retrieved using the Basic Local Alignment Search Tool (BLAST) ( Meth-
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ods, page 21) and a total of 246 non-redundant sequences were obtained and utilized to construct

a maximum likelihood tree (Fig. 4.1).

Figure 4.1: Animal iGluR phylogeny (A) Maximum likelhood phylogeny (IQ-Tree Minh et al. (2020),
Q.pfam+G4 calculated substitution model). Branch support values, SH-aLRT and ultrafast bootstrap
(/100). Values near tips are omitted for clarity. Colors for selected iGluR families. (B) Animal lineages
and species used for iGluR search.

Previously characterized mammalian GluD1 and GluD2 genes are found in a well-supported
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branch including genes from numerous other bilaterians, and I delineate this branch as the delta

family (dark green in Fig. 4.1). Here, the closest relatives of the delta family are identified

as the AMPA and KA family (dark pink and light pink respectively in Fig. 4.1) and these 3

families, together with other uncharacterized paraphyletic relatives genes have been proposed

to form the larger AMPA/KA/delta/phi (AKDF) branch (Ramos-Vicente et al. (2018); Stroebel

and Paoletti (2021)) that is exclusive to bilaterian animals. In alignment with previous find-

ings (Ramos-Vicente et al. (2018)) my analysis reaffirms that delta iGluR genes are exclusive

to bilaterians but their presence seems to be not constant among all bileterian animals. In fact

genes belonging to the putative delta family includes sequences from xenacoelomorphs: a group

of simple, soft-bodied marine animals that represent a unique and relatively recently recog-

nized phylum (Hejnol and Pang (2016); Cannon et al. (2016) (with sequences from nemertoder-

matids Nemertoderma westbladi and Meara stichopi, acoels Hofstenia miamia and Diopistho-

porus longitubus, xenoturbellids Xenoturbella profunda and X. bocki); deuterostomes such as

vertebrate chordates (Rattus norvegicus and Danio rerio), non-vertebrate chordates (Ciona in-

testinalis and Branchiostoma belcheri), hemichordates (acorn worms Saccoglossus kowalevskii

and Ptychodera flava) and echinoderms (e.g. starfish sequences from Anneissia japonica and

Acanthaster planci). In contrast, the delta family seems to be not well represented in proto-

stomes as I was able to find only one sequence from Crassostrea gigas that appear as the ear-

liest branching gene within the delta family (Fig.4.1 - 4.2). The findings of my phylogenetic

analysis suggest that delta genes emerged when an ancient AKDF gene diversified into ancient

delta and AMPA/KA genes probably after cnidarians diverged from bilaterians. This is because

I can’t identify AMPA/KA or delta genes in cnidarians and I can only find cnidarian sequences

in other AKDF branches, along with other bilaterian other AKDF genes. The fact that I could

identify delta sequences in xenacoelomorphs, which have been proposed to be the sister group

to deutorostomes and protostomes (Cannon et al. (2016)), in various deuterostomes, and in one

protostome suggests the fact that the earliest delta gene was probably present when the first

bilaterian animal emerged.
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4.2 Functional characterization of the delta receptors family

Our current understanding of the delta iGluR family’s biophysical function is predominantly

based on studies of inactive wildtype (WT) and the constitutively active and D-serine-inhibited

'lurcher'mutant mammalian delta iGluRs (Zuo et al. (1997)). As mammalian channels are a

small part of the delta iGluR family (Fig. 4.2), the functional characteristics of the delta family

are actually poorly understood. In an effort to fill this gap, I have selected putative delta iGluR

genes that (1) came from diverse bilaterian lineages and (2) come from various parts of the delta

branch; I then made cRNA, injected it into Xenopus laevis oocytes and used two-electrode volt-

age clamp to test for responses to the application of different neurotransmitters (e.g. glutamate,

D-serine, glycine and GABA). The putative GluD genes I chose were two xenacoelomorphs:

Diopisthoporus longitubus (”DioGluD”) andMeara stichopi (”MeaGluD”), two ambulacrarian

deuterostomes Acanthaster planci (”AcaGluD”) and Saccoglossus kowalevskii (”SacGluD”), a

protostome deuterostome Crassostrea gigas (”CraGluD”) and vertebrate deuterostomes Danio

rerio (”DanGluD2A”) together with previously characterized genes from Rattus norvegicus

GluD1 (”RatGluD1”) and GluD2 (”RatGluD2”) (Fig. 4.2).

Figure 4.2: Phylogenetic analysis of the delta iGluR family Delta iGluR branch from broader iGluR
phylogeny. SH-aLRT and ultrafast bootstrap (/100) are shown; Bold, genes tested in this thesis.
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Vertebrate deuterostome delta iGluRs

As expected, RatGluD1 and RatGluD2 showed no response to any of the four ligands tested.

The same lack of response was observed when I tested the same ligands on a previously unchar-

acterized vertebrate chordate DanGluD2A (n = 6) (Fig. 4.3 A). All three WT vertebrate delta

iGluRs thus showed the same inactivity when tested, and I next determined if lurcher-mutant

versions were also similar. I therefore generated A654T RatGluD2 and A654T DanGluD2A

(RatGluD2Lc and DanGluD2ALc), as this RatGluD2 lurcher mutant was previously shown to

mediate measurable constitutive current that is inhibited by glycine and D-serine (Naur et al.

(2007)). I generated A654C RatGluD1 (“RatGluD1AC”) as this mutant showed greater consti-

tutive activity than the A-T mutant (Yadav et al. (2011)). RatGluD2Lc constitutive current was

reduced upon application of D-serine (IC50 = 2 ± 0.2 mM, n = 4) and glycine (IC50 > 3 mM,

n = 4), while it was insensitive to glutamate and only 30 mM GABA had relatively small ac-

tivity (Fig. 4.3 B). In contrast to RatGluD2Lc, other vertebrates receptors DanGluD2ALc and

RatGluD1AC demonstrated additional sensitivity to GABA. Specifically, GABA induced inac-

tivation of 58 ± 8% (n = 4) for DanGluD2ALc receptors and 86 ± 5% (n = 10) for RatGluD1AC,

compared to the inactivation caused by D-serine (Fig. 4.3 C-D). Thus, while WT vertebrate

delta iGluRs are inactive, this suggests that some of these receptors have the capability to bind

GABA, the classical inhibitory neurotransmitter. This results also support recent discoveries

concerning the binding of GABA to vertebrate GluD1 receptors (Piot et al. (2023)). Although

Piot and colleagues have used different mutations in GluD1 to observe a potentiation of consti-

tutive current by GABA (they used a double-mutant A654T-C645I whereas I used A654C) our

results align nicely with the emerging paradigm where GABA, traditionally recognized for its

inhibitory neurotransmitter role, also affects vertebrate delta receptors indicating a potentially

broader spectrum of physiological implications than previously understood. Notably, unlike

the predominantly inactive WT delta iGluRs found in vertebrate deuterostomes, the WT delta

iGluRs in other bilaterians exhibit a distinctly active profile.
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34 4. Results I - Exploring the broader delta iGluR family

Figure 4.3: Experimental characterization of vertebrate delta iGluRs (A) Example recordings at
Xenopus oocytes expressing indicated WT genes. (B) Example recordings at Xenopus oocytes express-
ing lurcher mutation of indicated genes. The dashed line indicates zero current. (C) Left, Example
recordings at Xenopus oocytes expressing RatGluD2Lc to increasing concentrations of D-serine. Right,
mean normalized (±SEM, n = 4) responses reflect ligand-induced inhibition of constitutive current to
maximum inhibition of constitutive current in RatGluD1AC and RatGluD2Lc. (D) Left, Example record-
ings at Xenopus oocytes expressingDanGluD2ALc to increasing concentrations of D-serine. Right, mean
normalized (±SEM, n = 4) responses reflect ligand-induced inhibition of constitutive current to maximum
inhibition of constitutive current.
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4.2 Functional characterization of the delta receptors family 35

Ambulacrarian deuterostome delta iGluRs

AcaGluD, from the crown-of-thorns-starfish Acanthaster planci an ambulacrarian deuteros-

tome, showed significant large inward ligand-gated current activity when I tested GABA and

glutamate in oocytes expressing AcaGluD receptors (Imax = 8.2 ± 1.2 µA (n = 4); Imax = 1.9 ±

0.4 µA (n = 9) respectively). Glycine and D-serine on the other hand had smaller but detectable

currents (Imax = 0.19 ± 0.02 µA (n = 9); Imax = 0.75 ± 0.10 µA (n = 9) respectively) (Fig. 4.4

A). GABA, in fact was the most potent agonist with EC50 = 13 ± 3 µM (n = 5) compared to

glutamate EC50 = 7.8 ± 0.2 mM (n = 3) and glycine EC50 = 2.0 ± 0.1 mM (n = 4) (Fig. 4.4 B).

Figure 4.4: Functional characterization of AcaGluD (A) Left, TEVC recordings of responses to differ-
ent ligands in oocytes injected with AcaGluD. Right, Imax at different oocytes (dots) and resulting means
(columns). (B) Left, Representative recording to increasing concentrations of GABA in oocytes injected
with AcaGluD, and (right) mean ± SEM current responses (normalized to GABA-gated current ampli-
tude) to increasing ligand concentrations in oocytes injected with AcaGluD.

Another ambulacrarian putative delta iGluR gene that I tested was from acorn worm Sac-

coglossus kowalevskii, SacGluD, but measuring ligand potency proved to be more challenging
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36 4. Results I - Exploring the broader delta iGluR family

compared to AcaGluD due to the small currents recorded and expression variability between

different batches of oocytes (Fig. 4.5 A). To try and overcome this obstacle I engineered the

equivalent of the lurcher mutation in SacGluD, A621T, (SacGluDLc) hoping that this mutation

would reveal the ligand sensitivity somewhat hidden in theWT form. SacGluDLc exhibit greater

constitutive current than WT (279 ± 79 nA, n = 20 and 96 ± 29 nA, n = 20 respectively) (Fig.

4.5 C) but these constitutive currents paled in comparison to ligand-gated currents in the mutant

receptor. The most striking difference between WT and lurcher-mutant was the robust inward

GABA/glutamate-gated currents observed in the latter, while no currents were recorded when

I applied glycine or D-serine (Fig. 4.5 B). As in AcaGluD, GABA was the most potent ago-

nist (EC50 = 84 ± 14 µM, n = 4) when compared to glutamate (EC50 = 0.64 ± 0.16 mM, n =

3). The functional analysis of two ambulacrarian delta iGluRs from distinct species—a starfish

(AcaGluD) and an acorn worm (SacGluD)—provides compelling evidence of their ligand-gated

nature, with a pronounced preference for GABA over glutamate, D-serine and glycine.

364.ResultsI-ExploringthebroaderdeltaiGluRfamily

comparedtoAcaGluDduetothesmallcurrentsrecordedandexpressionvariabilitybetween

differentbatchesofoocytes(Fig.4.5A).TotryandovercomethisobstacleIengineeredthe

equivalentofthelurchermutationinSacGluD,A621T,(SacGluDLc)hopingthatthismutation

wouldrevealtheligandsensitivitysomewhathiddenintheWTform.SacGluDLcexhibitgreater

constitutivecurrentthanWT(279±79nA,n=20and96±29nA,n=20respectively)(Fig.

4.5C)buttheseconstitutivecurrentspaledincomparisontoligand-gatedcurrentsinthemutant

receptor.ThemoststrikingdifferencebetweenWTandlurcher-mutantwastherobustinward

GABA/glutamate-gatedcurrentsobservedinthelatter,whilenocurrentswererecordedwhen

IappliedglycineorD-serine(Fig.4.5B).AsinAcaGluD,GABAwasthemostpotentago-

nist(EC50=84±14µM,n=4)whencomparedtoglutamate(EC50=0.64±0.16mM,n=

3).ThefunctionalanalysisoftwoambulacrariandeltaiGluRsfromdistinctspecies—astarfish

(AcaGluD)andanacornworm(SacGluD)—providescompellingevidenceoftheirligand-gated

nature,withapronouncedpreferenceforGABAoverglutamate,D-serineandglycine.
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Figure 4.5: Functional characterization of SacGluD (A) TEVC recordings in oocytes of four different
batches, injected withWT Saccoglossus kowalevskiiGluD (SacGluD)mRNA, showing current responses
to different potential ligands. Dashed lines, zero current. (B) TEVC recordings of responses to differ-
ent ligands in oocytes injected with lurcher-mutant Saccoglossus kowalevskii. Oocyte batch number is
separate from that in panel A. (C) Mean (bars) and individual data points (both n = 20 oocytes, over
four different batches) of constitutive current in WT SacGluD-expressing and corresponding lurcher-
mutant-expressing oocytes. Two data points are highlighted: shown in panel B. (D) Left, Representative
recording, and right, mean ± SEM current responses (normalized to GABA-gated current amplitude) to
increasing ligand concentrations in oocytes injected with lurcher-mutant SacGluDLc. n = 4 (GABA), 3
(Glu), or 5 (D-Ser and Gly).
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another from the acoel Diopisthoporus longitubus, DioGluD. My experimental attempts to de-

tect ligand-gated currents in the WT MeaGluD were unsuccessful. Further exploration using

a lurcher-like mutant variant, A611T (MeaGluDLc), also did not yield the anticipated results,

as there was no discernible constitutive activity observed (Fig. 4.6 A). This leads to the con-

sideration that either the MeaGluD gene or its Lc-mutant variant may not express effectively
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in Xenopus oocytes. Contrasting the results from MeaGluD, in oocytes expressing DioGluD, I

observed small yet consistent ligand-gated activity (Fig. 4.6 B). Remarkably, GABA was iden-

tified as the exclusive agonist capable of inducing currents, with an EC50 value of 180 ± 20 µM

(n = 6) (Fig. 4.6 C). This finding holds significant implications for our understanding of the

evolution of delta iGluRs. The presence of GABA-gated activity in DioGluD, a gene from a

non-deuterostome xenacoelomorph, alongside similar findings in deuterostome species, under-

scores the ancient nature of this functional trait. It suggests that the ability of delta iGluRs to

respond to GABA is an ancestral trait that was present in the earliest delta iGluRs, before the

evolutionary split between deuterostomes (like starfish and vertebrates) and non-deuterostomes

(like the xenacoelomorphs). Subsequently, in early vertebrates, delta iGluR genes underwent

significant evolutionary changes, leading to the loss of GABA-gated function.

Figure 4.6: Functional characterization of Xenacoelomorph delta iGluRs (A) Left, Example record-
ings atXenopus oocytes expressingWTMeaGluD and (right) lurcher-mutantMeaGluDLc (B) Left, TEVC
recordings of responses to different ligands in oocytes injected with DioGluD. Right, Imax at different
oocytes (dots) and resulting means (column). (C) Left, Representative recording to increasing concentra-
tions of GABA in oocytes injected withDioGluD, and (right) mean ± SEM current responses (normalized
to GABA-gated current amplitude) to increasing ligand concentrations in oocytes injected withDioGluD.
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Protostome delta iGluRs

But to unravel the functional characteristics of the ancestral delta iGluR, I turned to the earliest-

branching gene in the delta iGluR branch, that of the mollusc Crassostrea gigas, CraGluD.

Basal branches represent the earliest points of divergence from the common ancestor within

a phylogenetic tree, serving as crucial markers for understanding the evolutionary history and

ancestral traits of a group. Therefore, exploring the functionality of CraGluD was not just an

effort in characterizing another variant of delta iGluRs, but a critical step towards reconstructing

the evolutionary narrative of these receptors. In testing both WT and lurcher mutant (A567T)

variants of CraGluD, no ligand-gated currents were detectable in either (Fig 4.7 A). This ab-

sence of measurable activity could be attributed to potential limitations in the expression of

CraGluD within the oocyte membrane. To test this I checked the expression of CraGluD in the

oocyte membrane via immunolabelling. This experiment revealed no difference in fluorescence

between oocytes injected with WT CraGluD and those that were uninjected (Fig 4.7 B). This

suggests that the lack of functional currents in CraGluD may stem from insufficient receptor

expression at the oocyte membrane rather than an inherent lack of receptor functionality. Con-

sequently, due to the absence of detectable currents and the apparent limitations in membrane

expression in Xenopus laevis oocytes of CraGluD, it becomes challenging to draw conclusions

regarding the ancestral properties of delta iGluRs drawn from this particular gene.
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Figure 4.7: Functional characterization of CraGluD (A) TEVC recordings in oocytes expressing
CraGluD and CraGluDLc showed no significant ligand-gated current. (B) Anti-myc fluorescent im-
munolabelling of oocyte injected with -myc mRNA and uninjected oocyte suggests absence of CraGluD
surface expression.
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4.3 Conclusion

My phylogenetic analysis, aimed at establishing a functional and evolutionary picture of the

delta family, spanned a broad array of animal species to ensure a thorough examination of this

receptor class. This analysis positions mammalian GluD1 and GluD2 genes within a robustly

supported branch that includes a diverse array of bilaterian sequences, defining what I termed

the delta family. The delta iGluR family is also closely related to the AMPA and KA receptor

families, and contributes to the broader AMPA/KA/delta/phi (AKDF) branch. My findings sug-

gest the delta genes originated from the diversification of an ancestral AKDF gene, likely after

the divergence of cnidarians from bilaterians (Fig. 4.8). The identification of delta sequences in

xenacoelomorphs—considered a sister group to both deuterostomes and protostomes-supports

the notion that the earliest delta gene emerged with the first bilaterian animals. Notably, while
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of functional data from the basal-branching delta iGluR sequence from Crassostrea gigas. I

propose that delta receptors originated in an early bilaterian organism, possessing the distinc-

tive feature of being GABA-gated. These GABA-gated delta iGluRs have been inherited and

retained in various present bilaterian lineages: from xenacoelomorphs to invertebrate deuteros-

tomes like starfish and acorn worms. In lineage to vertebrates, however, delta iGluRs underwent

two substantial changes, losing activation by ligand and lost selectivity for GABA. However,

the sequence of evolutionary events—whether the loss of ligand-gated currents preceded the

alteration in ligand selectivity, or vice versa—remains unclear and underscores the necessity

for further comparative studies across a broader range of species within the chordate lineage to

delineate the sequence of events that shaped delta receptors function in vertebrates.

Figure 4.8: Summary of proposed evolution of the delta receptor gene Delta iGluRs genes emerged
from an ancestral AKDF gene after the separation of cnidarians and bilaterians. Delta iGluR genes are
predominantly found in bilaterians (with sparse representation in protostomes) and became sensitive to
GABA relatively soon after their emergence. In the lineage leading to vertebrates, delta iGluRs experi-
enced by the loss of activation by ligand binding and a reduction in GABA selectivity.
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Chapter 5

Results II - Pharmacological and

biophysical properties of AcaGluD and

relation to other iGluRs

Delta iGluRs are important for structural synaptic integrity in the cerebellum (Kakegawa et al.

(2011)) and hippocampus (Dai et al. (2021)). It has been demonstrated that GluD2 gating can

be triggered by mGlu1 receptor activation (metabotropic glutamate receptor 1), a process that

occurs both in heterologous expression systems and in native neuronal environments such as

Purkinje cells where GluD2 is highly expressed (Ady et al. (2014)). Deletions or mutations

of delta iGluRs are linked to neurological disorders such as cerebellar ataxia (Coutelier et al.

(2015)), schizophrenia and autism (Benamer et al. (2018)). Pharmacological modulators that

enhance or inhibit GluD1 and GluD2 iGluR function may therefore help unravel the role of

delta iGluRs within neural circuits and perhaps lead to novel therapeutics. However, as mam-

malian delta iGluRs typically do not show ligand-gated currents in conventional heterologous

expression systems (page 34), electrophysiological experiments testing pharmacological mod-

ulation of delta iGluR function have not proceeded like they have for other iGluRs (Brogi et al.

(2019)). There is evidence suggesting that delta iGluRs share some pharmacological properties

with NMDA receptors. Most obviously, GluD1 andGluD2 subunits andNMDA receptor GluN1
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subuntis bind glycine and D-serine (Naur et al. (2007); Matsui et al. (1995)). Additionally, the

GluN1-specific NDMA receptor competitive antagonist 7-chlorokynurenic acid (7-CKA) was

found to inhibit GluD2Lc currents by a homologous site (Kristensen et al. (2016)). Moreover

pentamidine, which inhibits NMDA receptors in the low µM range (Reynolds and Aizenman

(1992)) showed moderate inhibition of GluD2Lc currents, and had almost no effect on AMPA

receptors at concentrations tested (Williams et al. (2003)).

Yet my phylogenetic analysis suggested that delta iGluRs are more closely related to AMPA/KA

receptors than to NMDA receptors (page 30), which would perhaps imply a more shared phar-

macological profile with AMPARs. As one of the main findings from previous chapter is that

certain invertebrate WT delta iGluRs show robust ligand-gated currents in oocytes, I was in

a better position to unravel the pharmacological and biophysical properties of the delta iGluR

family, which should in future enable pharmacological developments for vertebrate delta iGluRs

and also offer insight into relationships among iGluRs families. Therefore in this chapter, I offer

the first broad functional characterization of an active WT delta iGluRs. This characterization

extends to the analysis of channel pore features, the pharmacology of competitive antagonists,

the modulation by extracellular calcium ions (Ca2+) and computational studies focused on lig-

and binding. I focused on characterizing the crown-of-thorns starfish AcaGluD receptor, as it

demonstrated better expression levels inXenopus laevis oocytes among the receptors I tested and

pharmacological interrogation was now feasible due to its large, robust currents. Consequently,

the upcoming sections of my thesis will primarily center around the AcaGluD receptor.

5.1 Channel pore properties of AcaGluD

5.1.1 Current-voltage relationship of AcaGluD

Because the current-voltage (IV) relationship, reflecting relative ion permeability and conduc-

tance, in iGluRs determines whether their activation excites or inhibits neurons, it is an impor-

tant aspect of their biophysical characterization. I therefore recorded GABA-gated currents in
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5.1 Channel pore properties of AcaGluD 45

AcaGluD-expressing oocytes in increasing holding potentials from –80 to 60 mV both in the

presence and in the absence of extracellular calcium (Ca2+) (Fig 5.1). The IV relationship of

AcaGluD shows a reversal potential of –16 mV and inward rectification with only minimal out-

ward currents observable at voltages exceeding 50 mV, regardless of the presence of divalent

cations. This tells us several things about the delta iGluR pore. As the reversal potential is –16 ±

2 mV (n = 4) the channel is not a K+-selective channel, whose currents would reverse at around

–80 mV, is not a Na+-seclective channel, whose currents would reverse at around +50 mV, and

is instead a mixed cation channel, like most animal iGluRs (Chang et al. (1994)). This would

make AcaGluD an excitatory GABA receptor, which is remarkable given the role of GABA

in inhibitory signaling in most animals (Sigel and Steinmann (2012)). The removal of extra-

cellular Ca2+ does not affect this reversal potential, suggesting that Ca2+ permeates relatively

little, however the small currents in the absence of Ca2+ and the inward rectification and thus

flat IV relationship make it difficult to measure the reversal potential in this condition. The large

inward currents in regular extracellular solution indicate the absence of block by extracellular

Mg2+ ions and thus ions can flow relatively freely across the membrane when this delta iGluR

is activated at the typical resting membrane potential of neurons. This too is more similar to

AMPA receptors (Schmid et al. (2009)).

-40

-0.5

1

0.5-I
/I -

80
m

V

V (mV)

-80

40 80

-1

0 mM Ca2+

1.8 mM Ca2+

Figure 5.1: IV curve for AcaGluD Normalized current (I/I−80 mV)-voltage relationship of GABA-gated
currents through AcaGluD-expressing oocytes in the presence (filled circles) and absence (empty circles)
of extracellular calcium. Data points mean ± SEM (n = 4), joined by straight lines.
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46 5. Results II - Pharmacological and biophysical properties of AcaGluD and relation to other iGluRs

5.1.2 Pentamidine modulation in AcaGluD

Channel blockers inhibit iGluR activity by docking within the channel pore and thus obstruct-

ing the flow of ions. They may have various physico-chemical structures, but iGluR channel

blockers typically have a cationic moiety (Zhorov and Tikhonov (2004)). Therefore, I decided

to test the effect of a known iGluR pore blocker, pentamidine, on different iGluRs. Other stud-

ies demonstrated that pentamidine blocks 100% glutamate/glycine-induced current at NMDA

receptors with an IC50 of 0.5 µM, while it inhibits RatGluD2Lc constitutive current only 74 ± 8

% with an IC50 of 6.8 µM (Williams et al. (2003)). My experiments on RatGluD2Lc corroborate

this finding where pentamidine at 100 uM is not able to fully block the constitutive current of

RatGluD2Lc but reduced it of 68 ± 5 % (n = 4) (Fig. 5.2 A). Similarly, in oocytes expressing

AcaGluD receptors, when I applied an EC100 concentration of GABA and glutamate in the pres-

ence of 100 µM pentamidine, currents were substantially smaller than in the presence of EC100

GABA or glutamate alone (Fig. 5.2 B). Specifically, 100 µM pentamidine blocked 68 ± 5 % (n

= 5) of the GABA-gated current and 78 ± 2% (n = 7) of the glutamate-gated current (Fig. 5.2 B).

This shows that 100 µM pentamidine blocks 100 % of ligand-gated currents at NMDA receptors

but a full block with the same concentration of pentamidine is not achieved in GABA/glutamate-

gated current at AcaGluD or on constitutive currents on RatGluD2Lc. Pentamidine effects at

AMPARs have not been studied in detail, so with the help of Yuhong Wang, a PhD candidate

in my lab, we tested the effects of 100 µM pentamidine on AMPARs. As AMPARs desensitize

quickly, it can be difficult to assay their pharmacology in oocytes. We therefore co-expressed rat

GluA2 with human TARPγ2, which leads to bigger and slower-desensitizing currents, allowing

us to measure pharmacological modulation (Ishii et al. (2020)). 1 mM glutamate-gated currents

at RatGluA2 were reduced by 37 ± 3 % (n = 5) in the presence of 100 µM pentamidine for both

transient and sustained current (Fig. 5.2 C). This indicates a pattern of sensitivity among dif-
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GluA2 with human TARPγ2, which leads to bigger and slower-desensitizing currents, allowing
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at RatGluA2 were reduced by 37 ± 3 % (n = 5) in the presence of 100 µM pentamidine for both
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Figure 5.2: Effect of pentamidine at RatGluD2Lc, AcaGluD, RatGluA2 (A) Example recording in
oocytes expressing RatGluD2Lc in response 100 µM pentamidine. The dashed line indicates zero cur-
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(Fig. 5.3 D). The Predicted Local Distance Difference Test (pLDDT) scores are a measure of

confidence for the local accuracy of the predicted model on a per-residue basis. Scores close to

100 indicate regions modeled with high confidence, while scores between 70 and 90 indicates

that the regions are expected to be modelled with reasonably confidence. Regions with pLDDT

below 70 are modelled with low confidence and should be considered with caution. The plot

shows that for the entire AcaGluD LBD structure, AlphaFold is quite confident in its prediction,

as indicated by the scores predominantly above 90 across all five models (Fig. 5.3 C). For the
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site. The second region with a lower confidence score is found on the rear side of the lower lobe
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helix I to the subsequent β-strand and its comparatively low pLDDT shouldn’t affect the overall
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its ligand binding proprieties.

Figure 5.3: AlphaFold Predictions for AcaGluD LBD (A) Amino acid sequence of AcaGluD. Blue,
ligand binding domain. (B) Amino acid sequence alignment of AcaGluD and RatGluD2 LBDs. Alpha
helices from secondary structure are shown below alignment (taken from RatGluD2 Naur et al. (2007)),
numbers above alignment refers to positions in AcaGluD LBD. (C) Predicted Local Distance Difference
Test (pLDDT) score across different model ranks, indicating per-residue confidence. Higher scores repre-
sent greater confidence in the predicted structure. Position numbers refers to AcaGluD LBD numbering
shown in (B). (D) Structures of the first ranked AlphaFold model of AcaGluD LBD, colored by rank
pLDDT score.
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which leads to channel opening (Armstrong and Gouaux (2000)). I therefore examined whether

the model generated was in a more ’open’ or ’closed’ conformation. To this end I defined a

2D coordinate (Σ1,Σ2) that expresses the distance between the upper and lower lobes of the

LBD (Yu et al. (2015)). Σ1 represents the distance between the center-of-mass of non-hydrogen

atoms within residues 547-549 in the upper lobe and the center-of-mass of non-hydrogen atoms

within residues 713- 714 in the lower lobe. Σ2 represents the distance between the center-of-

mass of non-hydrogen atoms within residues 474-476 in the upper lobe and the center-of-mass

of non-hydrogen atoms within residues 746-748 in the lower lobe (Fig. 5.4). The model dis-

played (Σ1,Σ2) = (10.4, 9.7 Å). For apo RatGluD2 X-ray structure (PDB: 2V3T) (Σ1,Σ2) =

(12.7, 10.1 Å) and D-serine bound RatGluD2 (PDB: 2V3U) (Σ1,Σ2) = (9.6, 7.4 Å)) (Chin et al.

(2020)). Based on these parameters, it is plausible to deduce that my AcaGluD LBD model is

not exhibiting a fully closed state, rather it appears to be in a partially closed conformation.

Figure 5.4: Openness of the LBD AcaGluD structural model Σ1: distance between residues 547-549
and residues 713- 714, Σ2: distance between residues 474-476 and residues 746-748 shown in grey lines.
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removed (PDB: 2V3U). By doing so I did not presuppose a binding site, allowing for an un-

biased exploration of potential ligand-binding sites across the entire surface of each receptor.

Consistent with canonical ligand-induced activity of AcaGluD and with structurally determined

binding sites in RatGluD2, both ligands docked to the expected binding site of the receptors

(Fig. 5.5 A–B). GABA showed a stronger docking affinity compared to D-serine in AcaGluD

(Fig. 5.5 A), while the reverse pattern was observed in RatGluD2 (Fig. 5.5 B). This is consis-

tent with my experiments, which showed that GABA not only induced larger currents but also

emerged as a more potent agonist than D-serine in AcaGluD.
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(B). (D) Structural representation of AcaGluD highlighting the positions of mutated residues. GABA and
D-serine in their most favorable binding poses.
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differenceswithintheligand-interactingresiduesbutperhapssomeotheraspectscontributesig-

nificantlytothedeterminationofligandspecificity.Inlinewiththis,arecentstudyhasshowed

thatE475/E450residuecontributestoGABAvsD-serinepreferenceinRatGluD1receptorsand

NMDAreceptorGluN1subunits(Piotetal.(2023)),yetitisconservedinGABA-selectiveand

D-serineselectiveGluDreceptors(Fig.5.6A).Thisanalysissuggeststhattheunderlyingreason

forthisdualsensitivitylikelyliesinthestructuraladaptabilityoftheligand-bindingresidues,

includingD742,whichdemonstratethenecessaryflexibilityandthecarboxylatesidechainto

accommodatebothGABAandD-serine.

5.3ModulationbycompetitiveantagonistsinAcaGluD

InexploringthepharmacologicalprofileofAcaGluD,Ievaluatedtheeffectsofpotentialcom-

petitiveantagonistsonthereceptor.Competitiveantagonistsbindtothebindingsiteofthe

receptorbutwithoutinducingLBDclosureandtheypreventtheagonistfrombindingandac-

tivating.SomecompetitiveantagonistssuchasquinoxalinedionesCNQX,DNQXandNBQX

(seeMethods,page24,25)areknowntobemoreselectiveinhibitorsofAMPA/KAreceptors

comparedtoNMDAreceptors(Sheardownetal.(1991)),whiletheoppositehasbeenreported

forcompoundssuchasDCKA(McNamaraetal.(1990))andCGP-78608(seeMethods,page

24)(Aubersonetal.(1999)),whichareglycinesite(GluN1)antagonistsofNMDAreceptors.

SinceAcaGluDisabletobindnotonlyGABAbutalsoglutamate(likeAMPA/KAreceptors)

andglycine/D-serine(likeNMDAreceptors)IwantedtocheckwhetherAcaGluDissensitive

toAMPA/KAR-orNMDAR-competitiveantagonists.
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When applied in isolation, classical antagonists of AMPA/KA receptors, CNQX, DNQX, and

NBQX at a concentration of 100 μM, failed to elicit any detectable currents through AcaGluD

(Fig. 5.7 A). However, when these antagonists were co-applied with GABA at an approximate

EC30 GABA concentration, CNQX, DNQX, and NBQX inhibited the GABA-induced currents

by 81 ± 4%, 53 ± 3%, and 61 ± 3% respectively (each n = 5, Fig. 5.7 B). This inhibition of

current was comparable to that of the pore blocker pentamidine (Fig. 5.2 B). I also noted that

DNQX and NBQX enhanced glutamate-gated currents by 34 ± 3%, while CNQX had no dis-

cernible effect (each n = 5, Fig. 5.7 B). Enhancement by such competitive antagonists seems

unusual but it’s worth noting that both CNQX and DNQX can act as partial agonists at AMPA

receptors when co-expressed with TARP-type auxiliary subunits (Menuz et al. (2007)) and that,

in the case of Lurcher-mutant GluA1 receptor, CNQXwas converted from antagonist to a potent

agonist (Taverna et al. (2000)).

This shows us that at both delta and AMPA iGluRs, quinoxalinediones can inhibit or enhance

receptor activity depending on context: inhibition or enhancement depends on particular ag-

onist in delta iGluRs; and no activation or activation depends on simple or complex AMPAR

oligomerization. This prompted me to test the effects of these compounds on WT RatGluD2 re-

ceptors: if we had drugs activating or at least modulating the activity of relatively inactive delta

iGluRs, we might be able to better probe their physiological role. I observed that these drugs

had no effect on Xenopus laevis oocytes expressingWT RatGluD2 (Fig 5.8 A). Subsequent test-

ing on the mutant RatGluD2Lc receptors showed that NBQX, CNQX, and DNQX respectively

reduced constitutive currents by 9 ± 0.2%, 10 ± 0.2%, and 11 ± 0.2% (each n = 4, Fig 5.8 B).
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by81±4%,53±3%,and61±3%respectively(eachn=5,Fig.5.7B).Thisinhibitionof

currentwascomparabletothatoftheporeblockerpentamidine(Fig.5.2B).Ialsonotedthat

DNQXandNBQXenhancedglutamate-gatedcurrentsby34±3%,whileCNQXhadnodis-

cernibleeffect(eachn=5,Fig.5.7B).Enhancementbysuchcompetitiveantagonistsseems

unusualbutit’sworthnotingthatbothCNQXandDNQXcanactaspartialagonistsatAMPA

receptorswhenco-expressedwithTARP-typeauxiliarysubunits(Menuzetal.(2007))andthat,

inthecaseofLurcher-mutantGluA1receptor,CNQXwasconvertedfromantagonisttoapotent

agonist(Tavernaetal.(2000)).

ThisshowsusthatatbothdeltaandAMPAiGluRs,quinoxalinedionescaninhibitorenhance

receptoractivitydependingoncontext:inhibitionorenhancementdependsonparticularag-

onistindeltaiGluRs;andnoactivationoractivationdependsonsimpleorcomplexAMPAR

oligomerization.ThispromptedmetotesttheeffectsofthesecompoundsonWTRatGluD2re-

ceptors:ifwehaddrugsactivatingoratleastmodulatingtheactivityofrelativelyinactivedelta

iGluRs,wemightbeabletobetterprobetheirphysiologicalrole.Iobservedthatthesedrugs

hadnoeffectonXenopuslaevisoocytesexpressingWTRatGluD2(Fig5.8A).Subsequenttest-

ingonthemutantRatGluD2LcreceptorsshowedthatNBQX,CNQX,andDNQXrespectively

reducedconstitutivecurrentsby9±0.2%,10±0.2%,and11±0.2%(eachn=4,Fig5.8B).
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5.3 Modulation by competitive antagonists in AcaGluD 57

Figure 5.7: Effects of competitive antagonists in AcaGluD (A) Example recordings of competitive
antagonists application NBQX, CNQX, and DNQX (100µM) at AcaGluD-expressing oocytes (scale bars
x, 10 s; y, 0.2 μA). (B) Left, Representative current traces illustrating the modulatory effects of NBQX on
GABA and glutamate induced currents in AcaGluD (scale bars x, 5 s; y, 1 μA). Right, Percent modulation
of current by CNQX, DNQX, and NBQX for GABA/glutamate-gated currents (columns, mean; circles,
individual data points). (C) Left: Representative current traces showing the impact of NMDA receptor
glycine site antagonists CGP and DCKA on GABA-induced currents in AcaGluD (scale bars x, 10 s; y,
1 μA). Right: Percent inhibition of GABA-gated currents by CGP and DCKA (columns, mean; circles,
individual data points).

In contrast to classical AMPAR antagonists, GluN1 competitive antagonists DCKA and

CGP-78608 at 100 µM exhibited minimal effect on GABA-gated currents in AcaGluD, with

only 11 ± 5% and 9 ± 3% inhibition respectively (each n = 4, Fig. 5.7 C) current reduction.

Thus, in terms of competitive antagonists, delta receptors appear more closely related to the

AMPA/KA receptor subfamily rather than the NMDAR subfamily, reflecting the close phylo-

genetic relationship of AMPA and delta iGluRs, despite the fact that GluN1 and delta subunits

bind glycine and D-serine as agonists.
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x,10s;y,0.2μA).(B)Left,RepresentativecurrenttracesillustratingthemodulatoryeffectsofNBQXon
GABAandglutamateinducedcurrentsinAcaGluD(scalebarsx,5s;y,1μA).Right,Percentmodulation
ofcurrentbyCNQX,DNQX,andNBQXforGABA/glutamate-gatedcurrents(columns,mean;circles,
individualdatapoints).(C)Left:RepresentativecurrenttracesshowingtheimpactofNMDAreceptor
glycinesiteantagonistsCGPandDCKAonGABA-inducedcurrentsinAcaGluD(scalebarsx,10s;y,
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A). Interestingly, agonist potency, as measured by EC50 values, was not substantially affected

by the presence of extracellular calcium. GABA and glycine-EC50 values in Ca2+-free solution

were 4.8 ± 0.6 µM (n = 5) and 1.6 ± 0.2 mM (n = 5) respectively. The presence of 1.8 mM

Ca2+ in the extracellular solution increased the GABA EC50 threefold to 13 ± 3 µM (n = 5), and

glycine EC50 was almost unchanged with a value of 2.0 ± 0.1 mM (n = 4) (Fig. 5.9 B). This

suggests that the principal effect of Ca2+ is to increase agonist efficacy rather than significantly

alter agonist affinity. Whether the absence of Ca2+ ions leads to decreased single channel con-

ductance, a number of inactive receptors, or an altered gating equilibrium would require further

investigation, although by homology with Cl– and Na+ modulation of AMPARs and KARs, I

think the latter two are more likely (Plested and Mayer (2007)).

Figure 5.9: Calciummodulation of AcaGluD (A) Left, electrophysiological traces for AcaGluD, show-
ing current responses different ligands in the absence (top) and presence of 1.8 mMCa2+ (bottom). Right,
Maximum current amplitudes elicited by GABA, glutamate, and glycine in the absence (0 mM) and pres-
ence (1.8 mM) of Ca2+ (columns, mean; circles, individual data points). (B) Left, Dose-response curves
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and D728, located at the back of the LBD in RatGluD2Lc receptors, play a key role in Ca2+

modulation (Hansen et al. (2009)). As these residues were also conserved inAcaGluD (Fig. 5.10

A-C) I decided to verify their contribution to the Ca2+ enhancement of ligand-gated I observed in

AcaGluD.With the help of Allan Barzasi, a visitingmaster’s student in our lab, wemutated these

carboxylate residues to alanine, which has a small, nonpolar side chain thereby disrupting any

putative contribution of that residue to Ca2+ enhancement. AcaGluD mutants E554A, D558A

and D801A showed no enhancement of ligand-gated currents by Ca2+ (Fig. 5.10 E). This was

the case with both 100 µM and 3 mM GABA (Fig. 5.10 D), confirming that the absence of

enhancement was not due to the use of subsaturating GABA concentrations at mutant receptors.

The mutations themselves had little effect on GABA potency, with EC50 values differing little

between WT and mutants (WT = 13 ± 3 µM (n = 5), D558A = 18.3 ± 4.6 µM (n = 3), D801A

= 6.1 ± 3.6 µM (n = 4)) although E554A showed threefold increased GABA potency (E554A =

3.0 ± 0.3 µM (n = 4)).
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quence alignment of AcaGluD with RatGluD2, highlighting conserved residues implicated in calcium
binding (AcaGluD numbering). (B) AcaGluD E554A, D558A and D801A mean ± SEM (n = 3, D801A;
n = 4, all others) normalized (to maximum GABA-gated current at each oocyte) current amplitude in
response to increasing GABA concentrations. (C) Cartoon illustrating structural domains of typical
iGluR tetramer, one subunit highlighted, showing amino-terminal domain (NTD), ligand-binding do-
main (LBD), and transmembrane channel domain (TMD). Cell membrane in gray. (Inset) Alphafold
structural model of AcaGluD indicating the positions of residues E554, D558, and D801 (top view). (D)
Ca2+-induced enhancement of GABA-gated currents (ICa2+/IzeroCa2+) was similar for 100 μMGABA- and
3 mM GABA-gated currents (columns, mean; circles, individual data points). (E) Electrophysiological
traces for AcaGluDWT and D558A mutant, showing current responses to 100 μM GABA in the absence
and presence of 1.8 mM Ca2+.
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robust expression and significant ligand-gated current responses in the oocytes.

My work shows several ways in which the biophysical or pharmacological properties of

delta receptors reflect their close evolutionary relationship with AMPA/KA receptors. Active

delta iGluRs lack Mg2+ block, like AMPA/KA receptors. This means that invertebrate delta

iGluRs could depolarize neurons in response to brief pulses of neurotransmitter and thus serve

as principal synaptic receptors, as opposed to NMDARs which require prior depolarization by

other means to release Mg2+ block and conduct. Furthermore, given that these receptors are

mixed cation channels gated by GABA, their activation could lead to depolarizing excitatory

currents, unlike type-A GABA receptors (GABAA receptors) that are predominantly chloride

channels which exert inhibitory effects upon GABA binding. This implies that in the context of

invertebrate delta iGluRs, GABA might play a unique excitatory role, diverging from its classi-

cal inhibitory function. However, this hypothesis regarding the putative excitatory role of delta

iGluRs upon GABA binding and its functional implications within synaptic networks needs fur-

ther investigation through in vivo/ex vivo studies.

In addition the pharmacological characterization of an active delta iGluR shows that delta iGluRs

are modulated by AMPAR modulators. This suggests that physiological studies using e.g.

DNQX to asses AMPAR contributions to circuits could also inadvertently alter delta iGluR func-

tion. This could result in misinterpretation of the role and significance of AMPARs in synaptic

transmission and plasticity, as the observed effects might be partially attributed to the off-target

modulation of delta iGluRs. Results from mutagenesis experiments on AcaGluD, combined

with the observed effects of extracellular Ca2+ on current modulation, draw a parallel with the

established mechanisms of calcium modulation in RatGluD2Lc. In RatGluD2Lc the proposed

mechanism of potentiation of spontaneously active currents involves the stabilization of the

dimer interface which in turn mitigates the structural adjustments responsible for desensitization

(Hansen et al. (2009)). Calcium-mediated stabilization of the dimer interface could therefore be

a biophysical signature of delta iGluRs, possibly an ancestral one, extending from vertebrate

to invertebrate synapses. Given that the putative calcium-binding sites are located between up-
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per lobes of adjacent ligand-binding domains, from two adjacent subunits, as in RatGluD2, it’s

likely that calcium binding reinforces the coupling between these subunits. This strengthened

interaction might ensures that upon agonist binding, the lower lobe undergoes more pronounced

conformational changes that are then conveyed to the ion channel domain, resulting in robust

activation.

When comparing the ligand-interacting amino acid residues between GABA- and D-serine-

selective delta iGluRs my results shows that divergent residues close to the ligand do not alone

determine ligand potency. In fact, as I was not able to find amino acid substitutions that gov-

ern ligand potency among clearly divergent residues, other factors might be responsible for the

change in ligand sensitivity between vertebrate and invertebrate delta iGluRs. The notion that

residues that do not directly interact with ligands can influence the potency and selectivity of lig-

and binding in iGluRs is not new. In fact, in GluD2 receptors the hinge region, situated between

the two lobes of the ligand-binding domain, was identified as a critical determinant for D-serine

affinity. In fact, mutations in the hinge region significantly altered the receptor’s ligand-binding

characteristics suggesting that the flexibility and conformational dynamics of the hinge region,

which does not directly interact with the ligand, are paramount in tuning the receptor’s response

to the ligand, thereby affecting both potency and selectivity (Tapken et al. (2017)). Similarly,

for the AMPA receptor GluA2 subunit, mutating Leu-650 to Thr, a residue outside the imme-

diate ligand-binding site, caused a marked alteration in the receptor’s responsiveness to AMPA

and KA (Armstrong et al. (2003)). The crystallographic analyses of the mutant L650T recep-

tor bound to different ligands revealed varying degrees of domain closure each associated with

different ligand efficacies. I could expect that the same phenomenon might be at play in de-

termining ligand sensitivity in delta receptors. My results suggests that elements beyond the

immediate ligand-binding site, such as the overall conformational flexibility of the receptor, the

spatial arrangement of amino acid residues, and potential allosteric sites, could be influential.

My docking results omitted water molecules, a factor that likely impacts the outcomes, given

that ligand binding in iGluRs frequently involves water interactions (Sahai and Biggin (2011)).
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While the presence of water is not imperative for predicting the correct binding pose of ligands

within these receptors, it does contribute significantly to the favorable interaction energy (Vi-

jayan et al. (2010)). This suggests that, although preliminary docking can provide insights into

potential binding configurations, a comprehensive understanding of ligand-receptor interactions

within iGluRs would benefit from considering the role of water in mediating these processes.

Detailed structural analyses, such as cryo-electron microscopy, can offer high-resolution im-

ages of the receptor in various states (e.g., resting, active or desensitized), elucidating the role

of distant residues in ligand binding and receptor activation. Furthermore, molecular simu-

lations might offer insights into the conformational changes that accompany ligand binding,

providing a deeper understanding of the mechanisms at play and the determinants of GABA–

or D-serine–affinity within the delta receptor family.
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Chapter 6

Results III - Molecular basis for loss of

GABA-gated currents in vertebrate delta

iGluRs

The previous chapters of my thesis elucidated the functional characteristics of delta iGluRs,

revealing the ability of these receptors to act as ligand-gated channels without the necessity for

auxiliary protein, a characteristic that has been retained in delta iGluR of several invertebrate

species. This, paired with phylogenetic insights that place delta iGluRs in close relationship

with other ligand-gated channels such as AMPA/KA receptors points towards the hypothesis

that when ancestral delta iGluRs first diverged from AMPA/KA receptors, they were ligand-

gated channels that quickly evolved to be GABA-selective. When the major bilaterian animals

diverged from each other, these GABA-gated delta iGluR were inherited by each lineage, but

we observe remarkable functional divergence of delta iGluRs of vertebrates: the loss of ligand-

gated channel activity and the switch to selective glycine and D-serine binding. Through a

combination of comparative analysis, site-directed mutagenesis and functional characterization,

this next section will delve into the molecular basis of this functional divergence, again mostly

using AcaGluD as a template for mutagenesis analysis.
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thatwhenancestraldeltaiGluRsfirstdivergedfromAMPA/KAreceptors,theywereligand-

gatedchannelsthatquicklyevolvedtobeGABA-selective.Whenthemajorbilateriananimals

divergedfromeachother,theseGABA-gateddeltaiGluRwereinheritedbyeachlineage,but

weobserveremarkablefunctionaldivergenceofdeltaiGluRsofvertebrates:thelossofligand-

gatedchannelactivityandtheswitchtoselectiveglycineandD-serinebinding.Througha

combinationofcomparativeanalysis,site-directedmutagenesisandfunctionalcharacterization,

thisnextsectionwilldelveintothemolecularbasisofthisfunctionaldivergence,againmostly

usingAcaGluDasatemplateformutagenesisanalysis.
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66 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

6.1 The N-terminal domain does not determine ligand-gated

current in AcaGluD

I first focused my attention on the N-terminal domain (NTD) and sought to determine its con-

tribution to the ligand-gated activity of starfish delta iGluR. It is well established that this large

clamshell-like domain formed by ~400 amino acids facilitates subunit assembly, can accom-

modates certain allosteric modulators and can contribute to gating properties in most iGluRs,

perhaps especially NMDA receptors (Hansen et al. (2010)). In AMPA receptors deletion of the

NTD does not significantly impact functions such as transport to the cell surface, ligand binding

properties and agonist-triggered channel activation (Pasternack et al. (2002)). In mammalian

GluD2 receptors the NTD serves as platform for binding of extracellular protein cerebellin-

1 (Cbln1) that in complex with presynaptic β-neurexin1 (β-NRX1) is important in maintain-

ing synaptic stabilization and promoting synaptogenesis at parallel fibre–Purkinje cell synapses

(Elegheert et al. (2016)). Moreover, it was also recently reported that the conformational flex-

ibility of the NTD, with its splayed arrangement in vertebrate delta iGluRs, might be the cause

of receptor inactivity, whereas a more compact structural arrangement, possibly facilitated by

complexing with β-NRX1-Cbln1, enables agonist-induced current in GluD2 receptors (Carrillo

et al. (2021); Elegheert et al. (2016)). Furthermore, comparative sequence analysis between

AcaGluD and RatGluD2 reveals a notably low sequence identity of 19% in the NTDs, in con-

trast to the 38% identity observed in both the ligand-binding and transmembrane domains (Fig.

6.1). This significant variability in the NTD suggests it may play a pivotal role in the functional

divergence observed in vertebrate delta iGluRs, potentially contributing to their inactivity, for

example by altered interactions between adjacent NTDs or NTDs and LBDs. To test if divergent

NTDs in vertebrate delta iGluRs are the cause of their inactivity I decided to replace the NTD

of AcaGluD with the one of RatGluD2 and test whether this change would render the starfish

receptor unable to be gated by GABA.
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Figure 6.1: Domain-specific comparative sequence identity between AcaGluD and RatGluD2 Car-
toon illustrating the percentage of sequence identity across different domains when comparing AcaGluD
and RatGluD2 iGluR subunits. The N-terminal domain (NTD), ligand-binding domain (LBD), and trans-
membrane domain (TMD) are shown with corresponding sequence identity percentages.

I created two chimeric AcaGluD constructs (see Methods page 23). These constructs were

engineered by substituting the NTD of AcaGluD with that of RatGluD2, while varying the

NTD-LBD linkers between species. The first construct, named AcaGluDRatNTD integrates the

RatGluD2 NTD while preserving the original NTD-LBD linker from AcaGluD. The second

construct, AcaGluDRatNTDlink incorporates both the NTD and its corresponding NTD-LBD linker

from RatGluD2. This allowed me to measure ligand-gated currents and assess the functional

impact of these domains and their linkers (Fig. 6.2).
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RatGluD2NTDwhilepreservingtheoriginalNTD-LBDlinkerfromAcaGluD.Thesecond

construct,AcaGluDRatNTDlinkincorporatesboththeNTDanditscorrespondingNTD-LBDlinker

fromRatGluD2.Thisallowedmetomeasureligand-gatedcurrentsandassessthefunctional

impactofthesedomainsandtheirlinkers(Fig.6.2).
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Figure 6.2: AcaGluDRatNTD and AcaGluDRatNTDlink chimera design (A) Cartoon illustrating structural
domains of typical iGluR tetramer, one subunit highlighted, showing amino-terminal domain (NTD),
ligand binding domain (LBD), and transmembrane channel domain (TMD). Cell membrane in gray. (B)
Amino acid sequence alignment of linker region and illustrating chimera design. (C) Cartoon illustrating
chimeras with color specific domain.

Contrary to expectations based on recent research suggesting that the high flexibility of the

NTD in RatGluD2 is the primary determinant of receptor inactivity (Carrillo et al. (2021)), the

substitution of RatGluD2 NTD into AcaGluD had minor, if any, impact on ligand-gated ac-

tivity. Both chimeric constructs, AcaGluDRatNTD and AcaGluDRatNTDlink exhibited significant

GABA-gated currents, similar to those observed in wildtype AcaGluD (Fig. 6.3). The only

difference I found when testing the chimeras was small increase in relative D-serine efficacy

in AcaGluDRatNTDlink when compared to AcaGluDRatNTD or wildtype AcaGluD (Fig. 6.3). The

construct retaining both the N-terminal domain and the NTD-LBD linker of RatGluD2 had a

relative efficacy of D-serine ligand-gated currents of 20 ± 3 % (n = 3) relative to GABA, while

relative efficacy of D-serine at AcaGluDRatNTD and wildtype AcaGluD was only 4.5 ± 0.5 %

(n = 3) and 12 ± 3 % (n = 7) respectively (Fig. 6.3). This is in line with findings on NM-

DARs that demonstrates that the region formed by the GluN2 subunit (GluN2A to GluN2D)

N-terminal domain and the short linker connecting the NTD to the agonist-binding domain con-

trols the subunit-specific gating proprieties and agonists potency of NMDARs (Gielen et al.
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from experiments illustrated left.
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tively inactive receptors). I focused on the LBD and TMD, excluding the long intracellular

CTD from this analysis, because in mammalian delta iGluRs the CTD is mostly responsible for

receptor trafficking (Tao et al. (2019)), exhibits an intrinsically disordered conformation (Choi

et al. (2011)), and its deletion does not render receptors inactive (Maki et al. (2012); Puddifoot

et al. (2009); Burada et al. (2020a)). Among roughly 410 positions of the LBD and TMD, I

looked for amino acid residues that were (1) conserved or biophysically similar in active delta

iGluRs and (2) different from this in inactive delta iGluRs. From this analysis I identified a total

of 41 sites (Fig. 6.4).

Continuing with AcaGluD as my primary experimental model, I embarked on a comprehen-

sive mutational analysis. Each of the 41 amino acid residues identified in my alignment was
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tant receptors continued to demonstrate robust responses to GABA and comparatively smaller

currents to glutamate, glycine and D-serine (Fig. 6.5 B–C) indicating that the vertebrate-like

mutation at play did not alter the receptor’s gating by GABA or other ligands.
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Figure 6.4: Alignment of active and inactive delta iGluRsMajor tertiary structural elements are indi-
cated as boxes and labeled, as inferred from high-resolution structures of mouse GluD1 N-terminal do-
main (Elegheert et al. (2016)) and rat GluD2 ligand-binding domain (Naur et al. (2007)) and moderate-
resolution structures of human GluD1 and GluD2 full-length receptors (Burada et al. (2020a); Burada
et al. (2020b)). Bold cyan and blue, residues that differ between active AcaGluD, SacGluD, andDioGluD
iGluRs and verified inactive vertebrate delta iGluRs receptors. Numbers refer to AcaGluD positions that
were mutated.
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Figure 6.5: Comparative analysis (A) 41 amino acid residues (blue spheres) selected for mutagenesis
scanning in a single subunit of homology model AcaGluD. (B) Relative ligand-gated current amplitude
(“I/Imax”, left) and maximum current amplitude (“Imax”, right) at wild-type (WT) and mutant AcaGluD
receptors (mean ± SEM, n = 3 to 5). Bold, mutations that substantially altered receptor function. Italic,
mutations that decreased maximum GABA-gated current amplitude to less than 1 μA. (C) Ligand-gated
currents in oocytes expressing indicated mutant AcaGluD receptors or uninjected oocytes.

Six mutations substantially altered receptor function (bold labels in Fig. 6.5 B). Oocytes

injected with AcaGluD G567S showed substantial change in relative agonist efficacies and

greatly reduced current amplitude of all four agonists tested (Fig. 6.5 B). Oocytes injected

with AcaGluD mutants F640Y, S713A, R721K, P741N, and D825P displayed no ligand-gated

receptor activity, with their responses comparable to those observed in uninjected oocytes (Fig.
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6.5 B–C). To determine whether this absence of activity was due to decreased surface expression

or other functional changes, I performed immunolabeling assays to detect AcaGluD on the cell

surface via an engineered c-Myc tag in the AcaGluD C-terminal, a mouse anti-cMyc primary

antibody, and a goat anti-mouse fluorescent dye conjugate secondary antibody. This showed

that F640Y, S713A, and R721K mutants were reasonably well expressed on the oocyte surface,

indicating that their loss of activity primarily resulted from alterations in channel function rather

than decreased surface expression. However, for the P741N and D825P mutants, while surface

expressionwas detectable under the confocal microscope, it was substantially reduced compared

to WT (Fig. 6.6 A–B). This could indicate that the lack of ligand-gated activity in these mutants

can be attributed to a combination of altered channel function and, to some extent, diminished

receptor presence at the oocyte surface.

Figure 6.6: Immunolabeling c-Myc tag in AcaGluD C-terminal (A) Example micropgraphs of unin-
jected, WT and mutants AcaGluD receptors (White scale bars, 100 μm). (B) Random fluorescence units
(RFU) plotted against relative radial distance, peaking at the oocyte surface.
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In addition, I observed that four other mutants—Q772D, K782N, M805Q, and V806R—

exhibited less pronounced, yet still noticeable, changes in receptor function (italic labels in Fig.

6.5 B). These four variants demonstrated a noticeable decrease in their maximum GABA-gated

current amplitude, dropping to less than 1 μA (Fig. 6.5 B). This is a substantial reduction com-

pared to the 8.2 ± 1.1 μA observed in WT receptors (n = 4). Despite this decrease in current

amplitude, these mutants maintained the typical agonist selectivity profile characteristic of the

WT receptors (Fig. 6.5 B). This observation suggests that these particular amino acid positions,

while not critically essential for maintaining receptor activity, do play a role in the receptor’s

response to its agonists, whether by altered agonist potency, gating equilibrium, or surface ex-

pression.

In exploring the potential influence of these 10 residues on receptor function, I considered

their locations within the receptor’s tertiary structure. In doing so, I looked at the homologous

residues in the context of published cryo-electron microscopy structure of rat AMPA receptor

GluA2 (Twomey et al. (2017)) (Fig. 6.7 B). This indicated that only one of these positions

(F640) is found in the TMD of the receptor in the second helix, abutting the channel pore (Fig.

6.7). Its mutation might induce some conformational changes in the pore that could render the

channel inactive or might result in an improper folding of the receptor.

Figure 6.7: Position of AcaGluD F640 in corresponding RatGluA2 structure (A) Amino acid se-
quence alignment of membrane-embedded helical segments M2 and M3 from selected delta iGluRs and
rat AMPA receptor (RatGluA2). (B) Cryo-electron microscopy structure of RatGluA2 (PDB: 5WEO,
Twomey et al. (2017)) and magnified view of the channel pore showing the location of RatGluA2 L602,
equivalent to AcaGluD F640, in comparison to pore-lining residue RatGluA2 Q607. Helices and selected
residues for one subunit are labeled.
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the LBD-M3 linker pulls the M3 helix away from the center of the pore allowing the channel

to open (Twomey et al. (2017), Chen et al. (2017)). Finally, M805 and V806 are found on the

upper lobe of the ligand binding domain. It’s important to note that with the exception of S713
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domain. It is therefore possible that they interact with the corresponding back of an adjacent
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demonstrated that in AMPA receptors, desensitization is achieved via a rearrangement of the
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Figure 6.8: Structural analysis of AcaGluD ligand binding domain highlighting key functional
residues AlphaFold model of two adjacent AcaGluD LBDs (rear LBD faded). Selected amino acid
residues colored and shown as sticks. Magenta, drastic loss of function; cyan, moderate loss of func-
tion. Inset cartoon shows LBDs within full-length receptor and approximate position of F640 residue.

Thus, my comparative analysis identifies 10 residues situated in critical regions of the re-

ceptor that could determine the inactivity of vertebrate delta iGluRs. In the next section I will

focus on the five specific mutations that led to the inactivation of AcaGluD, hoping to establish

how these residues alter receptor activity.

6.2.1 Vertebrate-like mutations in the lower lobe of the LBD induce an

inactive channel state in AcaGluD

It is well established that in AMPA/KA iGluRs, the interplay between interfacing LBDs is cru-

cial for modulating the receptor’s response to agonists by governing the transitions into and out
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Figure6.8:StructuralanalysisofAcaGluDligandbindingdomainhighlightingkeyfunctional
residuesAlphaFoldmodeloftwoadjacentAcaGluDLBDs(rearLBDfaded).Selectedaminoacid
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of desensitized states (Carbone and Plested (2012)). Given the close evolutionary relationship

between delta iGluRs and their AMPA/KA counterparts highlighted in Chapter 4.1, and not-

ing the location of the AcaGluD substitutions S713A, R721K, P741N, and D825P at or near

the LBD interface, I hypothesized that the inactivity observed in the mutants may be due to

perturbed LBD dynamics, potentially leading to heightened desensitization relative to the WT

AcaGluD. For AMPA/KA receptors, the desensitization process can be modulated by lectins, in

particular by plant lectin concanavalin A (ConA), a protein that can bind to specific carbohy-

drate molecules including glycans that are added to receptor asparagine side chains through the

process of N-glycosylation (Kehoe (1978); Mayer and Vyklicky Jr. (1989)). Because ConA, via

its desensitization-inhibiting effect, potentiates currents in AMPA receptors and even more so in

KA receptors (Everts et al. (1997)) I decided to treat oocytes injectedwithAcaGluD-mutants that

had no ligand-gated receptor activity with 10 µMConA (calculated for the tetrameric ConA) and

test for restoration of GABA-gated currents, which might indicate that their inactivity was due

to desensitization. Remarkably, the application of ConA to AcaGluD mutants F640Y, S713A,

and R721K produced an extraordinary enhancement of receptor activity leading to an increase

in GABA-gated currents of 533 ± 143 (n = 4), 171 ± 59 (n = 4) and 76 ± 17 (n = 5) fold re-

spectively bringing the responsiveness of these mutants into a range similar to that observed in

WT channels (Fig. 6.9). This pronounced recovery of function starkly contrasts with the effects

seen in the P741N and D825P mutants. While the latter did exhibit a modest 4 ± 1 (n = 4) fold

increase in current amplitude with ConA treatment, bringing it closer to WT levels (6 ± 1, n =

3) the P741N mutant showed no restored function in ConA (Fig. 6.9).
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Figure 6.9: Impact of ConA on loss-of-function-AcaGluD mutants (A) Electrophysiological traces
comparing the response of AcaGluD S713A mutant and wild-type AcaGluD to 100 µM GABA before
and after ConA (10 µM) treatment. (B) Summarized current responses to 100 µM GABA (“IGABA”) in
WT or mutant AcaGluD-expressing oocytes before or after treatment with ConA. (C) Fold potentiation of
GABA-induced currents by ConA treatment across wild-type and selectedAcaGluDmutants (logarithmic
scale; columns, mean; circles, individual data points).

This result suggests that the mutations which render active delta iGluRs inactive do so by

increasing the receptor’s preference for a desensitized or another functionally inactive state.

Specifically, two substitutions that mimic those found in vertebrate delta iGluRs in the lower

lobe of the ligand binding domain (S713A and R721K) appear to lock the receptor in a desen-

sitized state, a condition that can be at least partially reversed by ConA treatment. Similarly,

F640Y seemed to induce a desensitized state, but in contrast to the other positions, F640 is in

the TMD, in the short M2 α-helix and adjacent to the lower pore. Perhaps the relatively small

addition of a hydroxyl moiety to the F640 side chain induces desensitization by pushing on the

pore, but it seems curious that ConA would rescue the channel from this mechanism. Instead,

it could be that F640Y allosterically alters the activity of the LBD, as has been suggested for

e.g. upper-M3 mutations in AMPA receptors, where the mutation A643V in homomeric GluA2

receptors has been showed to cause a gain-of-function phenotype with altered desensitization

when compared to WT receptors (Coombs et al. (2022)). Meanwhile, two other substitutions
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akin to those in vertebrate delta iGluRs predominantly impede the receptor’s surface expression.

The fact that desensitization or inactivation could be responsible for the lack of observable cur-

rents in AcaGluD channels carrying vertebrate delta iGluR-like mutations, led me to consider if

WT vertebrate delta iGluRs are inactive due to a similar mechanism. I therefore tested the ef-

fects of ConA onWT rat delta receptors. Despite these efforts, the ConA treatment did not elicit

any change in activity; GluD1 and GluD2 receptors remained as unresponsive as their untreated

counterparts (Fig. 6.10 A). My findings indicate that the persistent inactivity of WT vertebrate

delta iGluRs cannot be solely rescued by ConA treatment, suggesting that either (1) the rela-

tionship between desensitization and loss of function in AcaGluD mutants does not reflect the

evolutionary loss of function in vertebrate GluD receptors or (2) vertebrate GluD receptors lack

the relevant glycosylation sites that enable it to be probed this way (Fig. 6.10 B,C), and would

need other drugs to test this hypothesis.

Figure 6.10: Impact of ConA on RatGluD1 and RatGluD2 and predicted N-glycosylation sites
in AcaGluD and RatGluD1/2 (A) Example recordings of oocytes expressing wildtype RatGluD1 or
RatGluD2 after oocytes were incubated in 10 μM ConA for 5-10 min. (Scale bars: x, 10 s; y, 0.2 μA).
(B) Approximate position of NXS/T sites predicted from the web server NetNGlyc in AcaGluD and
RatGluD1/2 shown as triangles.
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counterparts(Fig.6.10A).MyfindingsindicatethatthepersistentinactivityofWTvertebrate

deltaiGluRscannotbesolelyrescuedbyConAtreatment,suggestingthateither(1)therela-

tionshipbetweendesensitizationandlossoffunctioninAcaGluDmutantsdoesnotreflectthe

evolutionarylossoffunctioninvertebrateGluDreceptorsor(2)vertebrateGluDreceptorslack

therelevantglycosylationsitesthatenableittobeprobedthisway(Fig.6.10B,C),andwould
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RatGluD1/2shownastriangles.
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6.3 Starfish-likemutations partly reawaken inactiveRatGluD2

receptors

If the ten mutations previously discussed were indeed central to the change in function of

AcaGluD receptors, where 5 mutations abolished ligand-gated currents, 4 mutations greatly re-

duced it and one additional mutation caused a change in ligand sensitivity, it stands to reason

that introducing active starfish-like mutations in the equivalent positions of the dormant verte-

brate receptors might restore their activity. Pursuing this line of investigation, I introduced these

modifications to RatGluD2, substituting specific residues with their counterparts from the func-

tionally active starfish delta iGluR. The resulting multiple-mutant constructs were RatGluD25x

that carried Y613F, A686S, K694R, N720P, and P806D substitutions, combining the mutations

that abolished ligand-gated current in AcaGluD receptors (highlighted in pink in Fig. 6.11) and

RatGluD29x that carried the same 5 mutations from RatGluD25x with the additional N763K,

D753Q, Q786M, and R787V mutations that greatly reduced ligand-gated current in AcaGluD

receptors (highlighted in cyan in Fig. 6.11).

Figure 6.11: Gain-of-function residues highlighted on X-ray structure of ligand binding domain of
RatGluD2 D-serine bound RatGluD2 from X-ray structure (PDB: 2V3U (Naur et al. (2007))). Selected
amino acid residues are indicated, colored, shown as sticks, and labeled 5×, 9×, 10× according to the
multiple mutants they were incorporated into. 10× mutant included 10×, 9×, and 5× positions. 9× in-
cluded 9× and 5×. 5× included only 5×. The Inset cartoon shows LBD within full-length receptor and
approximate position of Y613 and lurcher mutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.

80 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

6.3 Starfish-likemutations partly reawaken inactiveRatGluD2

receptors

If the ten mutations previously discussed were indeed central to the change in function of

AcaGluD receptors, where 5 mutations abolished ligand-gated currents, 4 mutations greatly re-

duced it and one additional mutation caused a change in ligand sensitivity, it stands to reason

that introducing active starfish-like mutations in the equivalent positions of the dormant verte-

brate receptors might restore their activity. Pursuing this line of investigation, I introduced these

modifications to RatGluD2, substituting specific residues with their counterparts from the func-

tionally active starfish delta iGluR. The resulting multiple-mutant constructs were RatGluD25x

that carried Y613F, A686S, K694R, N720P, and P806D substitutions, combining the mutations

that abolished ligand-gated current in AcaGluD receptors (highlighted in pink in Fig. 6.11) and

RatGluD29x that carried the same 5 mutations from RatGluD25x with the additional N763K,

D753Q, Q786M, and R787V mutations that greatly reduced ligand-gated current in AcaGluD

receptors (highlighted in cyan in Fig. 6.11).

Figure 6.11: Gain-of-function residues highlighted on X-ray structure of ligand binding domain of
RatGluD2 D-serine bound RatGluD2 from X-ray structure (PDB: 2V3U (Naur et al. (2007))). Selected
amino acid residues are indicated, colored, shown as sticks, and labeled 5×, 9×, 10× according to the
multiple mutants they were incorporated into. 10× mutant included 10×, 9×, and 5× positions. 9× in-
cluded 9× and 5×. 5× included only 5×. The Inset cartoon shows LBD within full-length receptor and
approximate position of Y613 and lurcher mutation.

80 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

6.3 Starfish-likemutations partly reawaken inactiveRatGluD2

receptors

If the ten mutations previously discussed were indeed central to the change in function of

AcaGluD receptors, where 5 mutations abolished ligand-gated currents, 4 mutations greatly re-

duced it and one additional mutation caused a change in ligand sensitivity, it stands to reason

that introducing active starfish-like mutations in the equivalent positions of the dormant verte-

brate receptors might restore their activity. Pursuing this line of investigation, I introduced these

modifications to RatGluD2, substituting specific residues with their counterparts from the func-

tionally active starfish delta iGluR. The resulting multiple-mutant constructs were RatGluD25x

that carried Y613F, A686S, K694R, N720P, and P806D substitutions, combining the mutations

that abolished ligand-gated current in AcaGluD receptors (highlighted in pink in Fig. 6.11) and

RatGluD29x that carried the same 5 mutations from RatGluD25x with the additional N763K,

D753Q, Q786M, and R787V mutations that greatly reduced ligand-gated current in AcaGluD

receptors (highlighted in cyan in Fig. 6.11).

Figure 6.11: Gain-of-function residues highlighted on X-ray structure of ligand binding domain of
RatGluD2 D-serine bound RatGluD2 from X-ray structure (PDB: 2V3U (Naur et al. (2007))). Selected
amino acid residues are indicated, colored, shown as sticks, and labeled 5×, 9×, 10× according to the
multiple mutants they were incorporated into. 10× mutant included 10×, 9×, and 5× positions. 9× in-
cluded 9× and 5×. 5× included only 5×. The Inset cartoon shows LBD within full-length receptor and
approximate position of Y613 and lurcher mutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.

806.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2

receptors

Ifthetenmutationspreviouslydiscussedwereindeedcentraltothechangeinfunctionof

AcaGluDreceptors,where5mutationsabolishedligand-gatedcurrents,4mutationsgreatlyre-

duceditandoneadditionalmutationcausedachangeinligandsensitivity,itstandstoreason

thatintroducingactivestarfish-likemutationsintheequivalentpositionsofthedormantverte-

bratereceptorsmightrestoretheiractivity.Pursuingthislineofinvestigation,Iintroducedthese

modificationstoRatGluD2,substitutingspecificresidueswiththeircounterpartsfromthefunc-

tionallyactivestarfishdeltaiGluR.Theresultingmultiple-mutantconstructswereRatGluD25x

thatcarriedY613F,A686S,K694R,N720P,andP806Dsubstitutions,combiningthemutations

thatabolishedligand-gatedcurrentinAcaGluDreceptors(highlightedinpinkinFig.6.11)and

RatGluD29xthatcarriedthesame5mutationsfromRatGluD25xwiththeadditionalN763K,

D753Q,Q786M,andR787Vmutationsthatgreatlyreducedligand-gatedcurrentinAcaGluD

receptors(highlightedincyaninFig.6.11).

Figure6.11:Gain-of-functionresidueshighlightedonX-raystructureofligandbindingdomainof
RatGluD2D-serineboundRatGluD2fromX-raystructure(PDB:2V3U(Nauretal.(2007))).Selected
aminoacidresiduesareindicated,colored,shownassticks,andlabeled5×,9×,10×accordingtothe
multiplemutantstheywereincorporatedinto.10×mutantincluded10×,9×,and5×positions.9×in-
cluded9×and5×.5×includedonly5×.TheInsetcartoonshowsLBDwithinfull-lengthreceptorand
approximatepositionofY613andlurchermutation.



6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 81

Furthermore, anticipating the potential persistence of inactivity in these mutants, I created

A654T (Lc) mutant versions—RatGluD2Lc-5x and RatGluD2Lc-9x. The rationale behind this ap-

proach was the hypothesis that the constitutively active Lc-variants might reveal subtle nuances

of ligand sensitivity and still valuable insight, should the initial mutant constructs fail to exhibit

restored function. Electrophysiological experiments revealed that neither mutant-RatGluD25x

and RatGluD29x-responded to glycine, D-serine, GABA, or glutamate also in oocytes treated

with ConA (Fig. 6.12). It could be that among the other 31 substitutions that have accumulated

in rat delta iGluRs, there are some that are not enough to render AcaGluD inactive on their own

in my experiments; but the full activity of delta iGluRs via the crucial 10 residues discussed may

be contingent upon the identity of these less “noticeable” 31 amino acid residues. This absence

of activity underscores the complexity of receptor function and suggests that these particular

mutations do not singularly dictate the ligand-gated activity in vertebrate delta iGluRs.

Figure 6.12: RatGluD25x and RatGluD29x are not ligand-gated receptors Example recordings of
oocytes expressing RatGluD25x and RatGluD29x to different neurotransmitters ligands (30 mM) without
(left) and with (right) 10 μM ConA incubation for 5-10 min.

Examining the Lc-version RatGluD2Lc-5x and RatGluD2Lc-9x mutants was illuminating. The

RatGluD2Lc-5x variant displayed characteristics akin to the standard Lc mutant, RatGluD2Lc,

maintaining constitutive activity that was inhibited by the application of glycine, D-serine (30

mM each) and by the pore blocker pentamidine (100 µM). When glutamate (L-Glutamic acid

monosodium salt monohydrate (MSG), 30 mM) was applied to RatGluD2Lc-5x, a small inward

current was detected (Fig. 6.13 A, D). This inward current can be postulated to result from an

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman

6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 81

Furthermore, anticipating the potential persistence of inactivity in these mutants, I created

A654T (Lc) mutant versions—RatGluD2Lc-5x and RatGluD2Lc-9x. The rationale behind this ap-

proach was the hypothesis that the constitutively active Lc-variants might reveal subtle nuances

of ligand sensitivity and still valuable insight, should the initial mutant constructs fail to exhibit

restored function. Electrophysiological experiments revealed that neither mutant-RatGluD25x

and RatGluD29x-responded to glycine, D-serine, GABA, or glutamate also in oocytes treated

with ConA (Fig. 6.12). It could be that among the other 31 substitutions that have accumulated

in rat delta iGluRs, there are some that are not enough to render AcaGluD inactive on their own

in my experiments; but the full activity of delta iGluRs via the crucial 10 residues discussed may

be contingent upon the identity of these less “noticeable” 31 amino acid residues. This absence

of activity underscores the complexity of receptor function and suggests that these particular

mutations do not singularly dictate the ligand-gated activity in vertebrate delta iGluRs.

Figure 6.12: RatGluD25x and RatGluD29x are not ligand-gated receptors Example recordings of
oocytes expressing RatGluD25x and RatGluD29x to different neurotransmitters ligands (30 mM) without
(left) and with (right) 10 μM ConA incubation for 5-10 min.

Examining the Lc-version RatGluD2Lc-5x and RatGluD2Lc-9x mutants was illuminating. The

RatGluD2Lc-5x variant displayed characteristics akin to the standard Lc mutant, RatGluD2Lc,

maintaining constitutive activity that was inhibited by the application of glycine, D-serine (30

mM each) and by the pore blocker pentamidine (100 µM). When glutamate (L-Glutamic acid

monosodium salt monohydrate (MSG), 30 mM) was applied to RatGluD2Lc-5x, a small inward

current was detected (Fig. 6.13 A, D). This inward current can be postulated to result from an

6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 81

Furthermore, anticipating the potential persistence of inactivity in these mutants, I created

A654T (Lc) mutant versions—RatGluD2Lc-5x and RatGluD2Lc-9x. The rationale behind this ap-

proach was the hypothesis that the constitutively active Lc-variants might reveal subtle nuances

of ligand sensitivity and still valuable insight, should the initial mutant constructs fail to exhibit

restored function. Electrophysiological experiments revealed that neither mutant-RatGluD25x

and RatGluD29x-responded to glycine, D-serine, GABA, or glutamate also in oocytes treated

with ConA (Fig. 6.12). It could be that among the other 31 substitutions that have accumulated

in rat delta iGluRs, there are some that are not enough to render AcaGluD inactive on their own

in my experiments; but the full activity of delta iGluRs via the crucial 10 residues discussed may

be contingent upon the identity of these less “noticeable” 31 amino acid residues. This absence

of activity underscores the complexity of receptor function and suggests that these particular

mutations do not singularly dictate the ligand-gated activity in vertebrate delta iGluRs.

Figure 6.12: RatGluD25x and RatGluD29x are not ligand-gated receptors Example recordings of
oocytes expressing RatGluD25x and RatGluD29x to different neurotransmitters ligands (30 mM) without
(left) and with (right) 10 μM ConA incubation for 5-10 min.

Examining the Lc-version RatGluD2Lc-5x and RatGluD2Lc-9x mutants was illuminating. The

RatGluD2Lc-5x variant displayed characteristics akin to the standard Lc mutant, RatGluD2Lc,

maintaining constitutive activity that was inhibited by the application of glycine, D-serine (30

mM each) and by the pore blocker pentamidine (100 µM). When glutamate (L-Glutamic acid

monosodium salt monohydrate (MSG), 30 mM) was applied to RatGluD2Lc-5x, a small inward

current was detected (Fig. 6.13 A, D). This inward current can be postulated to result from an

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors81

Furthermore,anticipatingthepotentialpersistenceofinactivityinthesemutants,Icreated

A654T(Lc)mutantversions—RatGluD2Lc-5xandRatGluD2Lc-9x.Therationalebehindthisap-

proachwasthehypothesisthattheconstitutivelyactiveLc-variantsmightrevealsubtlenuances

ofligandsensitivityandstillvaluableinsight,shouldtheinitialmutantconstructsfailtoexhibit

restoredfunction.Electrophysiologicalexperimentsrevealedthatneithermutant-RatGluD25x

andRatGluD29x-respondedtoglycine,D-serine,GABA,orglutamatealsoinoocytestreated

withConA(Fig.6.12).Itcouldbethatamongtheother31substitutionsthathaveaccumulated

inratdeltaiGluRs,therearesomethatarenotenoughtorenderAcaGluDinactiveontheirown

inmyexperiments;butthefullactivityofdeltaiGluRsviathecrucial10residuesdiscussedmay

becontingentupontheidentityoftheseless“noticeable”31aminoacidresidues.Thisabsence

ofactivityunderscoresthecomplexityofreceptorfunctionandsuggeststhattheseparticular

mutationsdonotsingularlydictatetheligand-gatedactivityinvertebratedeltaiGluRs.

Figure6.12:RatGluD25xandRatGluD29xarenotligand-gatedreceptorsExamplerecordingsof
oocytesexpressingRatGluD25xandRatGluD29xtodifferentneurotransmittersligands(30mM)without
(left)andwith(right)10μMConAincubationfor5-10min.

ExaminingtheLc-versionRatGluD2Lc-5xandRatGluD2Lc-9xmutantswasilluminating.The

RatGluD2Lc-5xvariantdisplayedcharacteristicsakintothestandardLcmutant,RatGluD2Lc,

maintainingconstitutiveactivitythatwasinhibitedbytheapplicationofglycine,D-serine(30

mMeach)andbytheporeblockerpentamidine(100µM).Whenglutamate(L-Glutamicacid

monosodiumsaltmonohydrate(MSG),30mM)wasappliedtoRatGluD2Lc-5x,asmallinward

currentwasdetected(Fig.6.13A,D).Thisinwardcurrentcanbepostulatedtoresultfroman



82 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

increase in the concentration of sodium ions in the extracellular environment from MSG that

flow through the channel. However, the RatGluD2Lc-9x mutant presented a remarkable depar-

ture from this behavior; it remained inactive at rest yet exhibited discernible inward currents

upon glycine application that were inhibited by pentamidine (Fig. 6.13 B, D). In a continued

effort to elucidate the effect of all the 10 mutations that altered the function of AcaGluD, my

investigation extended to the creation of RatGluD2Lc-10x. This construct included the S544G

mutation (highlighted in green in Fig. 6.11), a reverse of the G567S substitution in AcaGluD

that was previously found to modify ligand selectivity (Fig. 6.5 B on page 72). Notably, this

additional mutation did induce a perceptible change; RatGluD2Lc-10x receptors showed inward

currents when exposed to both 30 mM of glycine and D-serine (Fig. 6.13 C), indicating a change

in ligand selectivity (Fig. 6.13 D). Therefore, simply incorporating key amino acids from active

delta iGluRs into their inactive vertebrate counterparts is not sufficient to restore their activ-

ity. However, within the context of an engineered Lc-mutant, this strategy awakens the gating

mechanism, resulting in RatGluD2 channels that are at rest and gated by the binding of glycine

and D-serine.
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6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 83

Figure 6.13: RatGluD2Lc-5x, RatGluD2Lc-9x and RatGluD2Lc-10x exhibit different biophysical char-
acteristics (A)-(C) Example current responses to different neurotransmitter ligands (30 mM) and to pore
blocker pentamidine (Pent, 100 μM) in oocytes expressing indicated RatGluD2 mutants. The dashed line
indicates zero current baseline. (Scale bars: x, 10 s; y, 0.1 μA). (D) Individual (dots) and mean (columns)
responses to ligands in oocytes expressing indicated RatGluD2 mutants (n = 4 to 5).

Upon observing that the S544G mutation induced a shift in ligand sensitivity within the

RatGluD2Lc-10x receptors-as observed with the reverse G567S in AcaGluD mutation-I decided

to investigate the effect of this mutation when introduced in isolation to the RatGluD2Lc mutant

context. The S544G mutation in the RatGluD2Lc context resulted in an enhanced inhibitory re-

sponse to both glycine and D-serine compared to the lurcher variant and an enhanced sensitivity

to glutamate (Fig. 6.14 A,B). Specifically, D-serine exhibited an inhibition of 88 ± 7 % (n =

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=

6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 83

Figure 6.13: RatGluD2Lc-5x, RatGluD2Lc-9x and RatGluD2Lc-10x exhibit different biophysical char-
acteristics (A)-(C) Example current responses to different neurotransmitter ligands (30 mM) and to pore
blocker pentamidine (Pent, 100 μM) in oocytes expressing indicated RatGluD2 mutants. The dashed line
indicates zero current baseline. (Scale bars: x, 10 s; y, 0.1 μA). (D) Individual (dots) and mean (columns)
responses to ligands in oocytes expressing indicated RatGluD2 mutants (n = 4 to 5).

Upon observing that the S544G mutation induced a shift in ligand sensitivity within the

RatGluD2Lc-10x receptors-as observed with the reverse G567S in AcaGluD mutation-I decided

to investigate the effect of this mutation when introduced in isolation to the RatGluD2Lc mutant

context. The S544G mutation in the RatGluD2Lc context resulted in an enhanced inhibitory re-

sponse to both glycine and D-serine compared to the lurcher variant and an enhanced sensitivity

to glutamate (Fig. 6.14 A,B). Specifically, D-serine exhibited an inhibition of 88 ± 7 % (n =

6.3 Starfish-like mutations partly reawaken inactive RatGluD2 receptors 83

Figure 6.13: RatGluD2Lc-5x, RatGluD2Lc-9x and RatGluD2Lc-10x exhibit different biophysical char-
acteristics (A)-(C) Example current responses to different neurotransmitter ligands (30 mM) and to pore
blocker pentamidine (Pent, 100 μM) in oocytes expressing indicated RatGluD2 mutants. The dashed line
indicates zero current baseline. (Scale bars: x, 10 s; y, 0.1 μA). (D) Individual (dots) and mean (columns)
responses to ligands in oocytes expressing indicated RatGluD2 mutants (n = 4 to 5).

Upon observing that the S544G mutation induced a shift in ligand sensitivity within the

RatGluD2Lc-10x receptors-as observed with the reverse G567S in AcaGluD mutation-I decided

to investigate the effect of this mutation when introduced in isolation to the RatGluD2Lc mutant

context. The S544G mutation in the RatGluD2Lc context resulted in an enhanced inhibitory re-

sponse to both glycine and D-serine compared to the lurcher variant and an enhanced sensitivity

to glutamate (Fig. 6.14 A,B). Specifically, D-serine exhibited an inhibition of 88 ± 7 % (n =

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=

6.3Starfish-likemutationspartlyreawakeninactiveRatGluD2receptors83

Figure6.13:RatGluD2Lc-5x,RatGluD2Lc-9xandRatGluD2Lc-10xexhibitdifferentbiophysicalchar-
acteristics(A)-(C)Examplecurrentresponsestodifferentneurotransmitterligands(30mM)andtopore
blockerpentamidine(Pent,100μM)inoocytesexpressingindicatedRatGluD2mutants.Thedashedline
indicateszerocurrentbaseline.(Scalebars:x,10s;y,0.1μA).(D)Individual(dots)andmean(columns)
responsestoligandsinoocytesexpressingindicatedRatGluD2mutants(n=4to5).

UponobservingthattheS544Gmutationinducedashiftinligandsensitivitywithinthe

RatGluD2Lc-10xreceptors-asobservedwiththereverseG567SinAcaGluDmutation-Idecided

toinvestigatetheeffectofthismutationwhenintroducedinisolationtotheRatGluD2Lcmutant

context.TheS544GmutationintheRatGluD2Lccontextresultedinanenhancedinhibitoryre-

sponsetobothglycineandD-serinecomparedtothelurchervariantandanenhancedsensitivity

toglutamate(Fig.6.14A,B).Specifically,D-serineexhibitedaninhibitionof88±7%(n=



84 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

4), glycine 92 ± 3 % (n = 4), and glutamate 25 ± 2 % (n = 3), in relation to the inhibition by

pentamidine. This contrasts with RatGluD2Lc mutant alone, which showed a lower inhibition

by D-serine at 69 ± 1 % (n = 5), glycine at 49 ± 1 % (n = 5), and glutamate at 5 ± 1 (n = 5) %

relative to that of pentamidine (Fig. 6.14 C).

Figure 6.14: Effect of S544Gmutation in RatGluD2Lc (A) – (B) Example current responses to different
neurotransmitter ligands (30 mM) and to pore blocker pentamidine (100 μM) in oocytes expressing (A)
RatGluD2Lc and (B) RatGluD2Lc S544G mutant. The dashed line indicates zero current baseline. (Scale
bars: x, 10 s; y, 0.5 μA). (C) Fraction of current inhibited by different neurotransmitter ligands relative to
100 µM pentamidine. Individual (dots) and mean (columns) responses to ligands in oocytes expressing
RatGluD2Lc and RatGluD2Lc S544G mutant.

In summary, the data reveal the intricate dynamics of receptor functionality and ligand sen-

sitivity, underscored by the pivotal role of the S544G mutation. This residue is situated within

846.ResultsIII-MolecularbasisforlossofGABA-gatedcurrentsinvertebratedeltaiGluRs

4),glycine92±3%(n=4),andglutamate25±2%(n=3),inrelationtotheinhibitionby

pentamidine.ThiscontrastswithRatGluD2Lcmutantalone,whichshowedalowerinhibition

byD-serineat69±1%(n=5),glycineat49±1%(n=5),andglutamateat5±1(n=5)%
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6.4 Conclusion 85

the hinge region of the ligand binding domain, two β-strands that link upper and lower lobes and

are seven to nine Å behind the bound ligand. This region, serving as a critical juncture for con-

formational flexibility, presumably enables the ligand binding domain to undergo the necessary

adjustments for receptor activation.

6.4 Conclusion

In this section of my thesis, I aimed to uncover the molecular determinants behind the loss of

GABA-gated currents in vertebrate delta iGluRs. This was motivated by my observations sug-

gesting that while the core gatingmachinery of vertebrate delta iGluRs appears intact (Naur et al.

(2007)), key evolutionary changes might underlie their inactivity. My initial investigations cen-

tered on the receptor’s N-terminal domain. Its splayed conformation was demonstrated to be

crucial for the inactivity of rat GluD2 receptors (Carrillo et al. (2021)), yet complete deletion of

the domain caused only minor effects on GluD2 (Carrillo et al. (2021)), AMPA (Bedoukian et al.

(2006)) and NMDA receptors (Gielen et al. (2009)). Substituting the NTD from inactive ver-

tebrate delta iGluR into the active starfish delta receptor (AcaGluD) proved to not compromise

the receptor’s activity. The change in ligand sensitivity observed in AcaGluD receptors incorpo-

rating the NTD from RatGluD2 and the short linker bridging the NTD and LBD (Fig. 6.3, page

69) aligns with findings from NMDA receptor (Gielen et al. (2009)). In the cited study, swap-

ping the NTD and the linker region between different GluN2 subunits resulted in changes in

the receptor’s maximal open probability (P0) and sensitivity to endogenous inhibitors. With the

data presented here I can therefore suggest that the linker region plays a key role in determining

also delta receptors pharmacological characteristics, likely by influencing the conformational

dynamics between the NTD and LBD but the overall loss of function of vertebrate delta iGluRs

is likely not to be a result of mutations occurred in the NTD.

Comparing amino acids sequences between active and inactive delta iGluRs revealed profound

insights into the molecular mechanisms that govern receptor activity. In particular, five muta-

tions that occurred in the vertebrate lineage of delta iGluRs caused a striking loss of function
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86 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

when introduced to the active starfish delta iGluR. Two of these mutations, P741N and D825P,

lead to a reduced cell surface expression probably causing an improper folding, assembly, or

trafficking of the receptor complex to the membrane of the cell. Three other mutations, two

of which are located in the lower lobe of the LBD (S713A and R721K) and one in the TMD

(F640Y) rendered the receptor inactive by potentially locking the receptor in a desensitized,

or another inactive, state. The phenomenon of receptor desensitization is a critical regulatory

mechanism in neurotransmission, allowing for the fine-tuning of synaptic strength and prevent-

ing overexcitation that could lead to neurotoxicity (Shaffer et al. (2013); Choi et al. (1988)).

Based on the results from introducing vertebrate-like mutations into active delta receptors, it

becomes plausible to speculate that the inherent inactivity observed in vertebrate delta iGluRs

may come from the receptors being in a more desensitized-like state.

My efforts aimed at reversing loss-of-functionmutations within vertebrate delta iGluRs revealed

that reverse substitutions alone were insufficient to restore ligand-gated activity. This outcome

could suggest that vertebrate delta iGluRs have accrued additional mutations over evolutionary

time, complicating the reactivation of these receptors. It could be that a specific set, possibly

involving up to 41 potential reverse mutations, could reanimate these receptors, despite single

mutations at these positions not significantly impairing function in starfish delta iGluRs. In-

terestingly, a particular set of reverse mutations introduced into RatGluD2 with the Lc-mutant

background successfully resulted in the formation of ligand-gated channels. The interplay be-

tween the lurcher mutation and a series of nine invertebrate-like mutations in generating recep-

tors that transition from a state of constitutive activity to being closed at rest and responsive

to ligand gating is unclear. This phenomenon, however, was similarly observed with another

invertebrate delta iGluR (SacGluD), wherein the lurcher mutation transforms receptors from

relatively inactive channels into inactive at rest and robustly activated by GABA (Fig. 4.5, page

37). In AMPA receptors, incorporating the lurcher mutation results in channels exhibiting a

small amount of spontaneous activity without the presence of an agonist, but still capable of

eliciting inward current responses and at which CNQX was transformed from a competitive an-
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tagonist into a potent agonist (Taverna et al. (2000)). It is therefore interesting to observe how

a single point mutation in the M3 helix in the TMD can have such diverse effect on different

iGluRs and the precise impact of lurcher mutations on the gating mechanisms still requires fur-

ther investigation.

G567 in AcaGluD proved to be a key position in determining ligand selectivity. This mutation

strongly decreasedmacroscopic currents and also reduced GABA selectivity in starfish receptor,

and when mutating the same position in RatGluD2Lc I observed an enhancement of inhibitory

responses to glycine, D-serine and glutamate. The critical role of the hinge region in modulating

the binding affinity and receptor function through conformational flexibility is also supported

by previous molecular dynamics simulations findings. In NMDA receptors the variability in

the action of partial versus full agonists is reported to be coupled to β-strand conformation in

the hinge region (Kaye et al. (2006)). Mutating G567/S544 likely induces a structural variation

of the hinge region giving more or less conformational flexibility in response to different lig-

ands and therefore determining their efficacy. Moreover, high flexibility in this region might be

needed in order to transmit the conformational changes induced by ligand binding to the gating

apparatus (Tapken et al. (2017)).
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Conclusion

The primary goal of my PhD research was to establish a clear functional and evolutionary picture

of the delta iGluR family. With an approach that combined molecular phylogenetics, heterol-

ogous expression, and electrophysiological experiments, I established a comprehensive func-

tional picture of the delta receptor family. Secondly, by using site-directed mutagenesis and

electrophysiological experiments I uncovered the amino acid substitutions that likely set apart

mammalian delta iGluRs from active, invertebrate delta receptors.

Divergence of delta receptors and evolvability of ligand sensitivity

My investigation into the evolution and biophysical properties of the delta iGluR family has

established three significant advances. (1) Delta iGluRs are exclusive to bilaterians, and they

probably emerged from an AKDF duplication in an early bilaterian animal shortly after bilate-

rian and cnidarian lineages diverged. (2) The emergence of GABA selectivity in delta iGluRs

occurred relatively early after the genesis of the ancestral delta gene. This early evolutionary de-

velopment is supported by the presence of GABA sensitivity in diverse delta iGluRs, including

those from early-branching bilaterians xenacoelomorphs, invertebrate deuterostomes, and even

retained within certain vertebrate delta iGluRs. (3) In the lineage of chordates, or subsequently

within vertebrates, delta iGluRs underwent a significant change, transitioning to a sensitivity

for glycine/D-serine and experiencing a loss of their ligand-gated activity. My findings only
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define delta receptors from vertebrates as the ’first’ inactive delta receptors, but it’s possible

that the loss of ligand-gated activity happened before the emergence of the first vertebrate an-

imals. For this, we would require electrophysiological characterization of delta receptors from

early-branching chordates, e.g., cephalochordates and tunicates. Such research might also indi-

cate whether the observed absence of ligand-gated activity in vertebrate delta iGluRs occurred

before or after a shift in ligand selectivity from GABA to glycine/D-serine, also observed in the

vertebrate lineage.

Determining ligand specificity for iGluRs solely through sequence similarity poses significant

challenges (Alberstein et al. (2015); Li et al. (2016); Ramos-Vicente et al. (2018)), and my work

further shows that the ligand-binding residues of GABA-gated channels do not differ obviously

from those of glycine and D-serine-gated channels. This observation underscores the ease with

which ligand sensitivity can evolve across various ligand-gated ion channel families and ani-

mal species, thus highlighting the need for caution when assigning neuronal functions based

on the presence of specific ligand-gated ion channel genes due to the rapid evolvability of lig-

and sensitivity and ion permeability in different receptor families and animal species (Mayer

(2021); Dent (2010); Janovjak et al. (2011)). Given that functional predictions based solely

on sequences are inherently prone to unanticipated functional shifts, integrating electrophys-

iological characterization of ligand-gated ion channels, as presented in this thesis, is crucial.

Electrophysiological studies, by directly measuring receptor activity and ligand specificity, of-

fer invaluable insights that are fundamental for supplementing the limitations of relying solely

on genomic and transcriptomic predictions, thereby offering a more comprehensive framework

for the future evaluation of neuronal systems.

An exciting role for GABA

My thesis set out into the heterologous expression and biophysical characterization of various
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(2018)), although they didn’t have a picture of its function, and their phylogeny was not ex-

tensive enough to classify the receptor’s relation to other iGluRs. Significantly, this gene was

reported be predominantly expressed in the radial nerve, but also found in the sensory tentacles

and tube feet of the starfish (”gKAR2” in Roberts et al. (2018)). Thus it seems that AcaGluD, an

excitatory GABA receptor, is expressed in specific tissues of Acanthaster planci and I consid-

ered more of the echinoderm literature to speculate on the physiological functions of the native

receptor. Contrastingwith its typically inhibitory function in vertebrates, applyingGABA to iso-

lated tube feet preparations induces contraction of tube feet in sea urchins (Florey et al. (1975))

and in the starfish Asterias amurensis (Protas and Muske (1980)). Unlike the typical hyper-

polarizing response mediated by GABAA receptors in vertebrates, which is associated with an

increase in Cl– conductance, when Na+ was removed from the extracellular medium, GABA-

evoked tube-feet contractions were abolished. Thus, these observations provide compelling

evidence for a contrasting effect of GABA in echinoderms relative to vertebrates. However,

the precise roles of AcaGluD (and delta receptors in general) in Na+-dependent GABA-evoked

contractions in echinoderm tube feet and other potential functions remain to be elucidated. Es-

tablishing a direct link between the receptor’s function and the physiological response necessi-

tates further investigations on native preparations, employing genetic or pharmacological knock-

down of AcaGluD. Although this remains speculative until such experiments are performed, the

groundwork laid by these findings opens new possibilities in exploring whether delta iGluRs

can indeed mediate the excitatory effect of GABA discovered in echinoderms. Beg and Jor-

gensen showed that in Caenorhabditis elegans, a GABA-gated cation channel emerged from

the pLGIC superfamily (Beg and Jorgensen (2003)). They showed that GABA mediates enteric

muscle contraction in C. elegans. Moreover the authors demonstrates that GABA invokes this

excitatory response through cation permeability via the postsynaptic EXP-1 receptor, a novel

cation-selective, GABA-gated channel of the pentameric ligand-gated ion channel superfam-

ily (also including typical GABAA receptors). This highlights the diversity and evolutionary

adaptability of GABAergic systems, and the notion that GABA can act as an excitatory neuro-
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transmitter through various receptor types across different species.

Pharmacological insights

The currents observed by the reawakened, mutant rat delta iGluRs, together with the large

GABA-gated currents in several invertebrate delta iGluRs that I uncovered, could establish a

practical framework for characterizing potential pharmacological agents on delta iGluRs. Using

invertebrate delta iGluRs as a model for drug testing comes with the assumption that their phar-

macological characteristics align closely with those of vertebrate GluD1 and GluD2 iGluRs. My

findings seem to corroborate this assumption, as both vertebrate and invertebrate delta iGluRs

showed similar sensitivity to certain competitive antagonists and a pore-blocker. A potential

scenario for the use of such invertebrate ”surrogate” pharmacological templates is de novo mu-

tations in genes encoding delta receptors. Drugs that enhance of inhibit invertebrate delta iGluR

function might be useful in upregulating underactive or downregulating overactive mutant re-

ceptors in humans. Furthermore, if de novo mutations in human delta iGluRs are identified as

linked to specific diseases, we could then harness the active invertebrate delta iGluRs to test the

effects of these mutations. This approach would offer a unique opportunity to directly assess

how genetic variations influence receptor behavior and pharmacological response, providing

critical insights into the disease mechanism at a molecular level. By employing invertebrate

models as a proxy, we can rapidly evaluate the therapeutic potential of compounds on mutated

receptors, accelerating the path from genetic discovery to targeted drug development. Moreover,

my research relates to the analysis of the composition of synaptic iGluRs by using modulators

traditionally asso- ciated with AMPA/KA receptors. The discovery that delta iGluRs are also

susceptible to mod- ulation by these classical agents highlights a layer of complexity in discern-

ing receptor-specific effects within synaptic environments.
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DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in 
Xenopus oocytes into which the following delta iGluR inserts were sub-cloned. 
ATTTAGGTGACACTATAG, SP6 transcription promoter 
AAGCTT, HindIII restriction site 
GCTTG etc, beta globin 5’ UTR 
GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 
ACC, loose Kozak consensus sequence 
cMyc + TAA stop codon, 
GGTTA etc, beta globin 3’ UTR 
AAAAA etc, poly(A) sequence 
GAATTC, restriction site 

Modified pSP64 vector 
ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA
GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA
AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC
ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC
CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT
AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA
CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT
TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA
ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 
GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA
TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA
AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA
GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 



 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 
 
GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT
GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG
TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 
2019) 
GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG
TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 
 

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019) 
GTCGACACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGTTGCTACCATGCAGCTAAACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA 
GGAAGACATTGTTGAAGAAGCAGTGGACATGATAAACAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATAAATCCTGTAACAGTGATCAAGAAAGCCTGTG 
ATATGCTTAACAACGATATAAGGTTGATAATAGCAACAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCAAGTATTGCAAA 
CCCGTTGAGCAAGGCAACGACTTCATACTTGACATAAAGCCCTCGATGAATAACTTACAAGAAGCTGTTCGGGATATAATTAATATCCAAAAATGGAAAAATGTGGTCATATTCTATGACAGTAA 
TTTTGGCTGTGAACGACAACAGTCATTGGTGGAGACGTTCGCCAATAACAATGTGTTCTTGTTTAAGACGAACAAAGAGCTCTTGGAAACAGACGGCAACAATGGAATCGTTGAGTTCTTCCAGT 
TTATTAAATCCAACGGAACGAACTATAAGTTTGTTGTTATGACTGGAGAAAGAAACAGTATATACCTCATTAATAAAGCTTTGAATATGGGAATGTTCAAATCAACTTACTTATGGCTTCTGGCC 
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGCTGATTAAGACTCAGAT 
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCAAGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCAACTACACTAATACTCAATGGTTATCAGGAA 
GGATGTTTGCCAATAAACTCCGGGCGTTTGAGAACCCTATGGCCGGGGACATGTACTTTGATGACGACAACAAATACTTAAAACAATGGATGATCATAATTGAGATAATAATGGATATAGATGAG 
TGGAAACAGGTGGGATCGTGGATGCCAAATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTTCGCCAGTTTGAAATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT 
GTACAGAACAAAGGAAGGGGTCGTCGAAGGATTTTGTATAGACCTTCTGAACTCTCTACAGAGTGAACTCAACTTCACTTACACTCTCGTCATCAAAGACACCTACGGGACGATGGACCAAGAGA 
CCAAGGAATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTAAGCGGAATGACGATCATTGAGTCCAGAGAAACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC 
GGTGTAGGCATATTACTCAAAAAACCAATTCCGACAAATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA 
CTTCGTCGTCAAGTTGAGCCCTTATTCAAAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCAAATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGAAATGG 
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA 
GAAAGCATTGAGGATTTGGCTCAGCAATCAGACATAAAATACGGCACTCTGCGAGGCTCATCTGTGCAGCAAGCATTCAGCGAGCAGAAGGGCGGTAACTACGTCTTCGAAACCATCAGCCAGTA 
TTTCAAGGAAAATCCAGACGTCTTGGTAGATGGAAATATCGAAGGTTTCGAAAGAGTGAAATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTAAATGGAAGTCTAGTAAAGAATGTG 
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCAAAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCGAGACGACTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC 
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCAAGTTCGGCAGCGGGATTGAACTGAAAGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAA 
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTTCAGGAGAAAAAACCTACAAACCGATCACACAACGTTGATGTCTGAAATAAATTCAGTTGCTGACACGAGAAACGATAGCAAAG 
TGCTAATTTCAGTAGATTCTAGAAAATCATTATTTGAATCTCAAGGCCAAGTGAATAGTTATCCAATACAGCATGCGACGAACGACTACCCACCGCCAGCCAATAACTATCCTCAAAGACAGCCG 
CCATTGCTGTACACCTCCAGCAGAGAAACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGAAAAGGAAGCTACCGTTGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 
GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA
AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC
ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA
AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG



CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG
GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 
GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA
CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 
GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG
AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT
GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG
ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG
CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA
sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA
GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT
TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 



Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACC
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 
 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker 
replaced with RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker 
underlined.) 
GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG
TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
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Significance

The neurotransmitters glutamate 
and GABA activate excitatory 
sodium ion influx and inhibitory 
chloride flux across neuronal 
membranes by binding and 
activating ionotropic glutamate 
receptors (iGluRs) and GABAA 
receptors, respectively, two 
superfamilies of ligand- gated ion 
channels. Curiously, mammalian 
receptors of the delta iGluR 
family mediate no sodium influx 
in response to neurotransmitter 
binding in most experimental 
settings, so we investigated delta 
iGluRs from numerous animal 
lineages, bioinformatically and 
experimentally, and found that 
numerous delta iGluRs are 
indeed ligand- gated channels. 
Surprisingly, most are activated 
by GABA, the classically inhibitory 
neurotransmitter. Our results 
identify several amino acid 
substitutions that occurred 
during evolution to make 
mammalian delta iGluRs inactive 
and reveal a potential excitatory 
signaling role for GABA in 
numerous invertebrates.
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Ionotropic glutamate receptors (iGluRs) mediate excitatory signals between cells by bind-
ing neurotransmitters and conducting cations across the cell membrane. In the mam-
malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
NMDA (i.e. iGluRs sensitive to 2- amino- 3- (5- methyl- 3- oxo- 1,2- oxazol- 4- yl)propanoic 
acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 

OPEN ACCESS

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

E
T

SB
IB

L
IO

T
E

K
E

T
 I

 B
E

R
G

E
N

, U
N

IV
E

R
SI

T
Y

 O
F 

B
E

R
G

E
N

 L
IB

R
A

R
Y

" 
on

 M
ay

 3
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

12
9.

17
7.

22
9.

22
2.

PNAS  2024  Vol. 121  No. 6  e2313853121 https://doi.org/10.1073/pnas.2313853121   1 of 10

RESEARCH ARTICLE | 

Significance

The neurotransmitters glutamate 
and GABA activate excitatory 
sodium ion influx and inhibitory 
chloride flux across neuronal 
membranes by binding and 
activating ionotropic glutamate 
receptors (iGluRs) and GABAA 
receptors, respectively, two 
superfamilies of ligand- gated ion 
channels. Curiously, mammalian 
receptors of the delta iGluR 
family mediate no sodium influx 
in response to neurotransmitter 
binding in most experimental 
settings, so we investigated delta 
iGluRs from numerous animal 
lineages, bioinformatically and 
experimentally, and found that 
numerous delta iGluRs are 
indeed ligand- gated channels. 
Surprisingly, most are activated 
by GABA, the classically inhibitory 
neurotransmitter. Our results 
identify several amino acid 
substitutions that occurred 
during evolution to make 
mammalian delta iGluRs inactive 
and reveal a potential excitatory 
signaling role for GABA in 
numerous invertebrates.

Author affiliations: aMichael Sars Centre, University of 
Bergen, Bergen 5008, Norway

Author contributions: G.R. and T.L. designed research; 
G.R. and A.B. performed research; G.R., A.B., and T.L. 
analyzed data; and G.R. and T.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This open access article is distributed under Creative 
Commons Attribution License 4.0 (CC BY).
1To whom correspondence may be addressed. Email: 
tim.lynagh@uib.no.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2313853121/- /DCSupplemental.

Published January 29, 2024.

NEUROSCIENCE

Loss of activation by GABA in vertebrate delta ionotropic 
glutamate receptors
Giulio Rosanoa, Allan Barzasia, and Timothy Lynagha,1

Edited by Mark Nelson, University of Vermont, Burlington, Vermont; received August 23, 2023; accepted December 27, 2023

Ionotropic glutamate receptors (iGluRs) mediate excitatory signals between cells by bind-
ing neurotransmitters and conducting cations across the cell membrane. In the mam-
malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
NMDA (i.e. iGluRs sensitive to 2- amino- 3- (5- methyl- 3- oxo- 1,2- oxazol- 4- yl)propanoic 
acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 

OPEN ACCESS

D
ow
nl
oa
de
d 
fr
om
 h
ttp
s:
//w
w
w
.p
na
s.
or
g 
by
 "
U
N
IV
E
R
SI
T
E
T
SB
IB
L
IO
T
E
K
E
T
 I
 B
E
R
G
E
N
, U
N
IV
E
R
SI
T
Y
 O
F 
B
E
R
G
E
N
 L
IB
R
A
R
Y
" 
on
 M
ay
 3
, 2
02
4 
fr
om
 I
P 
ad
dr
es
s 
12
9.
17
7.
22
9.
22
2.

PNAS  2024  Vol. 121  No. 6  e2313853121 https://doi.org/10.1073/pnas.2313853121   1 of 10

RESEARCH ARTICLE | 

Significance

The neurotransmitters glutamate 
and GABA activate excitatory 
sodium ion influx and inhibitory 
chloride flux across neuronal 
membranes by binding and 
activating ionotropic glutamate 
receptors (iGluRs) and GABAA 
receptors, respectively, two 
superfamilies of ligand- gated ion 
channels. Curiously, mammalian 
receptors of the delta iGluR 
family mediate no sodium influx 
in response to neurotransmitter 
binding in most experimental 
settings, so we investigated delta 
iGluRs from numerous animal 
lineages, bioinformatically and 
experimentally, and found that 
numerous delta iGluRs are 
indeed ligand- gated channels. 
Surprisingly, most are activated 
by GABA, the classically inhibitory 
neurotransmitter. Our results 
identify several amino acid 
substitutions that occurred 
during evolution to make 
mammalian delta iGluRs inactive 
and reveal a potential excitatory 
signaling role for GABA in 
numerous invertebrates.

Author affiliations: aMichael Sars Centre, University of 
Bergen, Bergen 5008, Norway

Author contributions: G.R. and T.L. designed research; 
G.R. and A.B. performed research; G.R., A.B., and T.L. 
analyzed data; and G.R. and T.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This open access article is distributed under Creative 
Commons Attribution License 4.0 (CC BY).
1To whom correspondence may be addressed. Email: 
tim.lynagh@uib.no.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2313853121/- /DCSupplemental.

Published January 29, 2024.

NEUROSCIENCE

Loss of activation by GABA in vertebrate delta ionotropic 
glutamate receptors
Giulio Rosanoa, Allan Barzasia, and Timothy Lynagha,1

Edited by Mark Nelson, University of Vermont, Burlington, Vermont; received August 23, 2023; accepted December 27, 2023

Ionotropic glutamate receptors (iGluRs) mediate excitatory signals between cells by bind-
ing neurotransmitters and conducting cations across the cell membrane. In the mam-
malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
NMDA (i.e. iGluRs sensitive to 2- amino- 3- (5- methyl- 3- oxo- 1,2- oxazol- 4- yl)propanoic 
acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 
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disorders or neural malfunction, and when expressed heterologously in mammalian cells 
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Ionotropic glutamate receptors (iGluRs) mediate excitatory signals between cells by bind-
ing neurotransmitters and conducting cations across the cell membrane. In the mam-
malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
NMDA (i.e. iGluRs sensitive to 2- amino- 3- (5- methyl- 3- oxo- 1,2- oxazol- 4- yl)propanoic 
acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 
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Significance

The neurotransmitters glutamate 
and GABA activate excitatory 
sodium ion influx and inhibitory 
chloride flux across neuronal 
membranes by binding and 
activating ionotropic glutamate 
receptors (iGluRs) and GABAA 
receptors, respectively, two 
superfamilies of ligand- gated ion 
channels. Curiously, mammalian 
receptors of the delta iGluR 
family mediate no sodium influx 
in response to neurotransmitter 
binding in most experimental 
settings, so we investigated delta 
iGluRs from numerous animal 
lineages, bioinformatically and 
experimentally, and found that 
numerous delta iGluRs are 
indeed ligand- gated channels. 
Surprisingly, most are activated 
by GABA, the classically inhibitory 
neurotransmitter. Our results 
identify several amino acid 
substitutions that occurred 
during evolution to make 
mammalian delta iGluRs inactive 
and reveal a potential excitatory 
signaling role for GABA in 
numerous invertebrates.
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malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
NMDA (i.e. iGluRs sensitive to 2- amino- 3- (5- methyl- 3- oxo- 1,2- oxazol- 4- yl)propanoic 
acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 
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malian brain, most of these signals are mediated by two types of iGluRs: AMPA and 
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acid and N- methyl- D- aspartic acid, respectively). Delta- type iGluRs of mammals also 
form neurotransmitter- binding channels in the cell membrane, but in contrast, their 
channel is not activated by neurotransmitter binding, raising biophysical questions about 
iGluR activation and biological questions about the role of delta iGluRs. We therefore 
investigated the divergence of delta iGluRs from their iGluR cousins using molecular 
phylogenetics, electrophysiology, and site- directed mutagenesis. We find that delta iGluRs 
are found in numerous bilaterian animals (e.g., worms, starfish, and vertebrates) and 
are closely related to AMPA receptors, both genetically and functionally. Surprisingly, 
we observe that many iGluRs of the delta family are activated by the classical inhibitory 
neurotransmitter, γ- aminobutyric acid (GABA). Finally, we identify nine amino acid 
substitutions that likely gave rise to the inactivity of today’s mammalian delta iGluRs, and 
these mutations abolish activity when engineered into active invertebrate delta iGluRs, 
partly by inducing receptor desensitization. These results offer biophysical insight into 
iGluR activity and point to a role for GABA in excitatory signaling in invertebrates.

iGluR | neurotransmitter | ion channels | excitatory | GABA

Rapid signals are conveyed between neurons of the central nervous system via chemical 
synapses, specialized directional interfaces between adjacent neurons (1). Most synapses 
in the mammalian brain are glutamatergic and excitatory, where glutamate released by 
the presynaptic cell binds to ionotropic glutamate receptors (iGluRs) on the postsynaptic 
cell (2, 3). iGluRs are tetramers assembled by four homologous subunits, each of which 
has an extracellular N- terminal domain (NTD), extracellular ligand- binding domain 
(LBD), membrane domain, and intracellular C- terminal domain (CTD). The four mem
brane domains together form a membrane- spanning, nonselective cation channel (3). The 
iGluR superfamily is broad, but two main families predominate in mammals and classical 
model organisms: AMPA receptors, along with close cousins kainate (KA) receptors, are 
rapidly activated by glutamate and depolarize cells quickly (4); NMDA receptors are 
slower acting, more calcium- permeable, and require the binding of glutamate and an 
ambient coagonist, D- Serine or glycine (5).

Additionally, there is a relatively mysterious “delta” family of iGluRs encoded by two 
genes, GluD1 and GluD2 in rodents and human (6–8). Like most iGluRs, delta iGluRs 
are expressed in excitatory synapses, their up-  or downregulation leads to developmental 
disorders or neural malfunction, and when expressed heterologously in mammalian cells 
or frog oocytes, GluD1 and GluD2 subunits form homotetrameric channels (9). In stark 
contrast to other iGluRs, however, under numerous native and heterologous experimental 
conditions, no current through GluD1 or GluD2 iGluRs is activated by neurotransmitter 
binding (7, 10–12). This is despite two major lines of evidence that the ligands D- serine 
and glycine bind to the canonical iGluR LBD of GluD2 and induce local conformational 
change. X- ray structures of the excised GluD2 LBD show D- serine binding and LBD 
closure around the ligand (13), reflecting the first step of channel activation in most iGluRs 
(3). Second, mutant GluD2 channels carrying the “lurcher” (Lc) A654T substitution in 
the channel pore conduct current constitutively, and the binding of D- serine or glycine 
inactivates this current, indicative of ligand- induced conformational change in both the 
LBD and in the channel pore (12, 13).

The absence of typical ligand- gated currents in heterologously expressed delta iGluRs 
is reflected in relatively unique biological function. Intracellular signaling pathways are 
suggested to activate delta iGluRs based on mouse cerebellum and midbrain recordings 
(10, 14, 15), and a principally structural and developmental role is served by delta iGluRs 
in the hippocampus and cerebellum, where they interact with pre-  and intrasynaptic 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig.  S1). According to our maximum likelihood phylogeny, 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig.  S1). According to our maximum likelihood phylogeny, 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig.  S1). According to our maximum likelihood phylogeny, 
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indicated. Detailed branch support and all gene names in expanded phylogeny, SI Appendix, Fig. S1. (B–E) Example two- electrode voltage clamp recordings of 
oocytes expressing indicated delta iGluR genes in response to different ligands (Left) and mean ± SEM (n = 4 to 6) normalized concentration- dependent responses 
(Right). Scale bars: x, 10 s; y, as indicated. (B and C) Wild- type channels were inactive; lurcher- mutant (
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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(Right). Scale bars: x, 10 s; y, as indicated. (B and C) Wild- type channels were inactive; lurcher- mutant (

Lc
) DanGlu2A and RatGluD2 and A654C- mutant (

AC
) RatGluD1 

channels were constitutively active. The dashed line indicates zero current; mean responses reflect ligand- induced inhibition of constitutive current normalized 
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proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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oocytes expressing indicated delta iGluR genes in response to different ligands (Left) and mean ± SEM (n = 4 to 6) normalized concentration- dependent responses 
(Right). Scale bars: x, 10 s; y, as indicated. (B and C) Wild- type channels were inactive; lurcher- mutant (
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) DanGlu2A and RatGluD2 and A654C- mutant (

AC
) RatGluD1 

channels were constitutively active. The dashed line indicates zero current; mean responses reflect ligand- induced inhibition of constitutive current normalized 
to maximum inhibition of constitutive current. (D and E) Wild- type channels were active; mean responses reflect ligand- induced current amplitude normalized 
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sequence identity of selected delta iGluRs. D

ow
nloaded from

 https://w
w

w
.pnas.org by "U

N
IV

E
R

SIT
E

T
SB

IB
L

IO
T

E
K

E
T

 I B
E

R
G

E
N

, U
N

IV
E

R
SIT

Y
 O

F B
E

R
G

E
N

 L
IB

R
A

R
Y

" on M
ay 3, 2024 from

 IP address 129.177.229.222.

2 of 10   https://doi.org/10.1073/pnas.2313853121 pnas.org

proteins via their large extracellular NTD (16–18). NTD dynamics 
may in turn relate to the absence of ligand- induced gating in het
erologously expressed receptors. The compaction of GluD2 extra
cellular domains via coexpression with synaptic proteins in densely 
cultured mammalian cells or via introduced cysteine- linked NTDs 
leads to small ligand- gated currents in heterologously expressed 
GluD2 iGluRs (19). Furthermore, delta iGluRs differ from AMPA 
and NMDA iGluRs in that cryoelectron microscopy structures of 
full- length GluD1 and GluD2 iGluRs show a “nonswapped” archi
tecture, where the back- to- back NTD dimers of two adjacent 
subunits sit atop back- to- back LBD dimers of the same two sub
units (20, 21), contrasting the “domain- swapped” architecture of 
other iGluRs (3). Whether nonswapped NTD structure underlies 
delta iGluR inactivity is doubtful, however, as plant iGluRs are 
nonswapped yet capable of ligand- gated currents (22).

Delta iGluR function is thus relatively mysterious. This impairs 
our understanding of the biophysical underpinnings of excitatory 
signaling, precludes the study of potential delta iGluR pharmacology, 
and makes biological inferences about the presence of delta iGluR 
genes in different animals difficult. We therefore sought to establish 
a molecular and functional signature of the delta iGluR family by 
investigating beyond the mammalian orthologues, using phyloge
netics, electrophysiology, and mutagenesis. This uncovered surpris
ingly active ligand- gated delta iGluRs in numerous invertebrates, 
uncovered pharmacological similarities between delta iGluRs and 

their AMPA receptor cousins, and traced the inactivity of vertebrate 
delta iGluRs to a distinct part of the iGluR gating machinery.

Results

GABA- gated Channels throughout the Delta iGluR Family. In 
questioning the divergence of relatively inactive mammalian 
delta iGluRs from their active, ligand- gated iGluR cousins, we 
sought a more definitive view of the delta iGluR family and its 
phylogenetic and functional relation to other iGluRs. We first 
generated a maximum likelihood phylogeny of iGluR genes from 
a broad selection of diverse animals (Fig. 1A and SI Appendix, 
Fig. S1). Mammalian GluD1 and GluD2 genes are found in a 
branch we will refer to as the delta family (green in Fig. 1A), whose 
closest relatives in terms of other previously characterized genes are 
AMPA/KA receptors (dark pink in Fig. 1A). Delta and AMPA/
KA iGluRs are thus closely related, and together with several 
uncharacterized paraphyletic relatives make up the AMPA/KA/
delta/phi (AKDF) branch that was proposed by others (23, 24). 
The delta iGluR family comprises genes only from animals of the 
bilaterian lineage, i.e., xenacoelomorphs, a distinct group of simple 
marine worms lacking a circulatory system (25); protostomes such 
as molluscs; and deuterostomes such as vertebrates, hemichordates 
(e.g., acorn worms), and echinoderms (e.g., starfish, SI Appendix, 
Fig. S1). According to our maximum likelihood phylogeny, 
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indicated. Detailed branch support and all gene names in expanded phylogeny, SI Appendix, Fig. S1. (B–E) Example two- electrode voltage clamp recordings of 
oocytes expressing indicated delta iGluR genes in response to different ligands (Left) and mean ± SEM (n = 4 to 6) normalized concentration- dependent responses 
(Right). Scale bars: x, 10 s; y, as indicated. (B and C) Wild- type channels were inactive; lurcher- mutant (

Lc
) DanGlu2A and RatGluD2 and A654C- mutant (
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) RatGluD1 

channels were constitutively active. The dashed line indicates zero current; mean responses reflect ligand- induced inhibition of constitutive current normalized 
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protostome delta iGluRs are the earliest branching within the 
delta family (X in Fig. 1A), consistent with a previously published 
Bayesian phylogeny (23).

Apart from inactive wild- type (WT) and constitutively active, 
D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2ALc receptors showed constitutive currents that were 
inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2Lc, which were only sensitive to glycine and D- serine, 
DanGluD2ALc receptors and RatGluD1AC [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluDLc, which showed relatively small consti
tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(X in Fig. 1A). Unfortunately, we could not establish the function 
of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig.  2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM).D
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protostome delta iGluRs are the earliest branching within the 
delta family (X in Fig. 1A), consistent with a previously published 
Bayesian phylogeny (23).

Apart from inactive wild- type (WT) and constitutively active, 
D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2ALc receptors showed constitutive currents that were 
inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2Lc, which were only sensitive to glycine and D- serine, 
DanGluD2ALc receptors and RatGluD1AC [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluDLc, which showed relatively small consti
tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(X in Fig. 1A). Unfortunately, we could not establish the function 
of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig. 2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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protostome delta iGluRs are the earliest branching within the 
delta family (X in Fig. 1A), consistent with a previously published 
Bayesian phylogeny (23).

Apart from inactive wild- type (WT) and constitutively active, 
D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2ALc receptors showed constitutive currents that were 
inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2Lc, which were only sensitive to glycine and D- serine, 
DanGluD2ALc receptors and RatGluD1AC [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluDLc, which showed relatively small consti
tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(X in Fig. 1A). Unfortunately, we could not establish the function 
of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 

CD
AcaGluD
SacGluD
DioGluD
RatGluD2

DanGluD2A
RatGluD1

GMVINSDR
GITIMAER
GMIRNYNR
ALTITPDR
ALTITPER
AITITPER

NYG
QYA
DYG
DYS
DYS
DYS

SSL
SSV
SSL
SAV
SAV
SAV

WD
WD
WD
WD
WD
WD

EA
EE
EH
EE
EE
EE

NYG
KYG
KYG
KYG
KYG
RYG

GABAD-serine

BRatGluD2, PDB:2v3u

51
9

47
5

54
6

54
8

54
3

71
3

76
3

55
3

PDB:2v3u

D742

�G (kcal/mol)

-5.57
GABAD-serine

-5.50
-5.48
-5.42
-5.16

-5.78
-5.75
-5.73
-5.73
-5.69 V687

A686
S685

R530

Y495

Y543

A523 T525

D763

Y519

GABA

D-serine

G546 V548

E475

E450

S713

L714
S712

AAcaGluD, AlphaFold2 model

�G (kcal/mol)

-4.53
GABAD-serine

-4.53
-4.45
-4.43
-4.34

-4.33
-4.32
-4.31
-4.31
-4.30

Y566

R553

S71
3A

V54
8T WT

0

1

I/I
m
ax

IGly
ID-Ser

IGlu
IGABA

D-Ser GABA

V548T

D763

Y519G546 V548

E475
S713

L714
S712

Y566

R553

D742
V687

A686
S685

R530

Y495

Y543

A523 T525

E450

S713A
+ConA

Fig. 2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig.  2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM).D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig.  2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM).D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig. 2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig. 2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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protostome delta iGluRs are the earliest branching within the 
delta family (

X
 in Fig. 1A), consistent with a previously published 

Bayesian phylogeny (23).
Apart from inactive wild- type (WT) and constitutively active, 

D- serine- inhibited, mutant mammalian delta iGluRs, the func
tional signature of the delta iGluR family is unknown. We there
fore expressed putative delta iGluRs from diverse bilaterian animals 
in frog oocytes and characterized their function with two- electrode 
voltage clamp. Genes included “DioGluD” from the acoel 
Diopisthoporus longitubus, (a xenacoelomorph); “CraGluD” from 
the oyster Crassostrea gigas (a protostome); “AcaGluD” from the 
crown- of- thorns- starfish Acanthaster planci (an echinoderm) and 
“SacGluD” from the acorn worm Saccoglossus kowalevskii (a hemi
chordate; both invertebrate deuterostomes); and “DanGluD2A” 
from the zebrafish Danio rerio (a vertebrate deuterostome). Similar 
to RatGluD1 and RatGluD2, WT DanGluD2A receptors showed 
no response to the four ligands tested, but lurcher- mutant (Lc) 
DanGluD2A

Lc
 receptors showed constitutive currents that were 

inactivated by D- serine and glycine (Fig. 1B). However, in contrast 
to RatGluD2

Lc
, which were only sensitive to glycine and D- serine, 

DanGluD2A
Lc

 receptors and RatGluD1
AC

 [the Lc- like A654C 
mutation (26)] were also sensitive to GABA, which caused 58 ± 
8% (n = 4) or 86 ± 5% (n = 10) inactivation relative to D- serine 
at these two receptors (Fig. 1 B and C). This shows that numerous 
vertebrate delta iGluRs are inactive, but suggests that some of them 
bind the classical inhibitory neurotransmitter GABA, as indicated 
by a recent study of RatGluD1 (27).

In stark contrast to WT delta iGluRs of vertebrate deuterostomes, 
WT delta iGluRs of other bilaterians showed robust ligand- gated 
currents, and remarkably the most effective agonist was GABA 
(Fig. 1 D and E). At invertebrate deuterostome (starfish) AcaGluD, 
the GABA EC50 of 13 ± 3 μM (n = 5) was much lower than that 
of glutamate (7.8 ± 3 mM, n = 3). Fellow invertebrate deuterostome 

(acorn worm) SacGluD showed smaller currents, making potency 
difficult to measure, although GABA was more potent than other 
potential ligands (SI Appendix, Fig. S2A). This was more evident in 
lurcher- mutant SacGluD

Lc
, which showed relatively small consti

tutive current and inward GABA- gated currents of very high 
potency (EC50 = 84 ± 14 nM, n = 4, SI Appendix, Fig. S2 B–D). At 
xenacoelmorph (acoel) DioGluD iGluRs, GABA was in fact the 
only ligand that elicited currents, with an EC50 of 180 ± 20 μM 
(Fig. 1E). Finally, we tried measuring the activity of the earliest 
branching delta iGluR in our tree, protostome (oyster) CraGluD 
(
X
 in Fig. 1A). Unfortunately, we could not establish the function 

of this receptor, as we detected no ligand- gated currents in oocytes 
injected with WT or Lc mutant CraGluD mRNA, probably due to 
low surface expression, as assayed by oocyte immunolabeling 
(SI Appendix, Fig. S2 E and F).

Inferring the putative functional properties of the ancestral 
receptor at the base of the delta branch is difficult without func
tional data on early- branching protostome delta iGluRs. However, 
considering the presence of a) GABA sensitivity in both xenacoe
lomorph, deuterostome invertebrate, and certain deuterostome 
vertebrate delta iGluRs, b) the absence of ligand- gated currents 
in WT vertebrate delta iGluRs, and c) the fact that AMPA/KA 
iGluR cousins are glutamate- gated channels, we suggest the fol
lowing. When the first delta iGluR diverged from its AKDF ances
tor, it was an active ligand- gated channel that quickly evolved 
selectivity for the neurotransmitter GABA. After chordates 
diverged from other invertebrate deuterostomes, ligand- induced 
channel gating was lost in delta iGluRs of the chordate or subse
quent vertebrate lineage. And based on the presence of both 
GABA and glycine/D- serine sensitivity in vertebrate GluD1 and 
GluD2 receptors, we tentatively conclude that ligand selectivity 
changed from GABA to glycine and D- serine in early vertebrates 
or other chordates.

Computational Analysis of Ligand Binding. One potential 
explanation for the evolutionary scenario described above would 
involve substitutions in the ligand- binding residues of the 
vertebrate delta iGluR LBD, enabling selectivity for α- amino 
acid D- serine (and glycine) instead of γ- amino acid GABA. We 
investigated this by computationally docking GABA and D- 
serine to a starfish AcaGluD AlphaFold structural model and the 
RatGluD2 X- ray structure (13). With an upper lobe–lower lobe 
separation similar to that of D- serine- bound RatGluD2 (ref. 13 
and SI Appendix, Fig. S3 A and D), our model likely represents 
an active ligand- bound conformation. As expected, based on 
experimental evidence for some sensitivity to GABA and D- serine 
(Fig. 1 C and D), both ligands docked to both receptors in the 
canonical binding site, but with more favorable energies for GABA 
than D- serine at AcaGluD and the converse at RatGluD2 (Fig. 2 
A and B and SI Appendix, Fig. S3).

Aligning the ligand- binding residues shows only minor differ
ences between GABA- selective AcaGluD and D- serine-  (and 
glycine- ) selective RatGluD2 (Fig. 2C). Indeed, the major bonding 
partner of the GABA γ- amine and D- serine α- amine in both 
receptors is the carboxylate side chain of the conserved lower lobe 
D763/D742 residue (Fig. 2 A–C). Similarly, although the upper 
lobe E475/E450 carboxylate residue was recently shown to con
tribute to GABA potency in RatGluD1 (27), it is conserved 
among GABA- selective invertebrate and D- serine- selective verte
brate delta iGluRs (Fig. 2 A–C), and thus does not determine 
ligand selectivity.

We did notice two differences between the receptors, however. 
In the upper lobe, hydrophobic V548 of AcaGluD cannot form 
a polar interaction with the α- amine of D- serine that is formed 
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Fig. 2. Computational ligand docking. (A and B) Five most energetically 
favorable binding poses for GABA and D- serine at AcaGluD model (A) and 
RatGluD2 X- ray structure [PDB:2v3u (13)] (B). (C) Amino acid sequence 
alignment of selected LBD segments (AcaGluD numbering). (D) Example 
recording and mean (± SEM, n = 4) normalized responses of indicated mutant 
AcaGluD receptors to different ligands. Oocytes expressing S713A receptors 
only responded after concanavalin A treatment (“ConA”, 10 μM). D
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca2+), utilizing the 
crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg2+ ions, which is qualitatively similar to AMPA recep
tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2Lc channels in the high micro
molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2Lc were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 
CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2Lc 
currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca2+, which was 
previously shown to enhance the constitutive activity of mutant 
RatGluD2Lc channels and decrease the potency with which 
D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca2+ enhanced AcaGluD substantially. In nominally 
Ca2+- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca2+ (Fig. 3 D 
and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig.  3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca2+ (Left) and normalized (to maximum 
current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca2+), utilizing the 
crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg2+ ions, which is qualitatively similar to AMPA recep
tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2Lc channels in the high micro
molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2Lc were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 
CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2Lc 
currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca2+, which was 
previously shown to enhance the constitutive activity of mutant 
RatGluD2Lc channels and decrease the potency with which 
D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca2+ enhanced AcaGluD substantially. In nominally 
Ca2+- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca2+ (Fig. 3 D 
and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca2+ (Left) and normalized (to maximum 
current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca2+ at oocytes expressing WT or indicated mutant AcaGluD. 
Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca2+), utilizing the 
crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg2+ ions, which is qualitatively similar to AMPA recep
tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2Lc channels in the high micro
molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2Lc were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 
CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2Lc 
currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca2+, which was 
previously shown to enhance the constitutive activity of mutant 
RatGluD2Lc channels and decrease the potency with which 
D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca2+ enhanced AcaGluD substantially. In nominally 
Ca2+- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca2+ (Fig. 3 D 
and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca2+ (Left) and normalized (to maximum 
current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca2+ at oocytes expressing WT or indicated mutant AcaGluD. 
Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig.  3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig.  3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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by the equivalent but polar T525 of RatGluD2 (Fig. 2 A–C). And 
in the lower lobe, invertebrate receptors have a polar S713 side 
chain where vertebrate receptors have a small, nonpolar A686 side 
chain (Fig. 2 A–C). However, when we tested the ligand selectivity 
profile of mutant V548T and S713A AcaGluD receptors, we saw 
no increase in D- serine activity relative to GABA (Fig. 2D), sug
gesting that these differences do not determine ligand selectivity. 
This is reflected in the fact that invertebrate SacGluD, which has 
the upper lobe threonine residue like RatGluD2, shows high 
GABA selectivity (Fig. 2C and SI Appendix, Fig. S2D). Taken 
together, these computational and functional data show that most 
extant delta iGluRs either show GABA selectivity or retain some 
GABA sensitivity and that ligand- binding residues alone do not 
determine ligand selectivity in delta iGluRs.

Pharmacological and Biophysical Properties of Delta iGluRs 
Reflect their Close Relationship to AMPA/KA Receptors. 
Although phylogenetic relationships suggest that delta iGluRs are 
closely related to AMPA/KA receptors, previous pharmacological 
studies have emphasized similarities between delta iGluRs and 
NDMA receptors, such as glycine and D- serine binding, and 
channel block by pentamidine (19, 28). We therefore sought 
a more extensive view of delta iGluR function, incorporating 
channel pore properties, competitive antagonist pharmacology, 
and modulation by extracellular calcium ions (Ca

2+
), utilizing the 

crown- of- thorns starfish AcaGluD receptor because of its large, 
tractable ligand- gated currents in oocytes.

To establish the channel pore properties of AcaGluD receptors 
we measured current- voltage (IV) relationships and channel block 
by pentamidine. The IV relationship at AcaGluD iGluRs is 
inwardly rectifying, with small outward currents only appearing 
at potentials more positive than 50 mV, both in the absence and 
presence of divalent cations (Fig. 3A). This suggests that AcaGluD 
receptors are blocked by intracellular polyamines and not by extra
cellular Mg

2+
 ions, which is qualitatively similar to AMPA recep

tors (29) and chimeric receptors carrying KA receptor LBDs and 
RatGluD2 channel domains (30). Running voltage ramps from 
−80 to 60 mV during GABA- gated currents in regular extracellular 
solution yielded a reversal potential of −16 ± 2 mV (n = 4), as 
expected for a nonselective cation- permeable channel in these 
conditions (31). This indicates that AcaGluD is a mixed cation 
channel like most iGluRs (3) and thus an excitatory GABA 
receptor.

Pentamidine is a diarylamidine compound previously shown 
to block NMDA receptors in the low micromolar range and con
stitutively active mutant RatGluD2

Lc
 channels in the high micro

molar range (28, 32). We observed that pentamidine (100 µM) 
blocked 68 ± 5% (n = 5) of the GABA- gated current and 78 ± 
2% (n = 7) of the glutamate- gated current through AcaGluD 
iGluRs (Fig. 3B). As the pentamidine sensitivity of AMPA recep
tors has been explored relatively little, we tested this ourselves and 
observed that pentamidine (100 µM) elicited 37 ± 3% (n = 5) 
inhibition of glutamate- gated current through RatGluA2 AMPA 
receptors (SI Appendix, Fig. S4A). Combined with earlier studies, 
our results show that AMPA receptors and delta iGluRs share 
moderate pentamidine sensitivity, in contrast to NMDA receptors, 
which have higher pentamidine sensitivity.

Applied alone, the classical AMPA/KA receptor competitive antag
onists CNQX, DNQX, and NBQX (100 μM) elicited no currents 
at AcaGluD iGluRs, but when coapplied with GABA (~EC30 GABA 
concentration) inhibited 81 ± 4%, 53 ± 3%, and 61 ± 3% of the 
GABA- gated current, respectively (Fig. 3C, each n = 5). In contrast, 
the NMDA receptor glycine site antagonists 5,7- dichlorokynurenic 
acid (33) and CGP- 78608 (34) (both 100 μM) inhibited only 11 ± 

5% and 9 ± 3% of the GABA- gated currents, respectively (SI Appendix, 
Fig. S4B). Curiously, glutamate- gated currents were enhanced 34 ± 
3% by DNQX and NBQX, whereas CNQX had no effect (Fig. 3C, 
each n = 5). These quinoxalinedione compounds typically inhibit 
heterologously expressed AMPA/KA receptors, although CNQX and 
DNQX act as partial agonists at AMPA receptors coexpressed with 
TARP- type auxiliary subunits (35). Thus, at both delta and AMPA/
KA receptors, certain quinoxalinediones exert complex effects, 
depending on the specific agonist or oligomeric complex. We 
observed no effect of CNQX, DNQX, or NBQX on ooyctes express
ing WT RatGluD2 (n = 4), but constitutive currents through 
RatGluD2

Lc
 were inhibited 10 ± 0.2%, 11 ± 0.2%, and 9 ± 0.2% by 

CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix, 
Fig. S4C), consistent with the moderate inhibition of RatGluD2

Lc
 

currents previously reported for CNQX and another, different qui
noxalinedione (36).

Further assessing the functional signature of delta iGluRs, we 
tested AcaGluD for sensitivity to extracellular Ca

2+
, which was 

previously shown to enhance the constitutive activity of mutant 
RatGluD2

Lc
 channels and decrease the potency with which 

D- serine inhibits constitutive activity (37). We observed that 
extracellular Ca

2+
 enhanced AcaGluD substantially. In nominally 

Ca
2+

- free solutions, maximum GABA- , glutamate- , and 
glycine- gated current amplitudes were 0.42 ± 0.13 µA (n = 4), 
0.28 ± 0.02 µA (n = 5), and 0.08 ± 0.01 μA (n = 10), and these 
were increased to 6.0 ± 1.0 µA (n = 5), 5.8 ± 0.6 µA (n = 4), and 
0.33 ± 0.01 μA (n = 4) in the presence of 1.8 mM Ca

2+
 (Fig. 3 D 

and E). Enhancement affected maximum current amplitude more 
than agonist potency, with no more than threefold altered agonist 
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Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A) 
Normalized current (I/I−80 mV) - voltage relationship of GABA- gated currents 
through AcaGluD- expressing oocytes. Data points mean ± SEM (n = 4), joined 
by straight lines. (B and C) Example recordings (scale bars x, 5 s; y, 1 μA) and 
summary data (columns, mean; circles, individual data points) of modulation of 
GABA-  and glutamate- gated current by indicated drugs at AcaGluD- expressing 
oocytes. (D) Example responses to increasing concentrations of GABA in the 
absence or presence of extracellular Ca

2+
 (Left) and normalized (to maximum 

current in respective condition, “I/Imax”) responses to different agonists (Right, 
mean ± SEM, n = 5 to 7). (E) Fold enhancement (“ICa2+/IzeroCa2+”) of GABA- gated 
current by 1.8 mM Ca

2+
 at oocytes expressing WT or indicated mutant AcaGluD. 

Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale 
bars in D and E: x, 10 s; y, 0.15 μA.
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EC50 values in 1.8 mM Ca2+ (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca2+ and 13 ± 3 µM in 1.8 mM Ca2+, n = 5; glycine EC50 2 
± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca2+ is determined by carboxylate side chains on the rear of the 
LBD as was shown for RatGluDLc receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca2+ (Fig. 3E and SI Appendix, Fig. S4D), indicating that 
equivalent, conserved positions determine Ca2+ sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca2+ is conserved in diverse delta iGluRs, 
and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluDRatNTD”; and the other with the NTD- LBD linker of 
RatGluD2, “AcaGluDRatNTDlink” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluDRatNTDlink (20 ± 3%, 
n = 3) compared to WT and AcaGluDRatNTD (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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Fig. 4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs. 
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x, 10 s; y, 2 µA. (D) Summarized data from experiments in C.
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EC50 values in 1.8 mM Ca2+ (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca2+ and 13 ± 3 µM in 1.8 mM Ca2+, n = 5; glycine EC50 2 
± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca2+ is determined by carboxylate side chains on the rear of the 
LBD as was shown for RatGluDLc receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca2+ (Fig. 3E and SI Appendix, Fig. S4D), indicating that 
equivalent, conserved positions determine Ca2+ sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca2+ is conserved in diverse delta iGluRs, 
and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluDRatNTD”; and the other with the NTD- LBD linker of 
RatGluD2, “AcaGluDRatNTDlink” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluDRatNTDlink (20 ± 3%, 
n = 3) compared to WT and AcaGluDRatNTD (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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Fig. 4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs. 
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gray. (B) Amino acid sequence alignment of linker region, illustrating chimera 
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EC50 values in 1.8 mM Ca2+ (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca2+ and 13 ± 3 µM in 1.8 mM Ca2+, n = 5; glycine EC50 2 
± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca2+ is determined by carboxylate side chains on the rear of the 
LBD as was shown for RatGluDLc receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca2+ (Fig. 3E and SI Appendix, Fig. S4D), indicating that 
equivalent, conserved positions determine Ca2+ sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca2+ is conserved in diverse delta iGluRs, 
and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluDRatNTD”; and the other with the NTD- LBD linker of 
RatGluD2, “AcaGluDRatNTDlink” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluDRatNTDlink (20 ± 3%, 
n = 3) compared to WT and AcaGluDRatNTD (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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Fig. 4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs. 
(A) Cartoon illustrating structural domains of typical iGluR tetramer, one 
subunit highlighted, showing amino- terminal domain (NTD), ligand- binding 
domain (LBD), and transmembrane channel domain (TMD). Cell membrane in 
gray. (B) Amino acid sequence alignment of linker region, illustrating chimera 
design. Numbering, RatGluD2. (C) Ligand- gated currents in oocytes expressing 
mutant AcaGluD receptors containing the NTD from RatGluD2 (AcaGluDRatNTD) 
or the NTD and NTD- LBD linker from RatGluD2 (AcaGluDRatNTDlink). Scale bars: 
x, 10 s; y, 2 µA. (D) Summarized data from experiments in C.
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 

AcaGluDRatNTDlink

AcaGluDRatNTD

AcaGluDRatNTDlink

AcaGluDRatNTD

I/Imax
0 1.0

A

C

B

D

N

C
0.5

reS-D ABAGulGGly

NTD

LBD

TMD

NTD-LBD
linker

AcaGluD

AcaGluDRatNTDlink
AcaGluDRatNTD

AcaGluD
NTD

425 441

LBDNTD-LBD linker

RatGluD2

LNLVKTPFSRGFAAFISNNTTFRI
LNGSL-PFSRGFAAFISNNTTFRI
LNGSLT-DKKLENNM--R--TFRI
LNGSLT-DKKLENNM--RGVVLRV

Fig. 4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs. 
(A) Cartoon illustrating structural domains of typical iGluR tetramer, one 
subunit highlighted, showing amino- terminal domain (NTD), ligand- binding 
domain (LBD), and transmembrane channel domain (TMD). Cell membrane in 
gray. (B) Amino acid sequence alignment of linker region, illustrating chimera 
design. Numbering, RatGluD2. (C) Ligand- gated currents in oocytes expressing 
mutant AcaGluD receptors containing the NTD from RatGluD2 (AcaGluD

RatNTD
) 

or the NTD and NTD- LBD linker from RatGluD2 (AcaGluD
RatNTDlink

). Scale bars: 
x, 10 s; y, 2 µA. (D) Summarized data from experiments in C.
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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domain (LBD), and transmembrane channel domain (TMD). Cell membrane in 
gray. (B) Amino acid sequence alignment of linker region, illustrating chimera 
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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Fig. 4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs. 
(A) Cartoon illustrating structural domains of typical iGluR tetramer, one 
subunit highlighted, showing amino- terminal domain (NTD), ligand- binding 
domain (LBD), and transmembrane channel domain (TMD). Cell membrane in 
gray. (B) Amino acid sequence alignment of linker region, illustrating chimera 
design. Numbering, RatGluD2. (C) Ligand- gated currents in oocytes expressing 
mutant AcaGluD receptors containing the NTD from RatGluD2 (AcaGluD
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) 

or the NTD and NTD- LBD linker from RatGluD2 (AcaGluD
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). Scale bars: 
x, 10 s; y, 2 µA. (D) Summarized data from experiments in C.
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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EC50 values in 1.8 mM Ca
2+

 (Fig. 3D; GABA EC50 5 ± 0.6 µM 
in 0 Ca

2+
 and 13 ± 3 µM in 1.8 mM Ca

2+
, n = 5; glycine EC50 2 

± 0.1 mM and 2 ± 0.1 mM, n = 4; glutamate EC50 ~30 mM and 
~10 mM, n = 4). We tested whether AcaGluD enhancement by 
Ca

2+
 is determined by carboxylate side chains on the rear of the 

LBD as was shown for RatGluD
Lc

 receptors (37). E554A, D558A, 
and D801A mutant AcaGluD iGluRs each showed no enhance
ment by Ca

2+
 (Fig. 3E and SI Appendix, Fig. S4D), indicating that 

equivalent, conserved positions determine Ca
2+

 sensitivity in star
fish and rat delta iGluRs (SI Appendix, Fig. S5). Thus, enhance
ment by extracellular Ca

2+
 is conserved in diverse delta iGluRs, 

and mixed cation permeability, inward rectification, quinoxolin
edione sensitivity, and sensitivity to high micromolar pentamidine 
are all conserved in delta iGluRs and their AMPA receptor 
cousins.

The NTD Does not Determine the Ligand- gated Activity of 
Starfish Delta iGluRs. Our data suggest that after diverging 
from other AKDF iGluRs, early delta iGluRs were active, 
homotetrameric ligand- gated channels, even in the absence of 
accessory synaptic proteins. And while this ligand- gated activity 
is conserved in several extant delta iGluRs, delta iGluRs in the 
lineage to vertebrates lost ligand- gated channel activity. We 
questioned the molecular basis for this loss, hoping to establish a 
molecular blueprint for the mysterious function of mammalian 
delta iGluRs.

In most animal iGluR subunits, the large clamshell- shaped 
NTD contributes greatly to tetramer assembly but relatively mod
erately to ligand- gated channel activity (3). However, NTDs are 
indirectly implicated in the ligand- gated (in)activity of mouse/
human delta iGluRs, as the experimental separation of NTDs 
from each other, or from the LBDs below, impairs channel func
tion (17, 19). We therefore questioned whether substantial diver
gence in the NTDs—19% amino acid sequence identity between 
AcaGluD and RatGluD2 NTDs cf 38% identity between AcaGluD 
and RatGluD2 LBD and channel domains—determines the 
absence of ligand- gated currents in vertebrate delta iGluRs. To 
answer this, we measured ligand- gated currents in two chimeric 
AcaGluD constructs in which the NTD was replaced with that of 
RatGluD2: one retaining the NTD- LBD linker of AcaGluD, 
“AcaGluD

RatNTD
”; and the other with the NTD- LBD linker of 

RatGluD2, “AcaGluD
RatNTDlink

” (Fig. 4 A and B and SI Appendix, 
Supporting text). Neither chimeric receptor showed drastic differ
ences from WT AcaGluD, with each showing large GABA- gated 
currents (Fig. 4 C and D). However, we did notice a small increase 
in the relative efficacy of D- serine at AcaGluD

RatNTDlink
 (20 ± 3%, 

n = 3) compared to WT and AcaGluD
RatNTD

 (12 ± 3%, n = 7, 
and 5 ± 1%, n = 3, respectively). While confirming that the NTDs 
and their link to the LBD make some sort of contribution to delta 
iGluR function (17), these results show that great divergence in 
the NTDs is unlikely to have determined the stark loss of function 
in vertebrate delta iGluRs relative to other deuterostome delta 
iGluRs.

Vertebrate- like Mutations in the Lower Lobe of the LBD Abolish 
the Activity of Starfish Delta iGluRs. These results suggest that 
the relative inactivity of vertebrate delta iGluRs such as RatGluD2 
derives from amino acid sequence divergence in the remainder 
of the receptor, i.e., the LBD, transmembrane channel domain 
(TMD), and the intracellular CTD. We therefore aligned amino 
acid sequences of delta iGluR subunits, and from ~410 positions 
comprising the LBD and TMD, we identified 41 at which the 
amino acid residue shares biophysical properties in AcaGluD, 
SacGluD, and DioGluD and differs in inactive DanGluD2A, 

RatGluD1, and RatGluD2 (SI Appendix, Fig. S5). As the long 
CTD is implicated little in channel gating and more in expression 
and trafficking of iGluRs (3), we excluded it from this analysis. 
Taking AcaGluD again as our active experimental model, 
we substituted each of these 41 amino acid residues with the 
equivalent amino acid from inactive RatGluD2, generating 39 
mutant AcaGluD receptors, which we tested for responses to 
GABA, glutamate, glycine, and D- serine. (Two of the mutants 
incorporated substitutions of two adjacent residues for efficiency.)

Thirty- five of the 41 substitutions had little or no effect on 
AcaGluD activity, with the respective mutants showing large 
responses to GABA and smaller responses to the other agonists 
(Fig. 5 A and B). In contrast, six substitutions substantially altered 
function, with the respective mutants showing either no currents 
greater than uninjected oocytes (F640Y, S713A, R721K, P741N, 
and D825P) or a substantial change in relative agonist efficacies 
combined with decreased current amplitude (G567S; Fig. 5 A and 
B). The loss of currents via F640Y, S713A, and R721K substitu
tions derives primarily from altered channel function and not 
decreased oocyte surface expression, as the latter was similar to 
WT, whereas for P741N and D825P, surface expression was evi
dent but greatly reduced compared to WT (Fig. 5C). An addi
tional four mutants, Q772D, K782N, M805Q, and V806R, 
showed milder but noticeable effects, decreasing maximum 
GABA- gated current amplitude to less than 1 μA (cf. 8.2 ± 1.1 
μA at WT, n = 4) and retaining the typical agonist selectivity 
profile (Fig. 5B).

Questioning how these 10 residues contribute to receptor func
tion, we considered their putative location in the receptor tertiary 
structure. For the LBD, we used the AlphaFold structural model, 
and for the TMD, we examined the position of homologous res
idues in published rat delta and AMPA receptor structures (13, 
20, 21, 38). From the 10 crucial AcaGluD delta iGluR residues, 
F640 is in the second helix of the TMD, abutting the channel 
pore (SI Appendix, Fig. S6A), whereas the other nine residues are 
all in the LBD, remarkably with seven specifically in the lower 
lobe of the LBD clamshell (Fig. 5D). Ligand- induced activation 
of iGluRs involves the upward/outward movement of the lower 
lobe toward the upper lobe, closing the clamshell around the 
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD25x, containing 
Y613F, A686S, K694R, N720P, and P806D substitutions (pink 

A B

E

W
T

F64
0Y

P74
1N

S71
3A

R72
1K

D82
5P

I G
A

B
A
 (
�A

) IGABA, after ConA
IGABA, no ConA

100 �M GABA 100 �M GABA
ConA treatment

50

30

10

0
0.1
0.2

AcaGluD S713A

D

D825

G567

K782

M805
V806

P741

F640

Q772

S713
R721

N

C

W
T

A54
5S

G54
6A

D64
9E

F64
0Y

S65
6A

D61
1N

A63
9V

S66
1M

S61
7R

E58
6A

F61
9Q

H58
9D

V51
4A

G56
7S

A67
3S

/T
67

4S
I6

71
V

K78
2N

D77
6S

P78
3T

K73
8G

Q77
2D

P76
5A

T79
3L

/P
79

4Q

P74
1N

M
73

4I

S71
3A

Y75
0I

R72
1K

F66
6L

T70
0K

E83
3L

V80
6R

D82
5P

M
80

5Q

Y85
8C
I8

61
A

I8
48

L

V87
3L

V87
6W

I/I
m

ax

0

1.0

I m
ax

 (
�A

)

0.5

10

20

30

50

0

40

Uninjected oocyte
0.1 �A

0.1 �A

AcaGluD V514A

AcaGluD S713A 10 s

2 �A
10 s

10 s

3 �A
10 s

reS-D ABAGulGGly

reS-D ABAGulGGly

reS-D ABAGulGGly

C

WT

P741N

R
F

U D825P

Uninj.1000

500

50 75
Distance (�M)
25

0
0

F640Y
S713A
R721K

P741N

S713AUninj.

D825P

IGly

ID-Ser

IGlu

IGABA

Fig. 5. RatGluD2- like substitutions impair the ligand- gated activity of AcaGluD receptors. (A) Ligand- gated currents in oocytes expressing indicated mutant 
AcaGluD receptors or uninjected oocytes. (B) Maximum current amplitude (“Imax”, Upper) and relative ligand- gated current amplitude (“I/Imax”, Lower) and at wild- 
type (WT) and mutant AcaGluD receptors (mean ± SEM, n = 3 to 5). (C) Immunolabeling c- Myc tag in AcaGluD C- terminal. Upper, example micropgraphs. Lower, 
Random fluorescence units (RFU) plotted against relative radial distance, peaking at the oocyte surface. White scale bars, 100 μm. (D) AlphaFold model of two 
adjacent AcaGluD LBDs (rear LBD faded). Selected amino acid residues colored and shown as sticks. Magenta, drastic loss of function; cyan, moderate loss of 
function. Inset cartoon shows LBDs within full- length receptor and approximate position of F640 residue (SI Appendix, Fig. S6A). (E) Upper, example, and Lower, 
summarized current responses to 30 mM GABA (“IGABA”) in WT or mutant AcaGluD- expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 μM).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

E
T

SB
IB

L
IO

T
E

K
E

T
 I

 B
E

R
G

E
N

, U
N

IV
E

R
SI

T
Y

 O
F 

B
E

R
G

E
N

 L
IB

R
A

R
Y

" 
on

 M
ay

 3
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

12
9.

17
7.

22
9.

22
2.

6 of 10   https://doi.org/10.1073/pnas.2313853121 pnas.org

ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD25x, containing 
Y613F, A686S, K694R, N720P, and P806D substitutions (pink 
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD25x, containing 
Y613F, A686S, K694R, N720P, and P806D substitutions (pink 
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2
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function. Inset cartoon shows LBDs within full- length receptor and approximate position of F640 residue (SI Appendix, Fig. S6A). (E) Upper, example, and Lower, 
summarized current responses to 30 mM GABA (“IGABA”) in WT or mutant AcaGluD- expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 μM).
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2

5x
, containing 
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type (WT) and mutant AcaGluD receptors (mean ± SEM, n = 3 to 5). (C) Immunolabeling c- Myc tag in AcaGluD C- terminal. Upper, example micropgraphs. Lower, 
Random fluorescence units (RFU) plotted against relative radial distance, peaking at the oocyte surface. White scale bars, 100 μm. (D) AlphaFold model of two 
adjacent AcaGluD LBDs (rear LBD faded). Selected amino acid residues colored and shown as sticks. Magenta, drastic loss of function; cyan, moderate loss of 
function. Inset cartoon shows LBDs within full- length receptor and approximate position of F640 residue (SI Appendix, Fig. S6A). (E) Upper, example, and Lower, 
summarized current responses to 30 mM GABA (“IGABA”) in WT or mutant AcaGluD- expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 μM).
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2

5x
, containing 
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2
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type (WT) and mutant AcaGluD receptors (mean ± SEM, n = 3 to 5). (C) Immunolabeling c- Myc tag in AcaGluD C- terminal. Upper, example micropgraphs. Lower, 
Random fluorescence units (RFU) plotted against relative radial distance, peaking at the oocyte surface. White scale bars, 100 μm. (D) AlphaFold model of two 
adjacent AcaGluD LBDs (rear LBD faded). Selected amino acid residues colored and shown as sticks. Magenta, drastic loss of function; cyan, moderate loss of 
function. Inset cartoon shows LBDs within full- length receptor and approximate position of F640 residue (SI Appendix, Fig. S6A). (E) Upper, example, and Lower, 
summarized current responses to 30 mM GABA (“IGABA”) in WT or mutant AcaGluD- expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 μM).
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ligand and pulling the pore- lining third TMD helix outward to 
open the channel (38, 39). Eight of the nine residues are thus in 
a crucial part of the receptor, close to the putative ligand binding 
site in the cleft of the LBD clamshell but probably located  
and/or oriented away from the putative ligand (Fig. 5D and 
SI Appendix, Fig. S6B). Indeed, G567, R721, D825, and K782 
of the lower lobe and M805 and V806 of the upper lobe are all 
on the “rear” of the LBD, interfacing with the rear of an adjacent 
LBD within one of two LBD dimers in the homotetramer 
(Fig. 5D). P741 is in the outer lip of the lower lobe, and S713 is 
more central (Fig. 5D), although its hydroxyl moiety is unlikely 
to interact directly with GABA or other ligands (Fig. 2).

Vertebrate- like Mutations in the Lower Lobe of the LBD Induce an 
Inactive Channel State. In AMPA/KA iGluRs, interactions between 
interfacing LBDs control entry into or recovery from agonist- 
induced desensitization (40–43). Given the relation of delta and 
AMPA/KA iGluRs, and the position of loss- of- function AcaGluD 
substitutions S713A, R721K, P741N, and D825P in or near the 
interface of LBDs, we hypothesized that the loss- of- function may 
derive from altered LBD dynamics and increased desensitization 
compared to WT AcaGluD. We therefore tested responses of 
mutant AcaGluD iGluRs after treatment with concanavalin A, 
a plant lectin that prevents desensitization and thus uncovers 
otherwise small responses in some iGluRs (44, 45). Concanavalin 
A treatment caused a remarkable (>>100- fold) increase in F640Y, 
S713A, and R721K AcaGluD iGluR activity, with GABA- gated 
currents now resembling those through WT channels (Fig. 5E). 

The same restoration of function was not observed with P741N 
and D825P mutants, although a relatively small fourfold increase 
in current amplitude was observed in D825P channels, similar to 
WT channels (Fig. 5E). Thus, active delta iGluRs are rendered 
inactive by three vertebrate delta iGluR- like mutations that bias the 
receptor toward desensitization or another inactive state, and two 
additional vertebrate delta iGluR- like mutations primarily reduce 
surface expression of active delta iGluRs.

Considering that such desensitization or inactivation may 
underlie the absence of currents in WT vertebrate delta iGluRs, 
we tested the effects of D- serine and glycine on RatGluD1 and 
RatGluD2 after concanavalin A treatment, but we observed no 
difference to inactive, untreated receptors (SI Appendix, Fig. S4E). 
As RatGluD1 and RatGluD2 contain only three predicted 
N- linked glycosylation sites per subunit compared to eight in 
AcaGluD (seven in the S713A mutant), however, it could be that 
concanavalin A is incapable of modulating the vertebrate receptors 
to rescue them from such a state, precluding conclusions along 
these lines.

Starfish- like Mutations Partly Reawaken Inactive Rat Delta 
iGluRs. If the 10 mutations discussed above drove the loss of 
function in vertebrate delta iGluRs, one might expect that the 
latter could be “reawakened” via active invertebrate delta iGluR- 
like mutations here. We therefore engineered mutant RatGluD2 
iGluRs to contain at these positions the equivalent residues from 
starfish delta iGluRs. These mutants were RatGluD2
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Fig. 5. RatGluD2- like substitutions impair the ligand- gated activity of AcaGluD receptors. (A) Ligand- gated currents in oocytes expressing indicated mutant 
AcaGluD receptors or uninjected oocytes. (B) Maximum current amplitude (“Imax”, Upper) and relative ligand- gated current amplitude (“I/Imax”, Lower) and at wild- 
type (WT) and mutant AcaGluD receptors (mean ± SEM, n = 3 to 5). (C) Immunolabeling c- Myc tag in AcaGluD C- terminal. Upper, example micropgraphs. Lower, 
Random fluorescence units (RFU) plotted against relative radial distance, peaking at the oocyte surface. White scale bars, 100 μm. (D) AlphaFold model of two 
adjacent AcaGluD LBDs (rear LBD faded). Selected amino acid residues colored and shown as sticks. Magenta, drastic loss of function; cyan, moderate loss of 
function. Inset cartoon shows LBDs within full- length receptor and approximate position of F640 residue (SI Appendix, Fig. S6A). (E) Upper, example, and Lower, 
summarized current responses to 30 mM GABA (“IGABA”) in WT or mutant AcaGluD- expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 μM).
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in Fig. 6A), and RatGluD29x, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2Lc- 9x, 
hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD25x and RatGluD29x mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2Lc- 5x 
behaved much like the typical Lc- mutant RatGluD2Lc, RatGluD2Lc- 9x 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2Lc- 10x, additionally containing 
S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD210x receptors showed inward currents in response 
to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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in Fig. 6A), and RatGluD29x, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2Lc- 9x, 
hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD25x and RatGluD29x mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2Lc- 5x 
behaved much like the typical Lc- mutant RatGluD2Lc, RatGluD2Lc- 9x 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2Lc- 10x, additionally containing 
S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD210x receptors showed inward currents in response 
to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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in Fig. 6A), and RatGluD29x, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2Lc- 9x, 
hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD25x and RatGluD29x mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2Lc- 5x 
behaved much like the typical Lc- mutant RatGluD2Lc, RatGluD2Lc- 9x 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2Lc- 10x, additionally containing 
S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD210x receptors showed inward currents in response 
to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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to different neurotransmitter ligands (30 mM) and to pore blocker pentamidine 
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line indicates zero current baseline. (F) Individual (dots) and mean (columns) 
responses to ligands in oocytes expressing indicated RatGluD2 mutants  
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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and/or Lc according to the multiple mutants they were incorporated into. 
10× mutant included 10×, 9×, and 5× positions. 9× included 9× and 5×. 5× 
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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Fig. 6. AcaGluD- like mutations alter RatGluD2 receptor function. (A) D- serine 
bound RatGluD2 from X- ray structure PDB:2v3u (13). Selected amino acid 
residues are indicated, colored, shown as sticks, and labeled 5×, 9×, 10×, 
and/or Lc according to the multiple mutants they were incorporated into. 
10× mutant included 10×, 9×, and 5× positions. 9× included 9× and 5×. 5× 
included only 5×. The Inset cartoon shows LBD within full- length receptor and 
approximate position of two other residues. (B–E) Example current responses 
to different neurotransmitter ligands (30 mM) and to pore blocker pentamidine 
(Pent, 100 μM) in oocytes expressing indicated RatGluD2 mutants. The dashed 
line indicates zero current baseline. (F) Individual (dots) and mean (columns) 
responses to ligands in oocytes expressing indicated RatGluD2 mutants  
(n = 4 to 5). D
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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Fig. 6. AcaGluD- like mutations alter RatGluD2 receptor function. (A) D- serine 
bound RatGluD2 from X- ray structure PDB:2v3u (13). Selected amino acid 
residues are indicated, colored, shown as sticks, and labeled 5×, 9×, 10×, 
and/or Lc according to the multiple mutants they were incorporated into. 
10× mutant included 10×, 9×, and 5× positions. 9× included 9× and 5×. 5× 
included only 5×. The Inset cartoon shows LBD within full- length receptor and 
approximate position of two other residues. (B–E) Example current responses 
to different neurotransmitter ligands (30 mM) and to pore blocker pentamidine 
(Pent, 100 μM) in oocytes expressing indicated RatGluD2 mutants. The dashed 
line indicates zero current baseline. (F) Individual (dots) and mean (columns) 
responses to ligands in oocytes expressing indicated RatGluD2 mutants  
(n = 4 to 5). D
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.

Biophysical Mechanisms. We identified several mutations that 
occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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in Fig. 6A), and RatGluD2
9x

, additionally containing N763K, 
D753Q, Q786M, and R787V (cyan in Fig. 6A). We also generated 
A654T Lc- mutant versions, RatGluD2Lc- 5x and RatGluD2

Lc- 9x
, 

hypothesizing that constitutively active Lc- versions could offer 
tangible insight on ligand sensitivity in case the former mutants 
remained inactive.

RatGluD2
5x

 and RatGluD2
9x

 mutants showed no responses to 
glycine, D- serine, GABA, or glutamate (Fig. 6B), indicating that 
these nine mutations alone are not capable of reawakening 
ligand- gated currents in vertebrate delta iGluRs. On the artificial 
Lc- mutant background, however, tangible effects of the starfish 
GluD- like mutations were observed. Whereas RatGluD2

Lc- 5x
 

behaved much like the typical Lc- mutant RatGluD2
Lc

, RatGluD2
Lc- 9x

 
receptors were inactive at rest and conducted inward currents in 
response to glycine binding (Fig. 6 C and D). These glycine- gated 
currents were inhibited by the pore blocker pentamidine (Fig. 6D). 
Finally, we generated RatGluD2

Lc- 10x
, additionally containing 

S544G (light green in Fig. 6A), the converse of the G567S substi
tution that altered ligand selectivity in starfish AcaGluD. Ligand 
selectivity was slightly altered by the addition of the S544G muta
tion, as RatGluD2

10x
 receptors showed inward currents in response 

to both glycine and D- serine (Fig. 6 E and F). Thus, the reintro
duction of key residues from active delta iGluRs into inactive ver
tebrate delta iGluRs is not enough to reawaken the latter, but on an 
artificial Lc- mutant background, it awakens the gating machinery, 
leading to RatGluD2 channels that are inactive at rest and activated 
by glycine and D- serine binding.

Discussion

The relative inactivity of mammalian delta iGluRs compared to 
other iGluRs has intrigued biophysicists, impaired pharmacolog
ical developments, and confounded our inferences from genome 
sequencing data. We therefore investigated the evolution and bio
physical properties of the delta iGluR family, uncovering GABA- 
gated delta iGluRs in numerous invertebrates, dissecting their 
relationships with other iGluRs, and identifying a putative molec
ular basis for the loss of activity in vertebrate delta iGluRs.

Divergence of Delta Receptors from Other iGluRs. Our phyloge
netic analysis finds delta iGluR genes only in bilaterians, consistent 
with a previous, detailed phylogenetic study (23). But as our study 
also included xenacoelomorphs, a group of bilaterians that likely 
branched before the divergence of various nephrozoans (i.e., 
protostomes and deuterostomes) (46), we now suggest that delta 
iGluRs emerged from the duplication of an AKDF gene in early 
bilaterian animals, shortly after they split from cnidarians (e.g., 
sea anemones and jellyfish).

Delta iGluRs form a family within the AKDF branch of the iGluR 
superfamily, a branch that includes the AMPA/KA family of 
fast- activating and deactivating glutamate- gated channels and 
numerous other uncharacterized genes. We cannot infer the func
tional nature of the very first delta iGluR, because we were unable 
to measure the activity of early branching delta iGluRs found in 
protostomes. Nor do we know the functional nature of the gene 
from which the first delta iGluR emerged, as much of the sister group 
to delta iGluRs, the combined [(AMPA/KA)+(Phi)+(uncharacterized 
AKDF)] branch, is uncharacterized, and branch support toward the 
base of the AKDF branch is relatively weak (SI Appendix, Fig. S1 
and ref. 23). However, the presence of GABA sensitivity in xenacoe
lomorph, invertebrate deuterostome, and even certain vertebrate 
delta iGluRs, suggests that early delta iGluRs were GABA- sensitive. 
And the ligand- gated channel activity of numerous delta iGluRs, 
together with that of AMPA/KA receptors, suggests that mutations 
in delta iGluR genes of either chordates or vertebrates led to the 
inactivity of extant vertebrate delta iGluRs.
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occurred in delta iGluRs of the vertebrate lineage that cause reduced 
cell surface expression and/or induce inactive, potentially desensitized 
states. Notably, several of these residues are in the mid- to- rear of 
the LBD (Fig. 5D), a part of the receptor implicated in AMPA/
KA iGluR desensitization (40–43), the phenomenon of upper- 
channel collapse when ligand- bound LBDs separate from each other, 
loosening the tension between LBDs and channel- forming helices 
(3). Another vertebrate delta iGluR mutation we identified, G567S 
in the “hinge” between upper and lower lobes at the rear of the 
LBD, reduced the GABA selectivity of the invertebrate delta iGluR. 
How this mutation alters ligand selectivity is not addressed by our 
experiments, and our dockings to static LBDs do not address, e.g., 
flexibility of the LBD as determined by residues like G567 in the 
hinge region. However, previous experimental and computational 
work on RatGluD2 suggests that D- serine affinity is substantially 
altered by mutations in the hinge that alter its flexibility (47). That 
ligand- selectivity may be allosterically controlled is also reflected in 
the altered glycine/D- serine preference shown by a chimera with an 
NTD- LBD linker substitution.

Attempting to “reverse” the loss- of- function mutations in ver
tebrate delta iGluRs and “reawaken” RatGluD2 iGluRs, we found 
that even when combined, nine reverse substitutions did not 
reawaken ligand- gated activity. This suggests that additional muta
tions have accumulated in vertebrate delta iGluRs, and receptor 
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D

ow
nloaded from

 https://w
w

w
.pnas.org by "U

N
IV

E
R

SIT
E

T
SB

IB
L

IO
T

E
K

E
T

 I B
E

R
G

E
N

, U
N

IV
E

R
SIT

Y
 O

F B
E

R
G

E
N

 L
IB

R
A

R
Y

" on M
ay 3, 2024 from

 IP address 129.177.229.222.

8 of 10   https://doi.org/10.1073/pnas.2313853121 pnas.org

reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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reawakening is now contingent upon these additional residues. 
Foreseeably, some combination of up to 41 of the potential reverse 
mutations would achieve this, despite the fact that many of these 
forward mutations were not noticeably detrimental to starfish 
delta iGluR function. Reverse mutations in RatGluD2 iGluRs on 
the Lc- mutant background, however, indeed led to ligand- gated 
channels, either glycine- gated or glycine-  and D- serine- gated, 
depending on the combination of mutations. This confirms pre
vious work showing that delta iGluR LBDs are capable of sub
stantial ligand- induced conformational change (13, 48) and delta 
iGluR channels are capable of gating (12, 30), but moreover, it 
shows that only a few amino acid residues prevent the coupling 
of these two processes in vertebrate delta iGluRs.

Our results also highlight the fact that the effects of upper- M3 
mutations are difficult to predict, as they vary depending on amino 
acids in the LBD. Four of the above reverse mutations in the LBD 
caused RatGluD2 Lc- mutant channels to be closed at rest. This iden
tifies candidate LBD determinants of the differing effects of M3 
mutations in different iGluR families (11, 26, 49, 50). Indeed, despite 
high conservation of upper- M3 amino acid sequence in various delta 
iGluRs (SI Appendix, Fig. S5), we show that the Lc- mutation has very 
different effects in RatGluD2 and SacGluD, as it converts the latter 
from a generally inactive channel to one that is largely inactive at rest 
and potently and efficaciously activated by GABA.

Our experiments suggest that mutations in the NTD played 
relatively little role in the loss of ligand- gated currents in vertebrate 
delta iGluRs. However, changes in both the NTDs and LBDs 
may affect delta iGluR activity via a remarkably similar mecha
nism. Borrowing from broadly accepted mechanisms of AMPA 
receptor activation and desensitization (4), delta iGluR activity 
may depend on tight interfaces at the rear of adjacent LBDs so 
that clamshell closure at the front of the LBD pulls the lower lobe 
upward, pulling the channel open via the LBD- channel domain 
linker. Thus, the inter- LBD interface can be stabilized and channel 
activity enhanced by either introduced disulfides linking NTDs 
or LBDs (19, 37); pre-  and intersynaptic proteins that lock delta 
iGluR NTDs together to keep the receptor taut (17, 19); or amino 
acid identity in and around the rear of the LBD (present study).

Pharmacological Avenues. No selective pharmacological 
modulators of delta iGluRs are known. Whether such modulators 
would be directly relevant to pharmacotherapy is unclear, as the 
links between low GluD1 expression and schizophrenia and GluD2 
overactivity and cerebellar ataxia may pertain to early development 
(51–53) and thus be inaccessible to pharmacotherapy. But delta 
iGluR modulators would drastically improve physiological 
experiments aiming to dissect the function of delta iGluRs in 
neural circuitry in vivo/ex vivo.

Small currents through reawakened vertebrate delta iGluRs and 
certainly large currents through active invertebrate delta iGluRs 
offer a tangible experimental system for testing the effects of poten
tial drug molecules on delta iGluR function. Such use of inverte
brate receptors would rely on their pharmacological profile 
matching that of vertebrate GluD1 and GluD2 iGluRs, but our 
study shows that sensitivity to certain competitive antagonists and 
pore blockers seems similar in vertebrate and invertebrate delta 
iGluRs. Our study also suggests that care must be taken when 
dissecting synaptic iGluR composition with classical AMPA/KA 
receptor modulators, as some of these also affect delta iGluRs.

Excitatory GABA Receptors. The most surprising finding in our 
study was that many delta iGluRs are activated by the transmitter 
GABA. GABA mediates most of the rapid inhibitory signals in 
mammalian central synapses via its activation of type- A GABA 

receptors (GABAA receptors) of the pentameric (or “Cys- loop”) 
ligand- gated ion channel superfamily (54). The presence of GABA- 
gated receptors throughout the delta iGluR branch suggests that 
delta iGluRs became GABA- sensitive early after their emergence, 
resulting in excitatory GABA receptors that have been inherited 
by numerous bilaterian animals, including acoels and other 
xenacoelmorphs, and invertebrate deuterostomes such as starfish 
and acorn worms. Future studies are needed to determine whether 
GABAergic neurons synapse onto GABA- gated delta receptors and 
whether such excitatory GABA receptors also occur in protostomes 
and early- branching chordates.

There are now numerous examples of ligand- gated ion channels 
that overturn the conventional view of glutamate as excitatory and 
GABA and glycine as inhibitory transmitters. Within the iGluR 
superfamily, there are excitatory glycine- gated NMDA receptors 
in mammals (55) and numerous glycine- gated and presumably 
excitatory iGluRs of the “epsilon” family in invertebrates (23, 56). 
And in the pentameric ligand- gated ion channel superfamily, there 
are excitatory GABA receptors and inhibitory glutamate receptors 
(57, 58). The fact that ligand sensitivity and ion permeability are 
so readily evolvable in different ligand- gated ion channel super
families and in different animals means that burgeoning transcrip
tomic studies must be cautious in assigning neuronal identity to 
different cells based on the presence of, e.g., iGluR genes. While 
the prediction of function from sequence will always be susceptible 
to unidentified switches in function, we foresee that systematic 
studies of the evolution of receptor families, such as ours, will 
improve future assessments of neuronal function based on the 
presence of different ligand- gated ion channel genes.

Methods

Phylogenetics. iGluR amino acid sequences were sought from four chordates 
(Rattus norvegicus, Danio rerio, Branchiostoma belcheri, and Ciona intestinalis), 
two hemichordates (Ptychodera flava and Saccoglossus kowalevskii), two echino-
derms (Acanthaster planci and Anneissia japonica), one ecdysozoan (Strigamia 
maritima), two spiralians (Crassostrea gigas and Schmidtea mediterranea), two 
xenoturbellids (Xenoturbella profunda and Xenoturbella bocki), two acoels 
(Diopisthoporus longitubus and Hofstenia miamia), two nemertodermatids 
(Meara stichopi and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and 
Nematostella vectensis), one placozoan (Trichoplax sp H2), one poriferan (Oscarella 
carmela), and two ctenophores (Euplokamis dunlapae and Pleurobrachia bachei). 
Rat sequences were retrieved from UniProt. Other sequences were retrieved via 
BlastP search with Rattus norvegicus GluD2 (NCBI XP_038964327.1) as query in 
KEGG Genome Database, https://www.genome.jp/kegg/genome/ (Nematostella 
vectensis); Compagen Japan, http://compagen.unit.oist.jp/ (Osarella carmela 
OCAR_T- CDS_130911 dataset); OIST Marine Genomics Unit, https://mari-
negenomics.oist.jp/acornworm/viewer/info?project_id=33; a published dataset 
for xenacoelamorphs (59); and NCBI (all other species). We included an additional 
two plant sequences from Arabidopsis thaliana (NCBI) as an outgroup.

Sequences were aligned with MAFFT v7.450 (60) in Geneious Prime 
(Dotmatics). Sequences that were >95% identical to another and sequences 
that were excessively long or short were removed. The final alignment contained 
246 sequences with 4692 columns (including gaps). From this alignment, we 
generated a maximum- likelihood phylogenetic tree using IQ- Tree (61) with a 
Q.pfam+G4 substitution model (62) (log- likelihood of model - 410679) and both 
SH- aLRT (63) and ultrafast bootstrap (64) branch support.

Molecular Biology and Heterologous Expression. Delta iGluR sequences were 
commercially synthesized and subcloned (Genscript Biotech Netherlands) into 
a custom vector so that finally each coding sequence had silent mutations to 
remove internal restriction sites, a C- terminal glycine- serine linker and cMyc tag 
(except for Saccoglossus kowalevskii GluD) and was preceded by a loosely Kozak 
consensus sequence, flanked by Xenopus laevis β- globin 5′ and 3′ untranslated 
sequences, and followed by a poly(A) tail. DanGluD2 and CraGluD sequences 
were codon- optimized for Xenopus leavis in iCodon as we learnt of this software D
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(65). Full delta iGluR sequences in SI  Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca2+ experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 
Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca2+ experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 
Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca2+ experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 
Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI  Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI  Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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(65). Full delta iGluR sequences in SI Appendix, Supporting Text. Rattus nor-
vegicus GluA2 (flip isoform) in the pRK5 vector was a gift from David MacLean 
(University of Rochester Medical Center), and human TARPγ2 (CACNG2) in the 
pcDNA3.1(+) vector was a gift from Stephan Pless (University of Copenhagen). 
Single-  and double- mutant cDNAs were generated by PCR with partly overlap-
ping mutant primers (66) and Phusion Hotstart II High Fidelity polymerase (Fisher 
Scientific). Chimeras were generated by combining fragments cloned with custom 
primers using and according to the GenBuilder Cloning Kit (Genscript). Coding 
sequences of all plasmids were confirmed by Sanger sequencing (Genewiz). 
Capped mRNA was transcribed from EcoRI (all delta iGluRs), SalI (RatGluA2), or 
XbaI (TARPγ2) - digested DNAs with the SP6 (delta iGluRs) or T7 (RatGluA2 and 
HomTARPγ2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA 
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta 
iGluRs) or 10 ng (RatGluA2 9 ng + HomTARP γ2 1 ng) RNA in 40 nL was injected 
(Nanoliter 2010, World Pricision Instruments) into collagenase- treated Xenopus 
leavis stage V/VI oocytes (EcoCyte Bioscience) and oocytes were kept in 50% (in 
water) Leibovitz’s L- 15 medium (Gibco) supplemented with additional 0.25 mg/
mL gentamicin, 1 mM L- glutamine, and 15 mM HEPES, pH 7.6 at 18 °C for two 
(RatGluA2) or three to four (delta iGluRs) days before experiments.

Electrophysiology. Oocytes were continuously perfused with a bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 
7.6 with NaOH, in a plastic recording chamber (RC- 3Z, Warner Instruments). 
For zero- Ca

2+
 experiments, CaCl2 and MgCl2 were replaced with 2 mM BaCl2. 

Oocytes were impaled with Borosilicate micropipettes containing KCl (3 M) and 
voltage clamped with an OC- 725D amplifier (Warner Instruments) controlled 
via an Axon Digitata interface and pClamp v11 (Molecular Devices). Current was 
sampled at 1,000 Hz and filtered at 200 Hz. Drugs dissolved in bath solution 
were applied via an eight- channel, gravity- driven perfusion system (VCS- 8- pinch, 
Warner Instruments). For concanavalin A treatment, oocytes were incubated in 
dishes of concanavalin A- containing (10 µM) bath solution on ice for 5 to 10 min 
immediately before recording.

Immunolabeling. Oocytes were washed twice with phosphate- buffered saline 
(PBS) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C. Fixed 
oocytes were embedded in 3% low- gelling point agarose and sliced with a 
vibratome in 100- µm sections. Slices were washed with PBS containing 0.2% 
bovine serum albumin (BSA) and 0.1% Tween 20 for 3 h at room temperature. 
Slices were incubated with mouse anti- Myc tag monoclonal IgG1 antibody 
(Myc.A7, Invitrogen MA121316, Fisher Scientific) 1:500 in blocking buffer (PBS 
containing 1% BSA and 0.1% Tween- 20) overnight at 4 °C, washed three times 
with PBS, incubated with goat anti- mouse polyclonal IgG (H+L) Alexa Fluor 
568 conjugate (Invitrogen A11004, Thermofisher) 1:1,000 in blocking buffer 
for 1 h at room temperature, and washed three times with PBS. Slices were 
mounted on a glass slide in 50% glycerol, and images were acquired on an 
Olympus FLUOVIEW FV3000 confocal laser scanning microscope with standard 

PMT detectors, 20× air and 30× and 40× silicon oil immersion lenses. Images 
were processed with Fiji software (67).

Data Analysis. Currents were additionally filtered (50 Hz, Bessel 8- pole) 
and measured in Clampfit (Molecular Devices). Data were plotted in Prism v9 
(GraphPad). For simple plots, we have shown all data points, but for concentra-
tion–response and IV plots, we have shown only mean ± SEM for clarity. EC50 
values for each individual oocyte were calculated by variable slope nonlinear 
regression in Prism v9 and used to calculate the means reported in text. Summary 
concentration–response curves are fit to mean data points in figures.

Structural Model. An AlphaFold2 structural model of the AcaGluD LBD was cre-
ated using ColabFold v2 without template information (68, 69). For most figures, 
this was visualized with PyMol v4.6 (Schrödinger).

Computational Ligand Docking. Dockings were conducted using AutoDock 4.2 
(70). The structure file generated by AlphaFold2 was used for the docking experi-
ments of AcaGluD, while RatGluD2 was docked using the PDB structure file (PDB 
ID 2v3u) (13) after removing unnecessary molecules such as water and D- serine 
from the X- ray structure. Both GABA and D- serine molecules used as ligands 
were retrieved from https://pubchem.ncbi.nlm.nih.gov/ (Compound CID: 119 
and 71077 respectively). Employing a blind docking approach, 100 experiments 
were carried out for each ligand, with a maximum of 25 million energy evaluations 
per experiment using the Lamarckian genetic algorithm and default parameters 
from AutoDock4.2. The resulting configurations were clustered ligand binding 
modes with <2.0 Å rmsd from each other. Clusters of energetically favorable 
configurations typically included over 10 similar binding modes: Fig. 2 shows the 
five most energetically favorable; SI Appendix, Fig. S3 shows the overall clustering. 
Images of the ligand- receptor complex were generated using ChimeraX 1.4 (71).

N- Linked Glycosylation Site Prediction. The identification of potential 
N- linked glycosylation sites in AcaGluD, RatGluD2, and RatGluD1 was performed 
using the NetNGlyc 1.0 tool (72) using amino acid sequences as input. The 
parameters used for the NetNGlyc 1.0 analysis were kept at default settings, and 
predicted sites were annotated on amino acid sequence (SI Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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Figure S2. Characterization of Saccoglossus kowalevskii and Crassostrea gigas GluD iGluRs 
(A) Two-electrode voltage clamp (TEVC) recordings in oocytes of four different batches, injected with wildtype 
Saccoglossus kowalevskii GluD (SacGluD) mRNA, showing current responses to different potential ligands. 
Dashed lines, zero current. 
(B) TEVC recordings of responses to different ligands in oocytes injected with lurcher-mutant SacGluDLc. Oocyte 
batch number is separate from that in panel A. Dashed lines, zero current. 
(C) Mean (bars) and individual data points (both n = 20 oocytes, over four different batches) of constitutive 
current in wildtype SacGluD-expressing and lurcher-mutant SacGluDLc-expressing oocytes. Two SacGluDLc data 
points are highlighted: these are shown in panel B. 
(D) Left, Representative recording, and right, mean ± SEM current responses (normalized to GABA-gated current 
amplitude) to increasing ligand concentrations in oocytes injected with lurcher-mutant SacGluDLc. n = 4 (GABA), 
3 (Glu), or 5 (D-Ser and Gly). 
(E) Recordings in oocytes injected with wildtype or lurcher-mutant Crassostrea gigas GluD (CraGluD or 
CraGluDLc) mRNA. 
(F) Anti-myc fluorescent immunolabelling of oocyte injected with CraGluD-myc mRNA and uninjected oocyte 
suggests absence of CraGluD surface expression. 
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Figure S3. Computational ligand docking to AcaGluD and RatGluD2. 
(A-D) Analysis of dockings into clusters of ligand binding modes with <2 Å root mean squared deviation (“RMSD”) 
from each other, for GABA and D-serine at our AcaGluD model (A,B) and the RatGluD2/D-serine structure (PDB 
2v3u) with D-serine removed (C,D). Left, number of runs yielding binding modes within clusters (clusters I-III 
indicated) of decreasing mean binding energy (“mean ΔG within cluster”). Middle, corresponding table showing 
the most favourable binding poses (“Rank 1-3”) for the top three clusters. Right, graphical representation 
indicating ligand binding poses in top three clusters. Orange arrows in (A) and (D) represent AcaGluD E475-A747 
(A) and RatGluD2 E450-A727 (B) Cα-Cα distances of 12.4 Å and 12.0 Å. 
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Figure S4. Pharmacological characterization of delta iGluRs and AMPA iGluRs 
(A) Left panels, example recording of glutamate-gated current in an oocyte expressing RatGluA2 and human 
TARPγ2 (CACNG2). Right panel, % inhibition of glutamate-gated current by pentamidine at different oocytes 
(dots) and resulting means (columns). 
(B) Left panels, example recording of GABA-gated current in an oocyte expressing AcaGluD. Right panel, % 
inhibition of GABA-gated current at different oocytes (dots) and resulting means (columns). 
(C) Left panels, example recordings of oocytes expressing A654T lurcher-mutant RatGluD2 (RatGluD2Lc) in 
response to indicated AMPA iGluR antagonists and D-serine. Dashed line, zero current baseline. Right panel, % 
inhibition at different oocytes (dots) and resulting means (columns). 
(D) Left, mean ± SEM (n = 3, D801A; n = 4, all others) normalized (to maximum GABA-gated current at each 
oocyte) current amplitude in response to increasing GABA concentrations. Right, Ca2+-induced enhancement of 
GABA-gated currents (ICa2+/IzeroCa2+) was similar for 100 μM GABA- and 3 mM GABA-gated currents. 
(E) Example recordings of oocytes expressing wildtype RatGluD1 or RatGluD2 after oocytes were incubated in 

10 µM concanavalin A for 5-10 min. 
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Figure S5. Alignment of active and inactive delta iGluRs 
Major tertiary structural elements are indicated as boxes and labeled, as inferred from high-resolution structures 
of mouse GluD1 N-terminal domain(1) and rat GluD2 ligand-binding domain(2) and moderate-resolution 
structures of human GluD1 and GluD2 full-length receptors(3, 4). Bold cyan and blue, residues that differ 
between active AcaGluD, SacGluD, and DioGluD iGluRs and verified inactive vertebrate delta iGluRs receptors. 
Numbers refer to AcaGluD positions that were mutated. Pink, Lurcher mutant (Lc) position(5), mutated to 
threonine in several Lc mutants in this study. Red, potential Ca2+-binding residues(6), mutated to alanine in 
several mutants in this study. 
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Figure S6. Position of selected amino acid residues in iGluR structures and AlphaFold AcaGluD model. 
(A) Amino acid sequence alignment of membrane-embedded helical segments M2 and M3 from selected delta 
iGluRs and rat AMPA receptor (RatGluA2, PDB 5weo), and magnified view of the channel pore from cryo-electron 
microscopy structure of RatGluA2(7), showing the location of RatGluA2 L602, equivalent to AcaGluD F640, in 
comparison to pore-lining residue RatGluA2 Q607. Helices and selected residues for one subunit are labeled. 
One subunit removed from side view (left) for clarity. 
(B) Left, X-ray structure of D-Serine (blue) -bound RatGluD2 isolated ligand-binding domain (LBD) (2) and right, 
AlphaFold model of AcaGluD LBD, highlighting positions whose mutation in AcaGluD caused severe (magenta) 
and moderate (cyan) loss of function and positions that coordinate ligands in most iGluRs (teal in RatGluD2, 
green in AcaGluD). Helix H (residues 723-736 in RatGluD2 and 744-757 in AcaGluD) has been hidden from the 
foreground for clarity. 
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SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT

8 
 

SUPPORTING TEXT 

 
DNA constructs for expression in Xenopus laevis oocytes 

All DNA constructs were based on a pSP64 vector (ProMega) modified for expression in Xenopus 
oocytes into which the following delta iGluR inserts were sub-cloned. 

ATTTAGGTGACACTATAG, SP6 transcription promoter 

AAGCTT, HindIII restriction site 

GCTTG etc, beta globin 5’ UTR 

GTCGACTCTAGAGGATCC, SalI, XbaI, BamHI, restriction sites 

ACC, loose Kozak consensus sequence 

cMyc + TAA stop codon, 

GGTTA etc, beta globin 3’ UTR 

AAAAA etc, poly(A) sequence 

GAATTC, EcoRI restriction site 

Modified pSP64 vector 

ATTTAGGTGACACTATAGAATACAAGCTTGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCGTCGACTCTAGAGGATCCGAGCAGAAGCTCATCAGTGAGGAAGATCTCTAA

GGTTACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATAATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCGTATCTGCTCCTAATAAAAAGA

AAGTTTCTTCACATTCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACGAATTCGTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG

AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC

ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA

AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCG

CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGC

GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA

GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG

GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTC

ATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC

TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGT

TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCC

CATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG

TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA

AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC

CAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT

ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC

TATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAG

ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT

AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA

AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT

GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG

GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 

 
AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATAAAAGTTGGTGTAATATT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTAAAGCAGCATGCTCAATGTTAAATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCGAACTCTTTCGATGTGCCCCAC

ATTATTGTGCCCGGCGAGGAATGCCTCTCGGAAAAGCATAACAGTTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGAAGCGGTTCTGGACTTGGTATGGTGGCTGAAATGGAAGAG

TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC

CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTAAGGATTCGGACGTCCAACACATGATCACCTTCTGCGACAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT

GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT

CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA

ACTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATGACAACAAACCCAAATCATGGAAAGGGGGCATTCGCCTCCGGAAGATGCTGCACAGGACGGAAACAACTGGGCTGATGGGACGGATGCGGTTTAATCACAGTAG

TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA

GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG

GGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG

AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG

GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCT

ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG

GCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA

CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCC

TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGAGACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACAT

TGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAA

ACTCTTGCGGATCC 

 
CraGluD (Crassostrea gigantea delta iGluR, after  XM_011429946.3 from Genbank) 

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGATTTGGGTAAACCACTAAA

TAATGGAAAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGTTTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA

CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCCACAAACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA

AACTGCCATAGTCAAAATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAA

AAAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGAAATCTTCCCAGAACTATACTTGGAAGAAGTTATCTACGTGGCTACAGATAAGGAACGGACGCTGGGCA

TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG

ATATCCTCTGGACTTCAACAGAACGAAACCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGAAATATCACAGACTTAACATTTCT

TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGAAACCGGATTAATAGGAAAGGAATCGCAGATCCGGGTTTTCAGTTCTACCAAAGATTACGAAACTCCGTTTGAAGAAGTTGCAG

GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCAAAGACTTTGGCAATAAGACGCTGAAGGTCGTTTCCGTCGAGGGAAAACCTTTCCAAATGCGA

GTGGATAAAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGTTCCTAGATTCAGTAGATGGCCTCTATGGAATAAC

TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGAATGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATAACAGCAGACAGAAGAAAAGTTGTAGACTTTCTCTATCCCT

TCCAAGAAGACGGTATCGGAATTATCATGCGAAAGGTTGATAACGAGGCTAACAAGATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT

GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGAAAAATCCTCCAA

GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGGCAAAGGCACCAATAAAAAACT
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TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC

9 
 

TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
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TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCAATCTTCACACCCTATTCGAGAAAGCTGAAGGAGGTATCTATAAGAAGATTTGGGATATGATGAGAGATGTC

CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA

TGAAACCTTCCATAAAGCAGAGCTCTCTTTCGTTATACGTAAGAACGCAGAGTTTAAAGAGGCTTTCAATAAACACATGCTGAAAATGGTGCAAAATGGCATCGTGGATAAGTACAAGAAGATAT

GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG

CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTATGGATCC 

 
DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank) 

 

GTCGACACCATGAAAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAAAAA

GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGTTTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG

AAGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCAACAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTAAATGACGTCATCTTCCAAGTTGTGATGGAGTACAC

TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGAAAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGTTGAATCTAATATTAACA

TGATGATCACTGGAATGTTCCGCACCATGCGAGTGGAAGAACTGCATCGCTACCGAGACACACTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG

GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATAAATGAGGAGATTTCAGATATGGATGTGCAAGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC

TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCAAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG

TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCAAACCTTGGCAAGGAGGAAAGTCCATGCTGGAAACT

GTGAAAAAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC

CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACCGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG

TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTTCAAGAGAGCAGACGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG

CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA

GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC

CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTTCCAAAGGAATGAACCCTTTCGAACGAGACCCTATGTATT

CGCAGATGTGGCGTATGATCAACCGTACAGGAGGAGCCGAAAACAATGTGGAAGAATCAAAAGAAGGAATCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT

GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTTAAGTGGTGGCCAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT

TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC

GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAAACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCCCG

TCAGGCTCTCGAGCAGATAAGCGACTTCCGTAACACACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCAAAGCCGCAGCTGGCTTCGCTTTCG

GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT

AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGGATCC 
 
DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019) 

GTCGACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG

ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA

ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC

GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCCCAATAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA

TTCAGTGATTGCACACATTGTACACTTGGAAAAATGGACGAGTGTAATATTAATACGAGATGAAAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGAAAGTCAGCGGGATAACG

TCAAATTCCATGAGATCAAACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG

ATTGAAATTATACAGACGGCGATGCATCAAGAAATTAGAGGGACTGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC

TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGAACATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA

TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT

TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG

ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAAACCAATCGCTGGACAGGCCTCGTCGGG

GATGTGAAAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCAAACC

GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTTCA

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG

GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA

ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT

AACCGCAAAAACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACAAAATCAAGCAGAAGTGGTTCGAGGG

TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG

CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC 

 
RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank) 

GTCGACACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTAAAAA

AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG

AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA

ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAGAGTAGTCACAGAGTATGC

ATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGGTGGAAAACAACATCAATA

AAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG

GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAATTATTCGGCAGACATTTCC

AGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG

TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGGCGGTCCATGCTGGAGACC

ATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGAACTTGGCAGGGGTGTCCG

TAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG

TCTCTGAAAATGTCTTGGGAAAACCGAAGAAATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACAAATATGGA

AGCCCACAAGAAGATGGGACATGGAATGGACTAGTAGGAGAACTTGTTTTTAAGAGAGCTGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGAATGTTGTGGATTTTACAACACG

CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGAAAAAACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGTGG

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCAAATGGGATCAATGACATCTACTACACTCTATAACTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCAAGGTGGGGAA

GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCAAATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC

CATCCAGTCTCTTCAGGATCTGTCCAAGCAAACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGGGGCTGAATCCTTTTGAGAGGGACAGCATGTATT

CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCAAGCAGGCATTCAAAAGGTAAAATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAA

TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAAAGGATTCT

GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC

TGGCAGGCGTGTTCTGCATCCTGGCCGCGGGGATTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT

GACCTGGAGCACCTCCATAGACGTGTAAATAGCTTGTGCACAGATGACGACAGCCCCCATAAACAGTTTTCCACCTCGTCAATTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA

AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA

GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG

GGCAATGACCCCGACCGAGGCACGTCCATAGGATCC 

 
RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank) 

GTCGACACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG

AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT

TCACCACGTACTGCCTGCCACCTGAACCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAA

GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCAAAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAAAAGGTGGACAAGAACATCAGTCACGTGTTCA

CCAGCCTCTTCACCACCATGAAGACGGAGGAGCTGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGTTCATCAACGAGGCTGTGGAGACCAAC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC

10 
 

TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluDRatNTD (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 
(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluDRatNTDlink (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC

10 
 

TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCAAATCTTCCCATCTGCAAA

GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CCAACGCCTTCCACAGGAAGCTGGAAGACCGGAAGTGGCATAGTATGGCAAGCCTTAACTGCATACGGAAATCTACCAAGCCATGGAATGGAGGGAGATCCATGCTAGACACCATTAAAAAGGGA

CACATCACCGGCCTCACAGGAGTTATGGAGTTTCGGGAAGACAGCTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC

CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAGTGGTGACTGTCTTGGAAGAGCCTTTTGTGATGGTAGCTGAGAATA

TCCTTGGACAGCCCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT

AACACTTCCTGGAACGGGATGATCGGGGAGCTCATTAGCAAGAGAGCAGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA

CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGTGGGTGTGCTCATAT

TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC

CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG

CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTGGCCGTGGTTGAG

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCAAGCAGAAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT

TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGTGGAACAGCAACCGGTGCCACCAGGAGACCCCCAAAGAGGACAAAGAAGTGAAT

CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCAAATTTCCCCAGCATCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCAAGCCAAGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA

GCAGCTCAGCCACCATGCCCTCAATTCAGTGCAAACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT

CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGATCC 

 
SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank) 

GTCGACACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGTTTTCCGATTCAAGCAAGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT

ATTCGAAGAAACTCAAGGAGATGAGAGAAAACTTTTAAAAGAAGCAATCAAAAAAGTTCAAAGGGATACTTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG

ATCCGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCCTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA

CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGTTACAGGAATGGACTTCATT

TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTAATCTAGTTTGGGAAGTCATTTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT

CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGACAACAACCTCTCATCATAGAAACGAACGAAGAGGAGGTGAG

AGGTCACAAAAAGAAGAAGAAAGATAGAATAAATAATGCAAGTATACCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTAATGGATGCT

GTGCGAAAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTAAAGTTCTACAGAACAGGACTTTGAAGATTGTTACTATAGAGGAAGAGCCTTT

TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGATTTCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGAAAT

ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTCGGAGAAGTGGCATATGGGAAAGCAGACATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTAAA

CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT

GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTAAAAAAGAATATTGTGAATGTAAAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG

CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT

CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAATTATCAACGCAATCTAAAATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAAAAGATCCACAATAAA

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGCGAAAGGGGAGGAGTATGCCTTCATGTGGGATTATCCCGTGT

TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG

GAGATGAGGGAGAATGGTCAACTAGAAAAATATCGCAAGAAGACCTGGGAAATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGTTCCACAAATGAGATAGATATTCAAAGTGTTGC

TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCAACGTGG

ATGGTAAGGCTATTGAGGTCAGAGAAGAAAATGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGTTTGAGGATCC 

 
Chimera AcaGluD

RatNTD
 (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD 

(purple). AcaGluD NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCG

TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTA

CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT

GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCC

TTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGC

CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGA

ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT

AATCTTAAAAATGCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACA

sTCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTACAAGAAGCGGGAAAAGGA

GACGGGAAGGACCACATTGGACTGGTCAGACAAACTCCCTCCACGGGAAACGAGAAACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGTTGTTCAAGAGAATGACTCTT

TTGCGTTAACACCTTTGAGACCAAACCCATGGAGCACAACGACAATTCTTTCTGTCCCCCCTGAAGCGACAGAAAACTCTTGCGGATCC 

 

Chimera AcaGluD
RatNTDlink

 (Acanthaster planci delta iGluR with NTD and NTD-LBD linker replaced with 
RatGluD2 NTD and NTD-LBD linker (purple).  RatGluD2 NTD-LBD linker underlined.) 

GTCGACACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT

TGATGAATCTGCTAAAAAAGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACC

CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC

CTCTTCATTCAGCGTTCAACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG

AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACAAAGTTTCCCAGCAGGGAATGGATGTTGCCCTTCAAAAGG

TGGAAAACAACATCAATAAAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGAAGAGCCATCCTTGTTATGAACCCCGCCACAGCCAAATCC

TTCATAAGTGAGGTGGTGGAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGAAATAAATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGTTAACAAT

TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC

TTTACATCTATGACACGGTGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCAATGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA

ACTTGGCAGGGGTGTCCGTAAACTTGGGTGCTGGAATCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC

CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAAC

TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC

CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC

ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT

CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC

TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT

GCAAGAGAGGGGCGAACTAGAAGAACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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