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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.
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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 y-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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Abstract (pa norsk)

I pattedyrhjernen er ionotrope glutamatreseptorer (iGluR) avgjerende for & 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 a utforske
det funksjonelle mangfoldet av deltareseptorer fra en rekke dyr og identifisere det molekylaere
grunnlaget for den funksjonelle divergensen mellom deltareseptorer hos pattedyr. Funnene mine
viser at delta iGluR-reseptorer hos ulike arter av virvellese dyr fungerer pd samme mate som
AMPA/K A-reseptorene hos pattedyr, men at de aktiveres av y-aminosmersyre (GABA), som
tradisjonelt er kjent som en hemmende nevrotransmitter. Denne oppdagelsen peker pa en poten-
siell eksitatorisk rolle for GABA i nevrale kretser hos virvellgse 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 saeregne

funksjonelle divergensen mellom delta iGluR-ene hos pattedyr.
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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 (Ca?") and chloride (CI7)
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



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 Ca?" channels leading to an influx of Ca?". Incoming Ca’" 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 Ca** 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 CI” 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.

1.2 GABA and GABA, receptors

Most inhibitory synapses in the brain and spinal cord use either y-aminobutyric acid (GABA)
or glycine as neurotransmitters. GABA, the most prevalent inhibitory neurotransmitter in the
CNS, operates primarily through GABA, receptors, ionotropic receptors from the pentameric
ligand-gated ion channel (pLGIC) superfamily. In addition to ionotropic receptors, GABA also
acts on metabotropic GABAg 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 CI™ 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 GABA 4 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 GABA 4 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 CI™ relative to the extracellular en-
vironment and its maintained primarily through the activity of the CI" membrane importer pro-
tein sodium-potassium-chloride cotransporter 1 NKCC1 (Payne et al. (2003)). Activation of
GABA 4 receptors under these conditions results in C1~ 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 NKCCl1
decreases and an upregulation of potassium-chloride cotransporter 2 (KCC2) take place. KCC2
extrude CI~ from the inside of the neuron, lowering the intracellular concentration of CI~ below
the equilibrium potential of GABA, receptor-mediated CI™ 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 iGIuR 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: a-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, GIluN3A-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
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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).
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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 iGIuR 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 a-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.

The NTD, 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

(Zn**) and allosteric modulators (Amico-Ruvio et al. (2011); Perin-Dureau et al. (2002)). The
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ATD of GluD2 receptors has been shown to interact with the extracellular cerebellinl (Cbinl)
(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 «a-helices initiates the ion channel’s opening (Armstrong and Gouaux (2000)).
In AMPARSs, 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 GluA2 where S1 and S2 domains are colored accordingly to the linear architecture
(PDB:3kg2).
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The TMD forms the ion channel in iGluRs. The membrane a-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 iGIuR 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 Ca?* (Burnashev et al. (1996)). M3 a-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 SY TANLAAF 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 a-carboxyl group of glutamate interacts with an
highly conserved arginine within the D1 domain and the D2 domain is drawn upwards towards
the ~y-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 «-helices leading to the opening of the ion
channel pore (Armstrong and Gouaux (2000)). From structural and other biophysical studies
of AMPARSs, 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 Ca?" ions (Wollmuth et al. (2000)). This enhancement is due to two Ca>" ions
binding at the LBD dimer interface of GluD2 (Hansen et al. (2009)). Therefore, extracellular
Ca?" and D-serine exert opposing effects on the GluD2-lurcher receptors and the presence of

Ca?" 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, Ca?* 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. Cblnl 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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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 a-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 Ca®" ions, suggesting that the same mechanism of dimer
stabilization of GluD2 by Ca?" is also at play in GluD1. Only recently, near the end of my
PhD studies, it was demonstrated that in human GluD1 receptors, where C6451 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 y-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-C6451-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 mGlul in HEK cells resulted in a slow depolarizing current mediated
by GluD1 that was elicited by 3,5-dihydroxyphenylglycine (DHPG), an agonist for mGlul (Be-
namer et al. (2018)). Similar activity was observed in dopamine neurons where both receptors
are expressed. In midbrain slices, the mGlul 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 mGlul-dependent currents were suppressed in
GRID!1 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
a-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 mGlul receptors (Ady et al. (2014)). In HEK cells this process requires a
functional GluD2 ion channel and DHPG-induced mGlul 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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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.



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, using molecular

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 iGIuR 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 and An-
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 and Nemertoderma westbladi), two cnidarians (Hydra vulgaris and Nematostella vecten-
sis), 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
(Altschul et al. (1997)) 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://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 1Q-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
AAI162459.1, Acanthaster planci XP_022085687.1, Saccoglossus kowalevskii XP_002732006.1,
Diopisthoporus longitubus ¢29957 gl 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 AA162459.1 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 Sall and BamHI sites in a pSP64 (polyA) vec-
tor (Promega) preceded by a loosely Kozak consensus sequence, flanked by Xenopus laevis
(B-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 pRKS vector was a gift from David MacLean (University of Rochester Medical
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Center), and human TARP~2 (CACNG?2) 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.

A
CCTOGTCACAGGTCTGAATGGATCACTGCCC TCAAGAGGTTTTOGCTGC TATCACTAACAACACCACATTTCGCATTOGTAACCOTTOTGOA
PENE TUGEEENTG S P F S RUGIF A A F WS NUNT T F
\GGACAGCTGTCCACACTTACCTAGTGAC AAAACTTCTCCAAAACCACGAAAATAGTCATTOTTGTOOTGTAAAGCGTAACATTGGCAACACCTC
RatD2_ATD_Rev2
B Aca_BB1_For1
. ATD-LEDlinkerRatD2
"CCTGTCACAGGTCTGAATGGATCACTGACAGACAAGAAACTGGAGAATAACATGCCAACATTTCGCATTGTAACCCTTGTGGAGGCGCCGTTC
P G G T ' N R T F R F1
\ ACAGTGCTCCAGACTTACCTAGTGACTGTCTGTTC ACCTCTTATTGTACGCT TGTAAAGCGTAACAT TGGCAACACCTCCLC CAAGC

RatD2_ATD_Rev1

Figure 3.1: Primers design for two chimera constructs Primer design for (A) AcaGluDR*NTD and (B)
AcaGluDRaNTDIink 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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Sanger sequencing results

Primers name Sequence Tw(°C) PCR protocol
98°C - 30
AcaGIuD_S713A_for TAACAGCGCCCTGCATGACTTCTTC 68.9 ORTCEOR
AcaGluD_S713A_rev ATGCAGGGCGCTGTTAAGGATGGTG 72 62”% -30s 25x
72°C - 3 min
72°C - 10 min
Primers name Sequence Tu(°C) PCR protocol
RatGluD2_A654T_for CAAATCTTGCCACGTTCCTCACTATCACCC 71.4 33«8 ) ?8 2
RatGluD2_A654T_rev. GAGGAACGTGGCAAGATTTGCTGTATAAGATG 70 70°C-30s 30x
72°C-45s
72°C - 5min

Figure 3.2: Example of primers design for two mutant constructs Primer design for mutants 4caGluD
S713A (top) and RarGluD2 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 0.25 mg/mL gentamicin, | mM L-glutamine, and 15 mM HEPES, 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 TARP~2
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 Ca,. and MgCl,-free bath so-

lution (see below) and stored at -20. Stocks of 0.1 M pentamidine, 6-cyano-7-nitroquinoxaline-
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2,3-dione (CNQX), 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 2,3-dioxo0-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline (NBQX) were prepared in water.

In experiments, oocytes were continuously perfused with a bath solution containing (in mM)
96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.6 with NaOH based on delta iGluR
experiments performed elsewhere (Naur et al. (2007)), in a plastic recording chamber (RC-3Z,
Warner Instruments). For zero-Ca?" experiments, CaCl, and MgCl, were replaced with 2 mM
BaCl,. Oocytes were impaled with Borosilicate micropipettes containing KCI (3 M) and voltage
clamped at =80 mV with an OC-725D amplifier (Warner Instruments) controlled via an Axon
Digitata interface and pClamp v11 (Molecular Devices). Current was sampled at 1000 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). In most experiments, ligands were
applied for 10 seconds, and oocytes were washed with bath solution for 30 s before another
application. In the case of ligand-gated currents, oocytes were washed for 30 s before another
ligand application. Horizontal bars above currents in figures indicate application of ligands.
Current recordings were additionally filtered (50 Hz, Bessel 8-pole) and measured in Clampfit
(Molecular Devices). Data were plotted in Prism v9 (GraphPad). For simple plots, all data
points are shown. For concentration—response experiments peak current amplitude was plot
against drug concentrations and fitted with the Hill equation. ECsy values for each individual
oocyte were calculated by variable slope nonlinear regression in Prism v9 and used to calculate
the means reported in text. In figures, the mean = SEM data points are shown, along with a

curve fit to these mean data points, for display.

3.4 Immunolabeling of Xenopus laevis injected oocytes

To check the expression of C. gigantea XP_011428248.2, A. planci XP_022085687.1 WT and
F640Y, S713A, R721K, P741N, D825P mutants, cRNA-injected 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
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(Leica) in 100-pm sections. Slices were washed with PBS containing 0.2% bovine serum albu-
min (BSA) and 0.1% Tween 20 for 3 h at room temperature. Slices were then incubated with
mouse anti-Myc tag monoclonal IgG1 antibody (Myc.A7, Invitrogen MA121316, Fisher Sci-
entific) 1:500 in blocking buffer (PBS containing 1% BSA and 0.1% Tween-20) overnight at
4 °C. Subsequently they were washed three times with PBS, incubated with goat anti-mouse
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, 20x air and
30x and 40x 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:
3KG@G2). The .pdb file generated is visualized in Fig. 6.5 A using ChimeraX 1.4 software (Meng
et al. (2023)).
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3.7 Computational Ligand Docking

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-
essary 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 result-
ing configurations were clustered into ligand binding modes with <2.0 A 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 iGIuR family. To do that, representative species were selected
from diverse animal lineages. This selection included species from major bilaterian groups such
as deuterostomes, protostomes, and xenacoelomorphs and non-bilaterian groups like cnidarians,
placozoans, poriferans and ctenophores (two plant iGIuR genes from Arabidopsis thaliana were
also included and used as an outgroup for the phylogenetic tree).

AlliGIuR 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).
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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 iGIuR families. (B) Animal lineages
and species used for iGIuR 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 iGIuR 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 iGIuR 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 iGIuR 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”) and Meara 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).
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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
(RatGluD2%¢ and DanGluD2AZ®), 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 (“RatGluD14¢”) as this mutant showed greater consti-
tutive activity than the A-T mutant (Yadav et al. (2011)). RatGluD2¢ constitutive current was
reduced upon application of D-serine (ICsp = 2 £ 0.2 mM, n = 4) and glycine (ICsy > 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 RatGluD2¢, other vertebrates receptors DanGluD2A™ and
RatGluD14C demonstrated additional sensitivity to GABA. Specifically, GABA induced inac-
tivation of 58 + 8% (n = 4) for DanGluD2A¢ receptors and 86 + 5% (n = 10) for RatGluD14¢,
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-C6451 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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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 RatGluD2¢ 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 RatGluD14€ and RatGluD2%¢. (D) Left, Example record-
ings at Xenopus oocytes expressing DanGluD2A’ 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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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 4caGluD receptors (Inx = 8.2+ 1.2 pA (n=4); [ = 1.9
0.4 pA (n=9) respectively). Glycine and D-serine on the other hand had smaller but detectable
currents (Imax = 0.19 £ 0.02 pA (n = 9); Lax = 0.75 £ 0.10 pA (n = 9) respectively) (Fig. 4.4
A). GABA, in fact was the most potent agonist with ECsp = 13 £ 3 uM (n = 5) compared to
glutamate ECsp = 7.8 £ 0.2 mM (n = 3) and glycine EC5p =2.0 £ 0.1 mM (n = 4) (Fig. 4.4 B).
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Figure 4.4: Functional characterization of AcaGluD (A) Left, TEVC recordings of responses to differ-
ent ligands in oocytes injected with AcaGluD. Right, I, 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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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, (SacGluD¢) hoping that this mutation
would reveal the ligand sensitivity somewhat hidden in the WT form. SacGluD*¢ 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 (ECsp = 84 £ 14 uM, n = 4) when compared to glutamate (ECsy = 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.
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Figure 4.5: Functional characterization of SacGluD (A) TEVC recordings in oocytes of four different
batches, injected with WT Saccoglossus kowalevskii GluD (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 SacGluD’¢. n = 4 (GABA), 3
(Glu), or 5 (D-Ser and Gly).

Xenacoelomorph delta iGluRs

In comprehensively exploring the diversity of delta iGIuR genes, I next targeted two genes
from the other, xenacoelomorph-specific sub-branches, as delineated in the phylogenetic tree
(Fig. 4.2). In turn, in my selection of xenacoelomorph genes I tried to represent both sub-
branches therein, and thus a gene from the nemertodermatid Meara stichopi, MeaGluD, and
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 (MeaGluD*¢), 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 ECs, value of 180 + 20 uM
(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 iGIuR genes underwent

significant evolutionary changes, leading to the loss of GABA-gated function.
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Figure 4.6: Functional characterization of Xenacoelomorph delta iGluRs (A) Left, Example record-
ings at Xenopus oocytes expressing WT MeaGluD and (right) lurcher-mutant MeaGluD*¢ (B) Left, TEVC
recordings of responses to different ligands in oocytes injected with DioGluD. Right, Iax at different
oocytes (dots) and resulting means (column). (C) Left, Representative recording to increasing concentra-
tions of GABA in oocytes injected with DioGluD, and (right) mean + SEM current responses (normalized
to GABA-gated current amplitude) to increasing ligand concentrations in oocytes injected with DioGluD.
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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 iGIuR 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.

A B
Wildtype CraGluD Lurcher-mutant CraGluD"®
s S O s
%0 2 %) %0
L L 2L g
T ‘——T— haa S o
_|20nA _20nA
10s 10s

Wildtype CraGluD-
injected oocyte s Uninjected oocyte

Figure 4.7: Functional characterization of CraGluD (A) TEVC recordings in oocytes expressing
CraGluD and CraGluD%¢ 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 iGIluR family is also closely related to the AMPA and KA receptor
families, and contributes to the broader AMPA/K A/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
delta iGluR genes are exclusive to bilaterians, their distribution is not uniform across all bila-
terian animals, as protostomes sequences (I included sequences from Schmidtea mediterranea,
Crassostrea gigas and Strigamia maritima in my analysis) are absent from the delta family but
for a single sequence from Crassostrea gigas. Therefore, upon the divergence of deuterostomes
and protostomes, the delta gene may have been lost in several major protostome lineages. In-
stead, protostomes might have retained this ancestral AKDF/delta gene, but it then diversified
rapidly across various protostome species. In such scenarios, certain sequences—Ilike that of
Crassostrea gigas—could have evolved to resemble delta genes more closely than they do other
protostome sequences, but others may have evolved so much that they no longer share enough
similarity with delta genes to appear here in the tree.

My attempt in functionally characterizing sequences from the putative delta iGluR family un-
veiled that a large number of invertebrate delta iGluRs are ligand-gated channels activated by
the classical inhibitory transmitter GABA. Given that this functional signature is widespread
throughout the delta iGluR branch, it is reasonable to postulate that GABA sensitivity developed
relatively early following the emergence of the ancestral delta iGluR gene, although deducing

the functional properties of the ancestral delta receptor is challenging, especially with the lack
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of functional data from the basal-branching delta iGluR sequence from Crassostrea gigas. 1
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.
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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 mGlul 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 and GluD2 subunits and NMDA 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 GluD2%¢ currents by a homologous site (Kristensen et al. (2016)). Moreover
pentamidine, which inhibits NMDA receptors in the low pM range (Reynolds and Aizenman
(1992)) showed moderate inhibition of GluD2¢ 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 (Ca®") 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 in Xenopus 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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AcaGluD-expressing oocytes in increasing holding potentials from —80 to 60 mV both in the
presence and in the absence of extracellular calcium (Ca®*) (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 Ca?" does not affect this reversal potential, suggesting that Ca>* permeates relatively
little, however the small currents in the absence of Ca®" 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
Mg?" 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)).

+1

“gomy

o0 mM Ca%*
®1.8 mM Ca*

Figure 5.1: IV curve for AcaGluD Normalized current (I/I_gg v )-voltage relationship of GABA-gated
currents through 4caGluD-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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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 ICso of 0.5 uM, while it inhibits RatGluD2%¢ constitutive current only 74 = 8
% with an ICso of 6.8 uM (Williams et al. (2003)). My experiments on RatGluD2%¢ corroborate
this finding where pentamidine at 100 uM is not able to fully block the constitutive current of
RatGluD2%¢ but reduced it of 68 + 5 % (n = 4) (Fig. 5.2 A). Similarly, in oocytes expressing
AcaGluD receptors, when I applied an EC;( concentration of GABA and glutamate in the pres-
ence of 100 uM pentamidine, currents were substantially smaller than in the presence of ECyq
GABA or glutamate alone (Fig. 5.2 B). Specifically, 100 uM 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 pM 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 RatGluD2!¢. Pentamidine effects at
AMPARSs 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 uM pentamidine on AMPARs. As AMPARSs desensitize
quickly, it can be difficult to assay their pharmacology in oocytes. We therefore co-expressed rat
GluA2 with human TARPy2, 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 uM pentamidine for both
transient and sustained current (Fig. 5.2 C). This indicates a pattern of sensitivity among dif-
ferent types of ionotropic glutamate receptors where the pore blocker pentamidine exhibit more

potent inhibition at NMDA receptors, and less potent inhibition at delta and AMPA receptors.

Experiments involving an active, ligand-gated delta iGIluR have illuminated several key as-
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pects of the delta iGIuR pore’s characteristics. Firstly, this receptor functions as a non-selective
cation channel, aligning with the general pore behavior observed across other iGluRs, despite
being activated by GABA—a neurotransmitter typically associated with inhibitory actions. Sec-
ondly, the channel is subject to blockade by high concentrations of pentamidine (high uM range).
This requirement for elevated pentamidine levels to inhibit without achieving a full block of ion
flux mirrors the pharmacological profile of AMPA receptors. This behavior differs from that of
NMDA receptors, where significantly lower uM concentrations of pentamidine are sufficient to

achieve a complete blockade of ligand-induced currents.
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Figure 5.2: Effect of pentamidine at RarGluD2L¢, AcaGluD, RatGluA2 (A) Example recording in
oocytes expressing RatGluD2¢ in response 100 uM pentamidine. The dashed line indicates zero cur-
rent (scale bars x, 15 s; y, 0.2 pA). Right, % inhibition of constitutive current modulated by 100 uM
pentamidine. (B-C) Left, example recordings of ligand-gated current modulated by 100 uM pentamidine
in oocytes expressing (B) AcaGluD (scale bars x, 5 s; y, 1 pA) and (C) RatGluA2 and human TARPy2
(CACNG2) (scale bars x, 10 s; y, 1 pA). Right, % inhibition of ligand-gated current by pentamidine at
different oocytes (dots) and resulting means (columns).

5.2 Ligand binding domain properties of AcaGluD

One of the striking properties of AcaGluD is the fact that it’s more sensitive to GABA than

glycine or D-serine. This indicates that the LBD must differ from other delta iGluRs biophys-
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ically. To unravel the molecular basis of this distinct ligand preference, I performed a com-
bined computational and functional investigation, comparing the ligand-binding properties of

AcaGluD with those of the glycine- and D-serine-sensitive RatGluD2.

5.2.1 Computational and functional analysis of ligand binding

Central to this investigation was the application of computational docking techniques to explore
the interactions between GABA and D-serine with starfish AcaGluD AlphaFold structural model
(Jumper et al. (2021)) and RatGluD2 X-ray structure (Naur et al. (2007)). After inputting the
amino acid sequence of the receptor’s ligand binding domain (LBD) (Fig. 5.3 A-B), AlphaFold
provided five models (ranked 1 to 5) of its three-dimensional structure (Mirdita et al. (2022))
(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
whole subsequent analysis, I used the first ranked model generated from AlphaFold because it
had a higher overall pLDDT compared to the other four. Within this model I checked which
regions had lower pLDDT score. The first region is in the upper lobe in position 15 to 25 and is
a loop formed by two 3-strands just before the B helix. This region seems to be quite flexible,
pointing away from the rest of the structure and relatively far from the putative ligand binding
site. The second region with a lower confidence score is found on the rear side of the lower lobe
of the LBD from positions 195 to 200. Like the first region, this is a short loop that connects
helix I to the subsequent -strand and its comparatively low pLDDT shouldn’t affect the overall
structure and goodness of the model (Fig. 5.3 D). The AlphaFold model of AcaGluD LBD is

predicted with very high confidence and it stands as a solid base for my subsequent analysis of
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its ligand binding proprieties.

A

MEIPQWIALTCLLLMYILEGVVTSERRVFPSVIKVGVILEQPSSDEDEMIRLSFQHINQNGNILPSTRLDYTVARIASTDPFAAVKAACSMLN
TTVAALVSSTSCETSLALQSLANSFDVPHIIVPGEECLSEKHNSFTVNVRPSQVYLSEAVLDLVWWLKWKSVSMFYDSESAYKNVQQFLHLAA
QSEERKPLEVTLYRVDDRDPASGALGMINILHKAKDSDVQHMITFCDRAQSMRLIRQAARFGMAVGKYQWIITTQDWDMMGDGEPGSFTTAGG
DISEEEGMRFLNGSEGIITLMKQQVKVQTHPLQFYSAWQMLYPDIDREEDANSTYLSPGYLNTIQFKAAYMYDAVRVLAVALNEQVERDKYIE
PEIQHCYDNKPKSWKGGIRLRKMLHRTETTGLMGRMRFNHSSLNDETIAVDVITLESGRNQTKAWKIGGWDPENRLNLVKTPFSRGFAAFISNN
TTFRIVTVVEAPFVNRDETVNGYKYSGFCIDMLELIAKELNLKYELYLVPDGNYGGKNDDGTWNGLIGEVYYGRADLAVAGMVINSDREEVVD
FTKPFMNYGVGILMQKPKKKANIFAFLEPLHIKVWGCVLASLFVVGVLIYIVDRLSPYSSFRRENSPNPEAFDLKNSMWFAFASCMQQGGDTS
PLSISGRVLSAFWWFFALIITATYTANLAAFLTVTRMENPINSLEDLATQKTVVYGTILNSSLHDFFEKRKNQGIYEKMWNFMSTSKIDPWVP
NAEAGYKRVQTEDYAF FWDAPILDYIKQEECDVMTVGKPFNLKGYGIATPRGVPWRDEISMVILKMQERGELEELRKKWFDRESSCLDETDSM
NTKHRAARADINLDQIAGAFYVLIIGAVLSFVVVIVEHVWHKPSFYKKREKETGRTTLDWSDKLPPRETRNNGLSNIENCSSNKHLVVQENDS
FALTPLRPNPWSTTTILSVPPEATENSCGS

1 50
B AcaGluD NTTFRIVTVVEAPFVNRDETVNG--YKYSGFCIDMLELIAKELNLKYELYLVPDGNYGGKNDDGTWNGLIGEVYYGRADLAVAG
RatGluD2 GVVLRVVTVLEEPFVMVSENVLGKPKKYQGFSIDVLDALSNYLGFNYEIYVAPDHKYGSPQEDGTWNGLVGELVFKRADIGISA
(R

100

150
AcaGluD MVINSDREEVVDFTKPFMNYGVGILMQKPNPINSLEDLATQKTVVYGTILNSSLHDFFEKR----- KNQGIYEKMWNFMSTSK -
RatGluD2 LTITPDRENVVDFTTRYMDYSVGVLLRRASSIQSLQDLSKQTDIPYGTVLDSAVYQHVRMKGLNPFERDSMYSQMWRMINRSNG
) D ] (. (I
200
AcaGluD IDPWVPNAEAGYKRVQTEDYAFFWDAPILDY - - IKQEECDVMTVGKPFNLKGYGIATPRGVPWRDEISMVILKMQERGELEELR
RatGluD2 SENNVLESQAGIQKVKYGNYAFVWDAAVLEYVAINDPDCSFYTVGNTVADRGYGIALQHGSPYRDVFSQRILELQQSGDMDILK
I

AcaGluD KKWFDRESSC
RatGluD2 HKWWPKNGQC
]

Predicted IDDT per position

Predicted IDDT

Model Confidence

W Very high (pLDDT > 50)
High (90 > pLODT > 70)

0 50 100 150 200 250

Low (70 > pLDDT > 50)
Positions

M Very low (pLDDT < 50)

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.

In the absence of molecular dynamics simulations, my assessment of ligand binding affin-

ity would require a closed clamshell LBD, the conformation stabilized by ligand-binding and
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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 (X1,X2) that expresses the distance between the upper and lower lobes of the
LBD (Yu et al. (2015)). X1 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. X2 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 (£1,22) = (10.4, 9.7 A). For apo RatGluD2 X-ray structure (PDB: 2V3T) (£1,22) =
(12.7,10.1 A) and D-serine bound RatGluD2 (PDB: 2V3U) (£1,£2) = (9.6, 7.4 A)) (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 £1: distance between residues 547-549
and residues 713- 714, £2: distance between residues 474-476 and residues 746-748 shown in grey lines.

Following validation of the AlphaFold structural model, I adopted a blind docking approach
to investigate the interactions of GABA and D-serine with both the computationally modeled

AcaGluD receptor and the experimentally resolved GluD2 X-ray structure but with the ligand
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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 4caGluD 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 RarGluD2 (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 4caGluD.

A AcaGluD, AlphaFold2 model

2 AG (kcal/mol)
- GABA D-serine

-4.53 -4.33
-4.53 -4.32
-4.45 -4.31
443 -4.31
-4.34 -4.30

TTAG (kcalimol)
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Figure 5.5: Computational ligand docking to AcaGluD and RarGluD2 Five most energetically favor-
able binding poses for GABA and D-serine at AcaGluD model (A) and RatGluD2 X-ray structure (PDB:
2V3U) (B).

In questioning the molecular basis for the preference of different ligands in AcaGluD and
RatGluD2, I aligned LBD residues. Interestingly, the ligand-binding residues shows only mi-

nor differences between GABA-selective and D-serine/glycine-selective receptors (Fig. 5.6 A).
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Indeed, in both receptors, the same major interaction between R553/R530 (from the upper lobe)
and the GABA and D-serine carboxylate and between conserved D763/D742 (from the lower
lobe) and the GABA ~-amine and D-serine c-amine are observed in my dockings.(Fig. 5.5 A-B).
Only three differences were found in the vicinity of the ligand in AcaGluD and RatGluD2 recep-
tors, which may underpin their divergent ligand specificities. First, at position 546 in the upper
lobe of the ligand-binding domain, AcaGluD has a glycine residue (G546), while RatGluD2
features an alanine (A523) (Fig. 5.6 A). Second, residue V548 in AcaGluD is hydrophobic and,
consequently, lacks the capacity for polar interactions with the a-amine of D-serine implied in
my dockings (Fig. 5.6 A). The equivalent position in RatGluD2, occupied by a polar threonine
(T525) can engage in such an interaction in my dockings and in the published X-ray structure
(Naur et al. (2007)). Third, in the lower lobe of the binding site AcaGluD possesses a polar
serine (S713), where RarGluD2 features a small, nonpolar alanine (A686) at the correspond-
ing position (Fig. 5.6 A). Therefore I decided to mutate the residues at these positions in the
AcaGluD receptor to mirror the corresponding D-serine-selective-residues in RatGluD2, gener-
ating AcaGluD mutants G546A, V548T and S713A. I anticipated an increase in the receptor’s
sensitivity to D-serine or decrease in sensitivity to GABA. Contrary to expectations, the ligand
selectivity profile of these AcaGluD mutant receptors was similar to that of wildtype and showed

no increase in D-serine activity (Fig. 5.6 B-C).
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Figure 5.6: Comparative ligand-selectivity analysis (A) Amino acid sequence alignment of selected
LBD segments (4caGluD numbering. Green circle, GABA-selective receptors. Blue circle, D-serine-
selective receptors). (B) Example recording of oocytes expressing the indicated mutant AcaGluD re-
ceptors to different ligands. (Oocytes expressing S713A receptors only responded after concanavalin A
treatment (“ConA”, 10 uM). (C) Mean (+ SEM, n = 4) and normalized responses for mutants tested in
(B). (D) Structural representation of AcaGluD highlighting the positions of mutated residues. GABA and
D-serine in their most favorable binding poses.

The fact that the G546A mutation had no effect on ligand selectivity confirms that it is the
main chain carboxyl group of this residue that is important for ligand binding. Similarly, the
side chain of A686 in RatGluD?2 is perhaps too far from the ligand to interact directly, suggest-
ing that the S713A mutation might also be expected to contribute little to potency directly. The
V548T result was somewhat surprising, as the hydroxyl group of the threonine seems ideally

placed to interact specifically with the amino group of D-serine and not with the CH2 groups
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of GABA (Fig. 5.6 D). Nonetheless, it is consistent with my observation (page 37) that in-
vertebrate receptor SacGluD has pronounced selectivity for GABA over D-serine (Fig. 4.5)
even with the upper lobe threonine residue similar to that of T525 in RatGluD2 (Fig. 5.6 A).
The conserved D763/D742 residue seems particularly important, as it binds to the ligand amine
whether slightly higher in the site for D-serine or lower in the site for GABA. Together these
results might indicate that ligand selectivity is not solely determined by individual amino acid
differences within the ligand-interacting residues but perhaps some other aspects contribute sig-
nificantly to the determination of ligand specificity. In line with this, a recent study has showed
that E475/E450 residue contributes to GABA vs D-serine preference in RatGluD1 receptors and
NMDA receptor GluN1 subunits (Piot et al. (2023)), yet it is conserved in GABA-selective and
D-serine selective GluD receptors (Fig. 5.6 A). This analysis suggests that the underlying reason
for this dual sensitivity likely lies in the structural adaptability of the ligand-binding residues,
including D742, which demonstrate the necessary flexibility and the carboxylate side chain to

accommodate both GABA and D-serine.

5.3 Modulation by competitive antagonists in AcaGluD

In exploring the pharmacological profile of AcaGluD, I evaluated the effects of potential com-
petitive antagonists on the receptor. Competitive antagonists bind to the binding site of the
receptor but without inducing LBD closure and they prevent the agonist from binding and ac-
tivating. Some competitive antagonists such as quinoxalinediones CNQX, DNQX and NBQX
(see Methods, page 24,25) are known to be more selective inhibitors of AMPA/KA receptors
compared to NMDA receptors (Sheardown et al. (1991)), while the opposite has been reported
for compounds such as DCKA (McNamara et al. (1990)) and CGP-78608 (see Methods, page
24) (Auberson et al. (1999)), which are glycine site (GIuN1) antagonists of NMDA receptors.
Since AcaGluD is able to bind not only GABA but also glutamate (like AMPA/KA receptors)
and glycine/D-serine (like NMDA receptors) I wanted to check whether AcaGIuD is sensitive
to AMPA/KAR- or NMDAR-competitive antagonists.
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When applied in isolation, classical antagonists of AMPA/KA receptors, CNQX, DNQX, and
NBQX at a concentration of 100 uM, failed to elicit any detectable currents through AcaGluD
(Fig. 5.7 A). However, when these antagonists were co-applied with GABA at an approximate
EC;30 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, CNQX was 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 RatGluD?2 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 expressing WT RatGluD2 (Fig 5.8 A). Subsequent test-
ing on the mutant RatGluD2%¢ 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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Figure 5.7: Effects of competitive antagonists in AcaGluD (A) Example recordings of competitive
antagonists application NBQX, CNQX, and DNQX (100uM) at AcaGluD-expressing oocytes (scale bars
x, 10 s;y, 0.2 pA). (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 pA). 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 pA). 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 uM 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 GIuN1 and delta subunits

bind glycine and D-serine as agonists.
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Figure 5.8: Effects of competitive antagonists in RatGluD2 and mutant RarGluD2%¢ (A) Example
recordings of competitive antagonists application NBQX, CNQX, and DNQX (100uM) at RarGluD2-
expressing oocytes (scale bars x, 10 s; y, 0.2 pA). (B) Left, Example recordings of competitive antagonists
application NBQX, CNQX, and DNQX (100uM) at consitutive active RatGluD2%¢-expressing oocytes
(scale bars x, 10 s; y, 1 pA). Right, Percent inhibition of consitutive current by CNQX, DNQX, and
NBQX (columns, mean; circles, individual data points).

5.4 Modulation of AcaGluD by extracellular calcium

As I continued to characterize the functional profile of AcaGluD receptors, my investigation
next focused on the potential effects of extracellular calcium ions (Ca®"). This was motivated
by prior research that demonstrated the modulation of mutant RatGluD2%¢ by extracellular cal-
cium (Hansen et al. (2009)). Specifically, extracellular Ca?" exerts two effects on RatGluD2%¢;
enhancement of constitutive activity and reduction of D-serine potency in inhibiting its consti-
tutive current. I tested AcaGluD receptors for these effects. In the absence of Ca®", the maximal
current amplitudes induced by GABA, glutamate, and glycine were small while the introduc-
tion of 1.8 mM Ca?* to the extracellular solution resulted in a substantial enhancement of these
currents. For instance GABA-evoked currents increased from 0.30 = 0.03 pA (n=5)to 6 +
1 pA (n = 5), glutamate-gated currents from 0.42 £+ 0.13 pA (n =4) to 5.8 £ 0.6 pA (n = 3)
and glycine-gated currents from 0.062 + 0.007 pA (n=4) to 0.32 + 0.01 pA (n =4) (Fig. 5.9
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A). Interestingly, agonist potency, as measured by ECs, values, was not substantially affected
by the presence of extracellular calcium. GABA and glycine-ECs, values in Ca?-free solution
were 4.8 + 0.6 uM (n = 5) and 1.6 £ 0.2 mM (n = 5) respectively. The presence of 1.8 mM
Ca’?" in the extracellular solution increased the GABA ECs threefold to 13 =3 uM (n = 5), and
glycine ECsy 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 Ca" is to increase agonist efficacy rather than significantly
alter agonist affinity. Whether the absence of Ca®* 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 CI" and Na™ modulation of AMPARs and KARs, I
think the latter two are more likely (Plested and Mayer (2007)).
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Figure 5.9: Calcium modulation of AcaGluD (A) Left, electrophysiological traces for 4caGluD, show-
ing current responses different ligands in the absence (top) and presence of 1.8 mM Ca®* (bottom). Right,
Maximum current amplitudes elicited by GABA, glutamate, and glycine in the absence (0 mM) and pres-
ence (1.8 mM) of Ca®* (columns, mean; circles, individual data points). (B) Left, Dose-response curves
normalized to maximum current in respective condition, (I/Imax) (mean £ SEM, n =5 to 7) and (Right)
example responses to increasing concentrations of GABA in the absence or presence of extracellular Ca2*
(scale bars x, 10 s; y, 0.15 pA).

To understand how ligand-gated currents are modulated in A4caGluD by extracellular Ca®",

I referred to a previous study which showed that the carboxylate side chains of E5S31, D535,



60 5. Results II - Pharmacological and biophysical properties of AcaGluD and relation to other iGluRs

and D728, located at the back of the LBD in RatGluD2%¢ receptors, play a key role in Ca?*
modulation (Hansen et al. (2009)). As these residues were also conserved in AcaGluD (Fig. 5.10
A-C) I decided to verify their contribution to the Ca?" enhancement of ligand-gated I observed in
AcaGluD. With the help of Allan Barzasi, a visiting master’s student in our lab, we mutated these
carboxylate residues to alanine, which has a small, nonpolar side chain thereby disrupting any
putative contribution of that residue to Ca?>" enhancement. AcaGluD mutants E554A, D558A
and D801A showed no enhancement of ligand-gated currents by Ca®" (Fig. 5.10 E). This was
the case with both 100 uM 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 ECsy values differing little
between WT and mutants (WT = 13 =3 uM (n=5), D558A = 18.3 £ 4.6 uM (n = 3), DSO1A
=6.1 3.6 uM (n = 4)) although E554A showed threefold increased GABA potency (E554A =
3.0+ 0.3 uM (n =4)).
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Figure 5.10: E554, D558 and D801 are responsible for calcium modulation in AcaGluD (A) Se-
quence alignment of AcaGluD with RarGluD2, highlighting conserved residues implicated in calcium
binding (4AcaGluD 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 ES54, D558, and D801 (top view). (D)
Ca?"-induced enhancement of GABA-gated currents (Icgy+/I erocar+) Was similar for 100 uM GABA- and
3 mM GABA-gated currents (columns, mean; circles, individual data points). (E) Electrophysiological
traces for AcaGluD WT and D558 A mutant, showing current responses to 100 uM GABA in the absence
and presence of 1.8 mM Ca?*.

5.5 Conclusion

In this section of my thesis, I have sought to elucidate the pharmacological and biophysical
properties of delta iGluRs. The study was driven by the discovery that numerous invertebrate
wildtype delta iGluRs show ligand-gated currents in Xenopus laevis oocytes. Central to this

investigation was the crown-of-thorns starfish 4caGluD receptor, which was selected for its
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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 Mg?" 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 NMDARSs which require prior depolarization by
other means to release Mg?* 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 (GABA, 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 iGIuR 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 iGIuR 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 Ca?* on current modulation, draw a parallel with the
established mechanisms of calcium modulation in RatGluD2%¢. In RatGluD2 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.



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 iGIuR 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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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 (Cblnl) that in complex with presynaptic S-neurexinl (-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 5-NRX1-Cblnl, 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 RarGluD2 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 RarGluD2 Car-
toon illustrating the percentage of sequence identity across different domains when comparing 4caGluD
and RatGluD2 iGIuR 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 RarGluD2, while varying the
NTD-LBD linkers between species. The first construct, named AcaGluDRNTP integrates the
RatGluD2 NTD while preserving the original NTD-LBD linker from AcaGluD. The second
construct, AcaGluDRNTPlnk 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).



68 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

A B <«NTD NTD-LBD linker LBD >

AcaGluD LNLVKTPFSRGFAAFISNNTTFR
AcaGIluDReNT® LNGS|L -PFSRGFAAFISNNTTFR
AcaGluDRaNTOlink | NGSLT-DKKLENNM- -R--TFR
LR

RatGluD2 LNGSLT-DKKLENNM- -RGY
425 441

NTD

<—N.EE|;Ié?D C AcaGluDReNTD AcaGluDReNTink
i N

LBD

c c
@» AcaGluD @ RatGluD2

C

Figure 6.2: AcaGluDR*™NTD and 4caGluDR2NTDlink 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 RatGluD?2 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, AcaGluDR*NTD and 4caGluDR*NTPlink 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 AcaGluDR*NTPlink when compared to AcaGluDR*NTP 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 4caGluD®*NTP 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 GIuN2D)
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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(2009)). Thus, the change in ligand efficacy among the chimeric constructs suggests that the
NTD-LBD linker is coupled to the channel gating apparatus, but overall these results show that
the substantial differences in the NTDs between AcaGluD and RatGluD2 do not play a key role

in the loss of function observed in vertebrate delta iGluRs compared to delta iGluRs in other

deuterostomes.
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Figure 6.3: RatGluD2 NTD does not abolish the activity of starfish 4caGluD iGluRs Left, Ligand-
gated currents in oocytes expressing mutant AcaGluD receptors containing the NTD from at GluD2
(AcaGluDR*NTDY or the NTD and NTD-LBD linker from RatGluD2 (4caGluDReNTPlinky - (Seale bars:
x, 10 s; y, 2 pA). Right, Summarized data normalized to maximum GABA-gated current at each oocyte
from experiments illustrated left.

6.2 RatGluD2-like mutations in the LBD and TMD signifi-
cantly alter AcaGluD activity

Chapter 6.1 results indicate that the molecular determinants of vertebrate delta iGluRs inactivity
must be found outside the NTD, namely in the ligand binding domain (LBD), transmembrane
domain (TMD) or in the intracellular C-terminal domain (CTD) of the receptor. Presumably, in
early vertebrate delta iGluRs, mutations must have occurred at amino acid positions important
for ligand-gated channel activity in the LBD, TMD and/or CTD, and at these positions, extant
inactive vertebrate delta iGluRs must differ from active invertebrate delta iGluRs. Moreover,
the active delta iGluRs probably show conservation of biophysical properties of the amino acids
at these positions, whereas the amino acids at these positions might differ among inactive delta
iGluRs which have already lost activity. I therefore generated a sequence alignment of active
and inactive delta receptors, including those characterized in Chapter 4: AcaGluD, SacGluD,

DioGluD (active ligand-gated receptors); and DanGluD2A, RatGluD1, and RatGluD2 (rela-



70 6. Results III - Molecular basis for loss of GABA-gated currents in vertebrate delta iGluRs

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
substituted with its counterpart from the inactive RatGluD2. For efficiency, in two cases, two
residues that were close together were mutated together in single constructs. This led to the
creation of 39 mutant AcaGluD receptors. Figure 6.5 A shows the 41 positions on an homol-
ogy model of AcaGluD receptor based on the X-ray structure of rat GluA2 receptor (Sobolevsky
etal. (2009)) (this is higher resolution than the full-length GluD1 cryoEM structure (Burada et al.
(2020a))). In order to assess the functional impact of these substitutions, I tested the responses
of these mutants to high concentrations of GABA, glutamate, glycine and D-serine and looked
for loss of or significant reduction in ligand-gated currents relative to WT. Out of the 41 amino
acid substitutions, thirty-one exhibited minimal impact on the receptor’s activity. These mu-
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 iGluRs Major 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
etal. (2020b)). 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
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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
(“T/Imax”, left) and maximum current amplitude (“Inax”, 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 pA. (C) Ligand-gated
currents in oocytes expressing indicated mutant 4caGluD 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
expression was 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.
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Figure 6.6: Immunolabeling c-Myec tag in AcaGluD C-terminal (A) Example micropgraphs of unin-

jected, WT and mutants AcaGluD receptors (White scale bars, 100 pm). (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 pA (Fig. 6.5 B). This is a substantial reduction com-
pared to the 8.2 + 1.1 pA 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.

A B RatGIuA2 (AMPA receptor),
PDB 5weo
M2 helix A%G81D F640 M3 helix 180y m
AcaGluD |DLKNSMWFAFASCMQQGGDTSPLSISGRVLSAFWW V)
SacGluD NLKNSYWFALASLMNQGGDTAPYSISGRLLSGFWW \* PR )
Di0GluD SFKNSMWFALASLMQQGGDATPLSISGRILGTFWW ) 9 N
RatGluDl TLHSAIWIVYGAFVQQGGESSVNSVAMRIVMGSWW ( J =¥ <
RatGluD2 TLYNSMWFVYGSFVQQGGEVPYTTLATRMMMGAWW ; ) W
RatGluA2 |GIFNSLWFSLGAFMQQGCDISPRSLSGRIVGGVIWW e y 31~
i [ ) J
RatGIuA2 L602 7] Fisy |
Jéey
£tJ7 )}

Figure 6.7: Position of AcaGluD F640 in corresponding RarGluA2 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: SWEO,
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 remaining nine residues are all positioned within the ligand binding domain of the re-
ceptor and for insight into their position I have utilized the AcaGluD AlphaFold structural model
introduced in Chapter 5.2.1. Interestingly, seven of these nine amino acid residues (G567, S713,
R721, P741, K782, Q772 and D825) are found in the lower lobe of the LBD clamshell (Fig.
6.8). This region is known for its role in the gating process of glutamate receptors: its upwards
movement during binding of the neurotransmitter is a crucial conformational change that via
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
all the remaining positions in the ligand binding domain are not in close proximity to the pu-
tative bound ligand and in fact G567, R721, D825, and K782, located in the lower lobe, along
with M805 and V806 in the upper lobe, are positioned on the back side of the ligand binding
domain. It is therefore possible that they interact with the corresponding back of an adjacent
ligand binding domain, as LBDs from two subunits form one of the two dimers that form the
homotetrameric structure of the receptor. This interface is also of great importance as it was
demonstrated that in AMPA receptors, desensitization is achieved via a rearrangement of the
dimer interface where there’s a significant dissociation of the two adjacent upper lobes and thus
the tearing apart this interface causes the receptor to be in a closed but non conductive state
(Twomey et al. (2017); Sun et al. (2002); Stern-Bach et al. (1998)). The interface, especially
regarding lower lobe residues, is also important for recovery from desensitization in AMPARs
and KARs, ensuring that receptors avoid long lived desensitized states (Carbone and Plested

(2012)).
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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 4caGluD, 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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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 4caGluD 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 injected with 4caGluD-mutants that
had no ligand-gated receptor activity with 10 uM ConA (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-4caGluD mutants (A) Electrophysiological traces
comparing the response of AcaGluD S713A mutant and wild-type AcaGluD to 100 uM GABA before
and after ConA (10 uM) treatment. (B) Summarized current responses to 100 uM GABA (“Igaga”) 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 selected AcaGluD mutants (logarithmic
scale; columns, mean; circles, individual data points).

This result suggests that the mutations which render active delta iGIluRs 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 a-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 on WT 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.
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Figure 6.10: Impact of ConA on RarGluD1 and RarGluD2 and predicted N-glycosylation sites
in AcaGluD and RatGluD1/2 (A) Example recordings of oocytes expressing wildtype RatGluD1 or
RatGluD?2 after oocytes were incubated in 10 uM ConA for 5-10 min. (Scale bars: x, 10's; y, 0.2 pA).
(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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6.3 Starfish-like mutations partly reawaken inactive RatGluD2
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 RatGluD2*
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
RatGluD2%* that carried the same 5 mutations from RarGluD2°* with the additional N763K,
D753Q, Q786M, and R787V mutations that greatly reduced ligand-gated current in 4caGluD

receptors (highlighted in cyan in Fig. 6.11).

Y613

RatGluD2
PDB:2v3u

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%, 10x according to the
multiple mutants they were incorporated into. 10x mutant included 10%, 9%, and 5x positions. 9% in-
cluded 9% and 5x. 5x included only 5x. The Inset cartoon shows LBD within full-length receptor and
approximate position of Y613 and lurcher mutation.
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Furthermore, anticipating the potential persistence of inactivity in these mutants, I created
A654T (Lc) mutant versions—RatGluD25-5* and RatGluD2%%, The rationale behind this ap-
proach was the hypothesis that the constitutively active Le-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-RatGluD25*
and RatGluD2%-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.

RatGluD2% RatGluD2° (ConA)
GABA Gl Gl - GABA Gl Glu D-S
‘— |=y |=L|j Ijléelr == =y L ‘=U‘ Fer
(M |' T
|10 nA
10s
RatGluD2% RatGluD2% (ConA)
GABA G Gy DSer  GABA Gl Gy DSer
r* [' |10 nA
10s

Figure 6.12: RatGluD2** and RatGluD2%* are not ligand-gated receptors Example recordings of
oocytes expressing RatGluD2* and RatGluD2* to different neurotransmitters ligands (30 mM) without
(left) and with (right) 10 uM ConA incubation for 5-10 min.

Examining the Lc-version RatGluD2%% and RatGluD2 % mutants was illuminating. The
RatGluD2">* variant displayed characteristics akin to the standard Lc mutant, RatGluD2%,
maintaining constitutive activity that was inhibited by the application of glycine, D-serine (30
mM each) and by the pore blocker pentamidine (100 uM). When glutamate (L-Glutamic acid
monosodium salt monohydrate (MSG), 30 mM) was applied to RatGluD2%%, a small inward

current was detected (Fig. 6.13 A, D). This inward current can be postulated to result from an
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increase in the concentration of sodium ions in the extracellular environment from MSG that
flow through the channel. However, the RatGluD2/¢°* 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 4caGluD, my
investigation extended to the creation of RatGluD22-1%, 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; RatGluD2¢!%% 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 iGIuRs 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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Figure 6.13: RatGluD2L5% RatGluD2%% and RatGluD2L¢-1%% exhibit different biophysical char-
acteristics (A)-(C) Example current responses to different neurotransmitter ligands (30 mM) and to pore
blocker pentamidine (Pent, 100 uM) in oocytes expressing indicated RatGluD2 mutants. The dashed line
indicates zero current baseline. (Scale bars: x, 10s; y, 0.1 pA). (D) Individual (dots) and mean (columns)
responses to ligands in oocytes expressing indicated RazGluD2 mutants (n =4 to 5).

Upon observing that the S544G mutation induced a shift in ligand sensitivity within the
RatGluD2Le1% 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 RatGluD2%¢ mutant
context. The S544G mutation in the RatGluD2%¢ 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 =
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4), glycine 92 + 3 % (n = 4), and glutamate 25 + 2 % (n = 3), in relation to the inhibition by
pentamidine. This contrasts with RarGluD2* 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=15) %

relative to that of pentamidine (Fig. 6.14 C).
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Figure 6.14: Effect of S544G mutation in RarGluD2¢ (A) — (B) Example current responses to different
neurotransmitter ligands (30 mM) and to pore blocker pentamidine (100 uM) in oocytes expressing (A)
RatGluD2L¢ and (B) RatGluD2%¢ S544G mutant. The dashed line indicates zero current baseline. (Scale
bars: x, 10's;y, 0.5 pA). (C) Fraction of current inhibited by different neurotransmitter ligands relative to
100 pM pentamidine. Individual (dots) and mean (columns) responses to ligands in oocytes expressing
RatGluD2%¢ and RatGluD2L¢ 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
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the hinge region of the ligand binding domain, two §-strands that link upper and lower lobes and
are seven to nine A 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 gating machinery 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 (4caGluD) proved to not compromise
the receptor’s activity. The change in ligand sensitivity observed in 4caGluD 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 (Py) 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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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-function mutations 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 Le-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 iGIuR (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 decreased macroscopic currents and also reduced GABA selectivity in starfish receptor,
and when mutating the same position in RatGluD2¢ 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 S-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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Chapter 7

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
invertebrate delta iGluRs, with a special focus on AcaGluD from Acanthaster planci. Fortu-

itously, another laboratory studied the expression pattern of this very receptor (Roberts et al.
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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 1 consid-
ered more of the echinoderm literature to speculate on the physiological functions of the native
receptor. Contrasting with its typically inhibitory function in vertebrates, applying GABA 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 GABA4 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 GABA, 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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Appendix 1 - DNA constructs for

expression in Xenopus laevis oocytes



DNA constructs for expression in Xenopus laevis oocytes

AlLDNA 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

cMy TAA p codon,

GGTTA etc, beta globin 3’ UTR

AAAAA etc, poly(A) sequence

restriction site

AAC ,GTAATCATGTCATAu TGTTTCCTGTGT TTGTTATCCGCTC, CAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAAJlbLbJJb TCACTGCCCGCTTTCCAGTCGGGARACCTGTCGTGCCAGCTGCATTAATGAATCGGCCARC
GGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCARAGGCGGTAATACGGTTATCC
ACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAA! CGCGTTGCTGGCGTTTTTCCATAGGCTCCG 'CCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTT CCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCC! CCTGCCGCTTACCGGATACCTGT
CCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGRACCCCCCGTTCAGCCCGACCGCTGE
GCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTC AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGAT TACGCGCAGAAARARAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGARCGRAAACTCACGTTARGGGATTTTGGTC
ATGAGATTATCAARAAGGATCTTCACCTAGATCCTTTTARATTARAAATGAAGTTTTAAATCAATCTARAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT TAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCC CGAG GTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTARTTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTT TGGCTTCATTCAGCTCCGGTTC CGATCARGGCGAGTTACATGATCCCC
CATGTTGTGCAARARRAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTG! bLAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTC, GTCATTCTGAGAAT TC GACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTcGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGT! TGCCG! TAAGGGC! CGGARATGTTGAATACTCATACTCTTCCTTTTTCARTATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCG TACATATTTGRATGTATTT. TARACARATAGGGGTTCCGCGCACATTTCCCCGAARAGTGCCACCTGACGTCTARGRAACCATTATTATCATGACATTARCC
TAAAARTAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTC! TGACGGTGAARACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTARGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTT! CCG CGCAAGGAATGGTG! TGGCGCC GTCC GCCAC CCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCAL TGTGGCGCCGGTGATG! CACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGARACTC: GGTTCGTCCAACC: CGACTCTGACGGCAGTTTAC TGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTARTACATARCCTTATGTATCATACACATACG

AcaGluD (Acanthaster planci delta iGluR, after XM_022229986.1 from Genbank)

CACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTT TCAGTCATAARAGTTGGTGT

AGAACAGCCGTCGTCAGATGAGGACGAGATGATTCGACTCTCATTCCAACATATAAACCAAAACGGGAACATCTTACCGTCAACCCGATTGGATTATACCGTGGCAAGGATAGCCTCCACAGATC
CCTTTGCAGCCGTT, ‘CAGCATGCTCAATGTT. TAC. TGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGT TGGCGAACTCTTTCGATGTGCCCCAC
ATTATTGTGCCCGC GAATGCCTCTC T: TTTTACGGTTAACGTGCGACCAAGTCAAGTCTACCTGAGCGARGCGGTTCTGGACTTGGTATGGTGGCT TGGRAGAG
TGTCTCTATGTTCTACGATTCAGAGAGCGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAATCGGAGGAGCGCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTAACATCTTGCACAAAGCTARGGATTCGGACGTCC: C. TGATCACCTTCTGC CAGAGCCCAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGARATACCARTGGATTATTACAACACAGGACTGGGACATGAT TGGCGAGCCGGGGAGCTTCACGACGGCTGGCGGGGACATCTCTGAGGAAGAGGGCATGAGATT
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGAAGCAACAGGTCAAAGTTCAGACCCACCCTCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGACAGGGAAGAGGACGCTA
AcTCCACTTACTTGTCGCCGGGGTATCTCAACACGATCCAGTTCAAAGCAGCCTATATGTACGACGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACAAGTACATTGAA

CCCGAGATACAGCATTGCTATG. TCA' TTCGCCT! G GCACAGGACGGAAACAACTG! CGGATGCGGTTTAATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTAACAACACCACATTTCGCATTGTAACCGTTGTGGAGG GTTCGTTAATCGG! CAGTGRATGGGT. GTACTCGGGGTTTTGCATCGACATG

TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGARACTACGGAGGARAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCARCTCCGACCGCGAGGAAGTGGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCARAAGCCCAAGARGARGGCCARCA
TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGT CCGGCTCAGCCCTTACAGCAGTTTCCGGCG

ARAC CCCGGRAGCCTTCGACTTG GCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTC CTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCT
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGcAGAAAACcGTGGTCT
ACGGCACCATCCTTARCAGCAGCCTGCATGACTTCTTCGAGARGCGARAGAATCAGGGTATCTACGAAARGATGTGGARCTTCATGTCCACCTCCARGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGTACARGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCARGCAGGAGGAGTGTGACGTCATGACTGTGGGCARGCCCTTCARCCTGAAGGGATA

cGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAATG GAACT, TCCGT. GTGGTTCGACCGGGAATCCAGCTGCC
TGGAT! CGGAC TGAAT; TCGCGCCGCCCGGGCCGACATCAACCTGER GATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATT
GTGG; GTTTG GCCGTCCTTCT: GRAGC CATTGGACTGGTC. CTCCCTCCACG! CGAG: TGGTCTTTCTAACAT
TGAARATTGTTCTTCCARTAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGT TAACACCTTTGAG, CCCATGGAGCACARCGACAATTCTTTCTGTCCCCCCTGARGCGACAGARA
ACTCTTGC

CraGluD (Crassostrea gigantea delta iGluR, after XM_011429946.3 from Genbank)

STCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTARCTGGACAGTGGGAGTCATCTACCAGAGTGACAAGTGGACTGAT T TGGGTARACCACTARR
TAATGGAARGGTCACTGCCGTTCAGGAATACCTGTTGCATCARGTCGATAATTCGGACGCTTTTTCAATGTATCAGARAGT TTCCARCTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTT
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGARGTCTGTCCACARACCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
ARCTGCCATAGTCAARATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCARCGTCATTTACGATTCARCATCTTCTTACTGCGTTCAGGAACTCATCGTGTTACTGACCAR
ARAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACAACATCTGACGCTGGARATCTTCCCAGARCTATACTTGGARGAAGT TATCTACGTGGCTACAGATARGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGAATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCT
ATATCCTCTGGACTTCAACAGAACGAARCCACGGCAGCTGATTTGCTTTCGGAAGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGARATATCACAGACTTAACATTTCT
TCGCTTTAACCTCAAGCAATACATGATGGGATCTTCCGACGARACCGGATTAATAGGAAAGGARTCGCAGATCCGGGTTTTCAGTTCTACCARAGATTACGARACTCCGTTTGARGAAGTTGCAG
GTTACTCACAGGATACTCGTAATTTTAATGTAGCTGACGATCGACTTTACAAGTGCATTTTCARAGACTTTGGCAATARGACGCTGAAGGTCGTTTCCGTCGAGGGARRACCTTTCCAAATGCGA
GTGGATARAGGCAATGGGTCCTTCTACTATTACGGATTTACATACGACCTGCTGAATGAGTTCGCCAAGCAGTTTAACTTCAGATACGAGT TCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGARAGTGCTTCAGGGATGATCGGAATGATCAT TGATATTGCTGTCGGTGGATTTACRATAACAGCAGACAGAAGAARAGTTGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCGARAGGTTGATARCGAGGCTARCARGATGTTTCGGGTCTTCAGT TCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCAATTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGARARATCCTCCAR
GTCTG TGCTCGTCTCGTGAT TTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTAACCTTGCTGCCTTTCTGACAGTATCCCTGG! GGCACCAATAAAARACT
TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTARGAATGGTTCCAATCTTCACACCCTATT T TATCTAT, GATTTGGGATATGATGAGAGATGTC
CCTAAARTCATCTCTCCCGATGARGGATATGAGATGATCGTCARRGGAAATTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCARAGC TATGAARGACTGCAAGRATCTAGRRATGGCGGR
TGARACCTTCCATARAGCAGAGCTCTCTTTCGTTATACGTAAGRACGCAGAGTTTARAGAGGCT TTCAATARACACATGCTGARAATGGTGCARAATGGCATCGTGGATAAGTACAAGAAGATAT
GGTGGGATAAGCATTCTTGTCATTCGGCTAATACTGCTACTGAACTCGAATTTARAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTAT TTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTARATACCCARAGAACCGTGTCTCATCCAGTARACAGAGTCTCGARGATATTTCTGTCATCATGGTTGATTAT




DanGluD2A (Danio rerio delta iGluR, after AAI62459.1from Genbank)

GTCGACACCATG, TTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCAARRR
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCAACAATGAAATCCTGGAGACAGAGAAGATAACAGTGTCCGT TTTGTTGAT AACAACCCTTTCC. CTGTGCAGG
ARGCATGCGAGCTTATGAACAGAGGAATCCTCGCTCTGGTCAGTTCTAT TGCATGT GGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA

CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCARCARCTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTARATGACGTCATCTTCCARGTTGTGATGGAGTACAC
TTGGCAGAAGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAATAGARAACTTCCTGGACCAGACGTCTCAGCAGGGGATGGATGTGTCTCTGCAGAAGGT TGAATCTAATATTAACA
TGATGATCACTGGAATGTTCCG! TGCGAGT TGCATCGCT: GAC TGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCARGGCCTTCATCACCGAAGTGGTG
GAGACCAACCTTGTGGCTTTCGACTGTCACTGGATCATCATARATGAGGAGATTTCAGATATGGATGTGCARGAACTGGTCATGAAGTCCATCGGTCGCT TGACCCTGGTGAGACAGACATTCCC
TTTGCCTCAAAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCARAAGACCCTAAGGCACAGATGCTGGAGATTACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCT CCTT GGAGGRAAGTCCATGCTGGARACT
GTGAAARAGGGAGGAGTATCTGGTCTGACCTCCCTGCT TTTAATGATAATGGGTCCAATCCCAACATCCATTTTGAAATCCTGGGTACCAACTACGGT TCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGAATGGAACACTGACcGATAGAAAGCTGGAAAATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGAAGAACCGTTTGTTATGG
TGTCTGAAAATGTGCTGGGAAAACCTAAGAAGTACCAGGGATTCTcCATCGATGTGCTGGATGCTcTGGCCAACTATCTCGGATTCAAATATGAGATCTACGTGGCTCCTGATCACAAGTATGGC

AGCCAGCAGGCTGATGGARCGTGGAATGGTCTTATCGGAGAGCTGGTT! GTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTTCGACCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGTGG
GRACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGAT TCTGTCTCCTCAACCACACTCTACARCTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGARCTC
CATTCARTCACTGCAGGATTTGGCTAAGCAG: TCTCCCTTATGGC: TTCTGGACTCCGCCGTCTACGATCAGGTCCGTTC TGRACCCTTT! CGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTAC, CGi TGT TC TCCGGAAGGTGAAGTAC GTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA

TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGTTGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACATTTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGARGCTTAAGTGGTGGCCARGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGARCCCGTARGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTcTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGcCACcGTGGAAACGTGGTGGACACGACGTAAGGGCTCcCGTGTCcCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTT CAGCCTGTGCACT! CG! CCCi GTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCT

TCAGGCTCTCGAGC) GCGACTTCCGT: CACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCARAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGCAGCCCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATT!

DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou
2019)

GTCCACACCATGGTCAAGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGARATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGAAGGGTGTAATGCGCCGCC! TAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGAATACGGTGGA
TTCAGTGATTGCACACATTGTACACTTGGARARATGGACGAGTGTAATATTAATACGAGATGARAGCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGARAGTCAGCGGGATAACG
TCARATTCCATGAGATCARACTCTTTCTTTACAATCACGATGAGCAGTTGAAGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAARTTATACAGACGGCGATGCATCAAGAAATT. TGGARACGTCAAGAAGT: TGGGTGATAGCTARTCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCGAGAT
TCAGATAGTGTCGATTCTGCGATCATCACTCARACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCAAGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGARCATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGAAGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGAATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACAAGAGCGAAGGCCTAAACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACAATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGARACCAATCGCTGGACAGGCCTCGTCGGG
GATGTGARAGAGCTGAGAGCGCAGATGGCGGTGGCGGGAATGATACGAAACTACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCARACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCT! TCTGTATCGCCGTG CCTT ‘CGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTT

GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGA TGCGACGC TCTCAATCTCGGGCAGAATCCTCG

ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCARGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGT TCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACARCCGACCCTTCCCCGCTCGTAR
ACACATTCGAAGAAGGCAAAGATAAAGTCATCAGGGGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCARAAACTATGCCTTCGCCGTGCCAARRRATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCTACAGGAGTCGGGCGAGCTCGACARAATCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTT GGACGATTCGCTGACACCCGGTC GGCT! TTGCCATCAAG TCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGE

MeaGluD (Meara stichopi delta iGluR, after 16765.1 from transcriptome in Andrikou 2019)

G ACCATGATTCCACCAAGCTGGCAACATGTATTGGTATTTCTTGTATGGCTATTCCACGT TGCTACCATGCAGCTARACAAGCTTAAAATCGGGGTCATCATTGAAAATGTACCGATAGA
GGAAGACATTGTT GTGGACATGATAARCAGTGATGATCGATTCAATGGTGTCTTAGAACCGTTGGTGGCGAGTATTGACGGTATARATCCTGTARCAGTGATCARGRRAGCCTGTG
ATATGCTTAACAACGATATAAGGTTGATAAT: CAACATCATGCGAATCGTTCCCTGGATTGATGGCGTTAGCTACCTCAATACACATGCCACTCATTAACGTCCCGTCCARGTATTGCARA
CCCGTTGAGCAAGGCARCGACTTCATACTTGACATARAGCCCTCGATGAATARCTTACAAGAAGCTGTTCGGGATATAATTAATAT T TGTGGTCATATTCTATGACAGTAR
TTTTGGCTGTGAACH CAGTCATTGGTGG: GTTCGCCARTAACAATGTGTTCTTGTTTAAGACGARCARAGAGCTCTTGE, GACG CAATGGRATCGTTGAGTTCTTCCAGT
TTATTARATCCAACGGARCGAACTATAAGTTTGTTGTTATGACT GTATATACCTCATTAATARAGCTTTGAATATGGGAATGTTCARATCARCTTACTTATGGCTTCTGGCC
AGCCCGGAGACAAACACGAATTTAATCTCAATGGATAAGATAGCTGCTGGTCAGCTGGTCAGATTGAGGTATAGCATATCAACATGGGGTAAGAGGGAGGAAGCTGAGC TGATTAAGACTCAGAT
CTACAAGGCCATTCTGCGAGCCGCGCTCACAGCTCACAGCATCARGAGGAGCTTCTGGTCTCCGCCTCGGGGGCTGACCTGCAGACTCGACGGCARCTACACTAATACTCAATGGTTATCAGGAR
GGATGTTTGCCAAT: TCCGC TTTGAG: CTATGGCCGGGGACATGTACTTTGATGACGACAACARATACTTARRACAATGGATGATCATARTTGAGATARTAATGGATATAGATGAG
TGGAAACAGGTGGGATCGTGGATGCCARATTCCAGACTAAATCTCTCTACTACTGCATTCAGTCCTTT GTTTGARATATTTGCATTTAAAAGTAGCCACAGTTGAAGAAGAGCCCTTTGT
GTACAGRACARAGGARGGGGTCGTCGARGGATTTTGTATAGACCT TCTGAACTCTCTACAGAGTGAACTCAACT TCACTTACACTCTCGTCATC: CACCTACGGGACGATGGACCAAG:
CCRAGGRATGGAATGGCGGCATCAGAGCTCTCATTGACAAGGAATGCAACATCATGGTARGCGGAATGACGATCATTGAGT CCAGAGARACAGTTGTTGATTTTACAGTCCGGTATATGGACTAC
GGTGTAGGCATATTACTCAARAAARCCARTTCCGACRRATGACGTTCTTGGCTTTATCAGACCTCTGGACCTGCAGGTGTGGGGGTGTATCGTGGCCGCCGTCCTGATCGTCGGAGTGATGACGTA
CTTCGTCGTCAAGTTGAGCCCTTATTCARAGATGGAAGATGGGTCGAACGAGTTCCGATACTTCACATTCGCARATTCGGTGTGGTTTAGCGTGACCTCGATCTTGCAACAAGGTCCAGARATGG
TTCCGCAGCCACTTTCTGGCCGGTTGGTGACAGGATTCTGGTGGTTCTTCACTCTCATCATGATCGCCACTTACACTGCCRAACCTGGCTGCATTCCTGACTGTAACACGAATGATCACTCCAATA
GRAAGCATTGAGGATTTGGCTCAGCAATCAGACATARAATACGGCACTCTGCGAGGCTCATCTGTGCAGCARGCATTCAGCGAGT GGTAACTACGTCTTCGAARACCATCAGCCAGTA
TTTCAAGGRAAATCCAGACGTCTTGGTAGATGGARATATCGARGGTTTCGARAGAGTGARATCTGAGAATTACGCCTTCCTATGGGACTATCCTGTCGTTARATGGAAGTCTAGTARAGAATGTG
CTGACTATATTATCGTTGGGAAGCCTTTCTTGCTCARAGGTTACGGGATAGCTTTGCAGCGAGGCTTCCCTTACCE, CTTCAACTCAGCGATACTGAAGTTTCAAGAGAGCGGGAAGCTC
GCCAAGATGCAGAAGAGTTGGTTCGAGCCTGCCACTACAGTCTGTAAAGAGTCTTCCACCARGTTCGGCAGCGGGATTGAACTGAARGATGTAGCCGGTGTCTTTTACGTTCTAATCGTGGGTAR
CGTCCTGGCCTTCATGGCTGCCATTGCTGAGGCTTGCTGGTT CTAC; CGATC. CGTTGATGTCTGARATARATTCAGTTGCTGACACGAG TAGC:
TGCTAATTTCAGTAGATTCTAGARARTCATTATTTGAATCTCAAGGCCAAGTGARTAGTTATCCAATACAGCATGCG, CGACTACCCACCG CCAATARCTATCCT! GACAG!
CCATTGCTGTACACCTCCAGCAGAGARACAGTGAACACGTATTCTGCATCCGCTATGCATCCCCGCCAATTCTACAATATGGATCAACTACATCCTCTTGARAAGGRAGCTACCGTT (A

RatGluD2 (Rattus norvegicus delta 2 iGluR, after NM_024379.2 from Genbank)

CATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCT TCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGAATCTGCTARAAR
AGATGATGAAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGAAATCTTACAGACTGAGAAAATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTGTTCAAG
ARGCATGTGAACTTATGARCCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCAAGAAGTGGCTGCGGCCTCACCAGGAGCAACAGAAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTcATCCTAAGAGTAGTCACAGAGTATGC
ATGGCAGARATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCAT. TTTTTGGAC: TTTC GGGAATGGATGTTGCCCTTCAAARGGTGGAAARCAACATCAATA
ARATGATCACCACGCTCTTTGACACCATGAGGAT. TTGAATCGCTATCGAGACACTCTC CATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGARATARATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGARGGT TAACARTTATTCGGCAGACATTTCC
AGTCCCCCAGRATATARGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCARGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGC: CCTTTCATAAGAAGCTGCAGG! GTG CATGGCGAGCTTGTCCTGTATC. T GCCCTH GGTCCATGCTGGAGACC
ATCAAGRAGGGTGGAGTTAATGGATTGACTGGAGATC TAGAATTTGGAGARART GGAGGTARCCCCAATGTCCACTTCGAARTCCTT! CCAACTAT CTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGARTCCTGTCACAGGTCTGRATGGATCACTGACAGACAAGRAACTGGAGRATARCATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAARATGTCTTGGGARAACCGRAGARATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTARCTATCTGGGTTTTAACTATGAAATTTATGTTGCACCGGACCACARATATGGA
AGCCCACAAGRAGATGGGACATGGAATGGACTAGTAGGAGRACTTGTTTTTARGAGAGCTGACATCGGGATTTCAGCTTTARCCATCACTCCAGACCGGGAGARTGTTGTGGATTTTACARCACG




CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGARARRACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGT!

GACTCCTGGTCTACCTCTTGAACTGGCTTAATCCCCCACGGTTGCARATGGGATCARTGACATCTACTACACTCTATARCTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCARGGTGGGGAR
GTACCATACACAACTTTGGCAACCCGARTGATGATGGGGGCTTGGTGGTTATTTGCTCTGATTGTCATCTCATCTTATACAGCARATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCARACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCAT! TGAATCCTTTT:! GCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGAACAATGTTCTGGAGTCCCARGCAGGCATTCARRAGGTAARATATGGAARCTATGCTTTTGTATGGGATGCAGCTGTGTTGGAR
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGARATACTGTTGCTGACCGGGGGTATGGCATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACAARGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCARGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCARAGCAGAAGGGAGGAGCCCTGGACATCARGAGTC
TGGCAG! TGTTCT TCCTGG! ‘CGGGGATTGTACTCTCCTGCCTCATAGCCGTCCT \GACATGGTGGAGTCGGCGGAAGGGCTCCCGAGTCCCATCGAAAGAGGATGACAAGGAAATT
GACCTGGAGCACCTCCATAGACGTGTARATAGCTTGTGCACAGATGACGACAGCCCCCATARACAGTTTTCCACCTCGTCARTTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGECCCTTTTAGGCACAGGECCCCTARTGEGGGCTTTTTCAGGAGTCCTATCARAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGEGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGATC

RatGluD1 (Rattus norvegicus delta 1 iGluR, after NM_024378.3 from Genbank)

CACCATGGAAGCGCTGACGCTGTGGCTTCTTCCCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTCCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCARGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGTGAGAAGATCACCTACTCCATCAAGGTCATCGAGGCCAATAATCCGTTCCAGGCGGTGCAGGAAGCCTGTG

ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTCACAGACGCCATGCACATCCC: TCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGARCCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGAR
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCT GCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACAARAGGTGGACAAGRACATCAGTCACGTGTTCA
CCAGCCTCTTCACC: TGAAG! TGARATCGCTACCGGGAC TGCGCCGGGCCATCCTCCTGCTT: CACAGGGGGCGCACTCGTTCATCARCGAGGCTGTGGAGACCAAC

TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGARTGAGGAARTCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCARATCTTCCCATCTGCARR
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG

CGCCTTCCAC GCTG CCGGARGTGGCATAGTATGGCARGCCTTAACTGCATACGGAARTCTACC CATG! TCCATGCTAGACACCATTARAAAGGGA
CACATCACCGGCCT! GGAGTTATGGAGTTT:! TCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCAAAGACATGCGCAAGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCT! CCATGG CGCCT GGACTGACTCTCARAGTGGTGACTGTCTTGGARGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCcCAAGCGTTACAAAGGGTTCTCCATAGATGTGCTGGATGCATTGGCTAAAGCTCTCGGATTCAAATACGAGATATACcAGGcCCCTGATGGCAGGTATGGCCACCAACTCCAT
ARCACTTCCTGGAAC! TGA' GAGCTCATTAGC GACTTGGCCATCTCTGCTATTACCATCACC PTTGTGGACTT GCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCAlLlALAL TTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCAT TGGTGGGTGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG
TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATGGGCAGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCT
CGTAAGRACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACT TCAGAGCCAAGG CAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGCAAGAATGGAGGGGCTGACAACTGTGTGTCCAATCCTTCAGAAGGTATCAGGAAGGCAAAGAAGGGGAACTACGCCTTTCTGTGGGATGTG! GTGGTTGAG
TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCARGGGCTATGGGATTGCCCTGCARCATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT

GGAGCTGCAAGACACAGGGGACCTGGATGTGCTCARGCAGRAGTGGTGGCCACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTARATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGT TATGGTGGAAC CCGGT! CCAGGAGACCCCCAAAG. GRAGTGRAT
CTGGAACAGGTGCACCGGCGCATC, GCCTCATGGATG CATTGCT! GCAARATTTCCCC TCCATTGAGCTTTCTGCCCTGGAGATGGGGGGCCTGGCTCCARGCCARGCTTT

GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCARACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGARGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCGGA

SacGluD (Saccoglossus kowalevskii delta iGluR, after XM_002731960.1 from Genbank)

CACCATGGATCGACACGTGTCGTATATTCTGTTGTTGTTTTCGAGTATGTTGAT TTGTTGTGTTTTCCGATTCAAGCAAGAGRAGGACTACCTCGCAACATCAGCATAGGTGTGTT
AATC, TTC. GGATACTTCATTATTACCTCACACAGARTTAATTGTTCACTGGGRAAGGATTGGATTCACAG
ATCcGTACGACATGATTGAACAAGCATGCAGAATATATGGGAAGTCGCcTTCATTAATGATAACATTGACGTCCTGCCAGCCATCTACCTTACTGCAAAATGCTGCTAACGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCARGT TACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGARTCGGCCGATAATGGTARTCTAGTTTGGGARGTCAT TTTACTACGCTACATTGGCGATGRAGTGGGTACAC
GCTGGACATCACAACAACTCAAAAGAATGGACGGAATACATAATTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATcGTTCTTTATcAGGGAATGACAGACACCcAGcTGGAAAATGTGCCTAAGGCATTGGGTATTGTCATATTTGT GAC.
AGGTCAC, G. T. TAAATAATGCAAGTAT. PCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA
TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCATTACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTAACGGATAGATATGCGCTARTGGATGCT
GTGCG TTGGCATATGGG GTC, GCTGAACATGTCAC: CATTTCAGTCCACTTTTARAGTTCTACAGAACAGGACTTTGARGATTGTTACTATAGAGGARGAGCCTTT
TGTTAGAARAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATATTAGACGAGAT T TCCAGARAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGARAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTC GTGGCATATGGG CATGGCAGTAGCTGGAATAACAATAATGGCTGAGCGAGAAGAAGTTGTTGATTTCACTARA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGTGGGGATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCTARARRAGAATATTGTGAATGTARAGGCGATGACT TTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCARGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGATTACTGAGCGGTTTCTGGTGGTTTTTCACT TTARTAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGARTTATCAACGCARTCTARRATCAAATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTARAAGATCCACARTARR

TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGC! TATGCCTTCATGT TTATCCCGTGT
TGGAGTTACAAAARAGARTCGATTGCGATCTTATGACTGT! CTTTCTAT TACGGTTTTGTAACTCCACAAGGAGCGGATT! TGATATATCCATGAGTATTCTG
GAGAT TGGTCAACTAGAAAAATATCGC. CTGGGARATCGAAAGCGAGTGTGAGGACGATGCGGCTATGAT. AGTTCCACAARATGAGATAGATATTCAARAGTGTTGC
TGGTGTGTTCTATATACTTATGATCGGTGCAGGTGTCTCCTTGATAACTGTCTCAGTAGAGATATTGTATTATCATTTTTTGAGGAAGTGTTGCCGACCAACTATAACAGTCCATCCCARCGTGG
ATGGT. CTATTGAGGTC. TGCTATAGAAGATGGTAAATCCTTGTCTAATTCCAGAGT TTGAC

Chimera AcaGluDR*™N™® (Acanthaster planci delta iGluR with NTD replaced with RatGluD2 NTD
(purple). AcaGluD NTD-LBD linker underlined.)

CCACATCGGAGCAATTTT
GATGGCAACAA(
GGCAGACGCCATGCATATCCCTCAC
TCCAC “‘TCTALTT ANTGAAGTCATCCTAAG
TGGACAAAGTTTCCCR AAAGG
X ACACTCTCAGAAGAGCCATCCTTGTT. TGAACCCCGCC“ AGCCAAATCC
TTCATAAGTGAGGTG JquAGACTAn,&J&UJJu_ TTTG: CTP”LACTGuATPA”LATLAATchCAAATAAATGATuquATGTTCASuAACTTGTCAGAAGGTCCATTGGAAS&TTAAL,AT
TATTCGGCAGACATTTCCAGT “CAGAATATAAGTCAGC TTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATC! TTCGCACAGAATATGGAGATTTCTAA(
TTTACATCTATGACACGGTGCTTCTGCTTGCARACGC \G 7 ACAGCATGGCGAGCTTGTCC! AGGRAARACTCCRAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGATTGACTGGAGATCTAGAATTTGGAGAAAATGGAGGTAACCCCARTGTCCACTTCGAAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTARACTTGGGTGCTGGARTCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCARGAGGTTTTGCTGCTTTTATCAGTAACAAC: CATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTARTCGCCAAGGAGTTGRACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGT TTAT TATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCcCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGG

GTTGTCACATCTGAGAGGCGTGTTTTC!

ATGA; . GAATGAGGAAA' GAGAARATCACA

CTTTTCJ\JVTCTTC “"A\CCATuTunLTTMT AACCAGGGCATCTTGGCCTTGETCAGCTCCATTGGTTGCACATCTGCTGEGTCCCTCCAGTCT
B CTCA CAQ)AGCRA AGAAACGATGACTATACCCTTTCAGTT

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCFPP TCCCAAC! CTTCGACTTG: CAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCAACAGG GACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCT TCATCACCGCTACGTACACCGCCAACCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTT CGC CCGTGGTCTACG CATCCTTAACAGC. GCATGACTTCTTCGAGAAGCGAAAGA
ATCAGGGTATCTACGARARGATGTGGARCTTCATGTCCACCTCCRAAGATCGACCCCTGGGTGCCCAACG GGCGGGGTACAAG TCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG

ccGATccTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCcTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGT
ARTCTTARAARTGCARGAGAGGGGCGARCTAGARGRACTCCGTARGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAG,

STCAACCTGGACCAGATTGCCGG! TTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGT! CACGTTTGGCAC GTCCTTCTACRAG,
GACGGGAAGGACCACATTGGACTGGTCAGAC: TCCCT GGG CAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATARGCATTTAGTTGTTCARGAGAATGACTCTT
TTGCGTTARCACCTTTGAGACC CATGG CRACG TTCTTTCTGTCCCCCCTGAAGCGACRGAARACTCTTGCEEATC!




Chimera AcaGluDR*NTPink (Acanthaster planci delta iGLUR with NTD and NTD-LBD linker
replaced with RatGluD2 NTD and NTD-LBD linker (purple). RatGluD2 NTD-LBD linker
underlined.)

SAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
AGAARATCACATTTTCAGTGACATTTGTGGATGGCAARCAACC
CTTTTCAAGCTGTT! GCATGTGAACTTATGAACC CATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCAACAGCTGGGACCCCARGRAGTGGCTGCGGCCTCACCAGGAGCARCAGARAACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTAAG
AGTAGTCACAGAGTATGCATGGCAGAAARTTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGAC TTTCCC GGGAATGGATGTTGCCCTTCARAAGG
TGG. CATCAAT. TGATCACCACGCTCTTTGACACCATGAGGATAG. TTGAATCGCTATCGAGACACTCTC CCATCCTTGTTATGAACCCCGC! GCCAAATCC
TTCATAAGTGAGGTGGTGGAGACTARTCTGGTTGCT TTTGACTGTCACTGGATCATCATCAATGAGGAAATARATGATGTC AACTTGTCAGAAGGTCCATTGGARGGTTAACAAT
CAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TGACACGGTGCTTCTGCTTGCARACGCCTTTCATAAGAAGCTGCAGGACCGGARGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGARAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGT TAATGGATTGACTGGAGATCTAGAAT TTGGAGAARATGGAGGTARCCCCAATGTCCACTTCGARATCCTTGGRACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTARACTTGGGTGCTGGARTCCTGTCACAGGTCTGRATGGATCACTGACAGACARGARACTGGAGAATARCATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGT TAGAACTARTCGCCARGGAGTTGAACCTGARGTATGAGTTGTACCT TGTACCAGATGGARAC
TACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATT TTTATTAT GGACCTAGCGGTGGCCGGCATGGTCATCAACTCCGACCGCGAGGAAGTGGTGGACTTCAC
CRAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAARAGCCCAAGARGRAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTT

TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAGAACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCAACTCTCTAGAGGATTTGGCCACGCAGAAAACCGTGGTCTACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAGAAGCGAAAGAATCAGGGTATCT
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TTTACATCTA

ACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGAC TGGGTG .CGCCGAGGCGGGGTACAAGCGCGT:! GACAGAGGACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTAATCTTAAAAAT
GAACT. CGT. GTGGTTCGACCGGG, TCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC

AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTGGCACAAGCCGTCCTTCTAC
ACATTGGACTGGTCAGACRAACTCCCTCCACGGGARACGAGARACAATGGTCTTTCTAACATTGAAAATTGTTCTTCCAATAAGCATTTAGT TGTTCARGAGAATGACTCTTTTGCGTT CACC
TTTGAGACCARACCCATGGAGCACARCGACAATTCTTTCTGTCCCCCCTGARGCGACAGARRACTCTTGCGEAT




116 Appendix . Appendix 1 - DNA constructs for expression in Xenopus laevis oocytes




Appendix 2 - Publication emerging from

this thesis
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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, Y-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.

iGIUR | 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” (L) 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 iGIuR 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 iGIuR 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. 14 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. 14), whose
closest relatives in terms of other previously characterized genes are
AMPA/KA receptors (dark pink in Fig. 14). 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, S/ Appendix,
Fig. S1). According to our maximum likelihood phylogeny,
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Fig. 1.

GABA-gated channels in the delta iGIuR family. (4) Maximum likelihood phylogeny of animal iGIuR genes. Selected iGIuR branches are colored and labeled.

*, genes characterized in panels B-E.*©, Crassostrea gigas GluD and Saccoglossus kowalevskii GluD, see S/ Appendix, Fig. S2. SH-aLRT support for selected branches
indicated. Detailed branch support and all gene names in expanded phylogeny, S/ Appendix, Fig. S1. (B-E) Example two-electrode voltage clamp recordings of
oocytes expressing indicated delta iGIuR 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 () DanGlu2A and RatGluD2 and A654C-mutant (%) 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
to maximum ligand-induced current amplitude. Dan, Danio rerio. Rat, Rattus norvegicus. Aca, Acanthaster planci. Dio, Diopisthoporus longitibus. (F) % amino acid

sequence identity of selected delta iGluRs.
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protostome delta iGluRs are the earliest branching within the
delta family (* in Fig. 14), 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 (L)
DanGluD2A™ receptors showed constitutive currents that were
inactivated by D-serine and glycine (Fig. 1B). However, in contrast
to RarGluD2", which were only sensitive to glycine and D-serine,
DanGluD2A% receptors and RatGluD1%€ [the Le-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 Band 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 Ra:GluD1 (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 ECs; of 13 + 3 pM (n = 5) was much lower than that
of glutamate (7.8 + 3 mM, n = 3). Fellow invertebrate deuterostome
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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). () 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 uM).
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(acorn worm) SacGluD showed smaller currents, making potency
difficult to measure, although GABA was more potent than other
potential ligands (S7 Appendix, Fig. S2A). This was more evident in
lurcher-mutant SzcGluD*, which showed relatively small consti-
tutive current and inward GABA-gated currents of very high
potency (ECs, = 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 ECs; of 180 + 20 pM
(Fig. 1E). Finally, we tried measuring the activity of the earliest
branching delta iGluR in our tree, protostome (oyster) CraGluD
*in Fig. 14). Unfortunately, we could not establish the function
of this receptor, as we detected no ligand-gated currents in oocytes
injected with WT or L¢ mutant CraGluD mRNA, probably due to
low surface expression, as assayed by oocyte immunolabeling
(81 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 iGIuRs, and c) the fact that AMPA/KA
iGIuR 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 a-amino
acid D-serine (and glycine) instead of y-amino acid GABA. We
investigated this by computationally docking GABA and D-
serine to a starfish AcaGluD AlphaFold structural model and the
RarGluD2 X-ray structure (13). With an upper lobe—lower lobe
separation similar to that of D-serine-bound RasGluD2 (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 Cand 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 RazGluD2 (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 RzzGluD2 (Fig. 2C). Indeed, the major bonding
partner of the GABA y-amine and D-serine a-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 a-amine of D-serine that is formed
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by the equivalent but polar T525 of Ra:GluD2 (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 RzzGluD2, 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 antagomst pharmacology,
and modulation by extracellular calcium ions (Ca®), 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. 34). This suggests that AcaGluD
receptors are blocked by intracellular polyamines and not by extra-
cellular Mg®* ions, which is qualitatively similar to AMPA recep-
tors (29) and chimeric receptors carrying KA receptor LBDs and
RarGluD2 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 AczGluD 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 RaGluD2" channels in the high micro-
molar range (28, 32). We observed that pentamidine (100 pM)
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 uM) elicited 37 + 3% (n = 5)
inhibition of glutamate-gated current through Rz:GluA2 AMPA
receptors (SI Appendix, Fig. S4A4). 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 pM) elicited no currents
at AcaGluD iGluRs, but when coapplied with GABA (~EC,, 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 uM) inhibited only 11 +

https://doi.org/10.1073/pnas.2313853121

A g 00 mM Ca®* B 100
= ©1.8 mM Ca?* 75
' 5 Pent= s
GABA 2 5olfo
80 £
V(mv) <25
1
0
-
NERG
50
c ] BB
NBQX NBQX = S ol
GABA; [T — K [ e OIGABA
3 s
‘\ o
E 50
] =
y & I
_ g O
1001 ® & @
Ca?* 1.8 Ca?* E  18ca* oca®
GABA (uM) OGABA ®GABA GABA  GABA
1 Glu Glu 1
040313 1030 100 ™ oGy *Gly 0 ° -
0mM Ca?* TS N D558A
N
05 Js
s 3

1.8 mM Ca?*
107 10® 105 10‘ 1C|3 102
[Agonist] (M)

1
l/l/ 0
¥ oF %
“4\0%“0""%0*’&

Fig. 3. Pore properties and pharmacology of AcaGluD receptors. (A)
Normalized current (I/l_g, ) -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, 5s;y, 1 pA) 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** (Left) and normalized (to maximum
current in respective condition, “I/I,,,") responses to different agonists (Right,
mean + SEM, n =5 to 7). (E) Fold enhancement (“lc.o./l,eroca2+”) Of GABA-gated
current by 1.8 mM Ca*" at oocytes expressing WT or indicated mutant AcaGluD.
Inset: example recording from oocyte expressing D558A mutant AcaGluD, scale
barsin Dand E: x, 10's; y, 0.15 pA.

5% and 9 + 3% of the GABA-gated currents, respectively (S/ 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 deltaand 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 RatGluDZ (n = 4), but constitutive currents through
RarGluD2" were inhibited 10 + 0.2%, 11 + 0.2%, and 9 + 0.2% by
CNQX, DNQX, and NBQX, respectively (each n = 4, SI Appendix,
Fig. $4C), consistent with the moderate inhibition of RatGluD2™
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®*, which was
prevlously shown to enhance the constitutive activity of mutant
RarGluD2™ channels and decrease the potency with which
D-serine inhibits constitutive activity (37). We observed that
extracellular Ca®" enhanced AcaGluD substantially. In nominally
Ca™*-free solutions, maximum GABA-, glutamate-, and
glycine-gated current amplitudes were 0.42 + 0.13 pA (n = 4),
0.28 £ 0.02 pA (n = 5), and 0.08 + 0.01 pA (n = 10), and these
were increased t0 6.0 + 1.0 A (n = 5), 5.8 + 0.6 YA (n = 4), and
0.33 + 0.01 pA (n = 4) in the presence of 1.8 mM Ca* (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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EC;, values in 1.8 mM Ca”™ (Fig. 3D; GABA ECs, 5 + 0.6 uM
in 0 Ca* and 13 + 3 uM in 1.8 mM Ca™, n = 5; glycine ECy, 2
+0.1 mM and 2 + 0.1 mM, n = 4; glutamate EC;;, ~30 mM and
~10 mM, n = 4). We tested whether AcaGluD enhancement by
Ca”™ is determined by carboxylate side chains on the rear of the
LBD as was shown for RztGluD™ receptors (37). E554A, D558A,
and D801A mutant AcaGluD iGluRs each showed no enhance-
ment by Ca® (Fig. 3£ and SI Appendix, Fig. S4D), indicating that
equivalent, conserved positions determine Ca™" sensitivity in star-
fish and rat delta iGluRs (87 Appendix, Fig. S5). Thus, enhance-
ment by extracellular Ca’* 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 RarGluD2 N'TDs ¢f38% identity between AcaGluD
and RarGluD2 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
RarGluD2: one retaining the NTD-LBD linker of AcaGluD,
“AcaGluD®NTP7 and the other with the NTD-LBD linker of
RatGluD2, “AcaGluD N TPlink> (Fig. 4 A and Band SI Appendix,
Supporting text). Neither chimeric receptor showed drastic differ-
ences from WT AcaGluD, with each showing large GABA-gated
currents (Fig. 4 Cand D). However, we did notice a small increase
in the relative efficacy of D-serine at AcaGluD®NTPlnk (0 4 304,
n = 3) compared to WT and AcaGluD®N™ (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 Rz:GluD2
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,

PNAS 2024 Vol.121 No.6 e2313853121
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Fig.4. RatGluD2 NTD does not abolish the activity of starfish AcaGluD iGluRs.
(A) Cartoon illustrating structural domains of typical iGIuR 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®*N™P)
or the NTD and NTD-LBD linker from RatGluD2 (AcaGluD®*™T®""%)_Scale bars:
x, 10's;y, 2 pA. (D) Summarized data from experiments in C.

RarGluD1, and RarGluD2 (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 RasGluD2, 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 Aand 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 pA (cf. 8.2 + 1.1
pA 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 Ac2GluD delta iGIuR residues,
F640 is in the second helix of the TMD, abutting the channel
pore (8] 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

https://doi.org/10.1073/pnas.2313853121
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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 (“I.,.", Upper) and relative ligand-gated current amplitude (“I/1,,.,.", 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 um. (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 (S/ Appendix, Fig. S6A). (E) Upper, example, and Lower,
summarized current responses to 30 mM GABA (“Igags”) in WT or mutant AcaGluD-expressing oocytes before or after treatment with concanavalin A (“ConA”, 10 pM).

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).

https://doi.org/10.1073/pnas.2313853121

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 RarGluD1 and
RatGluD2 after concanavalin A treatment, but we observed no
difference to inactive, untreated receptors (S Appendix, Fig. S4E).
As RarGluD1 and RarGluD2 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 RzzGluD2
iGluRs to contain at these positions the equivalent r651dues from
starfish delta iGluRs. These mutants were RazGluD2™, containing
YG613FE A686S, K694R, N720L and P806D substitutions (pink
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in Fig. 64), and RarGluD2”, additionally containing N763K,
D753Q, Q786M, and R787V (cyan in Fig. 64). We also generated
AG54T Le-mutant versions, RarGluD22> and RarGluD2"™,
hypothesizing that constitutively active Le-versions could offer
tangible insight on ligand sensitivity in case the former mutants
remained inactive.

RarGluD2™ and RarGluD2” 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
Le-mutant background, however, tangible effects of the starfish
GluD-like mutations were observed. Whereas RarGluD2"™
behaved much like the typical Le-mutant RaGluD2", RarGluD2"**
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 RatGluD25 1%, 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 $544G muta-
tion, as RatGluD2'™ receptors showed inward currents in response
to both glycine and D-serine (Fig. 6 £ 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 Zc-mutant background, it awakens the gating machinery,
leading to Ra:GluD2 channels that are inactive at rest and activated
by glycine and D-serine binding.
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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 5x, 9%, 10x,
and/or Lc according to the multiple mutants they were incorporated into.
10x mutant included 10%, 9%, and 5% positions. 9x included 9x and 5x. 5x
included only 5x. 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 pM) 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=4t05).

PNAS 2024 Vol.121 No.6 e2313853121

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.c.,
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 iGIuR 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 (S 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 RarGluD2 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” RztGluD2 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 Rz:GluD2 iGluRs on
the Le-mutant background, however, indeed led to ligand-gated
channels, cither 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 RarGluD2 Le-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 (87 Appendix, Fig. S5), we show that the Le-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 iGIuR activity via a remarkably similar mecha-
nism. Borrowing from broadly accepted mechanisms of AMPA
receptor activation and desensitization (4), delta iGIuR 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 inbibitory signals in
mammalian central synapses via its activation of type-A GABA

https://doi.org/10.1073/pnas.2313853121

receptors (GABA, 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. iGIuR 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
forxenacoelamorphs (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
thatwere 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 1Q-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 iGIuR 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 B-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
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(65). Full delta iGIuR 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 TARPy2 (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 1| 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 EcoRl (all delta iGluRs), Sall (RatGluA2), or
Xbal (TARPy2) -digested DNAs with the SP6 (delta iGluRs) or T7 (RatGIuA2 and
HomTARPy2) Mmessage Mmachine kits (Fisher Scientific) and then purified (RNA
Clean & Concentrator kit, Zymo Research). 4 ng (AcaGluD), 40 ng (all other delta
iGIuRs) or 10 ng (RatGluA2 9 ng + HomTARP y2 1 ng) RNAin 40 nLwas 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 KCI, 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH
7.6 with NaOH, in a plastic recording chamber (RC-3Z, Warner Instruments).
For zero-Ca”* experiments, CaCl, and MgCl, were replaced with 2 mM BaCl,.
Oocytes were impaled with Borosilicate micropipettes containing KCI (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 uM) 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-um 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% BSAand 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
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PMT detectors, 20 airand 30x and 40 x 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. ECg,
values for each individual oocyte were calculated by variable slope nonlinear
regression in Prismv9 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 (Schrodinger).

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
1D 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 A rmsd from each other. Clusters of energetically favorable
configurations typically included over 10 similar binding modes: Fig. 2 shows the
five most energetically favorable; S/ 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 (S/ 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 iGIuRs

(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 SacGluD*. 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 SacGluD'“-expressing oocytes. Two SacGluD' 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 SacGluD*. 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
CraGluD*) 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 A 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-lll
indicated) of decreasing mean binding energy (“mean AG 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) Ca-Ca distances of 12.4 A and 12.0 A.
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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
TARPy2 (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 (RatGluD2) in
response to indicated AMPA iGIuR 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, Ca?*-induced enhancement of
GABA-gated currents (lcaz+/lzeroca2+) Was similar for 100 uM GABA- and 3 mM GABA-gated currents.

(E) Example recordings of oocytes expressing wildtype RatGluD1 or RatGluD2 after oocytes were incubated in
10 uM 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 iGIuRs 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 Ca?*-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.



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 iGIuR inserts were sub-cloned.
ATTTAGGTGACACTATAG, SP6 transcription promoter

AAGCTT, HindIII restriction site
GCTTG etc, beta globin 5’ UTR

GTCGA “TAGAGGATCC, Sall, Xbal, BamHI, restriction sites
ACC, loose Kozak consensus sequence
cMyc + TAA [e n,

GGTTA etc, beta globln 3’ UTR
AAARAA etc, poly(A) sequence

GAATT EcoRI restriction site

ATG \ARATGTAGCCA'
T GTAATCATGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGG
AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGARACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC
GGTTTGCGTATT GCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCARAGGCGGTARTACGGTTATCC
ACAGAATCAGGGGATAACGC TGTGAGC CAGC: GGCC CGT. CGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
ARATCGACGCTCAAGTCAGAGGT! C GGACTATARAGAT: GGCGTTTCCCCCT GCTCCCTCGTGCGCTCTCCTGTT CCCTG TTACCGGATACCTGTCCG
CCTTTCTCCCTTCGGGAAGCGTG TTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCT GCTGGGCTGTGTGCACGRAC GTTCAGCCCGACCGCTGC
GCCTTATCCGGTAACTATCGTCTTGAGTCC. GTAAG! GACTTATCGCCACT! GCAGCCACTGGT. GGATT. GAGCG TATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGRAGAACAGTATTTGGTATCTGCGCTCTGCTGARGCCAGTTACCTTCGGARARAGAGTTGGTAGCTCTTGATCCGGCARACARACCACCGCTGGTAGCG
GTGGTTTTTTTGTTT! GCAGCAGATTACGC! TCTCARGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTARGGGATTTTGGTC
ATGAGATTATCAAAARGGATCTTCACCTAGATCCTTTTAAATTARRAATGAAGT TTTAAATCAATCTAAAGTATATATGAGTARACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATARCTACGAT, TTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT
CACCGGCTCCAGATTTATCAGCARTAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTARTTGTTGCCGGGAAGCTAGAGTAAGTAGT
TCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCARGGCGAGTTACATGATCCCC
CATGTTGTGCARAAARGCGGTTAGCTCCTTCGGTCCTCCGATCGT TGTCAGARGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCAC
CAGCGTTTCTGGGT! TGCCG! GGG CGGAARATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAG TAAACAAAT. rrrrTch CGCACATTTCCCCGARRAGTGCCACCTGACGTCTARGAAACCATTATTATCATGACATTAACC
TATAARRATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGARRACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTARGCGGATGCCGGGAGCAG
ACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTARCTATGCGGCATCAGAGCAGAT TGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATT
AGGAAGCAGCCCAGTAGTAGGTT! CGTTGAGCACCGCC GCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGARACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCARCCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCT
GGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTCCGGGTGCGGG! GCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTTTACGAGAGAGATGATAGG
GTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCT TGTACATATTGTCGTTAGAACGCGGCTACAATTAATACATARCCTTATGTATCATACACATACG

AcaGluD (Acanthaster planci delta iGIuR, after XM_022229986.1 from Genbank)

G CACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGT TGTCACATCTGAGAGGCGTGTTTTCCCGTCAGTCATARAAGT
GAAC: GTCGTCAGATGAGG: GATGATTCGACTCTCATTCCAACATATAAAC! CGGG: TCTTACCGTCAACCH TTGGATTATACcGTGGCAAGGATAGCCTCCACAGATC

CCTTTGCAGCCGTTARAGCAGCATGCTCAATGTTARATACAACTGTCGCTGCACTTGTGTCTTCTACAAGCTGCGAGACGAGCCTAGCTCTCCAGTCGCTGGCG,
ATTATTGTGCCCGGCGAGGAATGCCTCTCGGARRAGCATARCAGT TTTACGGTTAACGT CCAAGTCARGTCTACCTGAGCG, GGTTCTGGACTTGGTATGGTGGCTGARATGGAAGAG
TGTCTCTATGTTCTACGATTCAG: CGCCTATAAGAACGTGCAGCAGTTCCTGCATCTGGCGGCGCAAT! GCAAGCCGCTGGAGGTGACGCTGTACCGGGTGGACGATAGGGACC
CGGCCAGCGGCGCGCTTGGGATGATTARCATCTTGCACAARGCTARGGATTCGGACGTC CATGATCACCTTCTGCGACAG: FAGAGCATGAGGCTGATTAGACAGGCTGCACGTTTT
GGGATGGCCGTGGGGAAATACCAATGGATTATTACAACACAGGACTGGGACATGATGGGAGATFFPF GGGAGCTTCACGACGGCTGGCGGGGAC
CCTCAATGGCTCCGAGGGCATCATCACCTTGATGARGCAACAGGTCARAGTT TCTGCAGTTCTACAGCGCCTGGCAGATGCTCTACCCGGACATCGAC. TR
ACTCCACTTACTTGTCGCCGGGGTATCTC TCCAGTT GCi TATATGT. CGCCGTACGAGTATTGGCAGTTGCCTTGAACGAACAGGTTGAGCGAGACARGTACATTGAA
CCCGAGRTACAGCATTGCTATGAC, CCCARATCAT! TTCGCCTCCGGAAGATGCTGCACAGGACGGARACARCTGGGCTGATGGGACGGATGCGGTTTARATCACAGTAG
TCTGAATGATGAGATAGCGGTGGATGTCATTACCTTAGAAAGTGGCCGTAACCAGACCAAGGCATGGAAGATTGGCGGCTGGGACCCGGAAAATCGTCTAAATTTGGTCAAAACACCCTTTTCAA
GAGGTTTTGCTGCTTTTATCAGTARCAACACCACATTTCGCATTGTAACCGTTGTGGAG CGTTCGTTAATCGGGACGAGACAGTGAATGGGT: GTACTCGGGGTTTTGCATCGACATG
TTAGAACTAATCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGAATGGCCTGATTGGGGAAGTTTATTATGGTAG
GGCGGACCTAGCGGTGGCCGGCATGGTCATCARCTCCGACC! TGGTGGACTTCACCAAGCCCTTCATGAARCTACGGCGTTGGGATTCTCATGCARAAGCCCAAGAAGRAGGCCAACA

TCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCGTGGTC GTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGCGGGAG
AACAGTCCCAACCCGGAAGCCTTCGACTTGAAGAACAGCATGTGGTTTGCCTTCGCTTCCTGCATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTG
GTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGTCACCCGCATGGAGAACCCCATCARCTCTCTAGRGGAT TTGGCCACGCAGRRRACCGTGGTCT
ACGGCACCATCCTTAACAGCAGCCTGCATGACTTCTTCGAG, G. GAATCAGGGTATCTAC! TGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAG
GCGGGGT. GCGCGTCCAGAC. GACTACGCCTTCTTTTGGGACGCGCCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCAACCTGAAGGGATA
CGGCATTGCTACGCCGCGGGGGGTTCCATGGAGAGACGAGATATCAATGGTARTCTTARAARTGCARGAGAGGGGCGARCTAGAAGAACTCCGTARGAAGTGGTTCGACCGGGAATCCAGCTGCC
TGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATT GCCGTGTTGTCCTTTGTGGTGGTCATT

GTGGAGCACGTTTGG! GCCGTCCTTCTAC: (elel CACATTGGACTGGTCAGACAAACTCCCTCCACG! CGAGARACAATGGTCTTTCTAACAT
TGAAARATTGTTCTTCCAARTAAGCATTTAGTTGTTCAAGAGAATGACTCTTTTGCGTTAACACCTTTG: CRRACCCATGGAGC: CGACAARTTCTTTCTGTCCCCCCTGARGCGACAGARA
ACTCTTGCGGATCC

CraGluD (Crassostrea gigantea delta iGIuR, after XM_011429946.3 from Genbank)

GTCGACACCATGATACAGTCTACTGGATTTATACTGTTTGTCCTAGCTATTCGATCTTCTGCTAACTGGACAGTGGGAGTCATCTACCAGAGTGACARGTGGACTGAT TTGGGTARACCACTARA
TAATGGARAGGTCACTGCCGTTCAGGAATACCTGTTGCATCAAGTCGATAATTCGGACGCTTTTTCAATGTATCAGAAAGT TTCCAACTTTTCCGAGAGTGGTGTGATTGGAATCGTCGCTTTCA
CATCTTGCCCTACTGCTGCAGTTCTTCAGGAGCAGATCGCTTCTACGAACCTTCCACTGATCACCATAGATAATGAAGTCTGTCC. CCTATGACGGCCATCATCATCTGTCCGTGCTTCCA
AACTGCCATAGTCAARATACACAGTTCATCGATATAGTGCTTCACATGAAGTGGGAACATGTCAACGTCATTTACGATTCAACATCTTCTTACTGCGT TCAGGAACTCATCGTGTTACTGACCAR
ARAGAATGTCTCCAGTAATGCCATATTTCTCCATGAAGGACARCATCTGACGCTGGARATCTTCCCAGARCTATACTTGGARGAAGT TATCTACGTGGCTACAGATARGGAACGGACGCTGGGCA
TTGTCTCCGAGGCTATGACACTGGACATGTTCAACCGTTCCTTCTTCTGGGTTCTGAATTTAGACCCATACGCTCTGTGGRATAGCTCCTTGTATAAGCCTGTCCATGAAGGATGTGTTCTTCTG
ATATCCTCTGGACTTCAACAGAACGAARCCACGGCAGCTGATTTGCTTTCGGARGCCCTATCAATATTCCAGCGTGGATTAGATTCTATCGGAGATGGACGARATATCACAGACTTAACATTTCT
TCGCTTTAACCTC: TACATGATGGGATCTTCCGACG:! CGGATTAAT. TCGCAGATCCGGGTTTTCAGTTCTACCARAGATTACG, TCCGTTT! TTGCAG
GTTACTCACAGGATACTCGTAATTTTARTGTAGCTGACGATCGACTTTACAAGTGCATTTTCARAGACTTTGGCAATARGACGCTGRAGGTCGTTTCCGTCGAGGGARRACCTTTCCARATGCGR
GTGGATARAGGCAATGGGTCCTTCTACTATTACGGAT TTACATACGACCTGCTGAATGAGT TCGCCAAGCAGTTTAACT TCAGATACGAGT TCCTAGATTCAGTAGATGGCCTCTATGGAATAAC
TACAGATGATACCGAAAGTGCTTCAGGGATGATCGGARTGATCATGAGAGGGGAGGCTGATATTGCTGTCGGTGGATTTACAATARCAGCAGACAGRAGAARAGT TGTAGACTTTCTCTATCCCT
TCCAAGAAGACGGTATCGGAATTATCATGCG, TTGAT; GGCT: GATGTTTCGGGTCTTCAGTTCGCTGGGAACCGACTCTTGGCTTGCTACCGGCGCAGCTGCTTTTGTTGCT
GCCATAGTGTTGTCARTTATCGTCAAGCTGAGTCCGTTTAGTAAGGGACTTCACAACAAGGTATCTGCTAGCTTTTGGTTGGTTTTCTCCGCTTTTCTCCAACAGGGTGAAGARARATCCTCCAR
GTCTGCCCCTGCTCGTCTCGTGATAGGATTCTGGTGGATCTTCACAATTATCGTCATGTCCCTGTATACGGCTARCCTTGCTGCCTTTCTGACAGTATCCCTGGCARRGGCACCARTARARAACT
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TGGAGGAACTTGCAGCTCAGTCCGTTTACAAGCCATTAATTAAGAATGGTTCCARTCTTCACACCCTATT TATCTAT, GATTTGGGATATGATGAGAGATGTC
CCTAAAATCATCTCTCCCGATGAAGGATATGAGATGATCGTCAAAGG. TTATGCTTACATGACTGATGAATCGGAAGCCCGTTTCAAAGCTATGAAAGACTGCAAGAATCTAGAAATGGCGGA
TGARACCTTCCAT: CAGAGCTCTCTTTCGTTATACGT: CGCAGAGTTT. TTTCAATARACACATGCTGAARATGGTGCARAATGGCATCGTGGATAAGTACAAGAAGATAT

GCATTCTTGTCATTCGGCT TACTGCTACTGAACTcGAATTTAAAAGTACAAGTGGAATATTCATTGTCTATTCCGGATTCATATTTATTTCGGTCATCTGCTGTCTTGTAGAG
CTGTACCTTCGAGGTCGTAAATACCCAAAGAACCGTGTCTCATCCAGTAAACAGAGTCTCGAAGATATTTCTGTCATCATGGTTGATTAT

DanGluD2A (Danio rerio delta iGIuR, after AAI62459.1from Genbank)

ACCATGARAGTTTTTCCGGCAGTACTGTTTCTGATCACATTTTGGTCCCTGGAATGGGAACCTGTTCTTCCCGATTCAATCATTCACATCGGCGCCATTTTTGATGAGTCTGCCARRRA
GGACGATGAGGTGTTCCGTATGGCAGTCGCGGATCTCAATCTCARCAATGARRTCCTGGAGACAGAGAAGATAACAGTGTCCGTGGAGT TTGTTGATGGAAACAACCCTTTCCAGGCTGTGCAGG
ARGCATGCGAGCTTATGARCAGAGGAATCCTCGCTCTGGTCAGTTCTATCGGCTGCATGTCCGCAGGCTCGCTGCAGTCTTTAGCTGATGCCATGCACATCCCTCACCTGTTCATCCAGAGGGCA
CCCGCGGGCACCCCTCGCTCCAGCTGCCCACCARCAACTCGTGCACAACCCGATGACTACACCCTGTTCGTCCGGCCTCCTGTCTATCTARATGACGTCATCTTCCARGTTGTGATGGAGTACAC
TTGGCAGARGTTCATTATCTTCTACGATACAGACTATGATATCCGTGGAAT, CTTCCTGGACCAGACGTCTC GGGGATGGATGTGTCTCTGCAGARGGTTGAATCTAATATTARCA
TGATGATCACTGGAATGTTCCGCACCATGCGAGTGG 'TGCATCGCTACCGAGAC. CTGAGACGTGCTGTCCTGTTCATGTCACCCGCCACTGCCAAGGCCTTCATCACCGAAGTGGTG
GAGACCRACCTTGTGGCTTTCGACTGTCACTGGATCATCATARATGAGGAGAT TTCAGATATGGATGTGCARGAACTGGTCATGAAGTCCATCGGTCGCTTGACCCTGGTGAGACAGACATTCCC
TTTGCCTCARAACACGAGCCAGCGTTGCGTCCGTAACAATCACCGCATCAACACTTCTCTCTGCGATCCCARAGACCCTARGGCACAGATGCTGGAGAT TACCAACCGCTACATCTACGACACAG
TACTGTTGCTGGCTAACACATTTCACCGTAAGCTGGAGGATCGTAAGTGGCATTCCATGGCGAGTCTTTCCTGCATCCGTAAGGGCTCCARACCTTGGL TCCATGCTGGAAACT
GTGAAARAGGGAGGAGTATCTGGTCTGACCTCCCTGCTGGAGTTTAATGATARTGGGTCCARTCCCAACATCCATTTTGARATCCTGGGTACCAACTACGGTGAGGATCGTGGTCGTGGAGTCTC
CCGTCTGGCTACCTGGGACCCAATCCACGGACTGARTGGARCACTGACCGATAGAAAGCTGGARRATAACATGCGTGGTGTCGTCCTTCGTGTTGTCACTGTCCTGGRAGAACCGTTTGTTATGG
TGTCTGAARATGTGCTGGGARRACCTAAGAAGTACCAGGGATTCTCCATCGATGTGCTGGATGCTCTGGCCAACTATCTCGGATTCARRTATGAGATCTACGTGGCTCCTGATCACARGTATGGC
AGCCAGCAGGCTGATGGAACGTGGAATGGTCTTATCGGAGAGCTGGTTTT! G. \CGTAGGACTTTCCGCCCTGACCATCACCCCTGAACGGGAAAGCGTGGTCGATTTCACCACCCG
CTACATGGATTACTCTGTTGGAGTGCTGCTGAGGAAGGCGGAGAGGACCGTCGATATGTTTGCTTGCCTCGCGCCCTT \CCTGTCCCTGTGGGCTTGTATAGCGGGTACCGTCCTGCTTGT

GAACTCTTGTCTATCTGCTCAACTGGCTTAATCCTCCTCGTCTTCCGATGGGCTCTGTCTCCTCAACCACACTCTACAACTCCATGTGGTTTGTCTACGGCTCTTTTGTCCAGCAGGGAGGCGAA
GTGCCCTACACAACTCTGGCTACCCGTATGATGATGGGTGTTTGGTGGCTGTTTGCTCTAATAGTCATCTCCTCCTACACGGCTAATCTGGCTGCTTTTCTTACCATCTCCCGCATTGAGAACTC
CATTCAATCACTGCAGGATTTGGCTAAGCAGACAGATCTCCCTTATGGCACGGTTCTGGACTCCGCCGTCTACGATCAGGTCCGTT AAGGAATGAACCCTTTCGAACGAGACCCTATGTATT
CGCAGATGTGGCGTATGATCAACCGTAC CGi TGT GAATC, G. TCCGGAAGGTGAAGTACGGACGTTTTGCATTCGTGTGGGATGCAGCTGTGCTGGAA
TATGTCGCCATTAATGACGAGGACTGTTCGCTGTACACCGTCTCTAACAATGT TGCTGATAGAGGATACGGCATGGCTATGCAGCATGGCAGTCCTTACAGAGACAT TTTCTCTCAGCGTATCCT
GGAGCTTCAGCAGAATGGAGATATGGACATCCTGAAGCTT. TGGT CAAGGGACAGTCCGTGCGACCTGTACTCTCCAGTCGGAACCCGTAAGAGTGGCAGCGCCCTGGACATCCACAGTT
TTGCTGGAGTCTTCTTTGTTCTAGCGGCAGGTGTGGTCCTGTCCTGTCTGATTGCCACCGTGGAAACGTGGTGGACACGACGTAAGGGCTCCCGTGTCCCATCGAAGGAAGACGATAAAGAAATC
GACCTGGAACACCTGCACCATCGTGTTAACAGCCTGTGCACTGAAGACGAGAGCCCCCACAARACAGTTCTCCACCTCCTCCATCGACCTGACGCCCCTTGATATGGATTCCCTCCCTGCTGCC

TCAGGCTCTCGAGCAGATAAGCGACTTCCGT: CACACATCACCACCACCACCTTTATACCCGAGCAGATTCAGACTCTCTCACGTTCCCTGTCCGCCARAGCCGCAGCTGGCTTCGCTTTCG
GGGCTGTACAGGATCACCGGACTGGGCGTCCCTTTCGTCAGCGTGCCCCTAATGGCGGCTTCTTTCGC, 'CCTGTCAAAACAATGTCTTCAATCCCTTATCAGCCCACCCCTGCTCCCAACTTT
AGCTATGGAAACGACCCGGATCGAGGAACTTCCATTGE!

DioGluD (Diopisthoporus longitubus delta iGluR, after c29957 from transcriptome in Andrikou 2019)

ACCATGGTCARGTTTACGCACATCGAACACGTGCTTTTCCTTCTGGCGACGTTATGCTCGTTTGTGCTGAAATCATCGGGTAGCAGTGGTGGAAGTGACTTCAGCTCGATACGGCTCGG
ATTCATCATAGAGCAGACGAGTGGAAGTGAGTTTCCACTTGATCAAGTCAATTCCCTGCTTCAGGATGAGGACGAGACAGCTCCTTCGCTCCTTAGCTATAGCATCGAAGTGATCGACTCTCAGA
ACCCGTACCTAGTAGTGCAGCGTGCGTGCGACATGCTAGCGACGTTCCCCGACCAGACGATCCTATTTGTCAGTCTGACAACGTGCATAACTCACCTGGTGCTACGATCGTTCACTGATCAGCAC
GCGCTGCCACACATTACGCTAGGTGGCATGGARGGGTGTARTGCGCCGCCCARTAACACGTCCTCTCCATTAGGGGGCATCACGCTTACTTGGAATCTACAGGCCGACACAGAGARTACGGTGGR

TTCAGTGATTGCACACATTGTACACTTGE, TGGACGAGTGTAATATTARTACGAGAT! GCATCAGCCAACAGCGGACGATCTCGCTACGGGAGCACATTGRAAGTCAGCGGGAT:
TCAAATTCCATGAGATCARAACTCTTTCTTTACAATCACGATGAGCAGTTGARGGACCGACTGCGTGACATCGTACCAGATGGAGAGTTTTTCAACTTCATCGTTCTAGCATCTGCTAGCTACACG
ATTGAARTTATAC GGCGATGCATCAAGARATT, TGGAAACGTCAAGAAGTACAAATGGGTGATAGCTAATCAGGAGTTGAGTCTGGAGCAGATTTCGGTGATCGACCCCG!

TCAGATAGTGTCGATTCTGCGATCATCACTCAAACCGTACAAGCTGAAGACAGACCGAAACTTGGAATACTTCARGGATGCGATGAGTCTGATGGTTCTTGCACTGGAGAACCTTTCGGGAAGTC
TTTATGCTGATATTACTTGCGACAGAGATACAGTCTATCACCAAGGTGAGARCATCATCCAGGAGTTTAGGACTATGGATATCTACGATGGCCTTACTGGTTCGATCGAATCTCGCGARGACAGA
TTTTACGACTACGTGGCATTGGACATTGTGCAAACAGCCAAGRATGCGACGTTTATCAATCGCTGGAACCTCATCGGTACGTGGAACARGAGCGAAGGCCTARACATGCCCGCGACGCGTGCGTT
TCTTCCCGAGTTCGATTCATTGGCGGGCATGACGCTACGAATTGTCACGCTAGTCGAACATCCATTCGTAATCAAAAAGTGGAATGCCGAAACGGGCCAAGCGGAGTACGAAGGCTGCGCTATCG
ACATTCTGAAGGCCATCCAGAAGGATTTGAAGGAAGAGAGTTTCACCTTCACRATGTACGAGGTGGCAGACAACAAATATGGAATTTTCGACGCTGAARCCAATCGCTGGACAGGCCTCGTCGGE
GATGT GAGCTGRGAGCGCAGATGGCGGTGGCGGGAATGATACG) TACAATCGAGAGATGGTAGTGGACTTCACCGCCTCTTACATGGACTACGGAGTGGGTATTCTCATCCCCARACC
GTCCAAGACGACGAGCATCTTTGGATTTCTGGAGCCACTCAACGTGCAGGTCTGGATCTGTATCGCCGTGGCAACCTTCGGCGTTGGACTCGCGCTCTTCATCCTCTCCCGGTTCTCGCCCTT
GTCGGTTCAATCAACACGGAACCGACGAGTTCAGCTTCAAAAACTCAATGTGGTTTGCGCTCGCTAGCCTCATGCAGCAGGGAGGGGATGCGACGCCGCTCTCAATCTCGGGCAGAATCCTCGGC
ACCTTCTGGTGGTTCTTTACTCTTATTATCATAGCGACGTACACGGCGAATTTGGCGGCTTTCCTGACGGTGACGCGTATGGAGACGCCGATCGAGTCCCTTCAAGACCTGAGTAGCCAGACTCG
GATGCCGTATGGGACGGTGCGCGGCAGTTCGCTCGAACATTTCATACACCAGCAGGCGGAGGTAGACAAACTCTACGAGCGCATCTCAGCCTACTTCAGGACAACCGACCCTTCCCCGCTCGTAA
ACACATTCG. GAT. GTCATC. GGCGATTACGCATTCCTGTGGGACGCTCCCGTGTTGGAGTACCACCGCAAATTACATTGCAGAGAGCTGGCGACGGTGGGAAAGCCATTT
AACCGCAAARACTATGCCTTCGCCGTGCCAAAAAATGCGCCGTACCTCGAGACGATCACACTGAGCATCCTCCGTCT. GGAGTCGGGCGAGCTCGAC TCAAGCAGAAGTGGTTCGAGGG
TGAGTCCCTGTGTTCGGAGGACGATTCGCTGACACCCGGTCAGGAGGCTGAGGGAATTGCCATCAAGAACGTCGCCGGTGTCTTTTACATACTGCTGATGGGCACCGGACTATCTTTCTTTACGG
CGATCATCGAGTTGATCTGGTATCGCTATTTCAGAGCGATGGAGGACCTGCGTCCTCCTCTACCCCAAAACAGACAGCGGGCCGAATTGTTGGCTCCTACGGGATCC

RatGluD2 (Rattus norvegicus delta 2 iGIuR, after NM_024379.2 from Genbank)

“ACCATGGAAGTTTTCCCCTTGCTCTTCTTTCTATCCTTCTGGTGGTCTCGAACCTGGGACCTGGCGACCTCCGATTCCATCATCCACATCGGAGCAATTTTTGATGARTCTGCTARRRA
AGATGATGAAGTATTCCGCACAGCAGTTGCTGACCTCAACCAGAATGAGGARATCT TACAGACTCAGAARATCACATTTTCAGTGACATTTGTGGATGGCAACAACCCTTTTCAAGCTCTTCARG
AAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCACCTCTTCATTCAGCGTTCA
ACAGCTGGGACCCCARGAAGTGGCTGCGGCCTCACCAGGAGCAACAGARACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGARGTCATCCTARGAGTAGTCACAGAGTATGC
ATGGCAGARATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGAC) TTTCCC, GGGAATGGATGTTGCCCTTCAAARGGTGGAAARCAACATCAATA
ABATGATCACCACGCTCTTTGACACCAT TGAATCGCTATCGAGACACTCTC. CATCCTTGTTATGAACCCCGCCACAGCCAAATCCTTCATAAGTGAGGTGGTG
GAGACTAATCTGGTTGCTTTTGACTGTCACTGGATCATCATCAATGAGGARATARATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGAAGGT TAACAATTATTCGGCAGACATTTCC
AGTCCCCCAGRATATARGTCAGCGCTGTTTCCGTGGCAACCATCGAATTTCTTCAACACTGTGTGATCCCARGGACCCCTTCGCACAGAATATGGAGATTTCTAACCTTTACATCTATGACACGG
TGCTTCTGCTTGCAAACGCCTTTCATAAGAAGCTGCAGGACCGGAAGTGGCACAGCATGGCGAGCTTGTCCTGTATC. TCCAAGCCCTGGC. GGTCCATGCTGGAGACC
ATCAAGRAGGGTGGAGTTAATGGATTGACTGGAGATC TAGAATTTGGAGARARTGGAGGTARCCCCAATGTCCACTTCGAARTCCTT! CCAACTAT CTTGGCAGGGGTGTCCG
TAAACTTGGGTGCTGGARTCCTGTCACAGGTCTGRATGGATCACTGACAGACAAGARACTGGAGRATARCATGCGAGGTGTGGTTCTACGCGTGGTGACTGTATTGGAGGAGCCTTTTGTAATGG
TCTCTGAARATGTCTTGGGARAACCGAAGARATACCAGGGCTTCTCCATTGATGTTTTAGATGCCCTATCTAACTATCTGGGTTTTAACTATGAAAT TTATGTTGCACCGGACCACARATATGGA
AGCCCACAAGRAGATGGGACATGGAATGGACTAGT. TTGTTTTTAAG. TGACATCGGGATTTCAGCTTTAACCATCACTCCAGACCGGGAGRATGTTGTGGATTTTACAACACG
CTACATGGACTACTCAGTAGGGGTCCTACTGCGAAGGGCAGARARRACAGTGGATATGTTTGCCTGCCTTGCACCATTTGATCTATCTCTGTGGGCCTGCATTGCCGGCACAGTCCTTCTTGT

GACTCCTGGTCTACCTCTTGAACTGGCT TAATCCCCCACGGTTGCARATGGGATCAATGACATCTACTACACTCTATARCTCCATGTGGTTTGTGTACGGGTCCTTTGTACAGCARGGT A
GTACCATACACAACTTTGGCAACCCGAATGATGATGGGGGCTTGGTGGTTATTTGCTCTGAT TGTCATCTCATCTTATACAGCARATCTTGCCGCTTTCCTCACTATCACCCGCATTGAGAGCTC
CATCCAGTCTCTTCAGGATCTGTCCAAGCARACGGATATCCCTTATGGCACAGTCTTGGATTCCGCAGTATATCAGCATGTTCGCATGAAGE TGARATCCTTTT AGCATGTATT
CCCAGATGTGGAGGATGATCAACCGAAGCAATGGCTCAGAGARCAATGTTCTGGAGTCCCARGCAGGCATTCARRAGGTAARATATGGAAACTATGCTTTTGTATGGGATGCAGCTGTGTTGGAR
TATGTGGCCATCAATGACCCCGACTGTTCCTTCTACACTGTTGGAAATACTGT TGCTGAC! ATCGCACTGCAGCATGGCAGTCCCTACCGTGATGTCTTTTCACARAGGATTCT
GGAGCTGCAGCAGAGTGGCGACATGGACATCCTCAAGCACAAATGGTGGCCTAAGAATGGCCAGTGTGACCTGTACTCCTCAGTAGATGCAAAGCAGAAGGGAGGAGCCCTGGACATCAAGAGTC
TGGCAGGCGTGTTCTGCATCCTGGCCGCG TTGTACTCTCCTGCCTCATAGCCGTCCTCGAGACATGGTGGAGTCGGC! TCCCGAGTCCCATC! G. TGAC. TT
GACCTGGAGCACCTCCATAGACGTGTARATAGCTTGTGCACAGATGACGACAGCCCCCATARACAGTTTTCCACCTCGTCARTTGACTTGACCCCTCTGGACATTGACACTTTGCCAACACGACA
AGCCCTGGAGCAGATCAGTGATTTCAGAAACACTCACATCACCACCACCACCTTCATCCCAGAGCAGATCCAGACTCTTAGCCGCACACTCTCAGCAAAAGCTGCCTTTGGCTTCACTTTCGGCA
GTGTGCCCGAGCACCGAACTGGCCCTTTTAGGCACAGGGCCCCTAATGGGGGCTTTTTCAGGAGTCCTATCAAAACAATGTCATCTATTCCTTATCAGCCTACTCCCACTCTGGGGCTCAATCTG
GGCAATGACCCCGACCGAGGCACGTCCATAGGA

RatGluD1 (Rattus norvegicus delta 1 iGIuR, after NM_024378.3 from Genbank)

ACCATGGAAGCGCTGACGCTGTGGCTTCTTCcCTGGATATGCCAGTGCGTTACGGTGCGGGCCGACTcCATCATCCACATCGGTGCCATCTTCGAGGAGAACGCAGCCAAGGACGACAG
AGTGTTCCAGTTGGCTGTATCAGACTTGAGCCTCAATGATGACATCCTGCAGAGT GAGAAGATCACCTACTCCATCAAGGTCATC CCAATARTCCGTTCCAGGCGGTGC, CTGTG
ACCTCATGACCCAGGGGATTTTGGCCTTGGTCACGTCCACGGGCTGTGCATCTGCCAACGCCCTGCAGTCCCTC CAGACGCCATGCACATCCCACACCTCTTTGTCCAGCGCAACCCCGGGGGT
TCACCACGTACTGCCTGCCACCTGARCCCTAGCCCCGACGGCGAGGCCTACACACTGGCTTCGAGACCGCCCGTCCGTCTCAATGATGTCATGCTCAGGCTGGTGACAGAACTGCGCTGGCAGRA
GTTCGTCATGTTCTATGACAGCGAGTATGATATCCGTGGGCTCCARAGCTTTCTGGATCAGGCCTCACGGCTGGGTCTTGACGTCTCTTTACARAARGGTGGACAAGARCATCAGTCACGTGTTCA
CCAGCCTCTTCACCACCATGAAGA TGAATCGCTACCGGGACACACTGCGCCGGGCCATCCTCCTGCTTAGCCCACAGGGGGCGCACTCGT TCATCAACGAGGCTGTGGAGACCAAC
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TTGGCTTCCAAGGACAGCCACTGGGTCTTCGTGAATGAGGAAATCAGTGACCCCGAGATCCTGGATCTGGTCCACAGTGCCCTTGGCAGGATGACCGTGGTCCGGCARATCTT TCTGCAAA
GGACAACCAGAAATGCATGAGGAATAACCACCGCATCTCTTCCCTGCTCTGTGATCCACAGGAAGGCTACCTCCAAATGCTGCAGATCTCCAATCTCTATCTGTACGACAGTGTTCTGATGCTGG
CCAACGCCTTCCAC: GCTGGAAGACCGGAAGTGGCATAGTATGGC: CTTAACTGCATACGGAAATCTACCAAGCCATGGAAT! TCCATGCTAGACACCATTAARRAGGGA
CACATCACCGGCCTC GGAGTTATGGAGTTT CTCAAATCCCTATGTCCAGTTTGAAATCCTTGGCACAACCTATAGTGAGACTTTTGGCARAGACATGCGCARGCTGGCGAC
CTGGGACTCAGAGAAGGGCCTGAATGGCAGTCTGCAGGAGAGACCCATGGGCAGCCGCCTCCAAGGACTGACTCTCAAAu;u T TGTCTT AGAGCCTTTTGTGATGGTAGCTGAGAATA
TCCTTGGACAGCCCAAGCGTTACARRGGGTTCTCCATAGATGTGCTGGATGCATTGGCTARAGCTCTCGGAT TCARATACGAGATATACCAGGCCCCTGATGGCAGGTATGGCCACCAACTCCAT
AACACTTCCTGGAACGGGATGAT! GGAGCTCATTAGC. AGACTTGGCCATCTCTGCTATTACCATCACCCCGGAGAGAGAGAGCGTTGTGGACTTCAGCAAGCGATACATGGACTA
CTCAGTGGGGATTCTCATCAAGAAGCCGGAGGAGAAAATCAGCATCTTCTCCCTTTTCGCCCCCTTTGACTTTGCGGTGTGGGCCTGCATTGCTGCAGCCATTCCCGTGGT TGTGCTCATAT
TCGTGTTGAATCGGATACAGGCTGTAAGGTCTCAGAGTGCCACCCAGCCTCGGCCCTCAGCTTCTGCGACTTTGCACAGTGCCATCTGGATCGTCTATGGAGCCTTTGTCCAGCAAGGTGGTGAG

TCTTCGGTGAACTCTGTGGCCATGCGCATCGTGATG AGCTGGTGGCTCTTCACGCTCATTGTATGTTCCTCCTACACAGCCAACCTTGCTGCTTTCCTCACAGTGTCCAGGATGGACAGCCC
CGTAAGAACATTTCAGGACCTGTCCAAGCAACTGGAGATGTCTTATGGCACTGTCCGGGACTCTGCTGTCTATGAGTACTTCAGAGCCAAGGGGACCAATCCCCTGGAGCAGGATAGCACTTTTG
CTGAGCTCTGGCGGACCATAAGC, T TGACA: ATCCTTCAGAAGGTAT! CTACGCCTTTCTGTGGGATG'

TATGCAGCCCTGACAGATGACGACTGCTCAGTGACTGTCATCGGCAACAGCATCAGCAGCAAGGGCTATGGGATTGCCCTGCAACATGGCAGCCCCTACAGGGACCTCTTCTCCCAGAGGATTCT
GGAGCTGCAAGACACAGGGGACCTGGATGTGCT GCAG. TGGT CACACACAGGCCGCTGCGACCTCACCAGCCATTCCAGTGCACAGACTGATGGTAAATCCCTTAAGCTGCACAGCT
TCGCTGGGGTCTTCTGCATTTTGGCCATTGGCCTCCTTCTCGCCTGCCTCGTGGCTGCTCTAGAGTTATGGT CAGCAACCGGTGCCACCAGGAGACCCCCAARGAGGACAARGAAGTGART
CTGGAACAGGTGCACCGGCGCATCAACAGCCTCATGGATGAAGACATTGCTCACAAGCARATTTCCCCAGCATCCATTGAGCTTTCTGCCCT TGGCTCCAAGCCAAGCTTT
GGAGCCCACGAGGGAGTACCAGAACACCCAGCTCTCAGTCAGCACCTTTCTGCCTGAGCAGAGCAGCCATGGCACCAGCCGGACACTGTCGTCAGGGCCCAGCAGCAACCTGCCACTGCCGCTGA
GCAGCTCAGCCACCATGCCCTCAATTCAGTGCARACACAGGTCGCCCAATGGGGGACTGTTTCGACAGAGTCCGGTGAAGACCCCCATCCCTATGTCTTTCCAGCCCGTGCCTGGAGGCGTCCTT
CCAGAGGCCCTGGACACCTCTCATGGCACCTCCATCE

SacGluD (Saccoglossus kowalevskii delta iGIuR, after XM_002731960.1 from Genbank)

STCGA! AC»ATGGATCGACAL&J&J GTATATTCTGTTGTTGTTTTCGAGTATGTTGATAGGCTTGTTGTGT TTTCCGAT TCAAGCARGAGAAGGACTACCTCGCAACATCAGCATAGGTGTGTT
ATTCS TC, TTTT. TC, GTTC: TTCATTATTACCTCACACAGAATTAATTGTTCACTGGGAAAGGATTGGATTCACAG
ATCCGTACGAC. TGATTF CAAGCATGCAGAATATATGGGARGTCGCCTTCATTAATGATARCATTGACGTCCTGCCAGCCATCTACCTTACTGCARAATGCTGCTARCGTGTTCAGGTTACCA
CATTTACAGATTGCTACGGAGACCTGCAGGATTAGTTCAGAATTTACGCTAAGTATGAATCCCGATGTCTATATGACTGACATGGCGCTGTTTTCGCTGATCAAGT TACAGGAATGGACTTCATT
TGTTGTTTACTATGACACCGATATGGCATACCACCGAGTGCAGAGCATTATTGAATCGGCCGATAATGGTARTCTAGTTTGGGAAGTCAT TTTACTACGCTACATTGGCGATGAAGTGGGTACAC

GCTGGACATCACAACAACTC TGGACGGAATACAT, TTATGTGATTGTATTTGAAACCAAAAATGTATTTAATCTTTTACGTACGGCAGGTAACATGGGTATGCGGTCACGTGAATAT
CACTGGATCGTTCTTTATCAGGGAATGACAGACACCCAGCTGGARAATGTGCCTAAGGCATTGGGTATTGTCATATTTGTCAGAC CCTCTCATCATAG
AGGTCAC, G. TAGAATAAATAATGCAAGTAT. rCGTCCCTCTATCTCCATGATAGCGTCATTGTTGCTGCCATGGCACTAGATGCAGTTATCAAGAAACACAGGCATTTTA

TTTGGCCCGCAGTAGACCCGTCGTTGTGTAGACCAT TACAGTCTGATACTACTGTACATCATATCGGCAGGTCTGATACTATAGGGTCTCAGGAGGTARCGGATAGATATGCGCTAATGGATGCT
GTGCGARAGATTGGCATATGGGACCCGGTCAACAGGCTGAACATGTCACACACCCCATTTCAGTCCACTTTTARAGTTCTACAGAACAGGACT TTGAAGAT TGTTACTATAGAGGAAGAGCCTTT
TGTTAGAAAAACCGAGATCCGCCCAGGAGTGTATGAATACACAGGTTTCTGCATAGACATAT TAGACGAGAT T TCCAGAAAGTTACAATTCACGTATGTGCTATATGATGTTCCTGATCTGARAT
ACGGAGCTAAAGTGAATGGTACATGGAATGGGTTAGTC TGGCATAT GACATGGCAGTAGCTGGAATAACAATARTGGCTGAGC TTGTTGATTTCACTAAA
CCGTATTATCAGTATGCCCTGGGAATTATTATCAGTAAGCCCCGGACCGAGCGAGGCATCTTCGCCTTTATGGAACCATTAAGCGGTCCGGTGT GATGTATAGCAGCAGCCTTGTTTGTAGT
GGGAATATTCCTGTTCGTCATAGCCAGGCTTAGTCCATATAGCTCGTTCAATTACTCT AAGAATATTGTGAATGTARAGGCGATGACTTTAACTTGAAGAACAGCTACTGGTTTGCATTGG
CATCCCTTATGAACCAAGGTGGTGATACTGCTCCCTACTCCATCTCCGGGAGAT TACTGAGCGGTTTCTGGTGGTTTTTCACTTTAATAATCATAGCTACGTACACAGCTAATTTGACAGCATTT
CTGACAGTGAGCAGGATGGAAACGCCTATATCGTCTGTGGAGGAAT TATCAACGCAATCTARAATCARATACGGTACAATCCGAGACAGTAGTGTAGTCTCATTTTTTAARAGATCCACAATARR
TCCTTATCAGCGAATGTGGCAGTTCATGAATACGACAGAGGTTGATCCATACGTAGACACTGTCACGGACGCATATCGTAGAGC! TATGCCTTCATGT TTATCCCGTGT
TGGAGTTACAAAAAAGAATCGATTGCGATCTTATGACTGTGGGAAAGCCTTTCTATGAAAAGGGATACGGTTTTGTAACTCCACAAGGAGCGGATTGGAGAGATGATATATCCATGAGTATTCTG
GRGA' TGGTCAACT: TATCGC. CTGGGARATCGAAAGCGAGTGTGAGGACGATGCGGCTATGATAAGAAGT TCCACAAATGAGATAGATATTCARAGTGTTGC
TGGTGTGTICTATATAC T ATGATCGETGCAGETGTCTCC T IGATARCTGTCTCAGTAGAGATAT TG T AT TATCAT T T T TGAGGAAGTGT TGCCGACCARCTATAACAGTCCATCCCAACGTGE
ATGGTARGGCTATTGAGGTCAGAGAAGRARAATGCTATAG. TGGTAAATCCTTGTCTAATTCCAGAGTTTGAGE,

Chimera AcaGluDR*™™ (Acanthaster planci delta iGIuR with NTD replaced with RatGluD2 NTD
(purple). AcaGluD NTD-LBD linker underlined.)

G ACCATGGAAATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTARRARAGATGATGRAGTATTCCGCACAGCAGTTGGTGACCTCAACCAGAATGAGGARATC TTACAGACTGAGARARTCACATTTTCAGTGACAT TTGTGGATGGCAACARCC
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACCAGGGCATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCRACAGCTGGGACCCCAAGRAGTGGCTGCGGCCTCACCAGGAGCARCAGARACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTARG
AGTAGTCACAGAGTATGCATGGCAGAARTTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACARAGTTTCCCAGCAGGGARTGGATGTTGCCCTTCARAAGG

\ACRACATCAATARAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGAATCGCTATCGAGACACTCTCAGARGAGCCATCCTTGTTATGARCCCCGCCACAGCCARATCC
GTGAGGTGGTGGAGACTARTCTGGTTGCTTTTGACTGTCACTGGATCATCATCARTGAGGARATARATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGARGGTTAACAAT
CAGACATTTCCAGTCCCCCAGAATATARGTCAGCGCTGTTTCCGTGGCARCCATCGAATTTCTTCARCACTGTGTGATCCCAAGGACCCCTTCGCACAGARTATGGAGATTTCTARCC
TTTACATCTATGACACGGTGCTTCTGCTTGCARACGCCTTTCATAAGAAGCTGCAGGACCGGARGTGGCACAGCATGGCGAGCTTGTCCTGTATCAGGAAAAACTCCAAGCCCTGGCAGGGAGGG
CGGTCCATGCTGGAGACCATCAAGARGGGTGGAGT TARTGGATTGACTGGAGATCTAGARTTTGGAGARRATGGAGGTAACCCCARTGTCCACTTCGRAATCCTTGGAACCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTARACTTGGGTGCTGGARTCCTGTCACAGGTCTGAATGGATCACTGCCCTTTTCAAGAGGT TTTGCTGCTTTTATCAGTAACAAC: CATTTCGCATTGTAACCG
TTGTGGAGGCGCCGTTCGTTAATCGGGACGAGACAGTGAATGGGTACAAGTACTCGGGGTTTTGCATCGACATGTTAGAACTAATCGCCAAGGAGTTGRACCTGAAGTATGAGTTGTACCTTGTA
CCAGATGGAAACTACGGAGGAAAGAACGACGACGGGACGTGGARTGGCCTGATTGGGGAAGT TTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCARCTCCGACCGCGAGGRAGT
GGTGGACTTCACCAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCARRAGCCCARGRAGAAGGCCARCATCTTCGCCTTCCTGGAGCCGCTCCACATCARGGTCTGGGGCTGCGTGCTGG

CCTCCCTCTTCGTGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGG TCCCi GRAGCCTTCGACTTG: CAGCATGTGGTTTGCC
TTCGCTTCCTGCATGCARCAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCTGGTGGTTCTTCGCCCTCATCATCACCGCTACGTACACCGCCARCCTGGCCGC
CTTCCTGACCGTCACCCGCATGGAGAACCCCATCARCTCTCTAGAGGATTTGGCCACGL. CCGTGGTCTACGGCACCATCCTTAACAGC TGCATGACTTCTTCGAGAAGCGARAGA
ATCAGGGTATCTACGAAAAGATGTGGAACTTCATGTCCACCTCCAAGATCGACCCCTGGGTGCCCAACGCCGAGGCGGGGTACAAGCGCGTCCAGACAGAGGACTACGCCTTCTTTTGGGACGCG
CCGATCCTAGACTACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCARGCCCTTCARCCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCAT! GAGATATCAATGGT
AATCTTAAARATGCAAGAGAGGGGCGAACTAGAAGARACTCCGTAAGAAGTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGARACATCGCGCCGCCCGGGCCE
STCAACCTGGACCAGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGT CGTTTGGCACAAGCCGTCCTTCTACAAGAAG!
GACGGGRAGGACCACATTGGACTGGTCAGAC: TCCCTCCACGGGARACGAGAAACAATGGTCTTTCTAACATTGARRATTGTTCTTCCAAT. TTTAGTTGTTCAAG! TGACTCTT
TTGCGTTARCACCTTTGAGACC) CCATGG: CRACG TTCTTTCTGTCCCCCCTGAAGCGACAGAARRCTCTTGCGGAT

Chimera AcaGluDR™N™lnk (Acqnthaster planci delta iGIuR with NTD and NTD-LBD linker replaced with
RatGluD2 NTD and NTD-LBD linker (purple). RatGluD2 NTD-LBD linker underlined.)

CACCATGGARATACCACAGTGGATAGCTTTAACCTGTCTCCTCCTCATGTATATTCTGGAAGGCGTTGTCACATCTGAGAGGCGTGTTTTCCCGTCCATCATCCACATCGGAGCAATTTT
TGATGAATCTGCTAAANAAGATGATGAAGTATTCCGCACAGCAGTTGETGACCTCARCCAGAATGACGARATC TTACAGACTGAGAAAATCACATT TTCAGTGACATTTGTGGATGECAACAACT
CTTTTCAAGCTGTTCAAGAAGCATGTGAACTTATGAACC CATCTTGGCCTTGGTCAGCTCCATTGGTTGCACATCTGCTGGGTCCCTCCAGTCTTTGGCAGACGCCATGCATATCCCTCAC
CTCTTCATTCAGCGTTCRACAGCTGGGACCCCAAGRAGTGGCTGCGGCCTCACCAGGAGCARCAGARACGATGACTATACCCTTTCAGTTCGTCCACCTGTCTACTTGAATGAAGTCATCCTARG
AGTAGTCACAGAGTATGCATGGCAGAAATTTATTATCTTCTATGATAGTGAATATGATATCCGTGGCATACAGGAATTTTTGGACARAGTTTCCCAGCAGGGARTGGATGTTGCCCTTCARAAGG
TGGAARACRACATCAATARAATGATCACCACGCTCTTTGACACCATGAGGATAGAGGAGTTGARTCGCTATCGAGACACTCTCAGARGAGCCATCCTTGTTATGARCCCCGCCACAGCCARATCC
TTCATARGTGAGGTGGTGGAGACTARTCTGGTTGCTTTTGACTGTCACTGGATCATCATCARTGAGGARATARATGATGTGGATGTTCAGGAACTTGTCAGAAGGTCCATTGGARGGT TAACAAT
TATTCGGCAGACATTTCCAGTCCCCCAGAATATAAGTCAGCGCTGTTTCCGTGGCAACCATCGRATTTCTTCAACACTGTGTGATCCCAAGGACCCCTTCGCACAGAATATGGAGATTTCTAACC
TTTACATCTATGACACGGTGCTTCTGCTTGCARACGCCTTTCATAAGAAGCTGCAGGACCGGARGTGGCACAGCATGGCGAGCTTGT T TCCAAGCCCTGGC.

CGGTCCATGCTGGAGACCATCAAGAAGGGTGGAGTTAATGGAT TGACTGGAGATCTAGAAT TTGGAGAAAATGEAGGTAACCCCARTGTCCACTTCGARATCCTTGGARCCAACTATGGAGAAGA
ACTTGGCAGGGGTGTCCGTARACTTGGGTGCTGGARTCCTGTCACAGGTCTGAATGGATCACTGACAGACAAGARACTGGAGAATARCATGCGAACATTTCGCATTGTAACCGTTGTGGAGGCGC
CGTTCGTTAATFPP GRGACAGTGARTGGGT, GTACTCGGGGTTTTGCATCGACATGTTAGAACTARTCGCCAAGGAGTTGAACCTGAAGTATGAGTTGTACCTTGTACCAGATGGARAC
TACGGAGGARAGAACGACGACGGGACGTGGAATGGCCTGATT! TTTATTATGGTAGGGCGGACCTAGCGGTGGCCGGCATGGTCATCARCTCCGAC! TGGTGGACTTCAC
CAAGCCCTTCATGAACTACGGCGTTGGGATTCTCATGCAAAAGCCCAAGAAGAAGGCCAACATCTTCGCCTTCCTGGAGCCGCTCCACATCAAGGTCTGGGGCTGCGTGCTGGCCTCCCTCTTCG
TGGTCGGGGTGCTGATCTACATCGTGGACCGGCTCAGCCCTTACAGCAGTTTCCGGC! CCCGGRAGCCTTCGACTTGAAG) GCATGTGGTTTGCCTTCGCTTCCTGC
ATGCAACAGGGCGGCGACACCTCCCCGCTGTCCATTTCTGGTCGTGTCCTGAGCGCGTTCT bTGbJJ TTCGCCCTCATCATCACCGCTACGTACACCGCCAACCTGGCCGCCTTCCTGACCGT
CACCCGCATGGAGAACCCCATCARCTCTCTAG, TTTGGCCACGCAG: CCGTGGTCTACGGCACCATCCTT: GCAGCCTGCATGACTTCTTCGAGRAGCGAAAGARTCAGGGTATCT
ACGAAARGATGTGGARCTTCATGTCCACCTCCARGATCGACCCCTGGGTGC CGCCGAGGCGGGGT: GCGCGTCCAGAC GACTACGCCTTCTTTTGGGACGCGCCGATCCTAGAC
TACATCAAGCAGGAGGAGTGTGACGTCATGACTGTGGGCAAGCCCTTCARCCTGAAGGGATACGGCATTGCTACGCCGCGGGGGGTTCCAT! GAGATATCRATGGTAATCTTARRRAT
CGT. GTGGTTCGACCGGGAATCCAGCTGCCTGGATGAGACGGACAGCATGAATACGAAACATCGCGCCGCCCGGGCCGACATCAACCTGGACC
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AGATTGCCGGCGCCTTCTACGTCCTGATCATTGGGGCCGTGTTGTCCTTTGTGGTGGTCATTGTGGAGCACGTTTG AGCCGTCCTTCTAC AGC AGG: C
ACATTGGACTGGTCAGACAAACTCCCTCCACGGGARACGAGARACAATGGTCTTTCTAACATTGAAAATTGT TCTTCCAATAAGCATTTAGT TGTTCARGAGAATGACTCTTTTGCGTTAACACC
TTTGAGACCAAACCCATGGAGCACARCGACAATTCTTTCTGTCCCCCCTGARGCGACAGARRACTCTTG! TC
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