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Abstract 
 

Pyridoxal 5’-phosphate (PLP) -dependent enzymes constitute an essential superfamily 

of enzymes for all living organisms. Due to the chemistry of their cofactor, PLP, these 

enzymes catalyze a wide variety of reactions. PLP-dependent decarboxylases (PLP-

DCs) play key roles in amino acid metabolism and are considered important biocatalysts 

for the pharmaceutical and chemical industries. In this project, we focused on the recently 

discovered enzyme glutamate decarboxylase-like 1 (GADL1) and its homolog, cysteine 

sulfinic acid (CSA) decarboxylase (CSAD). We investigated the expression pattern as 

well as the structural and biochemical features of both GADL1 and CSAD. Furthermore, 

we studied the physiological role of GADL1 by developing the first knockout mouse 

model for this enzyme. In addition, we reported crystal structures of mouse GADL1 

(MmGADL1) and CSAD (MmCSAD).   

We found that GADL1 decarboxylates aspartate (Asp) to β-alanine, and consequently, 

it plays a role in the production of carnosine. Both carnosine and β-alanine are pH 

buffers, metal chelators, and have antioxidants effects. In addition to β-alanine, we 

observed that GADL1 decarboxylases CSA to hypotaurine, which leads to the 

production of taurine, one of the most abundant free amino acids in mammals. Taurine 

also functions as an antioxidant, membrane stabilizer, and neurotransmitter in the central 

nervous system (CNS). Similarly, CSAD decarboxylates CSA to hypotaurine and has a 

higher affinity to CSA than GADL1. The tissue distribution of the two enzymes was 

investigated, and it was found that in humans, both GADL1 and CSAD are expressed in 

the brain, whereas only CSAD is found in the liver. In mice, both enzymes are expressed 

in the brain, olfactory bulb (OB), and skeletal muscle (SKM). In the kidney, GADL1 

has lower expression than CSAD and in the liver only the expression of CSAD was 

found.  

To find the physiological role of GADL1 we generated Gadl1−/− mice. These mice were 

deficient in β-alanine, carnosine, and anserine, particularly in the OB, brain, and SKM, 

indicating a role for GADL1 in carnosine dipeptide production. Furthermore, 

Gadl1−/− mice had increased levels of oxidative stress markers, indicating the 
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importance of carnosine as a cellular antioxidant. In addition, in different behavioural 

examinations, Gadl1−/−, mice showed a slightly decreased level of anxiety. Human 

genetic studies show a strong association of the GADL1 locus with plasma levels of 

carnosine, subjective well-being, kidney function, and muscle strength. In addition, 

investigating the GADL1 active site indicates that the enzyme may have multiple 

physiological substrates in vivo, including Asp and CSA.  

Structural studies on MmGADL1 and MmCSAD in this project showed that the overall 

fold and the conformation of the bound PLP are similar to other PLP-DCs. Both GADL1 

and CSAD showed a more loose conformation in solution than in the crystal state, with 

open/close motions. In addition, in the MmCSAD structure, phenylalanine94 plays a 

critical role in substrate binding, and its mutation to serine changed MmCSAD affinity 

towards both CSA and Asp and also affected enzyme stability. The structural studies of 

MmGADL1 and MmCSAD provided details on substrate recognition in the PLP-DC 

family. These results are useful for future studies in structure-based inhibitor design and 

drug discovery.  

In conclusion, in this project, the biochemical and physiological roles of CSAD and a 

novel PLP-DC, GADL1, were investigated. This study also introduces Gadl1 knockout 

mice as a multi-aspect model to investigate carnosine biology. Using a structural 

approach, new information was revealed about the structure and features of both 

MmGADL1 and MmCSAD. 
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1.  Introduction   

1.1.  Brain-related disorders, a global concern 

Brain-related disorders, including neuropsychiatric and neurodegenerative disorders, 

are a huge medical and economical problem worldwide. Based on WHO statistics, 10-

20% of children and adolescents in the world suffer from mental or behavioural 

disorders, such as major depressive disorder, bipolar disorder, attention deficit 

hyperactivity disorder (ADHD), or schizophrenia. Every year, approximately 1 million 

people commit suicide, and suicide is the second-leading cause of death among 15-29-

year-olds. Four of the six leading causes of years lived with disability are due to 

neuropsychiatric disorders. Globally, more than 264 million people suffer from 

depression (1). Furthermore, as populations are growing and aging, the prevalence of 

neurodegenerative disorders, such as Alzheimer's disease and Parkinson's disease, is 

increasing dramatically (2, 3). Hence, there is an immediate need for intense studies 

investigating the biology of brain-related disorders, which might pave the way for new 

therapeutic approaches and novel treatment methods. 

One of the most effective pharmacological agents used in psychiatry is lithium salts. 

The use of lithium in psychiatry goes back to the mid-19th century. However, early 

works were soon forgotten and in 1949, the effects of lithium as a mood-stabilizer for 

bipolar patients were rediscovered, and since then it has been a drug of choice for this 

condition (4, 5). In a paper published in 2014 by Chen et al., a strong genetic association 

between variants in the human glutamate (Glu) decarboxylase-like 1 (GADL1) gene and 

the response to lithium therapy in bipolar patients was reported (6). Although these 

findings could not be replicated in other clinical studies (7), the results were intriguing 

and triggered further research on this novel pyridoxal 5’-phosphate (PLP)-dependent 

enzyme, GADL1, which will be described in detail in the next chapters.  
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1.2.  Pyridoxal 5’-phosphate-dependent enzymes 

PLP (Fig.1A), the active form of vitamin B6 (Fig.1B), is an essential coenzyme in a 

variety of enzymatic reactions. Hence, PLP has an important role in the human body. 

For example, inadequate levels of PLP in the brain can cause neurological dysfunction 

and lead to neurological diseases, such as epilepsy (8).  

 

 

Fig. 1. Comparing the structure of vitamin B6 (A) to pyridoxal 5´-phosphate (PLP) (B). PLP is the 

metabolically active form of vitamin B6 which serves as a coenzyme in many enzymatic reactions 

 

On the other hand, it has been shown that abnormal metabolism (9) and accumulation 

of PLP, may result in hypophosphatasia (HPP) (10). HPP is a rare disease caused by a 

loss of function mutation (11) and is involved in defects in bone and tooth mineralization 

(12). Increased level of PLP is used as a biomarker with the highest diagnostic sensitivity 

in children and adults affected by HPP (13, 14). 

As a cofactor, PLP has unique chemical properties. The stabilization of the Cα-anion is 

facilitated by the delocalization of the negative charge through the π system of the 

cofactor. For this reason, PLP is often described as an electron sink. This feature allows 

PLP to catalyze many reactions slowly even in the absence of an enzyme (15). The 
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formation of an external aldimine intermediate with the substrate is a common step in 

the PLP-dependent reactions (16). This is described in more detail in chapter 4.4.1. 

A total of 145 different enzyme activities, which is around 4% of all known enzyme 

catalytic activities, are classified as PLP-dependent by the Enzyme Commission (EC) 

(17, 18). Almost 1.5% of all genes in most prokaryotic genomes encode PLP-dependent 

enzymes, showing their importance in basic biochemical pathways (18). PLP-dependent 

enzymes play key roles in amino acid metabolism (19), and they are considered 

important biocatalysts for the pharmaceutical, chemical, and food industries (20). They have 

recently drawn extra attention as powerful tools in biotechnology, for the green 

chemistry production of a whole range of specific amino acids and their derivatives (21). 

Furthermore, genetic engineering of metabolic pathways catalyzed by PLP-dependent 

enzymes is considered a promising strategy to provide cells with unnatural amino acids 

that are produced inside the cells from simple carbon sources or precursors (22). 

 

1.2.1.  PLP-dependent enzyme classification 

PLP-dependent enzymes are of multiple evolutionary origins. Therefore, the common 

mechanistic features of these enzymes are not only historical traits passed on from one 

common ancestor, but also reflect evolutionary or chemical necessities (23). This feature 

makes their classification challenging. The B6 database 

(http://bioinformatics.unipr.it/cgi-bin/bioinformatics/B6db/home.pl) is a curated 

repository of biochemical and molecular information about PLP-dependent enzymes, 

providing a resource for the identification, classification, and comparative studies on 

these enzymes (24).  

PLP-dependent enzymes were first classified into five different fold types. Fold types I 

to V were suggested by Grishin et al. (25). Then, two additional fold types VI and VII 

were added to the list by Percudani et al. in 2009 (24). Currently, the PLP-dependent 

enzymes are classified into seven different fold types based on their structure (20, 25), 

which most likely corresponds to seven independent evolutionary lineages (23, 26). 

Liang et al. published an update on the diversity of PLP-dependent enzyme fold types. 
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The following brief overview of PLP-dependent enzyme structures is in accordance with 

the terminology used by Liang et al. (27).  

Fold I, the α-family, also known as the aminotransferase superfamily, is the largest 

family. This group includes aminotransferases, such as tyrosine aminotransferase (TAT) 

and γ-aminobutyric acid aminotransferase (GABA-T), and decarboxylases, such as Glu 

decarboxylase (GAD), GADL1, and cysteine sulfinic acid decarboxylase (CSAD) 

which are further described in this thesis. Fold II, also known as the β-family, catalyzes 

reactions at the β-carbon. Some examples of this group are serine (Ser) racemase and 

cystathionine β-synthase. Fold III, the alanine racemase family, primarily contains 

racemases and some decarboxylases. Eukaryotic ornithine decarboxylase (ODC) 

belongs to this group (25). Fold IV contains only D-amino acid and branched-chain 

amino acid aminotransferases, and Fold V only contains glycogen phosphorylase (18, 

28). Fold VI and fold VII includes D-lysine-5,6-aminomutase and lysine 2,3-

aminomutase respectively. Fig. 2 shows a summary of the PLP-dependent enzyme 

classification. 
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New biosynthetic pathways recently described in fungi (29), provide evidence of the 

high catalytic activity and versatility of PLP-dependent enzymes in nature. Particularly, 

the oxygen reactivity of PLP-dependent enzymes could be of great physiological interest 

because of the roles of PLP-dependent enzymes in the production of important 

neurotransmitters and neuromodulators (30), whose effects could be greatly affected by 

redox conditions (31).  Fig. 3. shows some examples of the reactions performed by PLP-

dependent enzymes. 

Fig. 2. Structure-based classification of PLP-dependent enzymes. The enzymes which are the 

subjects of this study are in boldface and underlined. 
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1.2.2.  PLP-dependent enzyme structures  

Most of the PLP-dependent enzymes have a conserved lysine (Lys) residue in the active 

site for the PLP binding. The ε-amino group of the Lys residue forms a Schiff-base 

structure with the aldehyde group of PLP which is referred as internal aldimine (27). 

This is explained in detail in chapter 4.4.1. 

Among the PLP-dependent enzymes, PLP-DCs have high catalytic and structural 

similarities. Many of them have multiple substrates (15, 27, 32, 33) which may have 

metabolic advantages. In the PLP-DCs, the Schiff-base Lys residue is near C-terminus 

forming a Gly-rich group that is involved in the binding of the PLP phosphate group 

(25, 27). Most of the PLP-DCs are homodimers or homotetramers. Each subunit has a 

PLP molecule bonded and the active site is in the interface of subunits, composed of 

residues from both subunits (34-36).  

 

1.2.3.  PLP-dependent enzymes, related diseases, and therapeutic potential  

Genetic deficiencies affecting PLP-dependent enzymes have been associated with many 

diseases, such as primary hyperoxaluria type 1, which is caused by mutations in alanine-

glyoxylate aminotransferase (37, 38). Furthermore, some PLP-dependent enzymes are 

autoantigens in autoimmune disease, for example, aromatic L-amino-acid 

decarboxylase (DOPA decarboxylase) in autoimmune polyendocrine syndrome type 1 

(APS1) (39), soluble liver antigen/liver-pancreas (SLA/LP)  in autoimmune hepatitis 

(40, 41) and, GAD in type I diabetes (42).  

GAD is one of the most studied PLP-DCs that decarboxylate Glu to the brain 

inhibitory  neurotransmitter, GABA (43-45). GAD has two isoforms, GAD65 and 

GAD67 (46-49). The role of GAD in the mechanism of seizures in the epilepsy has been 

studied for a long time (50). Clinical studies shows that reduction in the GAD activity 

is associated with several forms of epilepsy (51-53).   

Many PLP-dependent enzymes have been studied as targets for therapeutic agents. A 

few are known targets of approved drugs, and about twenty are recognized as potential 
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drug targets (17). Some of the PLP-dependent enzymes that have already commercially 

available drugs are GABA aminotransferase (epilepsy), DOPA decarboxylase, serine 

hydroxymethyltransferase (tumors and malaria), ornithine decarboxylase (tumors), 

alanine racemase (antibacterial agents), and cytosolic branched-chain aminotransferase 

(pathological states associated to the GABA/Glu equilibrium concentrations) (17). 

 

1.2.4.  CSAD 

CSAD is a PLP-DC and plays an important role in the production of taurine from 

cysteine sulfinic acid (CSA)  (54). Taurine, which is the most common free amino acid 

in the body, is found at high concentrations in the heart, kidney, liver, muscle, and brain. 

Taurine is involved in many physiological functions, such as antioxidation, membrane 

stabilization, and modulation of calcium signaling. Taurine has attracted increasing 

attention as a biomarker for many diseases (55-57). In the olfactory bulb (OB), taurine 

has been shown to activate stem cells and neural precursors to differentiate into neurons 

rather than astrocytes (58). Taurine deficiency can lead to a delay in cell differentiation 

and migration in the cerebellum, pyramidal cells, and visual cortex in cats (59) and 

monkeys (60, 61). In the CSAD knock-out (KO) mice (Csad-/-), the plasma level of 

taurine was reduced by 83%, and most offspring in the second generation died shortly 

after birth (62). This illustrates the vital importance of taurine in higher organisms. 

The crystal structure of human CSAD (HsCSAD) was deposited in the Protein Data 

Bank (PDB) by Collins et al (PDB ID: 2JIS). However, no further analysis or 

comparison with other enzymes in the PLP-DC family was reported.  

In mammalian tissues, taurine is mainly synthesized in three steps: oxidation of cysteine 

by Cysteine dioxygenase (CDO), decarboxylation of CSA by CSAD, and finally 

oxidation of hypotaurine to taurine (63) (Fig.2). Another enzyme that can decarboxylate 

CSA is GADL1. 
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1.2.5.  GADL1 

Although PLP-DCs have been studied for many years, GADL1 is a recently identified 

enzyme. Liu et al. first described the tissue distribution, substrates, and possible role of 

GADL1 in taurine biosynthesis in vitro in 2012 (63). Apparently, there have been no 

other reports about GADL1 until 2014 when an article about the association between 

GADL1 variants and response to lithium therapy in bipolar patients was published 

(mentioned in chapter 1.1) (6). There haven’t been articles showing that these findings 

were replicated in other clinical studies (7, 64). Still, these findings motivated more 

research on GADL1.  

Studies on GADL1 substrate specificity have shown that GADL1 is using CSA as the 

substrate to produce hypotaurine in a similar process as CSAD. GADL1 decarboxylases 

Asp to β-alanine as well. However, CSAD has higher affinity towards CSA than GADL1 

and GADL1 has higher affinity towards Asp than CSAD (63, 65) (Fig. 4). 
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Fig. 4. CSAD and GADL1 pathway.  
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Although both GADL1 and CSAD are cytoplasmic enzymes, they have a distinct pattern 

of tissue distribution (Fig. 5). GADL1 is generally expressed at low levels, but the 

relatively highest abundance is observed in skeletal muscle (SKM) (63, 65), OB (65), 

and kidneys (63). CSAD has been isolated from the liver, kidney, and brain (66-68). 

 

 

Fig. 5. Tissue distribution of CSAD and GADL1 in mice. CSAD is highly expressed in the brain, 

liver, kidney, and olfactory bulb, while GADL1 is most abundant in the olfactory bulb and, skeletal 

muscle. Adapted from (65). 

 

Based on RNA transcript and protein analyses of mice, rats, and humans, both GADL1 

and CSAD are cytosolic proteins expressed in neurons. In the CNS, GADL1 appears to 

be expressed in oligodendrocytes whereas CSAD is expressed in astrocytes. GADL1 

has been found in the OB, whereas CSAD was detected in the cerebellum and 

hippocampus (63, 65, 69, 70). The expression level of these proteins has been reported 

in several databases including the human protein atlas protein database 

(https://www.proteinatlas.org/). However, these data are not completely consistent and 

may be dependent on experimental conditions. For instance, according to the protein 

atlas, RNA expression of GADL1 was found in fibroblasts but apparently, there is no 
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other literature reporting these findings. Thus, some of the data on the databases should 

be considered preliminary.  

 

1.3.  Histidine-containing dipeptides 

Histidine (Fig. 7A) is an essential amino acid in humans. Due to its side chain imidazole 

ring properties, histidine is an important component of proteins and participates in a 

variety of enzymatic functions (78). Many of the proteins and dipeptides having 

histidine as a component, function as scavengers of free radicals, chelate metal ions, and 

act as proton buffers at physiological pH, because of the basicity of the imidazole ring 

(63, 71, 72).  

 

The physiological presence of some of the HCDs, specifically carnosine (Fig.7B), in the 

brain and their ability to cross the blood-brain barrier (73), as well as evidence from in 

vitro, animal, and human studies, may indicate that these compounds may be promising 

biomarkers and therapeutic agents in brain disorders (74, 75). Carnosine and anserine 

have been proposed as biomarkers of habitual meat consumption in plasma (76). 

However, more studies need to be done before proposing them as biomarkers.  

 

1.3.1.  Carnosine 

Carnosine (β-alanyl-L-histidine) (Fig. 6 B), belongs to a group of related β-alanine and 

HCDs (77, 78). It was first isolated from minced meat by Dr. Vladimir Gulevic at the 

University of Moscow in 1900, and it is named after the Latin term caro or carnis (meat) 

(79). In 1906, Krimberg classified it as a histidine-containing dipeptide that is 

synthesized from the amino acids β-alanine and L-histidine (80). Carnosine is found in 

high concentrations in the SKM and cardiac muscle of both vertebrates and non-

vertebrates, as well as in the CNS, spinal cord, and some specific brain regions, such as 

OB, that have a high content of carnosine (81, 82). Some studies show that in the 

vertebrate nervous system, carnosine peptides are typically expressed in sensory organs 

(77, 83, 84). In mammals, carnosine has also been found in many other organs, including 

the spleen and kidneys (77). In humans, biological fluids, such as plasma, the 
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concentration of carnosine is regulated by carnosine synthase 1 (CARNS1) (73, 85, 86) 

and carnosinase (CN1) (87), both considered metalloprotease enzymes (88) which are 

discussed more in chapter 1.3.1.2.  

 

Although carnosine has been studied for a long time, it has been only in recent years 

that it has gained more attention in the fields of nutrition, food science, neuroscience, 

biochemistry, and molecular biology (89-92). Many lines of evidence suggest multiple 

roles for carnosine, such as antioxidant, anti-age, anti-fatigue, neuroprotective, calcium 

regulator in the cells, and proton buffer (93). However, its exact mechanism of action 

and physiological importance are still being debated.  

 

1.3.1.1.  Carnosine distribution in different species  

The concentration of carnosine in SKM is higher in males compared to females in both 

rodents and humans (94, 95). Among different species, the abundance of carnosine is 

strikingly different (77). Among mammals, mice appear to have the lowest level of 

carnosine, only 1-3 mmol/kg wet weight (WW), i.e., approximately 1-3 mM or ~ 0.04% 

of the muscle WW. In humans, the concentration of carnosine in SKM can be up to 

20mM. In the vertebrate brain, carnosine can be found at 0.7-2 mM concentration (77, 

96, 97).  

 

Physiological investigation of different species shows that organisms with a high 

demand of non-oxidative forms of energy production, and which experience regular 

challenges to acid-base homeostasis, have a higher abundance of HCDs (98). For 

example, the wallaby and blue whale have the highest HCD concentrations, around 50 

– 60 mmol/kg, corresponding to > 1% of the muscle WW. In addition, many fish species 

have a high abundance of HCDs (77). This shows that acid-base regulation may be an 

important feature of the HCDs, which makes them suitable physiological buffers in these 

animals.  
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1.3.1.2.  Enzymes involved in carnosine metabolism 

The following key enzymes are known to be involved in the synthesis and degradation 

of carnosine: 

 

• Carnosine synthesis 1 (CARNS1): The key enzyme for synthesizing carnosine 

from β-alanine and L-histidine. 

• Carnosinase (CN): Degrades carnosine and exists as two isoforms, CN1 and 

CN2. 

• Carnosine N-methyltransferase (CARNMT1): Methylates carnosine  

 

Both CN1 and CN2 are members of the M20 family of metalloproteases (88) and show 

53% sequence identity in humans (99). CN1 specifically degrades both carnosine and 

homocarnosine (another HCD) (100), while CN2 is a cytosolic non-specific dipeptidase 

able to degrade carnosine and other dipeptides, but not homocarnosine  (88). Fig. 6 is a 

schematic picture illustrating the enzymes involved in Asp, carnosine, and β-alanine 

metabolism in different tissues. 
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Fig. 6. A schematic picture of Asp, carnosine and β-alanine absorption, metabolism and the 

involved enzymes. The carnosine level in the blood depends on CN1 activity. The pathway shown for 

β-alanine in the liver represents pathways in rodents and humans. For clarity, the transporters on the cell 

membranes have not been named. Illustration created with BioRender (BioRender.com). 

 

 

The expression and activity of CN1 are increased in patients with diabetic nephropathy. 

Thus, it has been proposed that the level of CN1 in serum is involved in the development 

of diabetic nephropathy and has a promising therapeutic potential for the treatment of 

diabetic nephropathy (101).  

 

The decarboxylation activity of GADL1 toward Asp and its possible role in the 

production of carnosine has been suggested (63, 65).  Furthermore, a genetic study 

showed that single-nucleotide polymorphisms in the GADL1 intron are strongly 
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associated with the levels of acetylcarnosine in human blood (102); acetylcarnosine is 

also strongly correlated with carnosine levels (78). 

 

1.3.1.3. Carnosine in the brain  

In vitro and immunostaining studies showed that glial cells, including oligodendrocytes, 

possess carnosine synthase activity (103-105). In humans, oligodendrocytes appear to 

be the only brain cells that express CARNS1, whereas in mice it is only expressed in 

newly formed and myelinating oligodendrocytes (106). Taken together, carnosine 

metabolism in the brain appears to be mostly concentrated in four cell classes: 

oligodendrocytes, astrocytes, microglia, and macrophages. 

 

1.3.1.4.  The role of carnosine in muscle contraction 

It has been reported that muscle carnosine content is ergogenic (i.e. increasing physical 

performance) during anaerobic exercise (107, 108). Carnosine plays an important role 

as an anti-fatigue agent in SKM (109-112) and has a higher effect in high-intensity 

interval exercise, rather than short-term training (107) and endurance exercise (108). 

However, the ergogenic role of carnosine peptides in humans is still being debated. The 

effect of carnosine supplements is discussed further in chapter 1.3.1.5. 

On the other hand, a study on the role of carnosine in both SKM and cardiac muscle 

using the Carns1-/- rat model showed no effect on exercise capacity or SKM force 

production. However, there was significant impairment of contractile function in the 

cardiac muscle of these rats which was confirmed both in vivo and ex vivo. Impaired 

systolic and diastolic dysfunction were accompanied by reduced intracellular Ca2+ peaks 

and slowed Ca2+ removal, which shows that carnosine in cardiac muscle is involved in 

the regulation of Ca2+ and excitation-contraction coupling (113).  
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1.3.1.5. Therapeutic potential of carnosine 

One of the first studies on the therapeutic potential of carnosine showed that adding 

carnosine to rat diet may prevent the synthesis and negative effects of β-amyloid 

peptides. These peptides form plaques in Alzheimer’s patient brains (96). Furthermore, 

a study on the transgenic mouse model of Alzheimer’s disease proved that a treatment 

with carnosine (5 mg/day) for 6 weeks improved cognitive deficits and reverted 

oxidative stress and microglial activation in the hippocampus (114). Moreover, it was 

shown that carnosine may pass the blood-brain barrier, reach the brain and activate glial 

cells, which promotes the repair of damaged neurons in neurodegenerative diseases, 

such as Alzheimer’s disease (73) and multiple sclerosis. In a study on the plasma 

metabolomic changes in age-related macular degeneration (AMD) patients, it was found 

that carnosine was 50% decreased in these patients, revealing possible carnosine 

deficiency. Thus, it was suggested that the relative deficiency in carnosine could 

contribute to AMD pathogenesis (115). 

Concerning the effect of carnosine supplements on elderly people, it was reported that 

dietary supplementation of carnosine (250–350 mg/day) and anserine (650–750 

mg/daily) for 13 weeks can improve cognitive function (116, 117) and physical activity 

(117), preserve verbal episodic memory and brain perfusion (116, 118), and modulate 

network connectivity changes associated with cognitive function (116). In a review by 

Caruso et al. on four double-blind, randomized, placebo-controlled trials on the effects 

of carnosine against cognitive decline, it was shown that supplementation with 500 mg 

carnosine per day for 12 weeks improved global cognitive function and verbal memory 

in elderly subjects and mild cognitive impairment patients, whereas no effects were 

detected on depressive symptoms (119). Also, consumption of carnosine may prevent 

chronic diseases, such as diabetes, atherosclerosis, and cognitive impairment (120, 121).  

In the field of neuropsychiatry, there have been many studies on the health benefits of 

carnosine showing that carnosine supplementations may improve core and secondary 

symptoms of some neuropsychiatric diseases, such as schizophrenia, ADHD, major 

depressive disorder, and obsessive-compulsive disorder (OCD) (75, 122-125). Some 
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studies are reporting the short-term positive effects of carnosine treatment on both 

attention and hyperactivity in ADHD and autism patients which could be explained by 

the carnosine role in the regulation of N-methyl-D-aspartate (NMDA) receptors and 

GABA levels (126, 127). On the other hand, some studies showed no effect on autism 

severity and only decreased sleep deprivation (128). For possible carnosine 

supplementation side effects, there has been a study reporting the effects of carnosine 

on schizophrenia patients. In this study, 75 adults patients were randomly assigned to 2 

g of carnosine a day as an adjunctive treatment. The group that received carnosine 

displayed significantly improved strategic efficiency and made fewer perseverative 

errors compared with placebo. However, in this study, the treated patients also showed 

some side effects such as dry mouth, weight change, and itchiness (129). Therefore, the 

role of carnosine as adjunctive treatment to improve dysfunction in schizophrenia 

patients might have to be reconsidered. Nevertheless, the majority of studies show that 

oral carnosine supplement is considered safe if it is used appropriately (130).  

 

1.3.1.6.  Carnosinemia  

As mentioned in chapter 1.3.1.2, carnosinase (CN1) is an enzyme degrading carnosine. 

CN1 is coded by the CNDP1 gene (99). Carnosinase deficiency may lead to the 

accumulation of carnosine in the blood. This condition is called carnosinemia, a rare 

inherited (131) metabolic disorder (132) that may be the result of a mutation in the 

CNDP1 gene (131). Carnosinemia is associated with severe neurological symptoms in 

humans. It was first discovered in 1968 by Perry and colleagues, who showed that 

patients with carnosinemia have an excess of carnosine in the urine, little or no serum 

carnosinase activity, and develop progressive neurologic symptoms characterized by 

mental defects and intellectual disability (132-134). Carnosinemia affects males and 

females equally. Until today, 30 cases of carnosinemia have been reported in the medical 

literature registered by National Organization for Rare Disorders (NORD) 

(https://rarediseases.org/rare-diseases/carnosinemia/).  
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According to www.clinicaltrials.gov (a service of the U.S. National Institutes of Health, 

which shares information on current clinical trials), there are currently 24 studies using 

carnosine or zinc L-carnosine as a treatment for various diseases, such as bipolar 

disorder, schizophrenia, and Alzheimer’s disease, but none of them targets carnosinemia 

or homocarnosinemia (133-135). 

1.4.  β-Alanine   

It is generally believed that β-alanine (Fig. 7C) is supplied by the diet or synthesized in 

the liver, through uracil and thymine degradation (136). Many studies have shown that 

the consumption of β-alanine supplements may increase carnosine concentration in 

human muscles, which leads to increased well-being and improves athletic performance 

(137, 138). For instance, a study by Furst et al. on 12 human subjects between the ages 

of 60 and 70 showed that β-alanine supplementation (2.4 g/day) for 28 days increased 

physical performance and improved executive function following endurance exercise 

(139).  

 

 

 
 

                                              

 

  Fig. 7. The chemical structure of histidine (A), carnosine (B), and β-alanine (C). (A) The imidazole 

ring in histidine structure is shown in magenta. (B) In the carnosine structure, histidine is shown in blue, 

and β-alanine is shown in black. (C) β-alanine chemical structure.  
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β-Alanine, as well as its dipeptide derivatives, may also act as neurotransmitters or 

neuromodulators in the CNS, especially in the OB (77). Furthermore, β-alanine can 

increase brain-derived growth factor (BDNF) levels in the hippocampus and has 

anxiolytic effects (140). In a study on the link between vitamin B6 deficiency and 

cardiac function, β-alanine was proposed as a potential circulating biomarker to identify 

the onset of cardiac dysfunction (141). 

 

1.5. Antioxidant effects of β-alanine and carnosine 

β-Alanine, carnosine, and their metabolic derivatives have neuromodulator and 

antioxidant properties both in vitro and in vivo (77, 142).  Reactive oxygen species 

(ROS) damage has been reported in many diseases, such as cancer, and carnosine is 

involved in the inhibition of cancer cell proliferation using its antioxidant effect (143). 

Carnosine can perform antioxidant activity directly and indirectly. First, it can directly 

decrease the intracellular level of ROS, such as superoxide anions and hydroxyl radicals 

(144, 145), NO (146), cytotoxic carbonyl species (147), and aldehydes (148). Carnosine 

can also indirectly promote the endogenous system of antioxidant protection (149, 150).  

 

Several studies on oxidative stress have used the levels and the activity of superoxide 

dismutase (SOD), glutathione reductase (GSR), or glutathione peroxidase (GPX) as 

markers for oxidative stress (151). SOD, possibly the most powerful antioxidant in the 

cell (79), belongs to a large group of metalloenzymes. SOD enzymes are divided into 

four groups: copper-zinc SOD (CuZnSOD), manganese SOD (MnSOD/SOD2), iron 

SOD (FeSOD) and nickel SOD (NiSOD) (152). CuZnSOD is a cytosolic enzyme 

expressed in the mitochondrial matrix. In the brain, CuZnSOD is considered an 

important endogenous antioxidant. Another SOD enzyme, MnSOD, is mainly expressed 

in mitochondria (152, 153). Both are considered important antioxidant enzymes. SODs 

catalyze the dismutation of the superoxide radicals (O2
-) to molecular oxygen (O2) and 

hydrogen peroxide (H2O2) (152). With aging, the natural amount of these enzymes 

decreases, which leads to a higher risk of oxidative stress-related diseases, such as 

cancer, diabetes, and Alzheimer’s disease (153). Any alternations in the activity of SOD 
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can affect the ROS homeostasis changes and result in the activation of particular redox-

sensitive pathways involving nonreceptor protein tyrosine kinases (PTKs), protein 

kinase C (PKC), and protein phosphatases (PTPs) (152, 154). 

 

Glutathione, probably the most important antioxidant in the body, is synthesized from 

cysteine, glycine, and Glu. Glutathione peroxidase (GPX) oxidizes glutathione to 

glutathione disulfide (GSSG), and glutathione reductase (GSR) reduces it to 

reduced glutathione (GSH). A ratio of GSH to GSSG can be used to determine the level 

of oxidative stress that has occurred in cells. In mitochondria, GSR reduces GSSG to 

GSH using electrons (e-) from dihydro nicotinamide adenine dinucleotide phosphate 

(NADPH). Then, by using its thiol group, GSH neutralizes molecules such as ROS. 

Hence, GSR, a flavin adenine dinucleotide (FAD)-dependent enzyme, plays an indirect, 

but critical role in controlling cellular ROS (152, 155, 156).  

 

The link between carnosine levels and these antioxidant enzymes is very intriguing. 

Some studies showed that carnosine supplementation increased the activity and 

expression of GSH and SODs (157). It has been shown that using carnosine as a pre-

treatment for the oxidative stress-induced rat models may result in a 25% increase in the 

activity of CuZnSOD (158). In addition, Aydin et al. have shown that in the aged male 

rat liver, daily doses of carnosine (250 mg/kg) during one month caused a significant 

reduction in the activity of GSH and SOD (157). Furthermore, another study showed 

that 100 mg/kg of carnosine supplements per day may lead to a higher activity of GPX 

and SOD in the plasma, liver, and muscle of pigs. Also, in this study, the expression 

levels of GPX and SOD genes were increased in the muscle tissue (159).  

 

Another antioxidant enzyme, MnSOD, has limited effects on the growth of cancer cells. 

A significant decrease in cellular ROS levels and increase in MnSOD expression have 

been reported when carnosine is used as an inhibitor for the proliferation of cancer cells 

in vitro (143).   However, most of the studies focused on exogenous carnosine, and there 

are not so many studies on the effect of endogenous carnosine on antioxidant enzymes.  

Therefore, more research on the biology of β-alanine and carnosine is needed to answer  

many open question about them, and to validate the available findings. 
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2.  Aims 

The main aim of this study was to characterize the novel PLP-DC, GADL1, both in vivo 

and in vitro. Furthermore, we wanted to compare the structure, biochemical properties, 

and expression pattern of GADL1 with the closely homologous enzyme, CSAD.  

A long-term goal is to provide knowledge that may lead to the identification of new 

metabolomic pathways and signalling molecules and enable the development of novel 

biomarkers and target therapies for different diseases, in particular brain disorders. 

 

2.1.  Specific aims 

 

1. Identify the natural substrates, tissue distribution, and inhibitors of GADL1 and 

CSAD. Paper I 

 

2. Explore the physiology of GADL1 using a constitutive knockout mouse model 

and human genetic data. Paper II 

 

3. Solve the crystal structure of mouse GADL1 with bound substrates. Paper III  

 

4. Solve the crystal structure of mouse CSAD and compare it with other PLP-DCs to 

identify determinants of substrate specificity and catalytic activity. Paper IV 
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3.  Overview of the results 
 

3.1.  Paper I 

Title: Mammalian CSAD and GADL1 have distinct biochemical properties and patterns 

of brain expression.  

In this article, we explored the biochemical features and brain expression patterns of 

GADL1 and compared it to CSAD. We investigated the role of both GADL1 and CSAD 

in taurine biosynthesis and other possible pathways, in which the two enzymes could be 

involved.  

Using quantitative reverse transcription-polymerase chain reaction (qRT-PCR) and 

western blotting analysis, we showed that GADL1 is expressed in the OB during early 

brain development in mice and humans. The mRNA of GADL1 was found only in 

neurons, whereas its homolog, CSAD, was found in both neurons and astrocytes. 

Moreover, we found that the relative expression level of GADL1 mRNA was 

significantly lower than CSAD in the adult brain. However, in contrast to CSAD, the 

mRNA of GADL1 was also detected in SKM. 

We found that both GADL1 and CSAD can decarboxylate CSA, cysteic acid (CA), 

homocysteic acid, and Asp, but the most favored substrate for both enzymes appeared 

to be CSA. By measuring enzyme activity with HPLC, we determined the Km, kcat, and 

Vmax of GADL1 and CSAD using CSA and Asp as substrates.  This showed that the kcat 

value of GADL1 is approximately, 10-fold higher than CSAD using Asp as substrate. 

On the other hand, kcat value of CSAD is approximately, 2-fold higher than GADL1 

using CSA as substrate. Furthermore, upon using in silico screening and molecular 

docking with the homology model of GADL1, combined with in vitro assays, we 

discovered several substrate analogs that were weak inhibitors for both GADL1 and 

CSAD, such as bis-(carboxymethyl)-trithiocarbonate and ethylxanthogenacetic acid. 

Different concentrations of the inhibitors were tested and some inhibitor specificity for 

each enzyme was reported. Lithium had minimal effect on the enzyme activities of 

CSAD or GADL1.  
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Based on these findings, we concluded that the biosynthesis of taurine in mammals 

involves two structurally related PLP-DCs, GADL1, and CSAD. These two homologous 

enzymes have partially overlapped catalytic properties but different tissue distribution, 

suggesting that the enzymes may have different physiological roles in vivo. In addition, 

further studies on selective inhibitors targeting these enzymes may lead to a better 

understanding of their structures to help the development of compounds that could 

potentially be used as therapeutic agents. 

 

3.2.  Paper II 

Title: GADL1 is a multifunctional decarboxylase with tissue-specific roles in β-alanine 

and carnosine production  

In this study, we investigated the metabolic role of GADL1 by using a novel mouse 

model lacking the Gadl1 gene. First, we collected tissues of Gadl1−/−, Gadl1−/+ and 

Gadl1+/+ mice and performed an untargeted metabolomic analysis using liquid 

chromatography mass-spectrometry (LC-MS). We found that carnosine peptides were 

the most affected metabolites in Gadl1−/− compared to Gadl1−/+ and Gadl1+/+.  The most 

affected tissue is the brain, in particular OB. β-Alanine was also significantly reduced 

in the OB, but this reduction was nonsignificant in other regions of the brain and SKM, 

and it was unaltered in the liver of Gadl1−/− mice. On the other hand, acetylcarnosine 

and anserine were significantly decreased in the brain and SKM.  

Furthermore, we observed increased levels of oxidative stress markers in the SKM, brain 

and specifically in the OB. This increase is in line with elevated glutathione synthesis 

and could be an indication of increased oxidative stress. Several disorders, including 

neurodegenerative diseases and cancers, are believed to be caused by oxidative stress 

damage. Since β-alanine and carnosine supplementation has been used in protection 

against oxidative stress (77), we suggested that the Gadl1−/− mouse model can be used 

as a new tool for further research in the field of oxidative stress-related diseases and the 

effects of carnosine dipeptides on these diseases. Moreover, we observed some 

phenotypical and behavioural changes in the Gadl1−/− mice. The Gadl1−/− mice had 
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significantly lower weight compared to Gadl1+/+ after 30 weeks of age. Also, lower 

anxiety was observed in the 22-week-old male mice. In addition, previously reported 

human data showed that common variants in the human GADL1 locus were associated 

with plasma levels of acetylcarnosine, muscle strength, kidney function, and subjective 

well-being (102, 160-162). The low score of subjective well-being has been genetically 

related to low energy, anxiety, and depression, which can all be related to brain and 

muscle levels of carnosine peptides (163). Combining this with our behavioural analysis 

data of Gadl1−/− mice, we conclude that the link between the GADL1 gene and anxiety 

is particularly interesting and needs further investigation.  

These results showed that the GADL1 enzyme plays an important role in the synthesis 

of β-alanine and carnosine peptides in the brain, SKM and OB. In the future, studying 

the relation between the GADL1 enzyme and the level of oxidative stress and the 

connection between GADL1 gene expression and anxiety using the Gadl1−/− mouse 

model might reveal more information about this enzyme and its therapeutic potential.  

 

3.3.  Paper III 

Title: Structure of the mouse acidic amino acid decarboxylase GADL1 

Here, the structure of MmGADL1 and a solution model based on small-angle X-ray 

scattering (SAXS) data are described. Histidine-tagged MmGADL1 was expressed in 

Escherichia coli, purified, and crystallized using sitting-drop vapor diffusion. The 

crystals were subjected to X-ray diffraction analysis. We also used SAXS to validate the 

crystal structure and to determine the conformation of MmGADL1 in solution. 

The MmGADL1 crystal structure showed a single MmGADL1 homodimer in the 

asymmetric unit. This was expected based on other PLP-DCs structures. However, it is 

important to note that although MmGADL1 overall folding and the bound PLP 

conformation are similar to other PLP-DCs, GADL1 adopts a looser conformation in 

solution. This feature might have functional relevance in substrate binding and catalysis 
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and will be investigated more in the future for a better understanding of PLP-DC enzyme 

family structures and their physiological roles. 

 

3.4.  Paper IV 

Title: Structure and substrate specificity determinants of the taurine biosynthetic 

enzyme cysteine sulphinic acid decarboxylase (CSAD) 

In this paper, we studied the crystal structure of MmCSAD, an enzyme that plays a 

critical role in the taurine synthesis and compared it with the structure of other enzymes 

in the PLP-DC family. SAXS data on MmCSAD structure demonstrated that MmCSAD 

shows open/close motions in solution. Investigating the apo-CSAD structure revealed 

that the active site of the enzyme gets more ordered by the binding of PLP and internal 

aldimine formation.  

By comparing the active sites of CSAD and GAD, we observed that phenylalanine 

(Phe)94 plays a critical role in the binding of substrate. Phe94 makes the CSAD active 

site so tight that Glu cannot productively bind. The same residue in GAD is a Ser instead 

of Phe. Thus, we hypothesized that by mutating Phe94 to Ser in the active site of 

MmCSAD, Glu may productively bind to the active site, and the activity of CSAD could 

change. This mutation indeed changed the stability and the activity of the enzyme, but 

Glu still could not productively bind to the active site. Testing other substrates, CSA 

and Asp, showed that the mutation affects the Km and kcat of the enzyme in the way that 

the mutated enzyme has a turnover number 5-10 times lower than the wild-type (WT) 

CSAD, which indicates an overall effect of the mutation on catalysis. 

Hence, we concluded that Phe94 plays an important role in the substrate binding of 

MmCSAD, but changing the structure of the active site so that Glu can productively bind 

needs further studies. This study revealed new information about MmCSAD structure 

and highlighted the molecular mechanism of taurine synthesis and the enzymes 

involved.  
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4.  Discussion 

In this project, the biochemical properties, physiological function, and crystal structure 

of CSAD and the novel PLP-dependent enzyme, GADL1 were studied. The role of 

GADL1 in β-alanine and carnosine peptide production and its role in the oxidative stress 

process was investigated by using the Gadl1−/− mouse.  In addition, the Gadl1−/− mouse 

was introduced as a new animal model to study β-alanine and carnosine biosynthetic 

pathways.  

 

 

4.1.  Methodological considerations  

4.1.1. Generating the knock-out (KO) mouse model 

In order to choose the best strategy for knocking out the Gadl1 gene, there were several 

considerations. In this chapter, the possible strategies for knocking out the Gadl1 gene 

and the logic behind the chosen method are briefly explained.  
 

 

4.1.1.1. Structure of Gadl1 gene  

Bioinformatic analysis showed that the Gadl1 gene is located on chromosome 27 and is 

composed of 20 exons. ATG initiation codons are located in exons 3 and 5, while the 

stop codons are located in exons 19 and 20. The length of the mouse Gadl1 gene is 183.6 

kilobases (kb).  

 

The Gadl1 gene has two isoforms: 

• Gadl1 isoform 1 that encodes for 550 amino acids, an experimentally validated 

protein. 

• Gadl1 isoform 2 that corresponds to the alternative use of exon 19 leading to a 

premature stop codon and would encode for 526 amino acids, a predicted protein. 
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There are 5 overlapping putative genes (LOC102633399, LOC102633324, 

LOC102633106, CB272377, AK015508) near Gadl1 gene. These putative genes all 

encode non-coding RNAs (Fig. 8). 

 

 

 

 

 

Fig. 8. The structure of Gadl1 gene. The ATG start codon and stop codon are shown in red. The 

overlapping putative genes are shown in magenta.  
 

 

The neighboring gene of Gadl1 is the Tgfbr2 gene, encoding an important receptor with 

a role in growth and survival (shown in Fig. 9). The distance between Gadl1 and Tgfbr2 

is approximately 8 kb. Therefore, we had to apply a safe, conservative knocking-out 

strategy, to minimize the risk of disrupting the Tgfbr2 gene function. In addition, the 

presence of 5 overlapping genes was considered in choosing the knocking-out strategy. 

 

4.1.1.2. Knocking out Gadl1  

We aimed to eliminate Gadl1 gene expression in specific tissues using conditional KO 

mice. In this project, these mice were also used to generate a constitutive KO mouse 

model. Possible approaches for generating a KO mouse model and avoiding the risk of 

expression of truncated proteins containing a functional domain were: 

 

• Deletion of the ATG start codon to disrupt Gadl1 translation 

• Deletion of the part of the gene that codes for the PLP binding site to eliminate the 

protein activity  
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• Deletion of the stop codons to generate an unstable Gadl1 mRNA 

 

To avoid disrupting any gene expression regulatory element, we decided to only delete 

part of the gene that codes for the PLP binding site, exon 7, to eliminate enzymatic 

activity. To achieve this aim, we used the Cre/loxP method. The loxP sites were inserted 

into intron 6 and intron 7, together with the neomycin (neo)–positive selection cassette 

in intron 6 (Fig.9).  

 

 

Fig. 9. Targeting strategy for knocking out the Gadl1 gene in the mice. Gadl1 coding sequences 

(hatched rectangles) were targeted for knocking out the Gadl1 gene expression. Noncoding exon 

portions are shown as blue rectangles, and chromosome sequences are shown as orange rectangles. 

The neomycin (neo)–positive selection cassette is shown between loxP sites (shown as blue 

triangles), and Flippase recognition target (FRT) sites (shown as magenta triangles). Figure adapted 

from (164). 

 

This approach results in out-of-frame splicing and leads to a premature stop codon in 

exon 8 of both the 550-and 526-amino acid GADL1 isoforms. The mRNA would be 

non-functional, unstable, and rapidly degraded by nonsense-mediated decay. This 

insertion stops the transcription of Gadl1, and in the unlikely event of an mRNA being 

produced, it would encode for a 152-residue polypeptide devoid of any functional 

domain.  
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For generating conditional KO mice, it is possible to combine the Cre-loxP method with 

clustered regularly interspaced short palindromic repeats (CRISPR) associated protein 

9 (Cas9) technology (165). This combination has been also tested in cells (166) and is a 

novel method for gene editing with low off-target effects. We are considering using this 

combination for generating a conditional Gadl1 KO mouse model in the future.  

 

4.1.1.3. Confirming gene knock-out 

DNA sequencing and Southern blotting showed that exon 7 was eliminated from the 

Gadl1 gene in the mouse genome. However, we observed that in the OB and SKM of 

Gadl1−/− mice, some Gadl1 mRNA species were detectable, although subsequent RNA 

sequencing and qRT-PCR of individual exons showed that Gadl1−/− mice lacked exon 7 

on the Gadl1 gene. Bioinformatic analyses showed that the deletion of exon 7 led to the 

generation of a new RNA splicing site in Gadl1−/− mice.  We confirmed the knocking 

out of the gene by Western blotting, which revealed that the KO mice do not express 

GADL1 protein. We did an additional KO verification by expressing the KO protein 

(protein lacking segments coded by exons 7) recombinantly in Escherichia coli. 

Compared to the full-length protein, the KO protein yield was very low, and it was 

enzymatically inactive, confirming that the gene elimination was successful and 

Gadl1−/− mice probably do not have any residual GADL1 enzyme activity.  

 
 

4.1.2. HPLC 

 

During method development for this study, different mobile phases and columns were 

tested for the high-performance liquid chromatography (HPLC) based methods. The 

instability of o-phtaldialdehyde (OPA) derivatization caused some problems for 

reproducibility, both between individual replicates and runs. To minimize this problem, 

internal standards were injected between the samples, and the peak areas of the standards 

were used for the normalization of all the sample peak areas. In addition, by experience, 

we learned that pre-incubation of OPA with β-mercaptoethanol for 30 minutes 

significantly increased the stability of the analysis.  
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Another method for measuring enzyme activity is using circular dichroism spectroscopy 

(CD). Tramonti et al. recently reported that it is possible to measure CSAD enzyme 

activity using CD, as the substrate and product of the reaction have different optical 

properties (167). CD is a common method to investigate protein structure and has been 

used in biochemistry to obtain a quantitative assessment of the secondary structure 

content of biomolecules (168). However, most studies in the field of enzymology have 

used HPLC to measure enzyme activities. Reported HPLC assays for measuring taurine 

(169, 170) or carnosine (171) production have used ion-exchange or reversed-phase 

separation, which provide the possibility of separation and measurement of complex 

samples. One of the most important features of using HPLC for measuring enzyme 

activity is that the change in both substrate and product concentration can be measured 

simultaneously. Therefore, HPLC has a high potential for enzyme activity assays and 

has been employed in many studies on enzyme activities (172-174).  

 

4.1.3. Protein expression and purification  

Part of this study includes the characterization and crystallization of GADL1 and CSAD. 

For this aim, biophysical techniques were used, and controlled conditions were 

employed during and between all the experiments, including expression and purification 

processes. Having proteins with a high degree of purity and stability was vital for the 

experiments. Hence, the possible effects of aggregation and degradation were avoided. 

The quality of the purified proteins was checked by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and size-exclusion chromatography 

with multiple angle laser light scattering (SEC-MALS) before and after the experiments.   

 

4.2. GADL1, the discovery of a “novel” enzyme 

The initiation of our studies on GADL1 was in 1998, when in a collaborative study 

between the University of Bergen and Uppsala University, it was found that some 

patients with APS1 have antibodies against tryptophan hydroxylase, tyrosine 

hydroxylase, and the PLP-dependent enzyme aromatic amino acid decarboxylase 
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(DOPA decarboxylase) that are involved in the production of serotonin and dopamine 

(175-180). In the course of these investigations, it was also found that a subgroup of 

patients produced antibodies against a novel antigen that was later identified as GADL1 

in Paper I. During the assembly of mouse genome databases, this gene had originally 

received the name “GAD-like 1” because of the high sequence similarity to GAD (45–

47% amino acid identity). Based on this similarity, GADL1 was assigned a possible role 

in GABA synthesis. However, later we and others (63)  found that GADL1 does not 

have biologically significant GAD activity, and sequence comparison shows that it is 

more similar to CSAD (61% amino acid identity) (65).  

 

4.3. Multiple substrates, multiple functions 

Many PLP-dependent enzymes have multiple substrates (18). It is assumed that in the 

earliest phase of metabolism, enzymes were acting more generally and each enzyme had 

several substrates (181). Then, during evolution, most of the enzymes became more and 

more active, selective, and specific towards a single substrate (182-184). However, for 

some enzymes, having multiple physiological substrates is an advantage for fitness. 

Hence, for these enzymes, this feature has been selected or retained during evolution 

(181). One example of a PLP-dependent enzyme with multiple substrates is omega (ω)-

transaminase, which is active on two types of substrates, hydrophobic amines and amino 

acids (27). Some other PLP-dependent enzymes also have several substrates (185). 

 

Having multiple substrates does not mean that the enzyme must have the same affinity 

towards both substrates and act with the same efficiency on them. Sometimes the cell 

needs the product at a very low level, so even a slow reaction would be beneficial for 

the cell (181). For example, it has been shown that Ser racemase, which belongs to Fold 

II type of PLP-dependent enzymes, is involved in D-aspartate biosynthesis (186), and 

phylogenetic analysis indicated that animal Ser racemase and Asp racemase are not 

separated by their particular racemase function and form a Ser/Asp racemase family 

cluster (187). Nevertheless, Ser racemase catalytic efficiency for Asp racemization is 

550-fold lower than that of Ser racemization (186).  
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Both GADL1 and CSAD are examples of PLP-DCs with multiple substrates. Each of 

them has a different affinity towards each substrate. CSA is the preferred substrate for 

both CSAD and GADL1. Nonetheless, apparently, CSAD has a higher affinity towards 

CSA than GADL1. Both enzymes decarboxylate Asp, but the mouse GADL1 

decarboxylates Asp approximately 10 times faster (higher Vmax) than CSAD (Paper I). 

This may also have roots in structural differences in the active sites of CSAD and 

GADL1 that will be further discussed in chapter 4.4.2 on substrate specificity. 

 

4.4. GADL1 and CSAD structures and biochemical features 

Part of this project was studying the structure of CSAD and GADL1. We solved the 

crystal structure of GADL1 and CSAD in paper III and paper IV, respectively. In 

addition, in paper I, we have characterized these two enzymes from a biochemical point 

of view and suggested some new inhibitors for both of them. In this chapter, GADL1 

and CSAD structure, substrate preferences, and catalytic activities are discussed. 

 

4.4.1. PLP-dependent enzymatic mechanism 

In the reactions performed by the PLP-dependent enzyme family, the formation of an 

external aldimine intermediate with the substrate is a common step (16). In this enzyme 

family, PLP is covalently bound to the active site of the enzyme, forming an internal 

aldimine (Fig. 10A). The covalent bond is formed between an aldehyde group of PLP 

and the ε-amino group of a Lys residue in the enzyme active site (Schiff-base linkage) 

(188, 189). When the substrate binds, the Lys ε-amino group is displaced by an amino 

group from the substrate, which leads to the formation of a substrate-PLP adduct, 

referred to as an external aldimine (Fig. 10B) (190).  
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Fig.10. The common initial step in PLP-dependent enzymes reactions. The formation of an internal 

aldimine (A) and then an external aldimine (B) is the first step in all the PLP-dependent enzyme 

reactions, including those catalyzed by GADL1 and CSAD.  

 

 

4.4.2. Substrate specificity of CSAD and GADL1 

In paper I, we showed that both GADL1 and CSAD can decarboxylate CSA, CA, and 

Asp but both of them preferred CSA as substrate. These findings are in line with 

previous studies (63). On the other hand, it was found that cysteine may inactivate the 

CSA and Asp decarboxylase activity of GADL1 and CSAD in a concentration-

dependent manner. Thus, in the presence of cysteine, β-alanine production from Asp by 

GADL1 is diminished. The inactivation was shown to be due to the interaction between 

cysteine and bound PLP in the enzyme structure, and it depends on the relative position 

of cysteine and the PLP bound to the active site (191).  

The substrate specificity of GADL1 (63, 65) and CSAD (68, 167) towards Glu has been 

debated. In paper I, we reported that neither GADL1 nor CSAD decarboxylates Glu. 

Tappaz et al. also reported that CSAD is unable to decarboxylate Glu (192). However, 

using a more sensitive detection system, in paper IV, we observed a trace level of 

activity for CSAD with Glu as substrate. Moreover, Tramonti and colleagues found 
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some activity of CSAD with Glu, although with very low kcat and Vmax, possibly low 

efficiency (167). From one point of view, since CSAD has high sequence similarity with 

the GAD enzymes, it is expected to observe an activity between CSAD and Glu (192). 

This applies to GADL1 as well. On the other hand, investigating the structures of CSAD 

and GADL1 active sites shows that both enzymes have some differences compared to 

GAD. In a closer look, Phe94 in the CSAD active site, and Tyr in the same position in 

the GADL1 active site, should prevent Glu from binding. GAD has a serine in the 

corresponding residue position (described in detail in paper IV). Furthermore, CSA, 

Asp, and Glu, the substrates of CSAD, GADL1, and GAD, are different in size and 

shape (illustrated in paper II, Fig. 3h). Therefore, it was predicted that CSAD and 

GADL1 have a very low activity towards Glu, since Glu cannot productively bind to the 

CSAD and GADL1 active sites. 

 

4.4.3. On the kcat value of CSAD and GADL1 

The kcat value, the maximal turnover rate of an enzyme, is one of the fundamental 

properties of an enzyme, and it is important for the study of metabolic systems that the 

enzyme is involved in. Many models of cellular metabolism include kcat values as key 

inputs to predict the behaviour of metabolic pathways and networks (193, 

194).  Reaching highly efficient enzymes is a great challenge in enzyme engineering 

(195). 

In paper I, we reported the Km and kcat of CSAD and GADL1. In addition, in paper IV, 

we measured the activity of CSAD expressed and purified using another vector that 

contained a His-tag. Based on these values, CSAD has a low kcat value towards its 

substrates. The same is true for the GADL1 kcat value. But does this mean that GADL1 

and CSAD are “not very active enzymes”? Perhaps not. Although kcat is supposed to be 

a constant value and is part of the enzyme identity, many factors can affect the kcat value. 

One possibility could be that the enzyme was not correctly folded during expression and 

purification. Thus, optimization of purification conditions may improve enzyme 

activity. Furthermore, it has been reported that when tagged enzymes are used for 
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measuring kinetics, it may have resulted in enzyme instability or interference with 

catalysis (196). We can see this difference in kcat values between cleaved and non-

cleaved enzymes in paper I (numbers are shown in Table 1 of paper I). In addition, there 

is an ongoing debate on comparing the enzyme assay conditions in vivo and in vitro. 

There is always a question of how similar the in vitro enzyme assay condition is to the 

in vivo, and if enzymes have different catalytic properties in vivo (197). Davidi and 

colleagues proposed a proteomics method for measuring the catalytic activity of 

enzymes in vivo (198, 199). Using such methods in future studies for estimating the 

maximal catalytic rates of GADL1 and CSAD in vivo may help in promoting our 

understanding of PLP-DCs substrate affinity, activity, and roles in metabolism.  

 

 

4.4.4. GADL1 and CSAD, similarities and differences 

In papers III and IV, we reported the crystal structure of MmGADL1 and MmCSAD, 

respectively. The structure of both enzymes reveals a homodimer that adopts an open 

conformation for the cofactor and substrate binding. The active sites are fully occupied 

with PLP, except the CSAD apo structure. Both enzymes adopt a loose conformation in 

solution, possibly explaining the affinities of CSAD and GADL1 toward multiple 

substrates. In the active site of CSAD, there is Phe94 that is important for substrate 

binding. GADL1 has a Tyr in the corresponding site. This minor difference may explain 

why GADL1 is more active than CSAD using Asp as substrate.  Fig. 11 shows the 

structures of MmGADL1 (A) and MmCSAD (B) using the PDB entries 6ENZ and 

6ZEK, respectively. 
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Figure 11. MmGADL1 (A) and MmCSAD (B) crystal structures. PLP is shown in red. Different 

colors were chosen based on the chains for clarification. The figure was created in PyMol (2.4.1).  

 

4.4.5. Current advances on protein structure studies 

Studying the structure of a protein helps in better understanding its biochemical features, 

interaction with other proteins, biological functions, and predicting its therapeutic 

potential. There have been many studies on predicting protein structures based on their 

amino acid sequence or based on homologous proteins in the same family (200-202). 

Recently, there has been a breakthrough in protein structure prediction by artificial 

intelligence. AlphaFold2 is one example of software that is using a novel approach for 

predicting protein structures and potentially changing the future of protein structure 

science (203). Similarly, the RoseTTAFold protein modelling software is another very 

recent tool for protein structure prediction (204). However, experimental techniques are 

still needed to validate predicted structures. 

 

4.4.6. Inhibitors for PLP-DCs 

Considering the wide variety of their action mechanism and their versatility, PLP-

dependent enzymes are attractive targets for designing specific inhibitors. Among the 

PLP-DCs, DOPA decarboxylase (DDC) and its inhibitor, carbidopa, have been studied 



 

 

55 

more than other PLP-DCs and their inhibitors, because of their role in the treatment of 

Parkinson’s disease (205-207).  

Parkinson’s disease is characterized by losing neurons involved in the production of one 

of the most important neurotransmitters in the brain, dopamine (208). DDC, also known 

as aromatic L-amino acid decarboxylase, decarboxylates L-DOPA to dopamine. DDC 

is expressed by neurons in the CNS, liver, kidney, pancreas, and T lymphocytes (209). 

L-DOPA (levodopa) (Fig. 12A) is the most common drug for the treatment of 

Parkinson’s disease (210). Intake of levodopa results in the systemic production of 

dopamine, which has side effects and may limit the production of dopamine in the CNS. 

Activation of peripheral dopamine receptors results in nausea and vomiting. Another 

drug that is commonly used by Parkinson’s patients to control the effects of L-DOPA is 

carbidopa (Fig. 12B).  

 

 

Fig.12. Chemical structure of DOPA and carbidopa. 

 

Carbidopa is an inhibitor of DDC (211) and does not cross the blood-brain barrier, thus 

inhibiting the conversion of levodopa to dopamine outside of the brain, in the peripheral 

tissues (212), increasing the L-DOPA half-life and decreasing the unwanted side effects 

of dopamine on organs located outside of CNS (213-218). However, it has been shown 

that carbidopa inhibits T cell activation in vitro and in vivo (213). Carbidopa is an 

analogue of L-DOPA and inhibits DDC by forming a covalent bond to PLP and blocking 

the active site (206, 212). The crystal structure of the DDC and carbidopa complex is 
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available at the PDB (number 1JS3) (206) and may be used for designing inhibitors for 

other PLP-DCs with a similar mechanism of action.  

Another example of an inhibitor of PLP-dependent enzymes is cycloserine, which has 

irreversible inhibition effects on GABA transaminases (219-221). Cycloserine is a 

cyclic analogue of alanine or serine and is approved for clinical use (222-224). Similarly 

to carbidopa, the cycloserine mechanism of inhibition is by making a covalent bond with 

PLP, therefore inhibiting the enzyme reaction (219, 222, 223). 

 
 

In paper I, we introduced the “first generation” of inhibitors against GADL1 and CSAD 

that were designed based on in silico binding predictions and the substrate structures. 

Another approach for designing mechanism-based inhibitors could be to directly target 

the formation of the external aldimine during the catalytic cycle. Since this method 

targets a common step of all PLP-dependent enzyme reactions, it may lead to identifying 

inhibitors with less specificity but possibly higher affinity. Thus, it might be more 

efficient to use analogues of different stages of the enzyme reaction instead of using 

substrate analogues as inhibitors that may have a low affinity towards the enzyme. 

 

4.5. GADL1 and CSAD tissue distribution and expression  

In paper I, we showed that GADL1 is expressed in the SKM, brain, and particularly in 

the OB. Our data in paper II confirmed this by showing that OB is the most affected 

tissue in the Gadl1−/− mice. A recent paper by Wang-Eckhardt and colleagues on the KO 

mouse model of CARNS1 also shows depletion of HCDs in the OB. (225). It has been 

proposed that carnosine is present in OB and nasal olfactory epithelium (82) and 

possibly plays a role in the smelling sense.  

In addition to the OB, other regions of the brain are also affected in the Gadl1−/− mice. 

It has been proposed that in the brain, carnosine would act as a neurotransmitter (226) 

and the level of carnosine was reduced in the brain of Gadl1−/− mice. However, the 

morphology of the brain in Gadl1−/− mice did not change compared to Gadl1+/+ mice 

(Fig. 3D-F in paper II and supplementary Fig. 5A in paper II). Moreover, we observed 
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no major abnormalities in the behaviour and activities of Gadl1−/− mice, except for a 

small decrease in anxiety, and there was no significant difference in the phenotypes 

across the genotypes.  However, the level of homocarnosine was upregulated, which 

might be a compensatory mechanism for the reduction against carnosine.  

GADL1 is also expressed in SKM. Miyamoto-Mikami et al. reported that the expression 

levels of CARNS1 and GADL1 in SKM are significantly increased by high-intensity 

interval training, indicating the roles of these enzymes in SKM performance and 

carnosine importance in muscle function (227). However, it was recently reported that 

in Carns1-/- mice, the pH buffering capacity and SKM contraction were unaltered, 

although a lack of CARNS1 caused depletion of HCDs in the SKM (225). One 

possibility could be that in Carns1-/- mice, the lack of carnosine is compensated by up-

regulation of other physiological buffers, so the muscle contraction was not affected. 

This would be in line with our findings in Paper II, that mice lacking carnosine had 

increased levels of homocarnosine.  

In Csad−/− mice, the expression of GADL1 was relatively upregulated in the brain and 

SKM, which partially compensates for the lack of taurine, indicating an important role 

for GADL1 in maintaining the taurine level in some tissues (228). On the other hand, 

Liu et al. (63) found a high expression of GADL1 in the kidney. However, this high 

level of expression was not reproduced by us (65) or other groups (228). Since CSAD 

is highly expressed in the kidney, it is possible that the antibody used in the study (63) 

was nonspecific and bound to CSAD instead of GADL1 in the kidney.  

Our experiments showed that GADL1 is not expressed at high levels in any of the tissues 

examined. However, its expression may be upregulated in response to environmental or 

physiological challenges, such as oxidative stress. For example, it has been shown that 

in the mouse model of amyotrophic lateral sclerosis (ALS), the expression of GADL1 

was increased 1.52-fold in response to damage occurring during the course of disease in 

oligodendrocytes (229). Considering the antioxidant feature of carnosine, there is a 

possibility that GADL1 expression is also regulated based on the level of oxidative stress 
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markers and oxygen in the cell. This could be tested by inducing oxidative stress in 

animals (230) or cell culture and checking for changes in GADL1 expression.  

There are several examples of enzymes that are upregulated because of oxidative stress 

(231-233) such as SOD enzymes described in chapter 1.5 (234). Another example of an 

enzyme that is expressed in specific tissue at a certain time window is plasmin, one of 

the most reactive serine proteases, involve in cancer progression. The proteolytic 

activity of plasmin is tightly regulated through activation of its precursor, plasminogen, 

but only at specific times and in defined locations (235). 

 

4.6. Changes observed in the Gadl1−/− mice 

Using LC-MS, we performed a metabolic analysis of different tissues taken from 

Gadl1−/− and Gadl1+/+ mice. Between 541-720 metabolites were identified in the OB, 

SKM, brain, heart, serum, and kidney. In this chapter, some of the most significant and 

crucial changes observed in the Gadl1−/− mouse are discussed.   

 

4.6.1. β-Alanine biosynthesis and changes in the Gadl1−/− mice 

In paper II, we have shown that the β-alanine level was significantly decreased in the 

Gadl1−/− mouse OB. The most obvious reduction of β-alanine levels was observed in 

OB, and this is expected since GADL1 is mostly expressed in OB. However, it is 

possible that in other tissues with a high demand for β-alanine, such as SKM and brain, 

upregulation of alternative enzymes involved in β-alanine synthesis maintain β-alanine 

cellular levels. For example, β-ureidopropionase 1 produces β-alanine from uracil  (136, 

236-238). Possibly, upregulation of β-ureidopropionase was one of the ways for the 

mice's body to compensate for the reduced production of β-alanine in the absence of 

GADL1.  

Dietary β-alanine, anserine, and taurine have been shown to reduce muscle fatigue, play 

roles as antioxidants and improve metabolic profiles in animals and humans (239-243) 

Nevertheless, some negative effects have also been reported (244). One of the most 
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widely known side effects of β-alanine supplements is paraesthesia (tingling), reported 

in individuals using more than 800 mg of β-alanine in non-sustained release form (245, 

246). Moreover, there have been studies on the toxicity of taurine and ethanol in 

combination, which increases concerns for young people mixing taurine-containing 

energy drinks with alcohol (247). However, a review published in 2008 found no 

documented negative or positive health effects of taurine energy drinks, and it was 

concluded that the amount of taurine in energy drinks is too low to have any therapeutic 

benefits or negative effects (248). Evidently, more research is needed to determine the 

positive or negative effects of taurine and β-alanine supplementation. 

On the other hand, β-alanine supplementation leads to a reduction in the abundance of 

taurine in the mouse SKM (249, 250). This is because one way of transporting β-alanine 

into the cells is via a transporter called taurine transporter-SLC6A6 (TauT), which is a 

Na+ and Cl--dependent transmembrane transporter managed by transmembrane Na+ flux 

(251, 252). This β-amino acid transporter transports both β-alanine and taurine (253, 

254). Sharing the same transporter leads to a lower taurine uptake in the cell. Reduction 

of taurine caused elevated oxidative stress (250) and changes in energy metabolism 

(255).  

 

4.6.2. Oxidative stress in Gadl1−/− mice 

 

Oxidative stress is believed to contribute to many diseases, such as cancer, diabetes, and 

neurological disorders, including Alzheimer’s disease (256, 257). There are many 

factors involved in this process. One of the main causes could be changes in the cell 

chemical profile and expression levels of the enzymes involved in the production of 

essential chemical substances. Carnosine (77, 142), β-alanine (258, 259), and taurine 

(239, 240) may protect against oxidative stress.  

The therapeutic potential of carnosine against oxidative stress (260) and its role in 

suppressing Alzheimer’s disease has been extensively studied (258, 259). The 

antioxidative stress effect of carnosine could be explained by its function as a ROS 

quencher (77, 142). ROS may cause a reduction in the levels of antioxidant enzymes, 
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such as SOD and GPX. Carnosine supplementation may increase the levels of these 

enzymes (77).  

In our study, we found that in Gadl1-/- animals, the levels of oxidative stress markers 

were increased. This is consistent with the antioxidative stress effect of carnosine in the 

SKM. On the other hand, in the Carns1-/- rat model, although the level of carnosine was 

very low, the levels of antioxidant markers in cardiac muscle were unaltered, indicating 

that in cardiac tissues, the absence of carnosine does not result in increased oxidative 

stress, and antioxidant defense is not a primary physiological role of carnosine in the 

cardiac muscle (113).  

 

4.6.3. Gadl1-/- mice behaviour 

The expression of high levels of GADL1 in the OB is intriguing and might provide 

additional information about the physiological role(s) of this enzyme. The sense of smell 

is essential for a wide range of mouse behaviour including navigation, ability to find 

food, bond formation, mate selection, and sexual and parental behaviour (261-264). 

Many behavioural tests designed for mice are based on the function of OB, including 

social behaviour tests, such as the resident intruder paradigm and three-chamber social 

interaction test that were employed on Gadl1-/- mice in paper II, and some learning and 

memory tests. Our results showed that in the resident intruder paradigm, both genotypes 

attack faster on the second day of the test. In the three-chamber social interaction test, 

the time spent at each cylinder for both genotypes was similar, and the differences were 

not significant. Both genotypes preferred the social cylinder. However, neither of these 

tests is specifically designed for examining OB function. More specific tests for the OB 

could be a buried food test or the olfactory habituation/dishabituation test. The buried 

food test, which relies on the animal's natural ability to use smelling senses for finding 

food, is used to confirm the ability to smell different odors. What is measured in this test 

is the time it takes for the mouse to find a piece of food buried under a layer of cage 

bedding. In addition, the olfactory habituation/dishabituation test, relies on the animal’s 

ability to investigate new smells, is used to check if the animal can detect and 

differentiate different odors (265). It has been shown in the Carns1-/- mice that lacking 
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carnosine causes defects in the olfactory system in old age (225). In addition, a 

neuroprotective role for carnosine in the olfactory system of mice after vanadium 

inhalation was suggested (266). Thus, accurate assessment of OB function is critical for 

proper interpretation of the Gadl1-/- mice behaviour, determination of the physiological 

role of GADL1, and investigating the particular role of carnosine in the OB.  

 

4.7. Discovery of “new” functions for old enzymes 

The first paper describing GADL1 was published in 2012. In this report, the possible 

role of GADL1 in the synthesis of taurine or β-alanine and consequently in the 

production of carnosine was discussed (63). However, in this paper, the role of GADL1 

in taurine biosynthesis was more emphasized than its possible role in carnosine 

production, as also reflected in the title of their study: “Role of glutamate decarboxylase-

like protein 1 (GADL1) in taurine biosynthesis.”  In contrast, in paper II, we clearly 

demonstrated the role of GADL1 in carnosine production using a Gadl1-/- mouse model. 

The discovery of new and sometimes unexpected roles of previously characterized genes 

and proteins is quite common. One example of an old enzyme with a new function is 

the neutral endopeptidase (NEP) enzyme. NEP, also known as neprilysin, is considered 

to be one of the key enzymes in the metabolism of many active peptide hormones. At 

first, NEP was known to be the key enzyme in terminating the action of neuroendocrine 

mediators (267) and has a role in neurodegeneration and neuroprotection (268). Later, 

it was shown that NEP also plays role in fat accumulation and obesity by using a NEP- 

deficient mouse model. In the same study, the inhibition of NEP in mice with an enzyme 

inhibitor led to delayed rapid body mass. Therefore, a lack of NEP activity, genetically 

or pharmacologically, would result in gaining fat (269) and NEP serves as a good 

example of finding new role(s) of an old enzyme. 
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4.8. Medical implications  

4.8.1.  Potential biomarkers for brain-related disorders 

The signs and symptoms of brain-related disorders, including neuropsychiatric and 

neurological disorders, can be unspecific and diverse, which makes diagnosis 

challenging. Detection of specific biomarkers to understand disease pathogenesis, 

improve diagnosis and provide treatment options is therefore essential. For brain-related 

disorders, early diagnosis has great importance, since early treatment can significantly 

slow down the progress of the disease. Therefore, finding biomarkers for neurological 

disorders is vital for early diagnosis.  

 

Some biomarkers have been introduced for a few neuropsychiatric disorders, such as 

fragile X syndrome, Huntington’s disease, and Rett syndrome (270). However, there are 

no reliable biomarkers for schizophrenia, ADHD, bipolar disorder, and major depressive 

disorders. 

 

Recently, promising studies have been published on blood metabolic markers for many 

neuropsychiatric disorders (271). Since neuropsychiatric symptoms are often linked to 

metabolic disturbances, many studies have been done on metabolic biomarkers for 

neuropsychiatric disorders (272). These studies have shown that metabolomics-based 

technologies have the potential to identify biochemical changes happening in diseases 

and, thus, provide an opportunity to develop diagnostic tools that can be used as 

indicators of pathological abnormalities even before the emergence of clinical 

symptoms of neuropsychiatric disorders. Such studies have proposed multiple signaling 

molecules and pathways that are important in health and disease. In particular, amino 

acids, peptides, and amino acid derivatives, such as taurine, carnosine, β-alanine, and 

anserine, have recently received increasing attention as biomarkers in plasma and 

cerebrospinal fluid samples from neuropsychiatric patients (56, 57, 75). Therefore, 

studying taurine, carnosine, β-alanine and the enzymes involved in their synthesis may 

possibly lead to identifying novel biomarkers.   
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5.  Concluding remarks 
 

Using a wide range of methods, including LC-MS, HPLC, screening of putative 

substrates, enzyme kinetics, and western blotting, we explored the physiological roles 

and tissue distribution of GADL1 and CSAD. Furthermore, we discovered the first 

generation of partially selective inhibitors and solved the crystal structures of both 

enzymes. This has highlighted important details on the molecular mechanisms of the 

biosynthesis of taurine, carnosine, and β-alanine that could be used to develop new and 

more potent inhibitors aiming to affect the pathways where these metabolites are 

involved. Using gene elimination with the generation of a novel mouse model, we 

demonstrated that GADL1 plays an essential role in the production of β-alanine and its 

derivatives, such as carnosine peptides, particularly in the brain, OB, and SKM. Mice 

lacking GADL1 had multiple metabolomic alterations, including altered oxidative stress 

markers, and several age-related changes, underscoring the biological importance of 

GADL1. However, overall, the mice appeared normal and had only minor behavioural 

changes. By bringing together data from many large genetic studies, we showed that 

common variants in the human GADL1 locus are associated with plasma levels of 

acetylcarnosine, muscle strength, kidney function, and subjective well-being.   

To summarize, this study has provided new information about GADL1 and CSAD 

structures and biochemical features. In addition, the possible physiological role of 

GADL1 in mice is reported. These data can be used for studying other PLP-DCs. 

Furthermore, the therapeutic potential of GADL1 and CSAD direct and indirect 

products, β-alanine, carnosine, and taurine is the subject for further studies.  
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6.  Future perspectives 
 

PLP-dependent enzymes are involved in a variety of physiological reactions and 

metabolic pathways. Recently, their therapeutic potential in different fields, including 

enzyme inhibition and dietary supplementation therapy, has gained much attention 

(273). However, the diversity and structural complexity of these enzymes make it 

challenging to study this family. In this project, we explored the structures and 

physiological roles of two PLP-DCs, GADL1 and CSAD. Although the results have 

provided us with a better understanding of the biochemical features of this enzyme 

family, both in vivo and in vitro, there are still many open questions that remain 

unanswered. Therefore, many topics would be interesting for further investigation, some 

of which are highlighted below. 

By screening multiple naturally occurring putative substrates, we demonstrated that both 

CSAD and GADL1 have a broad substrate specificity. However, it is possible that these 

enzymes may still use additional substrates and be involved in additional physiological 

functions. Further investigation on metabolomic changes in model organisms, such as 

the Gadl-/- mouse, may lead to discovering other metabolic pathways affected by 

GADL1. As metabolomic studies showed that Gadl-/- mice had multiple metabolic 

alterations and delayed growth, GADL1 could be involved in overall energy 

metabolism. By using tools to monitor mouse metabolism, for example, metabolic 

cages, to determine the rate of carbon dioxide production (VCO2) to the oxygen 

consumption (VO2) of individual animals that were used in other studies (274, 275), one 

can estimate energy levels and possible metabolic alterations in the mice. One can also 

measure the food intake of individual mice and test different diets, such as a high or 

low-fat diet with or without taurine, β-alanine, or carnosine supplements.  

Another method for studying the metabolic changes at the cellular level could be to 

isolate mitochondria from mouse tissues, for example from the OB of Gadl1-/- mice, 

measuring mitochondrial metabolic rates in a closed chamber system (276, 277). The 
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changes in the oxygen level can be recorded by a sensor in the chamber, and from the 

rate of oxygen reduction, the respiratory rate of the mitochondria can be measured.  

Moreover, it would be interesting to generate a tissue-specific conditional Gadl1-/- 

mouse model and investigate the enzyme functions in specific cell types, such as 

oligodendrocytes. Such models could also improve our understanding of how the 

absence of GADL1 affects downstream signalling molecules, and which signalling and 

metabolic pathways are affected in each cell type or tissue. Since GADL1 and CSAD 

have overlapping substrate specificities, the generation of a double KO Gadl1-/- and 

Csad-/- mouse model would help us towards a better understanding of the synergy 

between these enzymes.  

One of the important aspects of studying GADL1 and CSAD is to explore how GADL1 

and CSAD activities are regulated, and how this regulation affects their physiological 

roles. Interestingly, our preliminary studies revealed several phosphorylation sites in 

purified GADL1 and CSAD. Further biochemical and structural studies are needed to 

determine how phosphorylation may regulate these enzymes and the possible 

physiological consequences. This would improve our knowledge about protein 

functional modifications for further protein-protein interactions in this enzyme family.  

From the structural point of view, important future work could be concentrated on high-

resolution structural details of the substrate and inhibitor binding of GADL1, and on 

comparing these data with CSAD, GAD, and other PLP-DCs. Important questions to 

address would be the details of substrate specificity and the relevance of the 

conformational changes in substrate binding to the catalytic cycle of PLP-DCs. Such 

studies would be instrumental in structure-based drug design.  

Finally, the potential of taurine, carnosine, and β-alanine as biomarkers for neurological 

disorders should be investigated. For instance, it has been shown that the levels of 

taurine in plasma samples of patients with major depressive disorder are increased after 

ECT (56, 57). In addition, carnosine has been proposed as a biomarker of habitational 

meat consumption (76) and food intake (278), and it has the potential as a biomarker for 

different diseases. For instance, analysis of serum samples from different patient groups 
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could help clarify whether carnosine or other HCDs should be studied further as 

candidate biomarkers for disease.  
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a b s t r a c t

Variants in the gene encoding the enzyme glutamic acid decarboxylase like 1 (GADL1) have been
associated with response to lithium therapy. Both GADL1 and the related enzyme cysteine sulfinic acid
decarboxylase (CSAD) have been proposed to be involved in the pyridoxal-50-phosphate (PLP)-dependent
biosynthesis of taurine. In the present study, we compared the catalytic properties, inhibitor sensitivity
and expression profiles of GADL1 and CSAD in brain tissue. In mouse and human brain we observed
distinct patterns of expression of the PLP-dependent decarboxylases CSAD, GADL1 and glutamic acid
decarboxylase 67 (GAD67). CSAD levels were highest during prenatal and early postnatal development;
GADL1 peaked early in prenatal development, while GAD67 increased rapidly after birth. Both CSAD and
GADL1 are being expressed in neurons, whereas only CSAD mRNA was detected in astrocytes. Cysteine
sulfinic acid was the preferred substrate for both mouse CSAD and GADL1, although both enzymes also
decarboxylated cysteic acid and aspartate. In silico screening and molecular docking using the crystal
structure of CSAD and in vitro assays led to the discovery of eight new enzyme inhibitors with partial
selectivity for either CSAD or GADL1. Lithium had minimal effect on their enzyme activities. In conclu-
sion, taurine biosynthesis in vertebrates involves two structurally related PLP-dependent decarboxylases
(CSAD and GADL1) that have partially overlapping catalytic properties but different tissue distribution,
indicating divergent physiological roles. Development of selective enzyme inhibitors targeting these
enzymes is important to further dissect their (patho)physiological roles.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Lithium salts are among the most effective pharmacological
agents used in psychiatry. Although several molecular targets have
been identified, including protein kinases and enzymes involved in
phosphoinositide metabolism, lithium's mode of action at the

cellular and molecular level is still being debated (Malhi et al.,
2013). A strong genetic association between variants in the hu-
man glutamic acid decarboxylase like 1 (GADL1) gene and the
response to lithium therapy in bipolar patients was recently re-
ported (Chen et al., 2014). Although these findings were not repli-
cated in other clinical samples (Cristiana et al., 2015), these results
are intriguing and warrants a biochemical investigation on GADL1
and the effects of lithium on this enzyme.

Human GADL1 was recently found to function as a cysteine
sulfinic acid decarboxylase and postulated to be involved in taurine
and possibly also b-alanine and carnosine production in vivo (Liu
et al., 2012). The sulfur amino acid taurine (2-amino-ethane-
sulfonic acid) is abundant in mammalian tissues and has been
implicated in many physiological functions. Taurine has a regula-
tory role in maintenance of osmotic pressure and preservation of
structural integrity of biological membranes (Hoffmann and
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Pedersen, 2006; Schaffer et al., 2010). In the nervous system,
taurine maymodulate protein phosphorylation (Lombardini, 1994),
serve as a trophic factor (Hernandez-Benitez et al., 2010; Pasantes-
Morales and Hernandez-Benitez, 2010), or act as a neurotrans-
mitter/neuromodulator (Jia et al., 2008). In several species, taurine
deficiency has been linked to specific disease states (Schaffer et al.,
2010) and also in humans dietary intake of taurine in the form of
energy drinks or vitamin supplements is widespread, although
with unclear health implications (Bigard, 2010).

In mammalian tissues taurine is mainly synthesized from
cysteine in a three step sequential pathway, involving oxidation by
cysteine dioxidase (CDO, E.C. 1.13.11.20), decarboxylation by
cysteine sulfinic acid decarboxylase (CSAD, E.C. 4.1.1.29) and finally
oxidation of hypotaurine to taurine. Alternatively, taurine may be
formed from cysteamine by cysteamine dioxygenase (E.C.
1.13.11.19). The tissue distribution of the various enzymes involved
in cysteine metabolism seems to reflect different metabolic de-
mands of these tissues (Stipanuk et al., 2006). Thus, the protein
levels of liver CDO, which is rate limiting in the degradation of the
potentially toxic amino acid cysteine are tightly regulated in
response to cysteine load (Stipanuk et al., 2009).

In comparison, the physiological role and regulation of CSAD
and GADL1 are less understood. Mammalian CSAD has been iso-
lated from liver, kidney and brain where it exists as a dimer with a
reported subunit molecular mass of approx. 43e55 kDa (Heinamaki
et al., 1982; Tang et al., 1996; Tappaz et al., 1998). GADL1 is
expressed in muscle and kidney tissue (Liu et al., 2012). However,
its pattern of expression in other tissues, including brain is not
known. CSAD and GADL1 belong to a large family of pyridoxal-50-
phosphate (PLP)-dependent enzymes that catalyze a range of
different reactions, such as decarboxylation, transamination, race-
mization or eliminations using amino acids or related substrates
(Toney, 2011). Crystal structures of many PLP-dependent enzymes,
including CSAD, have been published (http://www.rcsb.org/pdb/
explore/explore.do?structureId¼2JIS).

In the brain, CSAD has mainly been detected in astrocytes in
cerebellum and hippocampus (Reymond et al., 1996a), although
there are also reports of CSAD being found in neurons (Chan-Palay
et al., 1982). Based on the different tissue distribution of CDO and
CSAD, it was proposed that the taurine synthesis pathway is initi-
ated in neurons and completed in astrocytes (Dominy et al., 2004).
More recently, taurine biosynthesis from cysteine in murine neu-
rons and astrocytes was reported, indicating that the complete
enzymatic machinery for taurine synthesis is present in both cell
types (Vitvitsky et al., 2011). However, the identity of the enzymes
involved in the synthesis in the two cells types is not known.

A CSAD knockout mouse was recently described (Park et al.,
2014). The plasma levels of taurine were reduced by 83% in
CSAD�/� mice and most offspring from 2nd generation CSAD�/�
mice died shortly after birth, indicating an important physiological
role of CSAD.

The aims of our studywere (i) to determine the effects of lithium
on GADL1 and CSAD, (ii) to compare the substrate specificities of
these enzymes, to use this knowledge to find inhibitors of the en-
zymes and (iii) to study their cellular, regional and temporal pat-
terns of expression in the mammalian brain.

2. Experimental procedure

2.1. Source of materials

Chromatography materials for enzyme purification were pur-
chased from GE Healthcare Life Sciences (Uppsala, Sweden), unless
otherwise indicated, and all other reagents were from Sigma (St
Louis, MO, USA).

2.2. Molecular modeling/docking of substrates in GADL1 and CSAD

To determine the structural relationships of GADL1, CSAD, and
other decarboxylases, we created a homology model of GADL1. The
sequence of GADL1 was aligned with that of CSAD in DeepView
(Guex and Peitsch, 1997) and submitted to the Swiss-Model server
(Schwede et al., 2003) to prepare a homology model of GADL1 (see
Fig. 2). A virtual library of 8 million commercially available com-
pounds was obtained from the ZINC database (Irwin et al., 2012)
and docked into the active site of CSAD with the Glide software
(Friesner et al., 2004) from Schrodinger®. A grid centered on the PLP
cofactor in the CSAD binding site was defined with dimensions 17 Å
in all three dimensions. The compounds were initially docked
following the high throughput virtual screening protocol. The top
100,000 compounds were redocked following the standard preci-
sion protocol. Finally, the 10,000 top scoring compounds from this
procedure were docked into the active site with the extra precision
(Friesner et al., 2006) protocol.

2.3. Expression vectors

Multiple mRNA transcripts of CSAD and GADL1 have been
described, probably due to alternative initiation codons and
splicing events (Tappaz et al., 1999). The UniProt database (http://
www.uniprot.org/uniprot/) lists three human CSAD sequences
with 346e520 amino acids, two human GADL1 isoforms with
418e521 amino acids and two mouse GADL1 isoforms with
526e550 amino acids. We obtained cDNA clones corresponding to
the 550 amino acids (62 kDa; Q80WP8-2) isoform of mouse GADL1

Fig. 1. Phylogenetic tree of PLP-dependent decarboxylases. Amino acid sequences of
PLP-dependent decarboxylases were aligned using ClustalW version 2 software (2007)
(Larkin et al., 2007). The phylogenetic tree was constructed by the neighbor-joining
method based on alignment using the data base accession numbers: Q80WP8 (GADL1),
Q9DBE0 (CSAD), P48318 (GAD1), P48320 (GAD2), O88533 (AADC), P23738 (HDC),
A7U8C7 (ADC). The percentages of the amino acid sequence similarity to GADL1 are
given in parenthesis. All the sequences are fromMus musculus, except for ADC, which is
from Tribolium castaneum.
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and the 493 amino acids (55 kDa; Q9DBE0) isoform of mouse CSAD.
Three different expression vectors were used using maltose-
binding protein (MBP) as a fusion partner; pETM41: for 6�His-
MBP-CSAD and 6�His-MBP-GADL1 expression in Escherichia coli
and pCMV-SPORT 6: for expression of native CSAD and pCRII-Topo
for native GADL1 in an in vitro transcription/translation system
(ITT), essentially as described previously (McKinney et al., 2005).
The sequences of all CSAD and GADL1 expression clones were
verified by DNA sequencing.

2.4. Cell free transcription and translation of CSAD and GADL1

A rabbit reticulocyte lysate (Promega, Madison, WI) was used to
express CSAD and GADL1 where 1 mg of plasmid DNA per reaction
(50 mL) and 1 h incubation (30 �C) was used. Enzyme activity was

assayed immediately following removal of unincorporated amino
acids by gel filtration using 0.5 mL pre-packed Zeba™ spin columns
(Pierce, Rockford, IL, USA), which were prerinsed with buffer:
20 mM NaHepes 200 mM NaCl and 10% glycerol. Specific expres-
sion levels were determined after gel filtration and separation on
12% SDS-PAGE by integration of [35S] methionine labeled CSAD and
GADL1 band intensities using the Personal Molecular Imager™
System and Quantity One Software v. 4.5.2 (Bio-Rad, Hercules, CA,
USA).

2.5. Analysis of CSAD and GADL1 expressed in E. coli

Heterologous expression of CSAD and GADL1 fusion proteins in
E. coli was essentially performed as described (Winge et al., 2007)
except for the following changes: BL21-CodonPlus (DE3)-RIPL

Fig. 2. A Homology model of dimeric GADL1 based on CSAD (pdb code 2JIS). One of the subunits (colored green) is represented with transparent surface to get an impression of the
overall structure. The PLP cofactor is represented by spheres with size corresponding to the Van der Waal radius, colored by atom type and covalently linked to Lys333 (not shown)
in the active site. B Representation of the putative substrate binding site in GADL1 with highlighted amino acids in close proximity to the substrate. PLP is shown with a covalent
bond to Lys333. The model of GADL1 with GABA in the putative substrate binding site was prepared by aligning the GADL1 homology model with the coordinates of GAD67 in
complex with GABA (pdb code 2OKJ). C Representation of the substrate binding site in CSAD with highlighted amino acids in close proximity to the substrate; Arg466, Gln92 and
Leu93. PLP is shown with a covalent bond to Lys305. The model of CSAD with GABA in the putative substrate binding site was prepared by aligning the CSAD coordinate file (2JIS)
with the coordinates of GAD67 in complex with GABA (pdb code 2OKJ).
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(Stratagene, La. Jolla, CA) was used as expression host and the in-
duction temperature was reduced to 20 �C. Cell pellets were lysed
by sonication in 20 mM Hepes pH 7.4, 200 mM NaCl, 10% glycerol,
10 mM benzamidine, 1 mg/mL lysozyme, 1 mg/mL pepstatin A,
4.6 mg/mL leupeptin. PMSF was added immediately following
sonication to a concentration of 1 mM. The cell lysate was frac-
tioned into soluble and insoluble parts by centrifugation at
10.000 � g for 30 min. An equal volume of lysate buffer was added
to the pelleted fraction and homogenized. Specific expression levels
of fusion proteins were determined by analyzing equal amounts
(30 mg) of the soluble fractions by separation on 12% SDS-PAGE.
Coomassie stained 6 � HisMBP-CSAD and GADL1 fusion protein
band intensities were integrated using the VersaDoc MP 4000
imaging system and Quantity One Software (Bio-Rad, Hercules, CA,
USA).

2.6. Activity assays

Activities of CSAD, GADL1 and GAD65 were measured using
both ITT-expressed protein and E. coli expressed protein. A reaction
mixture of 100 ml containing varying amounts of purified recom-
binant proteins and amino-acids was prepared in 60mMpotassium
phosphate (pH 7.4) containing 5mMDTT, 50mM sucrose and 0.5 or
100 mM PLP. Adding 1 mM of the amino acid substrate started the
reaction. Samples of 30 ml were taken at 15e60 min and the reac-
tion stopped by addition of an equal volume of ice-cold ethanol
with 5% acetic acid. The samples were then centrifuged at
15.700� g for 10 min before the supernatant was being transferred
to a microtiter plate and analyzed by HPLC. Samples were diluted to
50% in solvent (24% ethanol in 50 mM Na-phosphate pH 6.0), and
4.2% o-phtaldialdehyde (OPA)-reagent was added before injection
into a Zorbax Eclipse XDB-C18 column. Determination of product in
the reaction-mixture was based on fluorescence detection of OPA-
bound amino acid at 366/455 nm.

In order to perform inhibition assays on the two enzymes,
different concentrations of the inhibitors were tested
(0.001e50 mM). The assay was performed as described above at
37 �C for 60 min and stopped by addition of equal volume of ice-
cold ethanol with 5% acetic acid.

2.7. Gene expression assays

Total RNA was obtained from Clontech laboratories, Mountain
View, California, USA (brain, liver, muscle and kidney) and Scien-
cell, Carlsbad, USA (neurons and astrocytes). Total cDNA was ob-
tained using High Capacity RNA-to-cDNA kit from Applied
Biosystems (Foster city, CA). Gene-specific primers (Suppl. Table 1),
TaqMan®Minor Groove Binder (MGB) probes and Assay-on-De-
mand™ PCR reagents were from Applied Biosystems and were
designed to be gene-specific and target all reported splice variants
of GADL1 and CSAD (Suppl. Table 2). Each real-time PCR reaction
was run in triplicate and contained 1 ml TaqMan® primer/probe.
Cycling parameters were 95 �C for 10 min, followed by 40 cycles of
95 �C for 15 s and 60 �C for 1 min. Serial diluted standards were
used to prepare a standard curve, which was run on the same plate
and used to calculate relative gene expression abundance. The
results were quantified by the DDCt method using the house-
keeping genes GAPDH and b-actin as endogenous controls to
adjust for unequal amounts of RNA and efficiency of cDNA syn-
thesis. None of the samples showed signs of DNA contamination
when reverse transcriptase was omitted from the cDNA reaction.
The relative gene expression levels are presented as 2DDCt using
CSAD as the control.

2.8. Western blot analysis

Frozenmouse tissues (200 mg) were lysed in ice-cold lysis buffer
containing protease inhibitors. The lysates were centrifuged at
16.000 � g for 10 min at 4 �C. The supernatants were collected and
stored at �80 �C. Protein concentrations were determined and
20 mg of total protein or 10 ng of purified CSAD or GADL1 protein
were analyzed on 10% TGX Stain-Free gels (Bio-Rad) for 45 min at
20 mA/gel. The gel was activated and imaged (see “Imaging and
data analysis” section below). The activated gel was transferred to
an Immun-Blot nitrocellulose membrane (Bio-Rad) in 7 min using
the Trans-Blot Turbo Transfer System (Bio-Rad) with Trans-Blot
Turbo Midi Transfer Packs. Pre-made western blots of protein
samples from mouse brain sampled at 11 different developmental
stages (MW-201-D) and adult brain tissues from 14 different spe-
cies (AW-201) were also obtained from Zyagen Laboratories, San
Diego, CA. The membranes were blocked with 5% bovine serum
albumin (BSA),1% glycine and 0.1% Tween-20 in Tris-buffered saline
and incubated with custommade affinity purified sheep antibodies
generated against purified human CSAD or human GADL1 MBP
fusion proteins (James Hastie, University of Dundee). To avoid cross
reactivity against these related proteins, the GADL1 antibodies
were filtered against purified CSAD and the CSAD antibodies were
filtered against purified GADL1. Antigens were detected using
horseradish peroxidase-conjugated goat anti-sheep antibody
(1:10.000) (Bio-Rad Laboratories, Hercules, CA) as a secondary
antibody and enhanced chemiluminescence detection.

We also tested commercial rabbit antibodies against either hu-
man CSAD (SigmaeAldrich HPA039487; 1:2.000, immunogen
peptide corresponding to amino acids 52e110 in the CSAD protein
sequence), anti-GADL1 (SigmaeAldrich SAB2103888; 1:1000,
immunogen 159e208) or anti-GADL1 (Thermo Scientific, Rockford,
IL, PA5-13434; 1:100, immunogen 224e254). The Sigma anti-
Glutamic Acid Decarboxylase 65/67 (Anti-GAD65/67) antibody
from rabbit (G5163, Immunogen human GAD67 amino acids
579e594) was also used (1:10.000). The commercial CSAD anti-
bodies all reacted against the respective MBP fusion proteins, as
well as with the cleaved purified enzymes. Although the antibodies
were raised against three different immunogens and marketed to
be specific against either of these enzymes, they all showed some
cross reactivity with the other enzyme (Suppl. Fig. 1). This lack of
specificity is also reflected in the recently published Human protein
atlas (http://www.proteinatlas.org/), where two commercially
available antibodies against each of GADL1 and CSAD show multi-
ple protein bands and little internal consistency.

This is in contrast to our custom made sheep CSAD and GADL1
antibodies that were specific for their respective proteins and were
judged to be more reliable in studies of tissues with low levels of
expression of these proteins. None of the antibodies showed cross
reactivity against hGAD1, whereas the commercial antibody raised
against GAD67 showed some cross reactivity against both CSAD and
GADL1 (Suppl. Fig. 1).

2.9. Imaging and data analysis

Housekeeping genes as GAPDH are being expressed at different
levels in the different tissues (Eaton et al., 2013). It is therefore
difficult to find an antibody to use as a loading control when
comparing different tissues. Using TGX Stain-Free gels (Bio-Rad) we
were able to normalize the western blots with total protein as
described in Gurtler et al. (Gurtler et al., 2013). CSAD and GADL1
signals were automatically normalized using ImageLab software
with either the intensity values of GAPDH or Stain-Free total lane
volumes. The normalized datasets were used for the calculation of
CSAD/GADL1 levels. In addition, t-tests (double-sided and paired)
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were performed with Microsoft Office Excel for Mac 2011 to eval-
uate the statistical significance of the calculations.

3. Results

Genome databases contain many sequences within the family of
the PLP-dependent enzymes, including GAD65 and GAD67, aro-
matic amino acid decarboxylase (AADC), histidine decarboxylase
(HDC), aspartate decarboxylase (ADC), CSAD and GADL1. Although
the terminology “GADL1” probably is based upon its sequence
similarity to GAD (45e47% amino acid identity), a sequence com-
parison shows that it is more similar to ADC (49%) and to CSAD
(61%) (Fig. 1). The three-dimensional structure of GADL1 is not
known. However, the structures of human CSAD (pdb accession
code 2JIS), GAD67 and GAD65 (pdb codes 2OKJ and 2OKK, respec-
tively) are deposited in the protein data bank. This information can
be used to model the structure of GADL1.

3.1. Homology modeling

A homology model of GADL1 was prepared with CSAD as tem-
plate in SwissModel http://www.rcsb.org/pdb/explore/explore.do?
structureId¼2JIS (Fig. 2A). The structure of CSAD was solved in
complex with the PLP, without substrate present. However, the
structures of GAD67 and GAD65 are of the ternary complexes with
both cofactor and product (gamma-amino-butanoic acid, GABA)
present in the proposed substrate-binding site. Superimposition of
our GADL1 homology model and CSAD with GAD65 and GAD67
thus provided a structural model of GADL1 and CSAD in ternary
complex with cofactor and GABA in the postulated substrate-
binding site (Fig. 2B and C).

Inspection of this model revealed some amino acid residues that
may be critical for enzyme function. A Schiff base linkage (internal
aldimine) between PLP and Lys405 of the active site in GAD65 has
been described (Fenalti et al., 2007). In our homology model of
GADL1 PLP is covalently attached to Lys333. Furthermore, His219 of
GADL1 is involved in base stacking with PLP. This residue corre-
sponds to the conserved base-stacking residue His191 in CSAD and
His 291 in GAD67 (Qu et al., 1998). This residue is found in two
possible conformations in CSAD and the equivalent His in GAD65/
67 is postulated to be involved in regulation of enzymatic activity
through interactions with the activation loop.

The activation loop of human GAD65 comprises a stretch of 11
residues from Ala432 to Tyr442 (Ala-Gly-Tyr-Leu-Phe-Gln-Pro-
Asp-Lys-Gln-Tyr) with Tyr434 being involved in catalysis. This
stretch of amino acids corresponds to 361e371 in GADL1 (Ala-Ser-
Tyr-Leu-Phe-Gln-Gln-Asp-Lys-Phe-Tyr) including the conserved
catalytic tyrosine residue, Tyr363 in GADL1 (corresponding to
Tyr335 in human CSAD and Tyr322 in human AADC).

The carboxyl group of the product (GABA) in GAD67 is found to
form a salt bridge with Arg567 and a hydrogen bond with Gln190
(Fenalti et al., 2007). These two residues correspond to Arg494 and
Gln120 in our homology model and are thus likely to be involved in
interactions with the GADL1 substrate. Furthermore, the structure
of GAD from E. coli in complex with the substrate analogue gluta-
rate points to Thr62 (corresponding to Gln120 in GADL1) as
important for substrate binding.

3.2. GADL1 and CSAD form dimers in solution

Using cDNA of the coding reading frame frommouse, the GADL1
and CSAD sequences were cloned into vectors for both mammalian
and bacterial expression. The proteins expressed in bacteria were
fused to MBP to increase their solubility and facilitate purification.
They were expressed and purified as described in Experimental

Procedures. When purifying the proteins on a gel-filtration column
after cleavage with TEV, CSAD and GADL1 had apparent molecular
masses of 115 kDa and 137 kDa, respectively, suggesting that they
are both present as dimers. Although both proteins have a tendency
to aggregate in solution, it appears that GADL1 has the highest
solubility (results not shown). When analyzed on SDS-PAGE, CSAD
and GADL1 appear at almost the same molecular weight, i.e. as
99 kDa as fusion proteins (MBP-CSAD or MBP-GADL1) or as cleaved
proteins at 56 kDa (CSAD) and 59 kDa (GADL1), respectively (MBP
has a molecular weight of 45 kDa) (Suppl. Fig. 1).

3.3. GADL1 and CSAD have overlapping substrate specificities

When we performed activity assays with the standard protei-
nogenic amino acids and some abundant occurring dicarboxylic
acids as substrates for CSAD, GAD and GADL1, few compounds
displayed significant activity with either enzyme (Suppl. Table 3).
However, cysteic acid (CA), homocysteic acid, CSA and Asp were
decarboxylated by both GADL1 and CSAD at different rates (Fig. 3,
Table 1 and data not shown). Notably, no production of GABA from
glutamate was observed for either CSAD or GADL1, whereas, as
expected, GAD catalyzed this reaction (data not shown). These data
suggest that mouse CSAD and GADL1 aremore similar to each other
than they are to GAD, as the sequence comparison also suggests
(Fig. 1).

3.4. Kinetic properties of CSAD and GADL1

Using different concentrations of CSA and Asp, we determined
the kinetic properties of CSAD and GADL1 (Table 1). Whether
analyzed as fusion proteins with MBP or as pure, cleaved enzymes,
the activity towards CSA was higher for CSAD than for GADL1
(p ¼ 0.0001), whereas GADL1 had much higher Vmax values than
CSAD for decarboxylation of Asp (p ¼ 0.003). For both substrates,
the fusion proteins and the purified cleaved enzymes had similar
Km values, but the Vmax values were highest for the pure decar-
boxylases. Using CSA as substrate, the specificity constants (Kcat/Km)
were much higher for CSAD than for GADL1, whereas the opposite
was true using Asp as substrate. The Km value for decarboxylation of

Fig. 3. Substrate dependence and inhibition of CSAD and GADL1. Substrate depen-
dence of purified GADL1 (triangles) and CSAD (circles) using CSA (open symbols) or
Asp (filled symbols) as substrates (n ¼ 10). The assay was performed as described
above at 37 �C for 60 min and stopped by addition of equal volume of ice-cold ethanol
with 5% acetic acid.
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CSA by recombinant mouse CSAD (0.14e0.20 mM) was similar to
that reported for purified rat liver CSAD (0.17 mM) (Guion-Rain and
Chatagner, 1972). Although the Km value for decarboxylation of CSA
by mouse GADL1 (1.12e1.74 mM) was similar to recently reported
values for human GADL1 (1.14 mM) (Liu et al., 2012), the mouse
enzymes had 2e3 fold higher specific activities (Table 1). Inter-
estingly, the Km values were much higher and the specificity con-
stants for decarboxylation of Asp were much lower for mouse
GADL1 and CSAD than reported for the recombinant human GADL1
(Liu et al., 2012). A comparison of these constants revealed that
compared to GADL1, CSAD had a 1000-fold higher selectivity to-
wards CSA. A pronounced substrate inhibition by CSAwas apparent
for CSAD (KSi ¼ 26 ± 10 mM), but this was not observed for GADL1
in this substrate concentration range (Fig. 3). Both GADL1 and CSAD
catalyzed decarboxylation of CA to taurine, at rates of 12e13% of
that observed for the conversion of CSA to hypotaurine (data not
shown). Using equimolar concentrations of CA and CSA (1 mM), CA
decarboxylation by the competing substrate was inhibited by
49e56% for both enzymes, while the CSA decarboxylation was
inhibited by only 5e15% for GADL1 and CSAD, respectively; illus-
trating that CSA is the preferred substrate for both enzymes.

3.5. Effects of metal ions

As reported for pig brain CSAD (Tang et al., 1996), mouse CSAD
was activated by addition of manganese ions (52% stimulation in
the presence of 0.4 mM MnCl2, p ¼ 0.003), but this effect was not
present for GADL1 using similar assay conditions. The enzyme ac-
tivities of CSAD and GADL1 were essentially unaffected by Liþ using
final concentrations of LiCl from 0.05 to 40 mM, however, for
GADL1 a weak stimulation was observed in the presence of
0.2e0.4 mM Liþ (p ¼ 0.03) (Fig. 4A).

3.6. Inhibitors of CSAD and GADL1

To further characterize the substrate and inhibitor specificities
of GADL1 and CSAD, we performed in silico docking into the active
site of CSAD of a subset of the ZINC database of different com-
pounds [28] and tested the top 20 compounds in vitro. As shown in
Table 2 and Fig. 4B, bis-carboxymethyl-trithiocarbonate (Com-
pound A) was the compoundwith highest affinity for both enzymes
(Ki z 70 and 60 mM for CSAD and GADL1, respectively). Removing
the two terminal carboxyl oxygens and substituting the adjacent
thioether into an ether increased the selectivity for GADL1 over
CSAD (compound B). Removing the central thioketone of Com-
pound A gave rise to Compound C with selectivity for CSAD over
GADL1, although at a significantly lower affinity for both. Com-
pound E was the most selective CSAD inhibitor of the compounds
tested. Although none of the compounds were potent inhibitors of
either enzyme, their relative selectivity might be exploited to
produce even more specific compounds.

Glutamate was completely inactive as inhibitor of either CSAD

or GADL1, indicating that none of these enzymes are involved in
glutamate metabolism. In contrast to the recently reported insen-
sitivity of CSAD towards inhibition by L-cysteine [40], the latter
compound completely inhibited the CSAD activity (>95%) of both

Table 1
Kinetic parameters of recombinant CSAD and GADL1 using CSA and aspartate as substrates. Activity assays were performed as described in the method-section. The results are
presented as means ± S.E.M. of three separate measurements using different enzyme preparations. The kinetic values were calculated based on predicted subunit masses of
55 kDa (493 aa) for mouse CSAD, 57 kDa (502 aa) for mouse GADL1,100 kDa formouseMBP CSAD and 102 kDa forMBP GADL1. Human CSAD has a predictedmass of 55,023 kDa
(493 aa) and human GADL1 is predicted to be 59 246 kDa (521 aa). *Substrate inhibition, KSi CSA: 26 ± 10 mM for cleaved CSAD.

CSA (0e50 mM) Aspartate (0e50 mM)

Enzyme form Vmax (mmol/min/mg) Km (mM) kcat (s�1) kcat/Km (mM�1 s�1) Vmax (mmol/min/mg) Km (mM) kcat (s�1) kcat/Km (mM�1 s�1)

Fusion
proteins

CSAD 0.33 ± 0.046* 0.14 ± 0.11 0.55 3.9 0.025 ± 0.003 23.0 ± 6.7 0.04 0.0017
GADL1 0.74 ± 0.055 1.74 ± 0.56 1.3 0.75 0.66 ± 0.02 21.3 ± 1.5 1.2 0.056

Cleaved
proteins

CSAD 7.22 ± 1.26* 0.20 ± 0.06 6.6 33 0.16 ± 0.027 93 ± 32 0.14 0.0015
GADL1 3.84 ± 0.034 1.12 ± 0.06 3.6 0.94 1.41 ± 0.10 31.7 ± 4.7 1.3 0.041

Fig. 4. A. Effect on CSAD (circles) and GADL1 (triangles) by MnCl2 (closed symbols) and
LiCl (open symbols). * Significantly different from control (t-test, p < 0.05). Data are
expressed as average ± STDEV (n ¼ 3) B Inhibition of CSAD (circles) and GADL1 (tri-
angle). The different compounds used are Bis-(carboxymethyl)-trithiocarbonate (Red,
compound A), Ethylxanthogenacetic acid (Green, compound B) and 2,5-disulfoaniline
(Blue, compound G). Different concentrations of the compounds were tested
(0.05e40 mM for the salts and 0.001e50 mM for the inhibitors) using a standard
concentration of CSA (100 mM). The assay was performed as described above at 37 �C
for 60 min and stopped by addition of equal volume of ice-cold ethanol with 5% acetic
acid. Data are expressed as average ± STDEV (n ¼ 3).
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GADL1 and CSAD at concentrations above 10 mM. Kinetic studies
showed that the inhibitors were competitive against CSA (data not
shown). Furthermore, as the most potent inhibitors were substrate
analogs and the inhibition constants were unaffected by 10-fold
dilution of target enzyme or the addition of 0.1 mg BSA in the
assay, they probably inhibit GADL1 and CSAD by binding to the
enzymes’ active sites. It is unlikely that the enzyme inhibition is due
to the formation of colloidal aggregates by the inhibitors (Feng
et al., 2007), or other non-specific effects.

3.7. CSAD and GADL1 expression patterns

The tissue distribution of CSAD has been controversial (Tang
et al., 1996; Tappaz et al., 1999; Vitvitsky et al., 2011). Since many
studies were done before the discovery of GADL1, it was important
to establish whether the reported discrepancies could be due to
contamination of CSAD preparations with GADL1. For this purpose,
we systematically compared the mRNA and protein levels for CSAD
and GADL1 in mouse tissues. The mRNA levels were determined by
real-time reverse transcriptase (RT) -PCR quantification using
specific DNA probes (Suppl. Table 1). As shown in Fig. 5A, the level
of CSAD mRNAwas much higher in mouse liver and kidney than in
total brain extracts (4 (p ¼ 1 � 10�6) and 7 times (p ¼ 4 � 10�10)

higher, respectively), and almost no CSAD mRNA was detected in
the muscle, as reported previously (Ide et al., 2002; Park et al.,
2002; Reymond et al., 2000). For GADL1 only low levels of mRNA
were observed in adult brain compared with CSAD (p ¼ 0.001), but
was not detected in liver and kidney samples. However, in contrast
to CSAD, mRNA of GADL1 was detected in skeletal muscle
(p¼ 0.005), as was also reported by Liu et al. (Liu et al., 2012). These
results were also confirmed by western blot experiments (Fig. 6),
although the amount of CSAD detected in kidney was lower than in
brain and liver (p ¼ 0.01 and 0.0005).

Although taurine is found in both astrocytes and neurons, CSAD
is more abundant in non-neuronal cells (Tappaz et al., 1998). It has
been proposed that astrocytes produce taurine via CSAD, while

Fig. 5. Gene expression of CSAD and GADL1 in different tissues. A Adult mouse tissues.
B Adult human tissues. Total poly-A þ RNA was reverse transcribed and the cDNA
amplified by real-time PCR using specific primers for CSAD or GADL1. The PCR products
were detected with TaqMan® detection assay. PCR values were normalized to those
produced with primers for GAPDH and b-actin and presented as average ± STDEV
(n ¼ 3). All values were significantly different between tissues and proteins (p < 0.05).

Fig. 6. Protein expression of CSAD and GADL1 in different tissues. Representative
western blot image of CSAD, GADL1 and GAPDH in mouse brain, olfactory bulb, liver,
muscle and kidney (20 mg, 3 weeks old, n ¼ 3). Recombinant mCSAD, mGADL1 and
hGAD1 were used as controls. A representative image of the stain free gel is shown
under the immunoblots showing the total protein in the samples. The signals from 3
different samples are expressed as average ± STDEV in the bar chart. * Significantly
different p < 0.05. Signals were normalized against both GAPDH and total protein
(using stain-free gels from Bio-Rad).
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neurons synthesizes taurine via the cysteamine dioxygenase
pathway (Vitvitsky et al., 2011). To examine whether CSAD or
GADL1 could be involved in taurine biosynthesis in either neurons
or astrocytes, CSAD and GADL1mRNA levels weremeasured in both
cell types. As shown in Fig. 5B, CSAD was expressed at lower levels
in human astrocytes than in neuronal cells (p ¼ 0.0001), whereas
GADL1 was only expressed in neuronal cells. Although the level of
GADL1mRNAwas six-fold lower than those of CSAD (p¼ 1� 10�7),
this enzyme might account for some of the CSAD-activity in neu-
rons (Vitvitsky et al., 2011). The Human Protein Atlas http://www.
proteinatlas.org/ also shows that both proteins are mainly present
in neurons. It also indicates the presence of GADL1 in astrocytes in
certain tissues such as hippocampus and cerebral cortex. However,
these results are uncertain as the antibody used in their study also
showed cross reactivity towards CSAD (results not shown).

Publicly available databases, such as the Allen Brain Atlas
(http://www.brain-map.org/), were also consulted to study the in
situ RNA hybridization patterns of GAD65/67, CSAD, and GADL1. A
comparison of their expression levels showed that although
GAD65/67 and CSAD in general are expressed at higher levels than
GADL1, certain brain regions, such as the olfactory bulb, have higher
levels of GADL1 than CSAD (Suppl. Fig. 2A). At protein levels, GADL1
appeared to be expressed at the same level as CSAD in the olfactory
bulb, but at very low levels in total brain lysates (p ¼ 0.003) (Fig. 6).

3.8. Developmental pattern of CSAD and GADL1 in mouse brain

In some tissues, CSAD expression has been reported to increase
with age (Tappaz et al., 1998), while in zebrafish an important role
of CSAD in early embryogenesis was recently reported (Chang et al.,
2013). To investigate the pattern of GADL1 and CSAD expression
during development and compare it with GAD expression, we
immunoblotted total brain extracts from mice at 11 different ages,
from embryonic day 17 (E17) to 12 months. As shown in Fig. 7A,
striking differences were observed between the staining patterns of
the three antibodies. CSAD expression decreased with age, whereas
the expression of GAD increased and was strongest in adult brain,
consistent with its reported developmental pattern (Kim et al.,
2006; Ohkuma et al., 1986). However, when using specific anti-
bodies for GADL1, three weak bands were visible; a high molecular
weight species (65 kDa), that had similar developmental pattern as
CSAD, and two bands at 58e60 kDa that gradually disappeared
after E17. This protein intensity pattern corresponds well with
mRNA levels from the Human Brain transcriptome database (http://
hbatlas.org/), as shown in Suppl. Fig. 2B (Kang et al., 2011).
Although the detection of GADL1 in the total brain lysate was weak,
we cannot rule out the presence of the protein in specific parts of
the brain, such as was seen in the olfactory bulb.

3.9. Cross-species characterization of brain CSAD and GADL1

CSAD purified frommany sources and species has been reported
with subunit molecular masses of 43, 51, 53, or 55 kDa (Pasantes-
Morales et al., 1976; Skoldberg et al., 2004; Tang et al., 1996;
Weinstein and Griffith, 1987; Wu, 1982). To examine cross-species
reactivity of the CSAD antibodies, and compare their protein
levels, total brain homogenates from 14 different species of adult
agewere analyzed bywestern blotting (Fig. 7B). Consistent with the
strong sequence similarities between mammalian CSAD enzymes,
comparable labeling intensity was obtained for most of these
species. Only one major CSAD band appeared at around 58 kDa
(Fig. 7B). In accordance with the low abundance and mainly em-
bryonic expression pattern of GADL1 expression, much weaker
bands appeared when the same samples were analyzed with anti-
GADL1 antibodies, making the comparison of this enzyme across

species more subject to ambiguity (results not shown).

4. Discussion

Here we report a systematic comparison of murine CSAD and
GADL1 structures, biochemical properties and tissue expression
patterns.

4.1. Biochemical properties of CSAD and GADL1

In order to characterize these two proteins we first developed a
new expression and purification protocol. Although both enzymes
appeared to have a preference for decarboxylation of CSA, they
were also active against other substrates, with different substrate
specificities and sensitivity towards inhibitors. Glutamate was
completely inactive as substrate or inhibitor of either CSAD or
GADL1, indicating that none of these enzymes are involved in
glutamate metabolism. Thus, it is also unlikely that the observed
strong association between genetic variants GADL1 and response to
lithium treatment (p ¼ 2.52 � 10�37) is related to altered produc-
tion of the inhibitory transmitter g-aminobutyric acid, as recently
suggested (Chen et al., 2014). The effects of metal ions on the
enzyme activities were tested using a wide range of concentrations
including the therapeutic range of Liþ used in human pharmaco
therapy. The minimal effect of lithium on either CSAD or GADL1

Fig. 7. Protein expression of CSAD and GADL1 in brain. A Representative western blot
image of CSAD, GADL1, GAD65/67 and Beta-actin/GAPDH in total brain lysates (70 mg)
from mice at different developmental stages and different ages (embryonic day 17 to
12 months old, Zyagen Laboratories). B Representative western blot image of CSAD and
Beta-actin/GAPDH in total brain lysates (70 mg) from 14 different species (Zyagen
Laboratories) using custom-made CSAD antibody 1. Human (55 years), 2. Mouse (10
weeks), 3. Rat (10 weeks), 4. Dog (2 years), 5. Rabbit (15 weeks), 6. Guinea Pig (15
weeks), 7. Hamster (10 weeks), 8. Chicken (1 year), 9. Bovine (3 years), 10. Sheep (3.5
years), 11. Porcine (3 years), 12. Equine (5 years), 13. Monkey Cymolgus (4 years), 14.
Mini Pig (2 years).
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activity further argues against a direct relationship between GADL1
genetic variants and the response to lithium therapy. As lithium is
eliminated via kidneys, it has been speculated that the association
between GADL1 variants and response to lithium therapy could be
mediated by renal GADL1 (Birnbaum et al., 2014). However, as the
response to lithium therapy was independent on renal clearance of
lithium (Chen et al., 2014) and the kidney levels of GADL1 are very
low, we consider this to be unlikely.

Alternative substrates and physiological functions of GADL1
should also be considered. The decarboxylation product of Asp (b-
alanine) produced by GADL1 or CSAD (Fig. 3) is a constituent of the
dipeptide carnosine. As for taurine, carnosine and its metabolic
derivatives may have antioxidant properties and are found in many
tissues, including muscle and brain (Boldyrev and Abe,1999). A role
of GADL1 in carnosine productionwas supported by recent genome
wide association studies showing a strong association between
human blood levels of N-acetyl carnosine and variants in the
GADL1 gene (p ¼ 3.4 � 10�18 for rs7643891) (Shin et al., 2014).
Indeed, the tissue distribution of GADL1 seems to be compatible
with a physiological role of carnosine in muscle and possibly also
brain function. The role of b-alanine in brain function is less clear.
However, it is interesting that the plasma levels of this amino acid is
altered by selective serotonin reuptake inhibitors, indirectly linking
it to brain (dys)function (Woo et al., 2015).

4.2. Expression of CSAD and GADL1

The most striking difference between the enzymes was found in
their patterns of tissue expression of both mRNA and protein,
where GADL1 wasmainly found inmuscle and brain, in particularly
olfactory bulb, and CSAD was found in liver, kidney and brain tis-
sues, confirming previous reports (Guion-Rain and Chatagner,
1972; Liu et al., 2012; Park et al., 2014, 2002; Reymond et al.,
1996a; Reymond et al., 2000; Tang et al., 1996; Tappaz et al.,
1994, 1998; Weinstein and Griffith, 1987).

The recent observations that human (Liu et al., 2012) and mouse
GADL1 decarboxylate CSA at comparable rates to CSAD (Table 1),
raised the possibility that the enzyme “CSADII” described by Tang
and coworkers (Tang et al., 1996) is identical to GADL1. This would
explain the reported discrepancies between CSAD enzyme activity
and mRNA levels in different tissues (Tappaz et al., 1999). However,
the low expression levels of GADL1 in adult neurons (Table 3, Fig. 5)
indicate that this enzyme probably cannot account for much of the
CSAD activity previously reported (Tang et al., 1996; Tappaz et al.,
1999). The relative expression levels and catalytic activities of
CSAD and GADL1 are in accordance with the recent study of Park
et al., who found that CSAD knockout mice had a 83% reduction of
plasma taurine levels and a similar reduction in liver and brain
taurine levels in offspring of CSAD�/� mice (Park et al., 2014).
Based on our estimates of catalytic activity and expression levels,
GADL1 probably accounts for a small fraction of the remaining

CSAD activity in CSAD knockout mice, while cysteamine dioxyge-
nase (EC 1.133.11.19) also may contribute to taurine synthesis.

Weinstein and Griffith reported that there was almost no
detectable CSAD mRNA in the brain, whereas they could still
measure enzyme activity (Weinstein and Griffith, 1987). It was
explained by fast turnover of the mRNA, but it could also be due to
the existence of several CSAD enzymes with different mRNA se-
quences (Suppl. Table 2). Western blotting revealed multiple mo-
lecular species. This could be due to alternatively spliced variants,
as there is evidence for alternative splicing for CSAD and GADL1.
The identity and roles of such putative splice variants should be
further investigated.

Taurine has mainly been detected in neurons in the cerebellum
and hippocampus (Ottersen et al., 1988; Zhang and Ottersen, 1992),
and more in fetal tissues than in adults (Terauchi et al., 1998).
However, it is unclear whether biosynthesis of taurine occurs
exclusively in neurons or glial cells, or both cell types. The use of
different antisera may have contributed to the diverging results
reported from different research groups. Chan-Palay and co-
workers found an exclusive localization of CSAD in rat neurons
(Chan-Palay et al., 1982), results that were later confirmed by others
(Kuriyama et al., 1985; Magnusson et al., 1988; Ohkuma et al., 1986;
Taber et al., 1986; Wu et al., 1987). However, other research groups
were not able to detect CSAD in neurons, only in astrocytes
(Reymond et al., 1996b; Tappaz et al., 1992). There are several
theories for these results. It was recently proposed that taurine is
independently produced from cysteine by either astrocytes or
neurons (Vitvitsky et al., 2011), while previous reports indicated
that taurine is produced by a cooperative exchange of taurine
precursors between astrocytes and neurons as each cell type con-
tains incomplete but complementary components of this pathway
(Dominy et al., 2004).

As commercially available antibodies against CSAD do not fully
discriminate between CSAD and GADL1, the finding of CSAD in both
neurons and astrocytes could potentially be due to cross-reactivity.
However, the RT-PCR data reported here using gene specific probes
establish that CSAD is present in both neurons and astrocytes,
consistent with the view that taurine biosynthesis takes place
independently in both neurons and astrocytes, and that this activity
cannot be attributed to GADL1, as very low levels of GADL1 were
detected in neurons, and not in astrocytes (Table 3, Fig. 5B). How-
ever, although our data suggest an expression of GADL1 only in the
neurons, The Human Protein Atlas suggest protein expression in
both neurons and glia cells. Non-specific antibodies, as previously
discussed, could explain these discrepancies.

4.3. Developmental patterns

Our mRNA and protein measurements were compared with
data deposited in the Allen Brain Atlas (http://www.brain-map.org/
) and The Human Protein Atlas http://www.proteinatlas.org/. They
confirm that the PLP-dependent decarboxylases GADL1, CSAD,
GAD65 and GAD67 all have different expression patterns in
humans, as well as in mice, which is consistent with distinct
physiological roles of these proteins. In particular, CSAD and GADL1
have strikingly different patterns of expression in the human brain,
where mRNA levels of GADL1 are lower than CSAD in most brain
regions, except olfactory cortex and ventral striatum (Fig. 7A). In
the latter region, GADL1 mRNA levels appear to be almost 10 fold
higher than for CSAD, indicating a specific physiological role of
GADL1 in these structures. Our data also suggest that levels of RNA
and protein are lower for GADL1 than for CSAD in most human and
mouse tissues (Figs. 5 and 6), except for muscle and olfactory bulb.
This is consistent with data in the databases Braineac (www.
braineac.org/), Allen Brain Atlas and The Human Protein Atlas.

Table 3
Gene Expression assay with different mouse and human tissues. Total RNA from
different tissues was analyzed using RT-PCR and normalized against GAPDH. Results
are average ± stdev for three preparations.

Species Tissue CSAD (DCtGAPDH) GADL1 (DCtGAPDH)

Human Brain �8.07 ± 0.78 �14.73 ± 0.47
Liver �5.96 ± 0.61 n.d.
Astrocytes �9.02 ± 0.08 �15.56 ± 0.36
Neurons �8.33 ± 0.44 �11.9 ± 0.54

Mouse Brain �8.06 ± 0.62 �13.83 ± 1.45
Liver �6.04 ± 0.55 n.d
Kidney �5.17 ± 0.02 �14.86 ± 0.42
Muscle �12.93 ± 0.24 �9.85 ± 0.15
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The presence of GADL1 in olfactory bulb is particularly interesting
as taurine is known to be abundant in this brain structure,
exceeding glutamate and GABA in concentration, and has been
shown to be important in early stages of olfactory maturation
(Steullet et al., 2000).

The highest level of human CSAD mRNA is found during pre-
natal development, with a maximum around 17 weeks post
conception (pcw), although it is also detected inmany brain regions
in adults (Ohkuma et al., 1986). In contrast, GADL1 appears to be
exclusively expressed in brain cortical areas during embryonic
development, with highest levels during 12e14 pcw. Except for
these weeks, CSAD had a much higher level of expression than
GADL1 (Brainspan and Human Brain Atlas). CSAD appears to have
the highest level in the intermediate zone, important for neural
migration, whereas GADL1 has the highest level in the subplate
zone, important in establishing correct wiring and functional
maturation of the cerebral cortex. The subplate neurons disappear
during postnatal development, and this could explain the low
levels of GADL1 in adult brain. When analyzing lysates from total
mouse brain, we obtained similar results (Fig. 7A), although three
lanes of protein bands were observed. These protein bands could
indicate different splice variants. This has not previously been
investigated for GADL1, although it has been reported that alter-
native splicing is frequent during early embryonic development in
mice (Revil et al., 2010). Distinct developmental patterns of
expression have also been described for other PLP-dependent
decarboxylases, such as GAD67 (as shown in Fig. 7A) and AADC
(Blechingberg et al., 2010; Liu et al., 2010). Temporal and organ
specific splicing events, resulting in many different mRNA and
protein species from these genes, indicates a fine tuned physio-
logical regulation of expression, but has also complicated previous
studies of these enzymes (Blechingberg et al., 2010; Liu et al., 2010).

4.4. Animal models

The physiological roles of CSAD and particularly GADL1 are not
well established. It was recently reported that CSAD is expressed
during early embryonic development of the Zebrafish and that
knockdown of Csad significantly reduced embryonic taurine levels,
leading to increased early mortality and cardiac abnormalities
(Chang et al., 2013). This is in line with previous studies on taurine
transporter (TauT) knockout mice, which showed abnormalities of
kidney, liver, brain, retina and olfactory function (Warskulat et al.,
2007). In contrast, the CSAD knockout mice had a less severe
phenotype (Park et al., 2014).

Unlike CSAD, GADL1 is absent from the Zebrafish genome.
Considering the predominantly embryonic pattern of GADL1
expression observed in mice and humans, it is tempting to specu-
late that GADL1 may have a specific role during embryonic devel-
opment and that this evolutionary more recent enzyme has
replaced some CSAD function in early brain development.

Selective knockdown and knockout studies of GADL1 in com-
bination with CSAD may be needed to resolve the metabolic role of
these enzymes. However, since both CSAD and GADL1 appear to be
transcribed to multiple tissue-specific transcripts with different in-
frame start codons, comprehensive knockdown experiments of
these enzymes may be technically challenging (Chang et al., 2013).

4.5. PLP-dependent decarboxylases in human disease

Several PLP-dependent decarboxylases act as autoantigens in
different autoimmune disorders, e.g. GAD65 in type 1 diabetes
(Baekkeskov et al., 1990), GAD65 and GAD67 in the neurological
condition Stiff Person Syndrome (Bjork et al., 1994), and AADC
(Rorsman et al., 1995), histidine decarboxylase and CSAD

(Skoldberg et al., 2004) in APS-1. Interestingly, autoantibodies
typically recognize evolutionary conserved epitopes on these en-
zymes and act as strong inhibitors of the enzymatic activity, pre-
sumably by binding to epitopes close to the substrate binding or
active sites of the enzymes targeted. We have previously observed
that serum from a subgroup of APS-1 patients (3 out of 83 in-
dividuals) contain antibodies reacting with both CSAD (Skoldberg
et al., 2004) and GADL1 protein produced from a mouse cDNA li-
brary (data not shown). Although APS-1 patients with these auto-
antibodies have multiple autoimmune manifestations, it is unclear
whether they have any pathogenic significance.

5. Conclusion

Purified murine CSAD and GADL1 both decarboxylate CSA, CA,
homocysteic acid and Asp, although with very different affinities.
However, we cannot rule out that these enzymes may have still
other physiological substrates. The novel enzyme inhibitors iden-
tified by in silico and in vitro screening had relatively low affinities,
but could be used as templates to obtain more selective com-
pounds. The two proteins are located in different tissues. The
possible role GADL1 in olfactory bulb and embryonic brain devel-
opment should be investigated further.
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Enzyme Substrate Activity Enzyme Substrate Activity 

GADL1 CSA + CSAD CSA + 

 L-Cysteic acid +  Cysteic acid + 

 L-Aspartic acid +  Aspartic acid - 

 Homocysteine -  Homocysteine - 

 Histidine -  Histidine - 

 L-Threonine -  L-Threonine - 

 Methionine -  Methionine - 

 DL-Cysteine -  DL-Cysteine - 

 L-Lysine -  L-Lysine - 

 L-Tryptophan -  L-Tryptophan - 

 L-Glutamine -  L-Glutamine - 

 L-Alanine -  L-Alanine - 

 L-Glutamic acid -  L-Glutamic acid - 

 L-Asparagine -  L-Asparagine - 

 Serine -  Serine - 

 Tyrosine -  Tyrosine - 

 Isomaltose -  Isomaltose - 

 Maltulose -  Maltulose - 

 Phtalic acid -  Phtalic acid - 

 Isophtalic acid -  Isophtalic acid - 

 Trisodium 2 
Methylcitrate 

-  Trisodium 2 
Methylcitrate 

- 

 Butane carboxylic acid -  Butane carboxylic acid - 

 Dimethachlor 
Metabolite 

-  Dimethachlor 
Metabolite 

- 

 Adenosine 2,3-cyclic 
Monophosphate 

-  Adenosine 2,3-cyclic 
Monophosphate 

- 

 Salisyl sulphate 
disodium salt 

-  Salisyl sulphate 
disodium salt 

- 

 N-Acetyl-L-Aspartic 
acid 

-  N-Acetyl-L-Aspartic acid - 

 N-Acetyl-L-Carnosine -  N-Acetyl-L-Carnosine - 

 N-Acetyl-L-aspartic 
acid-glutamate 

-  N-Acetyl-L-aspartic acid-
glutamate 

- 

 Malic acid -  Malic acid - 

 Cis-oxalic acid -  Cis-oxalic acid - 

 Isocitric acid Lactone -  Isocitric acid Lactone - 

 

Suppl. Table 3 Complete list of compounds tested for activity on CSAD and GADL1. 

The assay was performed as described above at 37°C for 60 min and stopped by 

addition of equal volume of ice-cold ethanol with 5 % acetic acid. The observed effect 

is denoted with + (positive) or – (negative) activity. 
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B I O C H E M I S T R Y

GADL1 is a multifunctional decarboxylase with  
tissue-specific roles in -alanine and  
carnosine production
Elaheh Mahootchi1, Selina Cannon Homaei1,2, Rune Kleppe2, Ingeborg Winge1, Tor-Arne Hegvik1, 
Roberto Megias-Perez1, Christian Totland3,4, Floriana Mogavero5, Anne Baumann1,  
Jeffrey Colm Glennon5,6, Hrvoje Miletic1,7, Petri Kursula1,8, Jan Haavik1,2*

Carnosine and related -alanine–containing peptides are believed to be important antioxidants, pH buffers, and 
neuromodulators. However, their biosynthetic routes and therapeutic potential are still being debated. This study 
describes the first animal model lacking the enzyme glutamic acid decarboxylase–like 1 (GADL1). We show that 
Gadl1−/− mice are deficient in -alanine, carnosine, and anserine, particularly in the olfactory bulb, cerebral cortex, 
and skeletal muscle. Gadl1−/− mice also exhibited decreased anxiety, increased levels of oxidative stress markers, 
alterations in energy and lipid metabolism, and age-related changes. Examination of the GADL1 active site indi-
cated that the enzyme may have multiple physiological substrates, including aspartate and cysteine sulfinic acid. 
Human genetic studies show strong associations of the GADL1 locus with plasma levels of carnosine, subjective 
well-being, and muscle strength. Together, this shows the multifaceted and organ-specific roles of carnosine pep-
tides and establishes Gadl1 knockout mice as a versatile model to explore carnosine biology and its therapeutic 
potential.

INTRODUCTION
Carnosine (-alanyl-l-histidine) is one of several dipeptides of 
-alanine and histidine that are found in high concentrations in ver-
tebrate tissues, particularly in the brain and skeletal muscle (SKM) 
tissues. In humans, carnosine and acetylcarnosine are most abundant. 
In contrast, many animals mainly synthesize the related -alanine–
containing peptides anserine or ophidine/balenine through methyl-
ation of the imidazole moiety of carnosine in the 1 or 3 position 
(1, 2). Here, we refer to this family of related peptides as “carnosine 
peptides.”

Carnosine peptides may have multiple biological functions, in-
cluding calcium regulation, pH buffering, metal chelation, and anti-
oxidant effects (1). -Alanine, as well as its dipeptide derivatives, may 
also be neurotransmitters or neuromodulators in the central nervous 
system, especially in olfactory bulb (OB). In mammals, including 
mice, only two tissues have carnosine concentrations in the millimolar 
range, i.e., SKM and OB (1, 3). Various disorders and dysfunctions 
have been linked to alterations in -alanine and carnosine metabolism. 
In -alaninemia and carnosinemia, decreased degradation of these 
compounds is associated with neurological symptoms (4, 5). Con-
versely, it has been suggested that some age-related and neurological 
diseases, e.g., Alzheimer’s disease, Parkinson’s disease, multiple sclerosis 
(MS), and cancer, as well as diabetes complications, may benefit from 
carnosine supplementation (6).

-Alanine supplementation increases carnosine content and im-
proves contractility and muscle performance of human and rodent 
SKM, especially during short exercise intervals (7, 8). These findings 
have led to the widespread use of dietary -alanine supplements, par-
ticularly among athletes and soldiers (9). -Alanine and carnosine 
dietary supplementation have also shown some promising effects in 
the treatment of depression, anxiety, and autism symptoms in hu-
mans (10) and animal models (11, 12).

As most carnosine peptides are hydrolyzed after oral ingestion, 
either in enterocytes or in the blood circulation, the body mainly 
depends on de novo synthesis of these peptides. Dietary supplemen-
tation has side effects but requires a daily intake of several grams to 
increase muscle -alanine and carnosine content and physical per-
formance (13). The lack of suitable model systems and the need to 
supply pharmacological quantities of carnosine peptides have caused 
some uncertainty regarding the mechanisms of action and safety of 
these compounds. A more stable, synthetic analog of carnosine, car-
nosinol, was recently shown to protect against metabolic dysregula-
tion and oxidative damage (14).

Synthesis of -alanine appears to be a rate-limiting factor for 
carnosine peptide levels in mammals (15). In a large genome-wide 
association (GWA) study on plasma metabolites, it was estimated 
that 86% of the variation in carnosine levels could be attributed to 
genetic factors, making this peptide the most heritable metabolite 
among all compounds examined (16). Still, uncertainty remains re-
garding the identity of the genes and proteins involved in its synthesis. 
Carnosine synthase 1 (encoded by CARNS1) produces carnosine from 
-alanine and histidine and homocarnosine from -aminobutyric 
acid (GABA) and histidine. In animal tissues, -alanine may be pro-
duced by reductive degradation of uracil (17). In contrast, some bacteria 
produce -alanine by -decarboxylation of aspartic acid (Asp), cat-
alyzed by aspartate decarboxylase with the aid of a covalently bound 
pyruvoyl cofactor (18). In insects, an analogous vitamin B6 [pyridoxal 
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phosphate (PLP)]–dependent enzyme l-aspartate--decarboxylase 
has evolved by convergent evolution (19). The formation of car-
nosine in the mouse SKM is dependent on vitamin B6, implicating 
a PLP-dependent enzyme in its synthesis in animals as well (20).

On the basis of its sequence similarity to glutamic acid decarboxylase 
(GAD), the PLP-dependent enzyme GAD-like protein 1 (GADL1; 
acidic amino acid decarboxylase) has been assigned a possible role 
in GABA synthesis and to be associated with lithium response in 
bipolar patients (21). Although this genetic association was not rep-
licated in other clinical samples (22), these findings have triggered 
interest in the in vivo investigation of GADL1 function and bio-
chemical properties. As cysteine sulfinic acid (CSA) is a substrate of 
GADL1, it was suggested that GADL1 is involved in the biosynthesis 
of hypotaurine and taurine (23). However, it has also been reported 
that purified human (23) and mouse (24) GADL1 can synthesize 
-alanine from Asp, although at very low rates in vitro. This is con-
sistent with recent crystallographic studies, showing that GADL1 
shares structural features with both CSA decarboxylase (CSAD) and 
Asp decarboxylase (25). Moreover, a human genetic association study 
demonstrated that single-nucleotide polymorphisms (SNPs) in the 
GADL1 intron are strongly associated with blood levels of acetyl
carnosine (26) that, in turn, are strongly correlated with carnosine 
levels (2). On the basis of these observations, we hypothesized that 
GADL1 could be involved in -alanine and carnosine production in 
mammalian tissues.

Here, we describe the first Gadl1 knockout (KO) mouse model 
and demonstrate an organ-specific role of GADL1 in the biosynthesis 
of carnosine peptides and protection against oxidative stress, par-
ticularly in the OB and SKM. To understand the substrate specific-
ity of GADL1, we compared the three-dimensional (3D) structures 
of mouse GADL1 and related enzymes. Last, we investigate the as-
sociation between common genetic variants in enzymes and trans-
porters involved in carnosine homeostasis with multiple human 
traits and diseases and present an initial behavioral characterization 
of the Gadl1 KO mouse.

RESULTS
Mice lacking GADL1 show age-related changes
Gadl1−/− (null) mice were generated using Cre/loxP technology. Be-
cause of the proximity of the Gadl1 gene to the Tgfbr2 gene that 
encodes a receptor with possible effects on growth and survival, we 
applied a conservative knocking out strategy, where only Gadl1 exon 7, 
coding for part of the PLP-binding active site of GADL1, was deleted 
(Fig. 1A). Gadl1+/+, Gadl1+/−, and Gadl1−/− mice were successfully 
generated in the expected Mendelian ratios by breeding from Gadl1+/− 
mice. We observed no obvious physical abnormalities. Overall ac-
tivity and feeding behavior, as well as initial growth curves, were 
similar across all genotypes. However, after 30 weeks of age, com-
pared to Gadl1+/+ mice, female and male Gadl1−/− mice exhibited 
relative growth retardation, compatible with age-related and possi-
ble degenerative changes (Fig. 1, B and C).

Genomic DNA sequencing and Southern blot analyses confirmed 
the elimination of exon 7 (Fig. 1, D and E). However, quantification 
of Gadl1 mRNA from SKM and OB revealed that some Gadl1 mRNA 
species could be detected across all genotypes. RNA sequencing 
showed that Gadl1−/− mice lacked Gadl1 exons 7 and 8. This was con-
firmed using quantitative reverse transcription polymerase chain re-
action (qRT-PCR) of individual exons (see below). Bioinformatic 

analyses showed that the deletion of exons 7 and 8 was coupled to the 
generation of a new RNA splicing site in the mutated mice (fig. S1).

Western blotting confirmed that GADL1 protein was present in 
Gadl1+/+ and Gadl1+/− but not in Gadl1−/− mice. In OB extracted 
from Gadl1+/+ mice, GADL1 appeared as a wide band, with an esti-
mated molecular mass of 55 to 59 kDa (Fig. 1F). This corresponds 
to several predicted protein variants with 502 to 550 amino acids 
(24). Since exons 7 and 8 encode amino acids involved in cofactor 
binding, GADL1 lacking these amino acids was predicted to be en-
zymatically inactive. This was confirmed by expressing the protein 
lacking exons 7 and 8 in Escherichia coli and comparing it to the 
full-length protein (Fig. 1G and fig. S2). The mutant protein yield 
was only 17% compared to that of the full-length protein. Further-
more, the mutant protein was completely devoid of enzyme activity 
(Fig. 1H). This demonstrated that the elimination of gene function 
was successful and that the Gadl1−/− mice did not have any residual 
GADL1 enzyme activity.

Elimination of Gadl1 alters the OB transcriptome
To determine the effects of GADL1 depletion on gene expression, we 
sequenced and compared OB mRNA levels from Gadl1+/+, Gadl1+/−, and 
Gadl1−/− mice (Fig. 1, I to K). The top 25 up- and down-regulated 
genes (log2 fold change either less than −1 or greater than +1 and 
P ≤ 0.05) are shown in table S1 and fig. S3. Pathway enrichment 
analysis showed that the strongest affected group of genes is involved 
in drug metabolism [Kyoto Encyclopedia of Genes and Genomes 
(KEGG pathway mmu00983; P = 0.00016, q = 0.014] (Table 1) (27). 
This pathway includes the Upb1 gene (-ureidopropionase 1), a tran-
script with a twofold increase in Gadl1−/− mice (P = 0.0154). UPB1 
catalyzes the last step in the formation of -alanine from pyrimidines. 
This is consistent with a compensatory mechanism for maintaining 
-alanine synthesis in the absence of GADL1. Moreover, in OB of 
Gadl1−/− mice, we observed increased transcript levels of multiple iso-
forms of carboxylesterase 1, cytochrome P450, and myeloperoxidase.  

A gene ontology (GO) pathway analysis (27, 28) of up- or down-
regulated genes (log2 fold change either less than −1 or greater than 
+1 and P ≤ 0.05) showed statistical significant alterations in 24 different 
biological processes, where the most significant alteration involves drug 
catabolism (GO:0042737; P = 2.43 × 10−7, q = 0.0007). Furthermore, 
biological processes involving circadian rhythms and sleep cycles seemed 
to be altered. Dopamine receptors (Drd1 to Drd3) and adenosine A2a 
receptor (Adora2a) were the most consistently recurring genes throughout 
the GO analysis (table S2). It has been reported that the release of 
glutamate from terminals of carnosine containing olfactory neurons 
in OB glomeruli is modified by dopamine receptors (29). It is possible 
that the elimination of GADL1 and carnosine depletion also affected the 
expression of these modulatory transmitter receptors in the OB. Wu et al. 
(30) recently reported that GADL1 overexpression inhibited Potassium 
channel tetramerization domain containing 12 (KCTD12) expression. 
However, a comparison of Gadl1−/− and Gadl1+/+ mice showed that RNA 
levels of KCTD12 were unaffected by the deletion of Gadl1 (P = 0.62).

Deletion of Gadl1 perturbs carnosine metabolism
To explore the biological function(s) of GADL1, we performed un-
targeted liquid chromatography–mass spectrometry (LC-MS) me-
tabolomic analyses of eight different tissues from 20 Gadl1+/+ mice 
and 21 Gadl1−/− mice that were matched across genotype and sex 
(Fig. 2). The number of identifiable metabolites varied between 541 
and 720 in the cerebral cortex, OB, SKM, liver, cerebellum, heart, 
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Fig. 1. Generation and characterization of GADL1 KO mice. (A) Targeting strategy for knocking out exon (Ex) 7 of the mouse Gadl1 locus on chromosome 9. Gadl1 
coding sequences (hatched rectangles), noncoding exon portions (blue rectangle), and chromosome sequences (orange rectangles) are represented. The neomycin 
(neo)–positive selection cassette is indicated between loxP sites (blue triangles) and Flippase recognition target (FRT) sites (plum triangles). (B and C) Growth curves of 
Gadl1+/+ (n = 4 to 34) and Gadl1−/− mice (n = 4 to 40), presented as means ± SD. Differences between genotypes were significant; P = 0.0008 (64 weeks) and P = 0.0005 
(70 weeks) for males and P = 0.0084 (90 weeks) and P = 0.0001 (94 weeks) for females, respectively. (D) Southern blot analysis of genomic DNA from Gadl1+/+ and Gadl1−/−. 
(E) Genotyping of the offspring from intercrosses of Gadl1+/− mice by polymerase chain reaction (PCR). The DNA band at 166 base pair (bp) is the KO allele (primer 3), while 
bands at 330 bp (primer 2 and 3) and 750 bp (primer 1) are the wild-type alleles. (F) Representative Western blots of OB samples from Gadl1+/+ and Gadl1−/− mice (34 weeks 
old, female) using anti-GADL1 antibody. Positive control was recombinant His-tagged GADL1 (2 ng; lane 1). (G) Western blot of recombinant His-tagged truncated 
Gadl1+/+ and Gadl1−/−. (H) Enzyme activity toward CSA of recombinant His-tagged truncated Gadl1+/+ and Gadl1−/−; P < 0.001. (I to K). RNA expression levels (volcano 
plots) in OB tissue. (I) Gadl1+/+-to-Gadl1+/− ratio, (J) Gadl1+/+-to-Gadl1−/− ratio, and (K) Gadl1−/−-to-Gadl1+/−ratio. (L to N) Quantitative reverse transcription PCR (qRT-PCR) 
analysis of normalized mRNA expression in OB, brain, SKM, and liver tissues from 35-week-old female Gadl1+/+ (gray), Gadl1+/− (blue), and Gadl1−/− (red) mice for (L) Gadl1 
exons 7 and 8, (M) Gadl1 exons 10 and 11, and (N) CSAD. n = 3 for each genotype. Presented on an Ln y scale as mean of 2Ct and upper limit (95%).
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serum, and kidney. Partial least squares–discriminant analyses (PLS-
DA) were used to evaluate metabolic differences between Gadl1+/+ 
and Gadl1−/− mice. This allowed identification of suitable markers 
responsible for the metabolic differences by variable important pro-
jection (VIP) scores.

The metabolic features with VIP scores higher than 2, responsi-
ble for the separation in each tissue, are depicted in Fig. 2 (A to D). 
Carnosine peptides showed the strongest difference between the geno
types in the OB and the cerebral cortex (Fig. 2E). Carnosine was also 
among the most strongly affected metabolites in SKM but not in the 

liver (Fig. 2E). Although GADL1 has been postulated to synthesize 
GABA from glutamate, the levels of GABA and glutamate in Gadl1+/+ 
and Gadl1−/− mice were similar in all tissues examined (fold differ-
ence of 0.88 to 1.15 for glutamate and 0.96 to 1.53 for GABA; P > 
0.05). Gadl1−/− mice had significantly reduced levels of -alanine in OB 
but nonsignificant reduction in the cerebral cortex and SKM and unaltered 
levels in the liver. In contrast, carnosine, acetylcarnosine, and anserine 
were significantly depleted in brain and SKM tissues. A nonsignificant 
reduction (~10%) of -alanine and carnosine peptides was observed in 
the serum and whole blood (fig. S4A), as well as in the kidney, cerebel-
lum, and heart. Together, this is consistent with the observed tissue 
distribution of GADL1 and demonstrates its key role in the metabolic 
pathway of -alanine and carnosine peptides.

High-resolution magic angle spinning nuclear magnetic 
resonance spectroscopy confirms the depletion of carnosine 
in Gadl1−/− mice
To determine the role of GADL1 on carnosine content in intact tis-
sue, we used fresh OB tissue where we found the highest expression 
GADL1. We performed high-resolution magic angle spinning (MAS) 
1H–nuclear magnetic resonance (NMR) spectroscopy on OB from 

Table 1. Pathway enrichment analysis comparing Gadl1−/− to Gadl1+/+. Green, up-regulated; yellow, down-regulated. 

Drug 
metabolism

Retinol 
metabolism

Xenobiotics 
metabolism

Tryptophan 
metabolism

KEGG ID mmu00983 mmu00830 mmu00980 mmu00380

Gene ID Abbr. Name Log2 fold P value 0.00016 0.00022 0.00025 0.00045

14869 Gstp2 Glutathione S-
transferase, pi 2 −4.2819 0.0374

13897 Ces1e Carboxylesterase 1E 4.9087 0.0040

104158 Ces1d Carboxylesterase 1D 3.8723 0.0131

234564 Ces1f Carboxylesterase 1F 2.6056 0.0193

17523 Mpo Myeloperoxidase 2.4247 0.0001

394432 Ugt1a7c
uridine 5′-diphospho 

glucuronosyltransferase 
1A7C

1.0524 0.0019

103149 Upb1 -Ureidopropionase 1.0121 0.0154

27400 Hsd17b6 Hydroxysteroid (17-) 
dehydrogenase 6

4.0829 0.0103

13087 Cyp2a5 Cytochrome P450 2A5 3.9985 0.0129

213043 Aox2 Aldehyde oxidase 2 3.4965 0.0260

13086 Cyp2a4 Cytochrome P450 2A4 3.1973 0.0157

13076 Cyp1a1 Cytochrome P450 1A1 3.0800 0.0010

11522 Adh1 Alcohol dehydrogenase 
1, class 1 1.7208 0.0144

13107 Cyp2f2 Cytochrome P450 2F2 2.9664 0.0024

12409 Cbr2 Carbonyl reductase 2 1.2641 0.0012

11298 Aanat Arylalkylamine 
N-acetyltransferase −1.3632 0.0008

15930 Ido1 Indoleamine 
2,3-dioxygenase 1 2.4039 0.0192

21743 Inmt Indolethylamine 
N-methyltransferase 1.2043 0.0401

Table 2. Male and female mice used in the metabolomic study.  

Genotype Sex Number (n) Age 
(weeks ± SD)

Gadl1+/+ Female 11 14.64 ± 7.85

Gadl1−/− Female 11 14.27 ± 7.85

Gadl1+/+ Male 9 8.88 ± 3.98

Gadl1−/− Male 10 8.40 ± 3.81
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Fig. 2. Tissue-specific effects on metabolite levels in Gadl1−/−mice. (A to D) Top significant features of metabolites based on VIP scores of >2 of component 1 of PLS-DA. 
Untargeted metabolic profiling of (A) cerebral cortex, (B) OB, (C) SKM, and (D) liver tissue samples from Gadl1+/+ (n = 20) and Gadl1−/− (n = 21) mice. WT, wild-type. (E) The 
relative levels of -alanine and carnosine derivatives in Gadl1+/+ (gray) and Gadl1−/− (red) mouse tissue. nd., not determined.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of B

ergen on N
ovem

ber 29, 2021



Mahootchi et al., Sci. Adv. 2020; 6 : eabb3713     17 July 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 19

Gadl1+/+ (n = 4), Gadl1+/− (n = 3), and Gadl1−/− (n = 3) mice. Char-
acteristic features of carnosine (Fig. 3A) could be identified in the 
aromatic regions of the spectrum, in accordance with the quantifi-
cation in tissue extracts (Fig. 3B). Compared to Gadl1+/+, Gadl1+/−, 
and Gadl1−/− mice had 34 and 70% (P = 0.0056) reduced carnosine 
content in the OB (Fig. 3C). To our knowledge, this is the first demon-
stration of carnosine measurement in intact brain tissue, also estab-
lishing MAS NMR spectroscopy as a fast and convenient way to 
determine carnosine in this tissue. Furthermore, we performed brain 
magnetic resonance imaging (MRI) on 94-week-old female Gadl1+/+, 
Gadl1+/−, and Gadl1−/− mice. There were no significant differences 
in the brain morphology of Gadl1 genotypes (Fig. 3, E to F).

Substrate specificity of GADL1
Many PLP-dependent enzymes have multiple substrates (31). To ex-
plore whether the divergent metabolic changes observed in Gadl1−/− 
mice could be secondary to changes in -alanine levels or were due 
to the parallel chemical conversion of multiple substrates by GADL1, 
we solved the crystal structure of mouse GADL1 (25). The structure 
of the closely related CSAD has been solved earlier but not published 
[Protein Data Bank (PDB) entry 2JIS]. With available crystal struc-
tures of GADL1, CSAD, and GAD (32), it is possible to identify 
determinants of substrate specificity in these acidic amino acid de-
carboxylases. GADL1 and CSAD have different, although slightly 
overlapping, physiological functions (24). GADL1, through the 
conversion of Asp to -alanine, is important in carnosine peptide 
biosynthesis, while CSAD catalyzes the major pathway in taurine syn-
thesis, using CSA as substrate. Despite similar chemical structures of 
the two substrates (Fig. 3G), these two highly similar enzymes can 
distinguish between them. Both Asp and CSA are smaller than Glu 
(Fig. 3H), explaining the inability of GADL1 and CSAD to function 
as glutamate decarboxylases (Fig. 3I). The carboxyl group in Asp is 
planar, while the sulfinic acid moiety of CSA is tetrahedral and has 
slightly longer bonds; effectively, CSA is slightly larger and can, per-
haps, more specifically accommodate to a binding site due to its 
shape and charge.

As the chemical reaction catalyzed by the enzymes is identical, 
we can assume that the reactive groups bind in an identical manner, 
and the differences lie in recognizing the side chain of the substrate. 
GAD uses Glu as a substrate, while GADL1 acts on Asp, indicating 
that side-chain length is one determinant of productive binding. For 
binding a negatively charged side chain in the specificity pocket, one 
expects to find positive charge potential in the form of amino groups. 
For GAD, these interactions can be conceived; two backbone NH 
groups and a water molecule coordinated by a conserved His resi-
due coordinate the side-chain carboxyl group in the model of the 
substrate complex, together with a Ser side chain. How is GADL1 
different? The major difference is the substitution of this Ser with a 
Tyr residue (Fig. 3I), effectively making the binding cavity smaller. 
Interactions with the peptide backbone and the His-water unit are 
likely conserved for Asp binding to GADL1. The specificity pocket 
contains a Tyr (GADL1) or Phe (CSAD) residue, and the slightly 
different conformations of these residues are enough to cause this 
difference in substrate specificity.

Tissue-specific effects of GADL1 on the synthesis of taurine 
and its derivatives
On the basis of the ability of purified GADL1 to produce hypotaurine 
from CSA, it has been suggested that the primary biological func-

tion of GADL1 may be in taurine synthesis (23). However, the con-
centrations of the substrates and products in taurine synthesis were 
unaltered in the Gadl1−/− mice in the brain, OB, and liver. In con-
trast, levels of taurine derivatives were moderately reduced in SKM 
in Gadl1−/− (fig. S4). This is consistent with the observations that 
taurine mainly is synthesized by other routes, such as by CSAD (33), 
and our previous finding that CSAD is expressed in low amounts in 
SKM (24). In all tissues examined, CSAD protein has been reported 
to be more abundant than GADL1, and purified CSAD has a 5- to 
35-fold higher specificity constant for decarboxylation of CSA than 
GADL1 (24). Moreover, as shown here, the qRT-PCR analysis showed 
that the levels of Csad mRNA were at least 10-fold higher than levels 
of Gadl1 and were unaffected by the deletion of Gadl1 exons (Fig. 2N). 
Thus, we conclude that in organs with a high content of CSAD, GADL1 
has a minor role in taurine synthesis. In the absence of CSAD, levels 
of taurine in the mouse plasma, liver, and brain decreased by 70 to 
90%, with the largest decrease in the liver and the smallest in the 
brain (33). This remaining taurine biosynthetic capacity has been 
attributed to an alternative biosynthetic route of taurine catalyzed 
by cysteamine dioxygenase from cysteamine, generated from coen-
zyme A (34). However, our results indicate that GADL1 has a small 
taurine biosynthetic capacity in vivo that may contribute to the over-
all production of taurine.

Oxidative stress markers
Several lines of evidence support a role of carnosine peptides in 
protection against oxidative stress (1, 35). To investigate the role 
of GADL1 in antioxidant defense, we compared levels of oxidative 
stress markers in Gadl1+/+ and Gadl1−/− mice. Gadl1−/− mice had 
increased levels of oxidative stress markers, including methionine sulf-
oxide and -glutamyl peptides. These alterations are compatible with 
elevated glutathione synthesis and consistent with elevated oxidative 
stress. Some oxidative stress markers were strongly increased even in 
tissues with a moderate decrease in carnosine peptides, such as the 
liver. We also compared tissue levels of the antioxidant enzymes super-
oxide dismutase 1 (SOD1) (CuZnSOD), SOD2 (MnSOD), and gluta-
thione reductase (GSR) in Gadl1+/+ and Gadl1−/− mice (OB, cerebral 
cortex, and SKM) using Western blotting (Fig. 4). Unexpectedly, the 
most obvious difference was detected in the OB where the Gadl1−/− 
mice had a threefold increase in GSR levels (P = 0.0145) (Fig. 4A).

In contrast to carnosine and anserine, that were reduced in mul-
tiple tissues, levels of homocarnosine were significantly increased in 
the OB of Gadl1−/− mice (Fig. 2E). Several other metabolites related 
to -alanine synthesis were also altered (fig. S4, G, I, and J).

Gadl1−/− mice had also increased levels of many lipid species, in-
cluding sphingolipids, with the strongest effects in OB (Fig. 2, A to D, 
and fig. S4K). Notably, complex sphingolipids accumulate under in-
flammation and oxidative stress, conditions that Gadl1−/− mice seem 
more susceptible to. Moreover, sphingolipids may alter muscle con-
tractility (36).

Animal behavior and tissue morphology
To examine the effects of Gadl1 deletion on brain function, we tested 
a range of mouse behaviors in Gadl1+/+ (n = 13) and Gadl1−/− (n = 13) 
22-week-old male mice. In the open field, the latency to first enter 
the center was significantly different between genotypes, with Gadl1−/− 
mice taking less time to enter the center (Fig. 5, A to E). However, 
the cumulative time spent in the center of the open field was not sig-
nificant between groups nor was the elevated plus maze and resident 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of B

ergen on N
ovem

ber 29, 2021



Mahootchi et al., Sci. Adv. 2020; 6 : eabb3713     17 July 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 19

A

B

C

D E F

G

H

I

Fig. 3. 1H-NMR and MRI of mouse tissues and substrate specificity of GADL1.  (A to C) Measurement of carnosine in intact OB tissue. (A) Chemical structure of car-
nosine. ppm, parts per million. (B) MAS 1H-NMR spectra of OB tissue samples from Gadl1+/+, Gadl1+/−, and Gadl1−/− male mice (12 weeks). The two hydrogens of the imid-
azole ring in carnosine are marked a and b. (C) Relative integral based on NMR results, presented as means ± SD. (D to F) MRI of the brain in (D) Gadl1+/+, (E) Gadl1+/−, and 
(F) Gadl1−/− mice. The arrow indicates the OB. (G) Chemical structure comparison of GADL1 substrates CSA, Asp, and Glu. (H) 3D substrate structures to show the size and 
shape differences of Glu compared to CSA and Asp. (I) Active sites of GADL1, GAD, and CSAD and the predicted mode of binding of Glu to GAD. The prediction is based 
on the complex between GAD and the inhibitor chelidonic acid (63).
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intruder test metrics. Only the difference in attack latency between 
initial testing and retesting 1 day later was significantly different be-
tween genotypes. Both genotypes showed a significant preference for 
the social versus nonsocial cylinder in the three-chamber task (P < 
0.0001), but there was no significant difference between the geno-
types. On this basis, it seems that a reduction of carnosine content in 
the mouse OB (~70%) and cerebral cortex (~40%) may result in the 
Gadl1−/− mice showing increased initiation to enter an exposed area 
(which is indicative of decreased anxiety). However, this should be 
tempered by the observation that the total time spent in the center of 
the open nor differences in the ratio of the time spent on closed versus 
open arms of the elevated plus maze were not different. Further inves-
tigation of any possible anxiolytic effect of Gadl1−/− mice is prudent.

To examine the effects of Gadl1 deletion on organ aging and 
morphology, we compared tissue sections from 33 mice aged 28 to 
96 weeks, equally matched across different sex and genotypes. At 
the microscopic level, SKM, brain, and OB morphologies were not 
affected by the elimination of Gadl1 (fig. S5A).

Common genetic variants in the GADL1 locus are associated 
with multiple human phenotypes
GWA studies (GWASs) have shown associations of the GADL1 lo-
cus with multiple human traits and diseases, including eating disor-
ders (37), kidney functions (38), and several blood metabolites. This 
includes a strong association with levels of acetylcarnosine (P = 8.17 × 

10−21) in the GADL1 locus at an intergenic SNP rs6804368 (13.9 kb 
from GADL1 and 17.9 kb from TGFBR2) (26). The strongest associ-
ation (P = 5.50 × 10−37) has been reported for the response to lithium 
(Li+) in bipolar disorder at an SNP (rs17026688) located in intron 6 
of GADL1 (21). However, these findings were not replicated in other 
clinical samples (24).

To get an overview of genetic associations between human pheno-
types and enzymes in carnosine metabolism, we conducted gene-
based tests using the MAGMA software (39), mainly focusing on 
traits related to oxidative protection and brain functions. We included 
associations of common variants in GADL1 and seven related genes 
(Fig. 5) (40). We limited the search to 21 phenotypes with openly 
available GWAS summary statistics obtained from large samples 
(total number of tests 167; Bonferroni-corrected P value threshold = 
2.99 × 10−4). Table S3 shows an overview of the data used.

GADL1 was associated with serum acetylcarnosine levels (P = 
1.25 × 10−11), kidney function (P = 1.03 × 10−7), and subjective well-
being (P = 1.22 × 10−4). CARNMT1 was associated with body mass 
index (P = 1.12 × 10−4). CARNS1 was associated with right-hand 
grip strength (muscular strength) (P = 4.98 × 10−5). SLC15A2 was 
associated with kidney function (P = 8.60 × 10−12) In addition, several 
tentative gene-phenotype associations did not pass the Bonferroni-
corrected threshold for significance. In conclusion, of eight tested 
genes known to be involved in carnosine metabolism, GADL1 and 
SLC15A2 showed the strongest association with human phenotypes. 

B

DC

A

FE

Fig. 4. Relative levels of antioxidant enzymes in Gadl1−/− mouse tissues. (A to E) Representative Western blots (B, D, and F) and normalized protein expression levels. 
(A), (C), and (E) for GSR, SOD1 (CuZnSOD), and SOD2 (Mn) in (A and B) OB, (C and D) cerebral cortex, and (E and F) SKM tissue from female Gadl1+/+ and Gadl1−/− mice.
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The most obvious associations were observed for acetylcarnosine 
levels, muscle strength, kidney function, and general well-being but 
not in a range of neuropsychiatric diseases that have been reported 
to respond to carnosine treatment (Fig. 5, G and F) (14).

DISCUSSION
Carnosine peptides were found in 1900, yet their biological functions 
and biosynthetic routes are still being debated (1). Here, we report 
the first animal model lacking GADL1. We show that these animals 
have low levels of -alanine and carnosine peptides, consistent with a 
key role of GADL1 in their synthesis. This enzyme is analogous to Asp 
decarboxylases previously only found in prokaryotes and insects (23).

Carnosine peptides, except for homocarnosine, were significantly 
depleted in the brain and SKM. In contrast, the reduction was modest 
and nonsignificant in multiple other tissues including the kidney, 

heart, whole blood, and serum. Furthermore, -alanine was only 
reduced significantly in OB. As GADL1 activity was eliminated in 
Gadl1−/− mice, the remaining -alanine and its peptide derivatives 
may be derived either from the diet, by gut bacteria, maternally trans-
ferred from heterozygous mothers used for breeding, or by de novo 
synthesis. Biochemical analyses of the standard plant-based rodent 
diet did confirm low levels of -alanine and carnosine, but we can-
not exclude a possible small dietary contribution from -alanine, 
pantothenic acid (vitamin B5), or carnosine peptides (table S4). It is, 
however, more likely that there are several alternative biosynthetic 
routes for -alanine and that these have different roles in different 
tissues. Thus, in tissues with the highest demands for carnosine syn-
thesis, i.e., SKM, brain, and particularly the OB, we demonstrate a 
critical role of de novo -alanine biosynthesis to maintain its levels, 
as well as compensatory up-regulation of enzymes involved in alter-
native biosynthetic routes. As blood levels of -alanine and carnosine 

A

F

B C D E

G

Fig. 5. Behavioral phenotypes associated with Gadl1−/− mice, carnosine homeostasis and human phenotypes. (A) Three-chamber task: Time spent at each cylinder was 
not different between the genotypes. Both Gadl1+/+ and Gadl1−/− mice prefer the social cylinder, indicating that sociability remains similar. (B) Open field task: The cumu-
lative time spent in the center was not different between the genotypes. On this measure, no antianxiety effect was observed. However, on the latency to enter the center 
(another anxiety measure), Gadl1−/− was quicker to enter the center, which may suggest some anxiolytic effects of the Gadl1−/− phenotype that would require confirma-
tion in additional studies. (C) Open field task: The exploration velocity was not different between the genotypes, indicating that there is no effect on motor function. Similar 
observations were made with the total distance moved data. Together, this suggests no effect of genotype on activity metrics. (D) Elevated plus maze: The ratio of the time 
spent (s) on the open and closed arms was found not to be different between the genotypes. Both genotypes prefer the closed (sheltered arm), suggesting no difference in 
anxiety on this measure. (E) Resident intruder paradigm: The attack latency against an intruder from the first to the fifth day (tests 1 to 5) was not different between the gen-
otypes. Both genotypes attack faster on the second day compared to the first day after which the attack latency remains constant. This suggests no effect of genotype on 
aggression. (F) A summary overview of different pathways involving -alanine. Genes analyzed in this study are marked in blue. (G) Association analyses of genes involved in 
the carnosine metabolism. Asterisk indicates statistical significance after correction for multiple testing. ADHD, Attention deficiency hyperactivity disorder; ALS, Amyotrophic 
lateral sclerosis; SWB, subjective well being; AMD, age-related macular degeneration; UACR, Urine Albumin-to-Creatinine Ratio; NA, not applicable.
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peptides were moderately affected by elimination of GADL1, it seems 
that the muscle and brain are less dependent on uptake of these com-
pounds from the circulation.

Alternative biosynthetic routes may include -alanine synthesis by 
CSAD, which has a relatively low -alanine synthetic specific activity but 
much higher tissue abundance than GADL1 (24), production of -alanine 
from uracil by ureidopropionase 1 [-alanine synthase, UPB1; N-carbamoyl-
-alanine amidohydrolase; (BUP1/UPB1)] (41), or by other enzymes, 
such as -alanine-2-oxoglutarate transaminase (ABAT) or -alanine 
pyruvate transaminase (AGXT2) (20). Our findings contrast earlier 
observations that found no decarboxylation of Asp in rat muscle (23). 
Dietary PLP supplementation significantly increases the concentra-
tions of -alanine and carnosine peptides in the SKM of rats (20). 
As GADL1 is dependent on PLP, this increase may be due to the ac-
tivation of GADL1 by PLP. In contrast, PLP is not required for the 
production of -alanine by UPB1. Our observation of increased Upb1 
transcript levels in the OB of Gadl1−/− mice but unaltered levels of 
Abat and Agxt2 indicates a role UPB1 in maintaining levels of -alanine. 
However, this finding contradicts earlier observations of UPB1 pro-
tein in the rat liver and kidney but not in the brain, lung, SKM, or 
spleen (41).

In contrast to the reduced levels of -alanine, carnosine, anserine, 
and acetylcarnosine, the levels of homocarnosine were increased. 
This is probably the result of a shortage of -alanine precursor and 
carnosine peptides, indicating that the tissue levels of these dipep-
tides may be tightly regulated. Moreover, no significant difference in 
GABA between Gadl1+/+ and Gadl1−/− mice was detected. Together 
with the observations of increased homocarnosine (a GABA-derived 
peptide), this indicates that GADL1, despite its name, does not cata-
lyze the decarboxylation of glutamate to GABA. Figure 5F summa-
rizes the different biosynthetic routes of carnosine peptides, and the 
main enzymes and transporters believed to be involved in this me-
tabolism in mammalian tissues.

As the Gadl1 locus on chromosome 3p24.1-3p23 is close to the 
Tgfbr2 locus (3p24.1) and genetic variants in the vicinity of Gadl1 
influence plasma levels of transforming growth factor– (TGF-) 
receptor type 2 (TGFBR2), the gene-targeting strategy was designed 
to avoid regulatory sequences in this region. This strategy resulted 
in the expression of low amounts of a catalytically inactive and un-
stable partially truncated version of the GADL1 protein, but Tgfbr2 
transcripts were unaltered.

To determine the substrate specificity of GADL1, we previous-
ly expressed the mouse enzyme in bacteria and screened purified 
GADL1 against all proteinogenic amino acids, as well as many other 
putative substrates and inhibitors, demonstrating decarboxylase ac-
tivity against Asp, CSA, and cysteine (24). This substrate profile was 
similar to what Liu et al. (23) observed for the human enzyme. How-
ever, compared to other PLP-dependent decarboxylases, the affinity 
and selectivity were very low for all substrates tested. Liu et al. (23) 
reported that it was impossible to detect GADL1 enzyme activities 
in tissue lysates. Here, we show that, despite its extremely low activ-
ity in vitro, GADL1 is important for -alanine and carnosine pep-
tide synthesis, particularly in the OB, cerebral cortex, and SKM.

Gadl1−/− mice also had decreased levels of taurine and multiple 
taurine derivatives in SKM, indicating that CSA also is a physiolog-
ically relevant substrate. Gadl1−/− mice also showed other biochem-
ical alterations that could be secondary to the depletion of -alanine 
derivatives and antioxidant function or other effects of GADL1 in-
activation. Gadl1 deletion might alter energy metabolism through sev-

eral pathways. In addition to its role in carnosine synthesis, -alanine 
is a component in pantothenic acid (vitamin B5) and coenzyme A, 
an essential cofactor for multiple biochemical pathways, including 
energy metabolism.

The role of GADL1 as a relatively nonspecific decarboxylase of 
low molecular weight acid substrates is consistent with its relatively high 
Michaelis-Menten constant (Km) values and low catalytic efficacy (24). 
Mammalian genomes encode hundreds of PLP-dependent enzymes, 
many of which may catalyze new or unclassified reactions (31). In 
addition, because of their common mechanistic features and similar 
structures, many PLP-dependent enzymes can catalyze multiple bio-
chemical reactions. This promiscuity makes it difficult to define their 
primary biological functions (31). Some enzymes have evolved to have 
multiple physiological substrates. Such a reactivity with multiple sub-
strates may be advantageous for fitness (42). GADL1 may be an ex-
ample of an enzyme with multiple biological activities. Although 
the strongest effect of GADL1 deletion seemed to be a decrease in 
-alanine and carnosine peptides, with the taurine pathway being 
intact, the Gadl1−/− mice also had slightly reduced levels of taurine 
derivatives in SKM, consistent with multiple catalytic functions of 
this enzyme. Similarly, while the accumulation of oxidative stress bio-
markers in Gadl1−/− mice is probably secondary to loss of -alanine 
or carnosine peptides, we cannot exclude that the metabolic changes 
could be caused by other functions of GADL1.

Inspection of the catalytic site of mouse GADL1 shows that it 
might be accessible by different small, acidic, polar substrates. From 
the comparison (Fig. 3I), it can be observed that very minor changes 
in specificity-determining amino acids in the active site vicinity 
may dictate the function of an enzyme at the tissue and organism 
level. These structural features correspond well with the previously 
reported substrate specificity of purified mouse and human GADL1 
(23–25). For a more detailed understanding of the catalytic properties 
of GADL1, as well as its closest homologs, high-resolution structural 
studies with active-site ligands, preferably with the flexible catalytic 
loop visible, will be required.

Both in vitro and in vivo experiments have shown that reactive 
oxygen species can decrease the levels of antioxidant enzymes, such 
as SOD and glutathione peroxidase, and that carnosine supplemen-
tation can restore depleted levels of these enzymes (1). Carnosine 
peptides are considered to be important in protection, e.g., against 
ischemia-related free radical damage (1). However, the protective 
function of carnosine has only been studied in vitro or in animals 
receiving large pharmacological doses of carnosine. Thus, -alanine 
and carnosine dietary supplementation have widespread human use 
and are marketed to protect against oxidative stress (1). However, 
contradictory findings have been reported, and elevated levels of 
-alanine were noted to reduce cellular taurine levels and to be as-
sociated with increased oxidative stress (43) and altered energy me-
tabolism (44). Here, we show that the Gadl1 deletion mice have 
increased levels of oxidative stress biomarkers and altered levels 
of several antioxidant enzymes. These findings establish this mouse 
model as a new tool to study not only -alanine synthesis but also 
carnosine peptide biology and their relationship to oxidative stress 
and diseases.

Deletion of the mouse carnosine transporting dipeptide transporter 
Pept2 (SLC15A) has previously been reported to alter carnosine levels 
in several organs but not as markedly as in the Gadl1−/− mice (45). 
These organ-specific effects indicate that although -alanine and car-
nosine peptides are mainly synthesized locally in the OB, other organs 
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mainly take up carnosine peptides and their precursors from the 
circulation. Carnosine homeostasis in SKM is regulated by multiple 
nutritional and hormonal stimuli in a complex interplay between 
transporters and enzymes, including CARNS, CNDP2, PHT1, PHT2, 
TauT, PAT1, ABAT, and HDC (Fig. 5F) (40). It was recently reported 
that in the SKM, CARNS1 and GADL1 are rapidly up-regulated upon 
high-intensity exercise, demonstrating the importance of carnosine 
in muscle function and physiological regulation of these enzymes 
(46). The importance of GADL1 in carnosine synthesis is supported 
by human genetic studies showing a strong association of GADL1 
variants with blood levels of carnosine peptides (26). However, the 
tissue levels of carnosine peptides are reflecting levels of not only 
-alanine and histidine and their biosynthetic enzymes but also 
other metabolites and enzymes. Thus, the enzymes and transporters 
involved in carnosine homeostasis are nonspecific and subjected to 
competitive inhibition by alternative substrates, which may differ 
between tissues (Fig. 5) (47).

Since Gadl1−/− mice displayed behavioral changes and -alanine 
and carnosine peptides have been implicated in many different phys-
iological functions and disease states, we performed a gene-based 
analysis of GADL1 and enzymes and transporters directly involved 
in carnosine metabolism. We selected 21 human diseases and traits 
related to oxidative stress and where treatment with carnosine pep-
tides has shown some promising effects (Fig. 5G) (12, 48). In addi-
tion to the strong associations with plasma carnosine peptide levels, 
common variants in the GADL1 locus were associated with subjec-
tive well-being and muscle strength. The association with subjective 
well-being is particularly intriguing. This phenotype is genetically 
related to somatic complaints not only as bodily aches and pains but 
also as low energy, anxiety, and depression, traits that have all been 
shown in animal studies to be related to levels of carnosine peptides 
in the brain and SKM (49). However, for most of the diseases studied, 
we observed no significant associations with genes associated with 
carnosine homeostasis. Still, we cannot exclude possible effects of rare 
genetic variants or a role in other patient groups or populations. The 
behavioral data in the Gadl1−/− mice suggest that the link between 
GADL1 with anxiety is worth exploring further, including the in-
vestigation of differences in sensory processing and alterations in 
fear-related behavior.

Brain metabolomics has revealed large regional differences, with 
particularly large concentration gradients for carnosine (50). How-
ever, it is still a mystery why GADL1 and its carnosine peptide prod-
ucts are so abundant in OB. In zebrafish, high immunoreactivity for 
carnosine and anserine is found in sensory neurons and nonsensory 
cells of the olfactory epithelium, olfactory nerve, and the OB, indi-
cating a specific role of these peptides in sensory organs (51). On the 
basis of the early occurrence of carnosine peptides during embryonic 
development, it has been suggested that these peptides play a role in 
the developing nervous system, specifically in the olfactory and visual 
function (51). Our findings of intact histological architecture and the 
modest behavioral effects of Gadl1 deletion may argue against this 
hypothesis. However, it is also possible that the remaining 10 to 30% 
carnosine peptides are adequate for maintaining these biological ef-
fects, as reported for other neurotrophic factors such as serotonin 
(52). Alternatively, a neuroprotective, antioxidant role of GADL1 and 
carnosine peptides is conceivable. The olfactory epithelium provides 
a direct entry route from the environment to the OB and brain for 
substances that could cause oxidative stress. These substances can 
cause age-related cellular degeneration and olfactory damage, and 

prevention of this damage depends on an intact antioxidant defense 
system. Although baseline GADL1 levels are low, the levels of this 
enzyme may be up-regulated in response to oxidative damage and 
other physiological stressors, as shown in oligodendrocytes obtained 
from a mouse model of amyotrophic lateral sclerosis (53) and in SKM 
upon exercise (46).

CONCLUSIONS
GADL1 is essential for the production of -alanine and carnosine 
peptides, particularly in the brain and SKM. Mice lacking GADL1 
have behavioral changes, increased oxidative stress markers, and age-
related changes, underscoring the biological importance of these pep-
tides. Common variants in the human GADL1 locus are associated 
with plasma levels of acetylcarnosine, muscle strength, kidney func-
tion, and subjective well-being. Future studies should explore how 
this enzyme is regulated and its involvement in physiological func-
tions, including antioxidant defense mechanisms, and pathological 
states.

MATERIALS
Chemicals in this study were purchased from Sigma-Aldrich if not 
otherwise stated. Probes for the qRT-PCR were from Thermo Fisher 
Scientific, the kits used were from Thermo Fisher Scientific or QIAGEN, 
agarose was from Apollo Scientific, and SDS–polyacrylamide gel elec-
trophoresis (PAGE) gels were from Bio-Rad. O-Phthaldialdehyde 
reagent and 2-mercaptoethanol were from Merck Schuchardt. l-
Carnosine nitrate salt was used as standard for NMR spectroscopy.

METHODS
Ethical statement
This study was carried out per Norwegian laws and regulations and 
the European Convention for the Protection of Vertebrate Animals 
used for Experimental and Other Scientific Purposes. The protocol 
was approved by the Animal Studies Committee, Norwegian Food 
Safety Authority (Mattilsynet, permit number 9468).

Generation of Gadl1-null mice
Gadl1-null (−) mice were generated by homologous recombination 
in C57BL/6N mice at genOway, Lyon, France. On the basis of the 
Gadl1 complementary DNA (cDNA) sequence NM_028638, the exon/
intron organization of the gene was established. The mouse Gadl1 
gene is located on chromosome 9 and extends over more than 183.6 kilo–
base pairs (kbp) (sequence map Chr9:115909455-116074347 bp, 
+strand). The mouse Gadl1 locus consists of 20 exons (Fig. 1). ATG 
initiation codons are located in exons 3, and stop codons are located 
in exons 19 and 20. Bioinformatic analysis identified three isoforms 
for GADL1 protein and three predicted other splice variants of the 
Gadl1 gene. In the National Center for Biotechnology Information 
database release 106, four isoforms with predicted 518, 479, 362, and 
502 amino acid residues (NM_028638) were identified. On the basis 
of sequence comparison and x-ray structural data (25), Lys405, Lys333, 
and His219 are predicted to be essential amino acids of the PLP-binding 
region, and Arg494 and Gln120 are essential amino acids of the substrate-
binding region. Exon 7 is highly conserved and contains the substrate-
binding residue Gln120. This exon is present in all splice variants. In 
the mouse genome, the closest coding gene is Tgfbr2, encoding the 
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TGFBR2 (sequence map Chr9:116087695-116175363 bp, −strand). 
This is involved in multiple biological pathways and cells. In addi-
tion, several noncoding genes and pseudogenes are located in this 
region. To minimize the risk of interfering with possible regulatory 
sequences, it was decided to delete only exon 7 in the Gadl1 gene, 
resulting in the deletion of sequences encoding part of the active site 
domain of Gadl1, including Q120 (24). The mouse model was generated 
by homologous recombination in embryonic stem (ES) cells. For this 
purpose, a targeting vector containing regions homologous to the 
genomic Gadl1 sequences was constructed. After its transfection into 
C57BL/6N ES cells, the recombined cell clones were injected into 
blastocysts. Mouse breeding was established with C57BL/6N Flp-deleter 
mice to remove the neomycin cassette. The heterozygous KO colony 
was produced by breeding with C57BL/6N Cre-deleter mice.

Breeding
Heterozygous siblings were mated to produce Gadl1−/− homozygous 
pups. Further breeding and genotyping were performed at the ani-
mal facility at the University of Bergen (Bergen, Norway). Animals 
were group-housed in temperature- and light-controlled vivarium 
(21° ± 1°C; 12:12-hour light/dark artificial circadian rhythm). All 
experiments were conducted with 3- to 96-week-old mice of both 
sexes that were ad libitum fed using standard rodent diets [rat and 
mouse no. 1 (RM1)] during maintenance and RM3 during breeding 
(Scanbur/Special Diets Services, Witham, UK). These diets are plant-
based. The content of natural amino acids is specified, but the content 
of carnosine peptides is not specified (http://sdsdiets.com/pdfs/RM1-
A-P.pdf). Further analysis is shown in table S4.

Gadl1 mouse genotype determination
DNA was extracted from mice ear samples at 2 weeks of age. Geno-
typing was performed using a multiplex PCR kit (#206143, QIAGEN). 
After initial heat activation at 94°C for 15 min, DNA was denatured 
at 94°C for 30 s, annealed at 60°C for 1.30 min, and extended at 72°C 
for 1.30 min. This cycle was repeated 25 times. DNA was extended 
for an additional 30 min after the last cycle. PCR products were an-
alyzed using 2% agarose gel electrophoresis. The PCR product size 
was measured to 166 bp in the Gadl1−/− mice and 330 and 750 bp in 
the Gadl1+/+ mice. All three base pair sizes were measured in the 
Gadl1+/− mice (166, 330, and 750 bp). The sizes of PCR products 
and the primer sequences are summarized in table S5 and Fig. 1E.

Validation of the animal model
The deletion strategy was validated using DNA sequencing, RNA se-
quencing, proteomic analyses, and Western blotting. DNA sequenc-
ing confirmed that exon 7 was absent from the genomic DNA of the 
Gadl1−/− mice. We determined branching scores that reflected each 
exon’s splicing capability using the RNA splicing prediction tool 
SROOGLE (54). This gave a lower splicing score for exon 8 compared 
to exon 9, suggesting that splicing of exon 6 to exon 9 was favored 
over splicing to exon 8. The qRT-PCR data also suggested that the 
Gadl1 mRNA from Gadl1−/− mice was stable. However, sequence 
analysis showed that both exons 7 and 8 were absent from Gadl1 
mRNA in Gadl1−/− mice. An mRNA devoid of exons 7 and 8 is ex-
pected to be stable and produce a truncated protein. Expression and 
purification of mouse GADL1 protein in E. coli were performed as 
described (fig. S2) (24). Site-directed mutagenesis of mouse GADL1 to 
generate a protein lacking exons 7 and 8 (coding protein sequence, 
NHPRFFNQLYAGLDYYSLAARIITEALNPSIYTYEVSPVFLL-

VEEAVLKKMIECVGWKEGDGIFNP) was performed using the 
following primers: GADL1, 5′-TTCAGAACCGCCTCTTCCAC-3′ 
(reverse), 5′-TCCAAGATTTTTCAACCAGC-3′ (foward), 5′-AGA
AAGCACCGCCGGCTCCT-3′ (forward), 5′-GGATGAGATAGA
CAGCCTGG-3′ (forward), 5′-TTTCTGTTCATGGGGGTAAT-3′ 
(forward), 5′-TGCGGTATTCGGAATCTTGC-3′ (reverse), 5′-AC-
GCATCGTGGCCGGCATCA-3′ (reverse), 5′-CGATTTCGGCC
TATTGGTTA-3′ (forward), 5′-TGCACAATCTTCTCGCGCAA-3′ 
(reverse), 5′-ATGGGGGATCATGTAACTCG-3′ (forward), 5′-CTT
GCTGCAACTCTCTCAGG-3′ (reverse), 5′-CGGATCAAGAGCT
ACCAACT-3′ (forward), 5′-TAACGAAGCGCTGGCATTGA-3′ 
(reverse), and 5′-GCCTTTGAGTGAGCTGATAC-3′ (forward).

Metabolomic studies using LC-MS
Animals were anesthetized using urethane (250 mg/ml) adminis-
tered by intraperitoneal injection and adjusted to their individual 
weight (1.4 to 1.8 mg/kg). Tissues were perfused with 50 ml of 0.02% 
heparin-saline solution pumped through the heart’s left ventricle be-
fore organ extraction. After dissection, the tissues were flash-frozen 
in liquid nitrogen and stored at −80°C until use. A total of 172 dif-
ferent tissue samples from 41 animals were shipped at −80°C to 
Metabolon Inc. (Durham, NC, USA) for further processing. Male 
and female mice were matched according to genotype and age. Table 2 
shows the list of mice used in the metabolomic study.

All 41 animals were analyzed for brain, SKM, and liver metabo-
lites. A subset of 21 animals (10 Gadl1+/+ and 11 Gadl1−/−, 4.63 and 
4.89 weeks, respectively) were analyzed for OB metabolites. Explor-
atory analyses were performed in the kidney, cerebellum, heart, whole 
blood, and serum from 12-week-old males (seven Gadl1+/+ and seven 
Gadl1−/−). Because of limited capacity of the animal breeding facili-
ty, samples were dissected and shipped in three separate batches, 
with tissues from 10 (5 Gadl1+/+ and 5 Gadl1−/−), 17 (8 Gadl1+/+ and 
9 Gadl1−/−), and 14 (7 Gadl1+/+ and 7 Gadl1−/−) animals, respectively. 
All samples were processed using an identical pipeline.

At the Metabolon Company, samples were prepared using the 
automated Microlab STAR® system from the Hamilton Company. 
To remove protein, dissociate small molecules bound to protein or 
trapped in the precipitated protein matrix, and to recover chemically 
diverse metabolites, proteins were precipitated with methanol un-
der vigorous shaking for 2 min (Glen Mills Geno/Grinder 2000), 
followed by centrifugation. The resulting extract was divided into 
four fractions for analysis using different chromatographic methods. 
Each sample extract was stored overnight under nitrogen before 
preparation for analysis. After that, the samples were reconstituted 
in appropriate solvents (according to the chromatographic method) 
contained a series of standards at fixed concentrations to ensure in-
jection and chromatographic consistency.

Metabolomic analyses were performed through three chromatographic 
methods used that were based on reversed-phase/ultraperformance 
liquid chromatography (UPLC)-MS/MS chromatography with pos-
itive and negative ion mode electrospray ionization (ESI) and one 
chromatographic method using hydrophilic interaction liquid chro-
matography/UPLC-MS/MS with negative ion mode ESI. The columns 
used were Waters UPLC BEH C18 (2.1 mm by 100 mm, 1.7 m) and 
Waters UPLC BEH Amide (2.1 mm by 150 mm, 1.7 m).

Metabolomic analyses were performed at UPLC (Waters ACQUITY) 
coupled to Thermo Fisher Scientific Q Exactive high-resolution/
accurate mass spectrometer interfaced with a heated ESI (HESI-II) 
source and Orbitrap mass analyzer operated at 35,000 mass resolution. 
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The MS analysis alternated between MS and MSn scans using dynam-
ic exclusion. The scan range varied slighted between methods but 
covered 70 to 1000 mass/charge ratio (m/z).

Compounds were identified by comparison to library entries of 
purified standards or recurrent unknown entities. Metabolon main-
tains a library based on authenticated standards that contain the re-
tention time/index (RI), m/z, and chromatographic data (including 
MS/MS spectral data) on all molecules present in the library. Fur-
thermore, biochemical identifications are based on three criteria: 
retention index within a narrow RI window of the proposed identi-
fication, accurate mass match to the library ± 10 parts per million, 
and the MS/MS forward and reverse scores between the experimen-
tal data and authentic standards. The MS/MS scores are based on a 
comparison of the ions present in the experimental spectrum to the 
ions present in the library spectrum.

Normalized areas of each compound were rescaled to set the me-
dian equal to 1. The values obtained for each tissue were used for 
metabolomic analyses with MetaboAnalyst 4.0. Analyses of PLS-DA 
data were normalized using Pareto scaling.
1H-NMR spectroscopy
MAS 1H-NMR spectroscopy was performed using samples (13 to 
20 mg of wet weight) of the OB from 12-week-old male mice of dif-
ferent genotypes Gadl1−/−, Gadl1+/−, and Gadl1+/+. After dissection, 
the samples were stored at −80°C before they were placed in 4-mm 
ZrO2 MAS rotors with 50 l of inserts and analyzed in a 500-MHz 
Bruker instrument at 4°C. Water signal decoupling was achieved by 
presaturation pulses. Each spectrum was recorded at an MAS rate 
of 5 kHz using 256 transients and a 5-s delay between each tran-
sient. To aid comparison, the maximal signal intensities were nor-
malized to the same level for all samples.
1H-MRI of living animals
Animals were anesthetized using 5 to 6% (v/v) sevoflurane (SevoFlo, 
Zoetis Inc., Kalamazoo, MI, USA) mixed with oxygen (200 cm3/min) 
for induction and ~3% for maintenance. During the MRI experi-
ments, the respiration rate was monitored using a pressure sensor 
(SA Instruments, NY, USA). MRI investigations were performed with 
User PharmaScan 70/16 (7 T) scanner from Bruker (Bruker BioSpin 
GmbH, Ettlingen, Germany) using a 72-mm–inner diameter trans-
mit coil together with a mouse brain four-element surface coil array 
for receiving the MR signal. We recorded 13 coronal T2-weighted 
images [slice thickness, 0.5 mm; slice distance, 0.05 mm; field of view 
(FOV), 20 mm by 20 mm; matrix size, 256 by 256] with fat suppres-
sion. The images were recorded with a turbo-RARE sequence [time to 
echo (TE), 38 ms; repetition time (TR), 3200 ms; four averages]. 
The FOV covered the whole brain including the OB. The software 
used with the scanner was ParaVision 6.0.1. Analysis of MR images 
was performed with Fiji ImageJ (version 1.46a, National Institute of 
Health, Bethesda, MD, USA). The OB was manually delineated in 
each image slice, and the number of pixels within each region of 
interest was translated to volume measurement.
RNA purification and qRT-PCR
Total RNA was purified from different tissues from both Gadl1+/+ 
and Gadl1−/− mice using the RNeasy purification kit from QIAGEN 
(#74104; and for muscle tissue, #74704). cDNA was synthesized in 
triplicates from this RNA using a High-Capacity RNA-to-cDNA kit 
(#4387406, Applied Biosystems). qRT-PCR was performed using the 
TaqMan gene expression assay (TaqMan Gene Expression Master Mix, 
#4369016, Applied Biosystems). The TaqMan probes were as follows: 
Mm00520087_m1 (CSAD), Mm01348767_m1 (GADL1, exons 13 to 

14), Mm01341531_m1 (GADL1, exons 3 to 4), Mm01341534_m1 
(GADL1, exons 6 to 7), Mm99999915_g1 [glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH)], and Mm00607939_s1 (-actin). mRNA 
expression for all genotypes was normalized against the housekeep-
ing genes GAPDH and -actin using a variant (2Ct) of the Livak 
method (2−Ct), as described in the real-time PCR applications guide 
from Bio-Rad (55). Values are presented as means and upper 95% 
limit on an ln y scale.
RNA sequencing
RNA sequencing was performed using the TruSeq stranded mRNA 
prep kit from Illumina and an Illumina HiSeq 4000 instrument 
(paired end, 75 bp, ×2 run). Raw data were quality controlled using 
the FastQC tool (available at www.bioinformatics.babraham.ac.uk/
projects/fastqc). Raw reads were aligned to mouse genome M13 using 
HISAT2 (56). Read aligned to coding regions of the genome were 
counted using “FeatureCounts” (57). Normalization and differential 
gene expression were performed using DESeq2 (58). Transcripts from 
27,878 genes at an average were detected. GO enrichment analysis 
was performed using tools “TopGo” and their dependencies in R en-
vironment (version 2.36.0). Biological pathways affected by the Gadl1 
deletion were defined according to GO (27, 28) and the KEGG (27, 59). 
Among the 27,878 mouse genes reliably identified, we further ana-
lyzed up- or down-regulated genes with a log2 fold change either 
less than −1 or greater than +1 and P ≤ 0.05. Heat maps were made 
using ClustVis (59).
Western blotting
We used custom-made affinity-purified sheep antibodies generated 
against purified human GADL1 MBP (maltose-binding protein) fusion 
proteins (J. Hastie, University of Dundee). All the other antibodies were 
purchased from Abcam. The primary antibodies were anti-SOD1 (1:2000; 
CuZn; ab13498), anti-SOD2 (1:1000; Mn; ab68155), and anti-GLR1/
GSR (1:5000; ab16801) prepared in 3% (w/v) bovine serum albumin 
(BSA) in 1× tris-buffered saline (20 mM Trizma base and 150 mM 
NaCl) with 0.1% (v/v) Tween 20 (TBST). Frozen tissue samples (OB, 
SKM, and cerebral cortex) were homogenized in radioimmunopre-
cipitation assay buffer containing a protease inhibitor cocktail. Equal 
amounts of protein (30 mg) were separated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Bio-Rad) using a Trans-Blot 
Turbo transfer system (Bio-Rad) according to the manufacturer’s 
protocols. Membranes were blocked with 3% BSA in TBST for 2 hours 
at room temperature before incubation with primary antibodies over-
night at 4°C. The following day, membranes were incubated with 
the secondary antibody, anti-rabbit and goat anti-sheep horseradish 
peroxidase immunoglobulin G H + L (1:10,000; ab6721) (Bio-Rad, 
Hercules, CA), and developed with the enhanced chemiluminescence 
technique using a WesternBright Sirius kit (#K-12043-D20, Advansta) 
on a Gel DocTM XR+ system (Bio-Rad) with Image Lab software 
(version 6.0.1). All blots were normalized against the total protein 
load in a Gadl1+/+ mouse.
Behavioral tests
There were 26 male mice, 13 mice from each genotype (Gadl1+/+ and 
Gadl1−/−) tested for the behavioral experiments. The average age of 
Gadl1+/+ and Gadl1−/− mice was 22.2 and 21.7 weeks, respectively. The order 
of testing of the mice was randomized for each test with the tasks 
following the order, three-chamber social interaction task, open field, 
elevated plus maze, and resident intruder task. Exclusively male mice 
were used to eliminate possible variation caused by the estrous cycle of 
female mice. Upon entry, all mice were provided with a unique tail 
number. All mice were housed at the institutional animal facility in an 
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individually ventilated cage (type 2L, Tecniplast S.p.A., Buguggiate, 
Italy) with an igloo as environmental enrichment and had ad libitum 
access to water and food. Mice were socially isolated before the open 
field task. The mice were housed under a reversed light/dark cycle 
(12:12 hours) in a ventilated cabinet, Scantainer (Scanbur, Karlslunde, 
Denmark), with sunset at 7:30 a.m. at a constant temperature of 24° ± 
1°C. All experimental procedures were approved by the Committee of 
Animal Experiments of the Radboud University Medical Center 
(project number DEC2016-0094), Nijmegen, The Netherlands.

All the behavioral experiments were performed in the dark phase 
under red light conditions in the same experimental room. No 
experiments were performed within the first hour after the light/dark 
transition. All animals were given 1 month to acclimatize to the animal 
housing facility before behavioral testing. EthoVision XT9 software 
(Noldus, Wageningen, The Netherlands) was used for tracking the mice 
and analysis of the videos in the open field and elevated plus maze ex-
periments with the Observer version 11 software (Noldus, Wageningen, 
The Netherlands) used for the assessment of the social interaction and 
resident intruder task experiments. All the behavioral tests were re-
corded using a high-speed (25 frames/s) infrared camera (GigE, Basler 
AG, Ahrensburg, Germany). MediaRecorder (Noldus, Wageningen, 
The Netherlands) was used to record these movies.
Open field
Locomotion activity was quantified in a 55 cm by 55 cm by 36 cm 
activity chamber that was positioned on a flat table with a camera 
directly above the center of the apparatus. The animals were placed 
in the center of the field where locomotion activity was then recorded 
for 5 min. The arena was divided into four quadrants in which the 
connected center points of all quadrants formed the center of the 
field and measured 27.5 cm by 27.5 cm. The total time in the center 
zone, outside the center, and time spent near the walls was measured, 
as well as the frequency of center visits. In addition, the latency to 
leave the center was used as an indication of immobility behavior. 
Reduced frequency of center visits, velocity, and distance traveled 
was used as indications of locomotor activity and anxiety behavior. 
Total distance traveled was measured by tracking movement from 
the center of the mice’s body. The arena was cleaned with 70% alco-
hol between tests. Videotapes of the locomotion activity were exam-
ined using EthoVision XT9 (Noldus, Wageningen, The Netherlands).
Elevated plus maze
The apparatus provided by Noldus consisted of two open arms and 
two closed arms (36 cm by 6 cm, 15-cm-high walls) with a common 
central platform (6 cm2). The apparatus was placed 60 cm above the 
ground. At the start, animals were placed at the junction of the open 
and closed arms with the head facing the closed arms. The elevated 
plus maze was performed in the dark phase under dim light condi-
tions. The time spent in the open and closed arms were examined as 
a time ratio (RT). The RT is the time spent in the open arms (TO) 
divided by total time spent in both closed (TC) and open arms (TO): 
RT = TO/(TO + TC). Furthermore, the frequency of transition be-
tween the arms, the total distance traveled, and velocity was mea-
sured. Between each animal, the maze was cleaned with 70% ethanol 
and dried before testing the next animal.
Resident intruder paradigm
The resident intruder paradigm was performed to assess territorial 
aggression. On each testing day, an unfamiliar C57BL/6J intruder 
mouse was encountered, which was randomly assigned to a resident 
for each interaction. All animals, both resident and intruder, were 
tested once a day. The housing cage of the resident was used as the 

interaction area. A transparent Plexiglas screen was placed in the 
middle of the cage to prevent direct interaction between animals but 
to enable visual, auditory, and olfactory perception. The intruder 
mouse was placed at the other side of the plastic screen for a period 
of 5 min. Hereafter, the screen was removed, and the interaction 
was videotaped for 5 min. After the test, the intruder was removed 
from the cage, and both animals were weighed and checked for 
wounds. The frequency of attacks and bites and the latency to the 
first attack were analyzed manually for all interaction days. An at-
tack latency of 300 s was taken in case no attack occurred within the 
5-min interaction window.
Three-chamber social interaction test
A standard three-chamber task arena (Noldus, Wageningen, The 
Netherlands) was used in a dark room with red overhead lighting. 
During the first 10 min of the test, the test mouse was placed alone 
in the arena to habituate to the new environment. In both the left 
and right chambers, an empty acrylic cylinder with bars was placed. 
After 10 min, an interaction mouse (C57BL/6J mouse, same age as 
test mouse) was placed in a cylinder, randomly in either the left or 
right cylinder. Testing was spread across 2 days with each C57BL/6J 
mouse used maximally four times as an interaction mouse. The order 
of testing was counterbalanced. For 10 min, test mice were allowed 
to investigate the arena with the interaction mouse in it.
Carnosine-related genes in human phenotypes
To conduct the gene-based analyses, we obtained openly available 
summary statistics from GWAS performed in individuals of European 
descent (table S3). We then restricted the data, where possible, to SNPs 
with a minor allele frequency of 1%, with good imputation quality 
(imputation information score, >0.8), and that were represented in more 
than 70% of the total meta-analyzed sample size. We then calculated the 
eight genes of interest’s association with the chosen phenotypes using 
MAGMA (39). The gene-phenotype associations were calculated using 
the individual SNPs’ P values for association with the respective phenotypes. 
SNPs were assigned to a gene if their chromosomal location were 
within the start and end of the gene transcripts (i.e., the standard 
settings of MAGMA). We used the 1000 genomes CEU (Northern 
Europeans from Utah) population as the reference panel to correct 
for linkage disequilibrium.
Variant effect prediction
In total, Ensembl reported 23,292 SNPs in human GADL1, with 78% 
of them being intronic. Among the coding variants, 67% were pre-
sented as missense, 23% as synonymous, 5% as frameshift, 3% as stop 
gained, and 1% as in-frame deletion.
Structural analyses
For comparative protein structure analysis, the structures of mouse 
GADL1 (25) (PDB entry 6enz), human CSAD (PDB entry 2jis), and 
human GAD65 (60) (PDB entries 2okk) were used. To predict the 
binding mode of Glu into GAD65, its structure was re-refined and 
observed to contain the inhibitor chelidonic acid, based on which the 
Glu binding mode can easily be obtained because of the presence of 
two appropriately spaced carboxyl groups. Structures were super-
posed in COOT (61) and visualized in Chimera (62).
Hematoxylin and eosin staining
For the histochemistry studies, the organs were fixed with formalin. 
The samples were paraffin-embedded and sectioned into 40-mm-thick 
slices. For hematoxylin and eosin staining, sections were deparaf-
finized in Tissue-Clear II (2 × 10 min) and rehydrated using 100% 
ethanol (2 × 1 min each), followed by 96% ethanol (1 min) and then 
70% ethanol for 1 min and double-distilled H2O (ddH2O) for 3 min. 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of B

ergen on N
ovem

ber 29, 2021



Mahootchi et al., Sci. Adv. 2020; 6 : eabb3713     17 July 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 19

Sections were then dipped in 0.2% hematoxylin (Histolab) for 5 min, 
eosin for 1 min, followed by a 5-s wash with ddH2O. The sections 
were then rehydrated in 70% ethanol for 30 s, followed by dipping 
in 96% (2 min) and 100% ethanol (2 × 2 min). Last, the sections were 
dipped in xylene for 2 min, mounted on slides, and coverslipped. 
Hamamatsu slide scanner was used for scanning slides, and Aperio 
software was used to take pictures.

Statistics
All data, unless specified otherwise, are presented as means ± SD. The 
growth curves (Fig. 1, B and C), enzyme activity assay (Fig. 1H), 
NMR (Fig. 3C), MRI, and animal behavior (Fig. 5, A to E) were 
analyzed with unpaired Student’s t test (two-tailed). Statistical 
significance was defined as P ≤ 0.05. Metabolomics data (Fig. 2 and 
fig. S4) were analyzed with unpaired Student’s t test (two-tailed) with 
Welch’s correction. Antioxidant levels (Fig. 4) were analyzed with a 
ratio, paired t test (two-tailed) per experimental setup.

Study approval
The protocol used in this manuscript was approved by the Animal 
Studies Committee, Norwegian Food Safety Authority (Mattilsynet, 
permit number 9468).

SUPPLEMENTARY MATERIAL
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/29/eabb3713/DC1

View/request a protocol for this paper from Bio-protocol.
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Table S1 C. Transcript levels of 30 predicted genes close to the Gadl1 locus (yellow: 
downregulated in knockout, green: upregulated in knockout, blank: not detected). 
 
Gene name ENSEBML ID Log2FoldChange P-value 
Loc102633324 (Gm16142) ENSMUSG00000087469 -1.145644169 0.331003828 
Loc102633106 (Gm31014)        
Loc102633399 (Gm31234)        
Loc102633476 (Gm31292)       
Tgfbr2 ENSMUSG00000032440 0.153321074 0.11705412 
Gm9385 ENSMUSG00000080848 -0.131387484 0.400319186 
Gm5921 ENSMUSG00000074034 -0.062966245 0.955064616 
Gm9385 ENSMUSG00000080848 -0.131387484 0.400319186 
Rbms3 ENSMUSG00000039607 -0.041538879 0.816216697 
Cmc1 ENSMUSG00000039163 0.043065942 0.678703046 
Azi2 ENSMUSG00000039285 0.113416692 0.251718473 
Stt3b ENSMUSG00000032437 0.143339379 0.156764486 
Gm18328       
Gm40582       
d73003k21rik       
Gm39447       
Gm40587       
Mir467h       
Gm9487       
4930428G15rik       
Gm30762       
Stmn1-rs1       
Gm31599       
Gm39449       
Gm18489       
Gm39452       
Loc102635502       
Gm36451       
Gm39450       
Loc108167721       
Gm4668       
Gm48038       
Gm31410       
 
 
Table S1 D. Transcript levels of ABAT or AGXT2 in the OB extracts of Gadl1+/+ and Gadl1 -/- 
mice. (yellow: downregulated in knockout, green: upregulated in knockout, blank: not detected). 
 
Gene name ENSEMBL ID Log2FoldChange P-value 

Abat ENSMUSG00000057880 0.063686739 0.554421048 

Agxt2 ENSMUSG00000089678 -1.638874888 0.686109037 
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Table S4. Analysis of mouse diet  
Parameter analyzed Result (g/kg) 
1-Methylhistidine (Free) <0.5 

3-Methylhistidine (Free) <0.5 
Alanine (Free) <0.5 
Alpha-Aminoadipic acid (Free) <0.5 
Alpha-Amino-n-butyric acid (Free) <0.5 

Anserine (Free) <0.5 
Arginine (Free) <0.5 
Asparagine (Free) 0.535 

Aspartic Acid (Free) <0.5 

-Alanine (Free) <0.5 

-Aminoisobutyric acid (Free) <0.5 

Carnosine <0.5 
Citrulline <0.5 

Cystathionine (Free) <0.5 
Cystin (Free) <0.5 
Delta-Hydroxylysine (Free) <0.5 

Ethanolamine <0.5 

-Amino-butyric acid (Free) <0.5 

Glutamic acid (Free) <0.5 

Glutamine (Free) <0.5 
Glycine (Free) <0.5 
Histidine (Free) <0.5 

Homocysteine (Free) <0.5 
Hydroxyproline (Free) <0.5 
Isoleucine (Free) <0.5 

Leucine (Free) <0.5 
Lysine (Free) 0.843 
Methionine (Free) <0.5 
Ornithine (Free) <0.5 

Phenylalanine (Free) <0.5 
Phosphothanolamine (Free) <0.5 
Phosphoserine (Free) <0.5 

Proline (Free) <0.5 
Sarcosine (Free) <0.5 
Serine (Free) <0.5 

Taurine (Free) <0.5 
Threonine (Free) <0.5 
Tryptophan (Free) <0.5 
Tyrosine (Free) <0.5 

Urea <0.5 



Table S5. Sequences of PCR primers and sizes of PCR products. 
Primer Primer Sequence 

5’-3’ 
PCR Product Size 

  WT KO 
136258Cre-HAA2 TCAGTTGAGAAGCCCTTCCTTGGTGTA 330 and 750 

bp 
166 bp 

136249Cre-HAA2 CCTTGAACGTGGTTCTCTAGTAGCCACC 
136248Cre-HAA2 AGACCTGGTTAAGCAACTCTCCACTAACTCC 
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Fig. S1. Overview of the mouse Gadl1 locus (A, B, C, D and E) and sequencing alignment of 
Gadl1+/+ and Gadl1-/-mRNA confirming that exon 7 and 8 are missing from the Gadl1-/- muscle 
transcript (F, G and H). (A) Gadl1 genomic locus in mouse chromosome as analyzed at Genoway, 
(B) overview of exon organization using Genoway software, (C) overview of Gadl1 locus from NCBI 
gene database, (D) Gadl1 and closest neighboring genes (NCBI), (E) Gadl1 and closest neighboring 
genes (EMBL-EBI). (F) Alignment of mRNA sequences of the Gadl1+/+ and Gadl1-/- mice. Cluster 
omega was used for alignment (https://www.ebi.ac.uk/Tools/msa/muscle/). (G-H) Sequencing 
chromatogram of (G) Gadl1+/+ and (H) Gadl1-/- mice. Exon 7 and 8 are missing in the Gadl1-/- mice 
mRNA. Created in SnapGene (v4.2, GSL Biotech LLC, San Diego, CA 92108, USA). 
 

 
 
Fig. S2. Vectors designed for Gadl1 wild type (WT) (A) and mutated (B). The vectors were made 
in BL21 E-coli. The proteins were expressed and purified using Histidine-tag. Created using 
SnapGene (v4.2, GSL Biotech).  
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Fig. S3. Top 25 up (A) and down (B) regulated genes in olfactory bulb when comparing Gadl1-/- 

(n =3) to Gadl1+/+ (n = 3).  
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Fig. S4. Metabolite levels in mouse tissues. (A, B, C, D and E) Measurements of carnosine 
peptides in extracts of cerebral cortex from female Gadl1+/- (n=5) and Gadl1-/- (n=5) mice 
(18-22 weeks) using an isocratic RP-HPLC system. Injection of 20μl (A) L-anserine nitrate 
salt and L-carnosine, and (B and C) cerebral cortex lysates from female Gadl1+/- (n=5) and 
Gadl1-/- (n=5) mice (18-22 weeks). The box plots show (D) mean area and (E) relative level 
of carnosine concentration in cortex extracts. The decrease in carnosine levels was 40.46 ± 
12.18 % from Gadl1+/- to Gadl1-/-. Median is presented as a line and mean as a plus (+) sign. 
Whiskers are drawn from min to max value. Statistical significance (p<0.05) was determined 
with a ratio, paired t-test and significant differences are indicated with an asterisk (*). 
Relative levels of (F) 3-ureido-propionate, β-alanine, anserine, and carnosine in whole blood 
and serum (n=5). Relative levels of various metabolites in OB, cerebral cortex, SKM, and 
liver tissue extracts from Gadl1+/+ (grey) and Gadl1-/- (red) mice (n=5-21); (G) uracil and 
thymine derivatives, (H) taurine and taurine derivatives, (I) Glutamate peptides and related 
oxidative stress markers, (J) Nicotinamide riboside, N-formylmethionine, isovalerylcarnitine, 
riboflavin, (K) sphingolipids and ceramide.   
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Fig. S5. Tissue distribution of GADL1 (A) Hematoxylin and Eosin (HE) staining of mouse Gadl1 +/- 

and Gadl1-/- OB, cerebral cortex, SKM, spleen, liver and tumor. (B-C) Immunohistochemistry for 
GADL1 of (B) grey and (C) white matter using commercial antibody adapted from Human Protein 
Atlas.  
 
 
 
 
 
Links to databases: 
Human Protein Atlas  
https://www.proteinatlas.org/ENSG00000144644-GADL1/tissue 
 
alliance of genome resources 
http://www.informatics.jax.org/marker/MGI:1920998 
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Pyridoxal 50-phosphate (PLP) is a ubiquitous cofactor in various enzyme classes,

including PLP-dependent decarboxylases. A recently discovered member of this

class is glutamic acid decarboxylase-like protein 1 (GADL1), which lacks the

activity to decarboxylate glutamate to �-aminobutyrate, despite its homology to

glutamic acid decarboxylase. Among the acidic amino acid decarboxylases,

GADL1 is most similar to cysteine sulfinic acid decarboxylase (CSAD), but the

physiological function of GADL1 is unclear, although its expression pattern and

activity suggest a role in neurotransmitter and neuroprotectant metabolism. The

crystal structure of mouse GADL1 is described, together with a solution model

based on small-angle X-ray scattering data. While the overall fold and the

conformation of the bound PLP are similar to those in other PLP-dependent

decarboxylases, GADL1 adopts a more loose conformation in solution, which

might have functional relevance in ligand binding and catalysis. The structural

data raise new questions about the compactness, flexibility and conformational

dynamics of PLP-dependent decarboxylases, including GADL1.

1. Introduction

Pyridoxal 50-phosphate (PLP), or vitamin B6, is a versatile

cofactor that is involved in many enzymatic reactions spanning

multiple enzyme classes and chemical reactions (Percudani &

Peracchi, 2003). PLP-dependent decarboxylases constitute a

large family of enzymes that catalyze a range of metabolic

reactions. Many of these enzymes catalyze biologically well

defined processes; inactivating mutations affecting them are

associated with severe phenotypes, and some of them are

treatment targets in human disease (Baekkeskov et al., 1990;

Eliot & Kirsch, 2004; El-Sayed & Shindia, 2011; Paiardini et

al., 2014; Sköldberg et al., 2004).

Despite extensive research, the biological functions of many

PLP-dependent enzymes are still unclear. One such enzyme is

glutamic acid decarboxylase-like protein 1 (GADL1), which

was originally named based on its sequence homology to

glutamic acid decarboxylase (GAD), which synthesizes the

inhibitory neurotransmitter �-aminobutyric acid (GABA;

Fenalti et al., 2007). However, GADL1 has no reactivity

towards glutamic acid and therefore is unlikely to be involved

in GABA signalling (Liu et al., 2012; Winge et al., 2015). It has

been suggested that GADL1 is involved in taurine production

(Liu et al., 2012). On the other hand, in our recent comparative

study of GADL1 and cysteine sulfinic acid decarboxylase

(CSAD), an enzyme homologous to GADL1 that is involved

in taurine biosynthesis, we showed that these enzymes act
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differently. Compared with CSAD, the activity of GADL1

towards cysteine sulfinic acid (CSA) as a substrate is much

lower, and GADL1 has a stronger preference for aspartate,

suggesting that GADL1 may be involved in the biosynthesis of

�-alanine and its peptide derivatives, such as the neuro-

protectant carnosine (Min et al., 2008; Park et al., 2014; Winge

et al., 2015).

We showed in our earlier study that mouse and human brain

have distinct patterns of expression of CSAD and GADL1

(Winge et al., 2015). Whereas both CSAD and GADL1 were

expressed in neurons, only the CSAD mRNAwas detected in

astrocytes. Using a homology model of GADL1 based on the

crystal structure of human CSAD (HsCSAD), we performed

in silico screening of potential substrate analogues and

discovered the first generation of inhibitors with partial

selectivity against either GADL1 or CSAD. However, detailed

mechanistic studies have been hampered by the lack of

structural information.

In this study, we describe the crystal structure of mouse

GADL1 (MmGADL1). Additionally, we used small-angle

X-ray scattering (SAXS) to elucidate the solution shape of

MmGADL1. The overall fold of MmGADL1 is similar to

those of CSAD and other close homologues, with a flexible

loop, not defined in electron density, from the apposing

monomer covering the active site, which is possibly relevant in

catalysis. SAXS data demonstrate that MmGADL1 adopts a

loosened state in solution, which might correspond to an open

conformation significant for cofactor or substrate binding.

2. Materials and methods

2.1. Macromolecule production

2.1.1. Construct preparation, protein expression and
purification. The expression vector for MmGADL1 was

prepared in the Gateway system using pTH27 (Hammarström

et al., 2006) as the destination vector. Cloning involved a two-

step PCR protocol and homologous recombination into

Gateway vectors using standard procedures. The resulting

construct codes for an N-terminal His6 tag, a Tobacco etch

virus (TEV) protease cleavage site and MmGADL1 residues

1–502 (UniProt entry E9QP13). A longer isoform of

MmGADL1 also exists (UniProtKB entry Q80WP8), and the

construct corresponds to residues 49–550 of this isoform.

2.1.2. Expression and purification of MmGADL1. His6-

tagged MmGADL1 was expressed in Escherichia coli BL21-

CodonPlus(DE3)-RIPL cells (Stratagene) at 288 K using

150 mM IPTG induction. Cell pellets were lysed by sonication

in a buffer consisting of 50 mM sodium phosphate buffer pH

7.4, 500 mM NaCl, 20 mM imidazole, 0.2 mg ml�1 lysozyme,

1 mM MgCl2, 2 mM pyridoxine hydrochloride and cOmplete

EDTA-free protease inhibitors (Roche). Phenylmethyl-

sulfonyl fluoride was added to 1 mM immediately following

sonication. The unclarified lysate was applied directly onto an

IMAC HiTrap TALON crude column (GE Healthcare). The

column was washed with 50 mM sodium phosphate pH 7.4,

500 mM NaCl, 50 mM sodium phosphate pH 7.4, 500 mM

NaCl, 20 mM imidazole. Elution was carried out with 100 mM

imidazole in 50 mM sodium phosphate pH 7.4, 500 mM NaCl.

Size-exclusion chromatography was performed using a

Superdex HR 200 column (GE Healthcare) equilibrated with

20 mM HEPES, 200 mM NaCl pH 7.5.

2.2. Crystallization

Initial crystallization conditions for MmGADL1 were

obtained from the JCSG-plus screen (Molecular Dimensions)

using sitting-drop vapour diffusion. The crystallization

conditions, which yielded crystals with a needle morphology

arranged as single crystals or point-originated clusters, were

comprised of 80 mM sodium cacodylate pH 6.0–7.4, 13–

14%(w/v) PEG 8000, 120–160 mM calcium acetate, 15.0–

17.5%(w/v) glycerol. 0.3–1.5 ml drops with different volume

ratios of protein solution (6.5–7.5 mg ml�1 in 20 mM HEPES

pH 7.4, 200 mMNaCl) and reservoir solution were used at 281

and 293 K, equilibrating against 40 ml reservoir solution.

Crystals were briefly soaked in cryoprotectant solutions and

flash-cooled in liquid N2. The detailed conditions used to

obtain the crystals used for data collection are given in Table 1.

2.3. Data collection, structure solution and refinement

The MmGADL1 structure was solved from the two crystal

forms by molecular replacement in Phaser (McCoy et al., 2007)

using the structure of HsCSAD (PDB entry 2jis; Structural

Genomics Consortium, unpublished work) as the search

model. Crystal form 1 diffracted to 3 Å resolution, while

crystal form 2, which was used for initial structure solution,

diffracted to 2.4 Å resolution; the latter suffered from near-
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Table 1
Crystallization.

Crystal form 1 2

Method Sitting-drop vapour diffusion Sitting-drop vapour diffusion
Plate type Swissci 3-drop 96-well plate Swissci 3-drop 96-well plate
Temperature (K) 293 281
Protein concentration (mg ml�1) 7.5 7
Buffer composition of protein solution 20 mM HEPES pH 7.4, 200 mM NaCl 20 mM HEPES pH 7.4, 200 mM NaCl
Composition of reservoir solution 80 mM sodium cacodylate pH 6.0, 14% PEG 8000,

160 mM calcium acetate, 15% glycerol
80 mM sodium cacodylate pH 7.0, 13% PEG 8000,
160 mM calcium acetate, 15% glycerol

Volume and ratio (protein:well solution) of drop 0.3 ml (1:1) 1.5 ml (1:2)
Volume of reservoir (ml) 40 40
Cryoprotection solution 75%(v/v) reservoir + 25%(v/v) PEG 200 80%(v/v) reservoir + 20%(v/v) glycerol



perfect pseudomerohedral twinning and high translational

pseudosymmetry. Owing to these observations, both crystal

forms were solved and initially refined, and the lower reso-

lution structure, which completely lacked twinning and pseudo-

translation, was considered to be better for final refinement. In

essence, despite the higher nominal resolution, the twinned

crystal suffering from pseudotranslation gave lower-quality

electron-density maps. The twinning and pseudotranslation

operations are given in Table 2. NCS restraints were employed

throughout refinement. Refinement was performed with

phenix.refine (Afonine et al., 2012) and model building with

Coot (Emsley & Cowtan, 2004). The structure was validated

with MolProbity (Chen et al., 2010). Data collection and

refinement statistics can be found in Table 2. The resolution

limits used were based on recent studies (Karplus & Dieder-

ichs, 2015) showing that useful information is available for

refinement even for data with a CC1/2 much lower than 50%.

2.4. Small-angle X-ray scattering

Synchrotron SAXS data were collected on the EMBL/

DESY BioSAXS beamline P12 (Blanchet et al., 2015). The

protein was at 1.6–6.5 mg ml�1 in 20 mM HEPES pH 7.4,

200 mM NaCl. The scattering data were processed and

analyzed with programs from theATSAS package (Konarev et

al., 2006). The molecular weight was determined by compar-

ison of the forward scattering intensity, I(0), with a fresh

monomeric bovine serum albumin standard. Models of

MmGADL1 were built with GASBOR (Svergun et al., 2001)

and SREFLEX (Panjkovich & Svergun, 2016), using data

extrapolated to zero concentration. Theoretical scattering

curves from crystal structure coordinates were calculated with

CRYSOL (Svergun et al., 1995). Model superposition was

performed using SUPCOMB (Kozin & Svergun, 2001).

Details of SAXS data collection, processing and analysis are

given in Table 3, and the raw SAXS scattering data are

provided as Supporting Information.

2.5. Sequence and structure analysis

APBS (Unni et al., 2011), UCSF Chimera (Pettersen et al.,

2004), PyMOL (http://www.pymol.org), ProtParam (Gasteiger

et al., 2005), PDBeFold (Krissinel & Henrick, 2004),

MUSCLE (Edgar, 2004) and ESPript3.0 (Robert & Gouet,

2014) were used for bioinformatics and structure analyses.

3. Results and discussion

3.1. The crystal structure of MmGADL1

Initial screening for crystallization conditions ofMmGADL1

resulted in a single condition that produced diffracting crys-

tals. Crystals formed with a needle morphology, often growing

in bunches or clusters and generally being very thin, with

maximum lengths reaching 500 mm. The diffraction quality

was initially poor, with diffraction limits of around 6–7 Å and

highly smeared reflections. By optimizing the size, the amount

of nucleation, and the general appearance of the crystals, the

conditions given in Table 1 produced thin but nonfragile

crystals that allowed structure refinement in two crystal forms

to resolutions of 2.4 and 3.0 Å; the higher resolution data set

was plagued by significant twinning and pseudotranslation

(Table 2). Thus, the structure of the nontwinned crystal form is

discussed here; essentially all features can also be seen in the

twinned crystal.

The crystal structure revealed a single MmGADL1 homo-

dimer in the asymmetric unit, which was the expected oligo-

meric state based on other PLP-dependent decarboxylases

(Fig. 1a). For both chains, residues 11–502 could be built, with

the flexible loop common to PLP-dependent decarboxylases

(Fenalti et al., 2007) being absent from the electron density

(approximately residues 340–350). The overall conformation

of the two chains was nearly identical (Fig. 1b).

In the crystal lattice, the protein dimers form layers in the xy

plane, separated by a rather uniform spacing (Fig. 1c). As the

first �30 amino acids of the tagged protein were not visible,

they are most likely to occupy the space between protein

dimers in the crystal. This is the likely source of the high

mosaicity and incomplete lattice arrangement in the current

MmGADL1 crystals.

Both active sites in the dimer are occupied by the PLP

cofactor, which is covalently bound to the N" atom of Lys314

in each chain through a Schiff base linkage, being located at

the dimer interface (Fig. 1d). Closer observation of the active-

site cavity reveals that only the active imine of the linked PLP
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Table 2
Data collection, processing and structure refinement.

Values in parentheses are for the highest resolution shell.

Crystal form 1 2

Data-collection statistics
Wavelength (Å) 1.0332 0.9763
Space group C2 P21
a, b, c (Å) 137.4, 80.6, 128.5 80.9, 121.7, 101.1
�, �, � (�) 90, 117.9, 90 90, 90.08, 90
Resolution range (Å) 50–3.00 (3.08–3.00) 50–2.40 (2.46–2.40)
Completeness (%) 99.4 (99.5) 98.7 (95.9)
Multiplicity 6.4 (6.0) 3.6 (3.1)
hI/�(I)i† 7.1 (0.7) 5.9 (0.9)
Rmeas 0.328 (3.535) 0.188 (1.466)
Rp.i.m. 0.130 (1.443) 0.099 (0.832)
CC1/2 (%) 98.9 (28.4) 99.3 (61.4)
Overall B factor from

Wilson plot (Å2)
67 44

Refinement statistics
Resolution range (Å) 50–3.0 —
Final Rcryst 0.236 —
Final Rfree 0.288 —
R.m.s.d.s
Bond lengths (Å) 0.003 —
Bond angles (�) 0.7 —

Average B factor (Å2) 91.0 —
Ramachandran plot
Favoured (%) 92.0 —
Outliers (%) 0.6 —

MolProbity score [percentile] 1.98 [99th] —
Twin operator/twin fraction (%) — h, �k, �l/45
Pseudotranslation operator/
fraction (%)

— 0.060, �0.500, 0.417/38

† The mean I/�(I) in the outermost shell falls below 2.0 at 3.3 Å for crystal form 1 and
2.7 Å for crystal form 2.



is solvent-exposed, and it resides at the end of a narrow cavity,

which represents the substrate-binding pocket (Fig. 2a).

Electrostatic surface analysis reveals the GADL1 active site to

have a high positive charge potential (Fig. 2b). This is logical,

as the substrates of GADL1 are acidic amino acids; the basic

nature of the binding cavity is involved in electrostatic inter-

actions that attract and bind the substrate, orienting it

correctly for catalysis.

In our earlier work, we showed that GADL1 can use

aspartate and CSA as substrates, but not glutamate (Winge et

al., 2015). While the catalytic cavities of GAD and GADL1

are very similar, it is currently difficult to pinpoint which

features of the active site might be responsible for selectivity

between such similar substrates. High-resolution structures of

GADL1 and its closest homologues with bound active-site

ligands will clearly be required. Importantly, a large part of the

active-site cavity wall will be formed by the flexible loop in the

substrate-bound state; the flexible loop is invisible in most

PLP-dependent decarboxylase crystal structures, but harbours

a Tyr residue that is likely to be important for catalysis.
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Table 3
Small-angle X-ray scattering.

Data-collection parameters
Protein MmGADL1, His-tagged
Instrument P12, PETRA III, EMBL/DESY with Dectris PILATUS 2M detector

(Blanchet et al., 2015)
Wavelength (nm) 0.124
Beam size (mm) 200 � 120
Detector distance (m) 3.1
Angular range (nm�1) 0.018–4.607
Exposure time per frame (s) 0.045
No. of frames per sample 20
Monitoring for radiation damage Data frame-by-frame comparison
Scaling method Buffer-subtracted data normalized to 1 mg ml�1

Normalization To transmitted intensity by beamstop counter (Blanchet et al., 2015)
Concentration range (mg ml�1) 1.6, 3.3, 6.5
Temperature (K) 293

Structural parameters
Rg from crystal structure (nm) 2.95
Dmax from crystal structure (nm) 10.67
Guinier analysis
I(0) from Guinier (relative) 2519
Rg from Guinier (nm) 3.62
smin (nm

�1) 0.143
sRg range 0.52–1.30
Fidelity 0.92
p(r) analysis
I(0) from p(r) (relative) 2557
Rg from p(r) (nm) 3.80
Dmax (nm) 13.67

s range (nm�1) 0.143–1.98
Quality of fit (total estimate from GNOM) 0.83
Porod volume (nm3) (ratio to calculated molecular mass in kDa) 196 (1.6)

Molecular-mass determination
Molecular mass from I(0) using p(r) (kDa) (ratio to theoretical monomer) 121.0 (2.0)
Molecular mass from I(0) using Guinier (kDa) (ratio to theoretical monomer) 120.6 (2.0)
Theoretical monomeric molecular mass from sequence (kDa) 60.4

Shape and atomistic modelling
CRYSOL (comparison to crystal structure)
�2 value versus crystal structure 41.9
s range (nm�1) 0.018–4.607

GASBOR (ab initio chain-like modelling)
�2 value 1.7
s range (nm�1) 0.143–4.607
Symmetry P2

SREFLEX (modelling of flexibility based on crystal structure)
�2 value 5.7
s range (nm�1) 0.018–4.607

Software
Data processing and basic analyses SASFLOW (Franke et al., 2012; Blanchet et al., 2015) and PRIMUSqt

(Petoukhov et al., 2012)
Distance distribution analysis GNOM (Svergun, 1992) through PRIMUSqt (Petoukhov et al., 2012)
Ab initio analysis GASBOR (Svergun et al., 2001) via ATSAS online (https://

www.embl-hamburg.de/biosaxs/atsas-online/)
Conformational analysis SREFLEX (Panjkovich & Svergun, 2016) via ATSAS online (https://

www.embl-hamburg.de/biosaxs/atsas-online/)
Comparison to crystal structure CRYSOL (Svergun et al., 1995)
Graphics representation PyMOL (http://www.pymol.org)
Extinction coefficient estimate ProtParam (Gasteiger et al., 2005)
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Figure 1
Overall structure ofMmGADL1. (a) TheMmGADL1 dimer. The PLP molecule covalently bound to Lys314 is shown in magenta. The green dashed line
indicates the position of the flexible loop covering the active site. (b) Superposition of the twoMmGADL1 monomers in the homodimer. The covalently
bound PLP is shown in magenta. The two monomers are essentially identical. (c) Crystal lattice arrangement ofMmGADL1 in two different planes. Note
the uniform 11 Å cavities in the xy plane between protein layers. (d) Omit Fo � Fc difference map (blue mesh) contoured at 2� for the covalently bound
PLP cofactor on Lys314.



3.2. MmGADL1 adopts an open conformation in solution

We used SAXS to validate the crystal structure and to

determine the conformation ofMmGADL1 in solution (Fig. 3,

Table 3). As is apparent from the scattering data and the

dimensionless Kratky plot, GADL1 presents a folded shape.

While the molecular mass calculated from the forward scat-

tering intensity accurately matches that of a dimer, the theo-

retical scattering curve calculated from the crystal structure

differs significantly. The shape in solution is more elongated

than in the crystal. The radii of gyration between the theo-

retical scattering curve from the crystal structure and the

experimental value from Guinier analysis differ by nearly

1 nm, indicating a large difference in conformation. The

maximum diameter is 3 nm larger in solution than in the

crystal state.

The GASBOR chain-like dummy residue model of

MmGADL1 is elongated compared with the crystal structure

(Fig. 3e). Attempts to model the missing N-terminal portion,

while keeping the dimeric crystal structure fixed, did not fit

the experimental SAXS data well (data not shown). We thus

employed the recently described SREFLEX method

(Panjkovich & Svergun, 2016) to take advantage of normal-

mode analysis of the crystal structure in SAXS modelling. The

SREFLEX model fits the scattering data well and suggests a

clearly loosened solution conformation (Fig. 3f), in contrast to

the compact globular structures observed for PLP-dependent

decarboxylases in the crystalline state. The open conformation

is not similar to the open conformation observed for DOPA

decarboxylase in the crystalline state (Giardina et al., 2011;

Fig. 3g), in which case the opening occurs in the centre of the

dimer. The observed open–close movement is likely to be of

functional relevance in the GADL1 catalytic cycle. Whether

the different conformations are linked to the binding of

ligands remains to be studied. While our GADL1 preparation

is enzymatically active (Winge et al., 2015), and the crystal is

apparently fully occupied with covalently bound PLP, we

cannot currently rule out the presence of PLP-deficient

GADL1 in the purified SAXS sample, since crystallization

might have enriched a cofactor-bound conformation of the

protein.

3.3. Comparison to other PLP-dependent decarboxylases

While MmGADL1 and its homologues show low sequence

conservation, apart from a few fully conserved core elements
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Figure 2
The MmGADL1 active site. (a) Close-up view of the active-site cavity with the reactive moiety of PLP (magenta) visible (red arrow). Note how the
cofactor lies at the interface between two protein monomers (blue and grey). (b) Surface electrostatics of MmGADL1. The positively charged cavity
corresponds to the active site (blue).

Table 4
Structural homologues of MmGADL1.

The homologues were detected by an SSM analysis using PDBeFold.

Protein Organism
PDB
entry Reference Chain Q-score

R.m.s.d.
(Å)

Sequence
identity (%)

UniProtKB
entry

Aligned
residues

MmGADL1 Mus musculus 6enz This study A — — — E9QP13 1–502
HsCSAD Homo sapiens 2jis Unpublished work B 0.586 0.85 62.0 Q9Y600 1–493
HsGAD65 Homo sapiens 2okk Fenalti et al. (2007) A 0.565 1.06 49.4 Q05329 88–584
HsGAD67 Homo sapiens 2okj Fenalti et al. (2007) B 0.532 1.15 50.9 Q9925 93–594
StPDD Sphaerobacter thermophilus 4rit Unpublished work B 0.461 1.96 28.9 D1C7D8 1–483
RUMGNA_01526 Ruminococcus gnavus 4obu Williams et al. (2014) H 0.492 1.79 25.6 A7B1V0 1–490
VpGAD Vibrio parahaemolyticus 2qma Unpublished work B 0.442 2.16 25.8 Q87NC6 464–957
HsHDC Homo sapiens 4e1o Komori et al. (2012) C 0.425 2.13 26.1 P19113 2–477
HsDDC Homo sapiens 3rbl Giardina et al. (2011) A 0.397 2.61 23.3 P20711 1–480



around the active site (Fig. 4a), comparison of the structures of

MmGADL1 and its homologues reveals a conserved struc-

tural fold with little variance in the arrangement of the PLP-

linked Lys residue (Figs. 4b and 4c, Table 4). The sequence

conservation between MmGADL1, HsCSAD and HsGADs

(Fenalti et al., 2007) is higher than those with human histidine

decarboxylase (HDC; Komori et al., 2012) and DOPA decar-

boxylase (DDC; Giardina et al., 2011; Winge et al., 2015). The

latter present similar levels of sequence homology to GADL1

as the bacterial enzymes Sphaerobacter thermophilus PLP-

dependent decarboxylase (StPDD), Vibrio parahaemolyticus

GAD (VpGAD) and the tryptamine-synthesizing enzyme

from the gut bacterium Ruminococcus gnavus (RUMGNA_

01526; Williams et al., 2014). Despite low sequence homology,

the R. gnavus enzyme displays high structural similarity to

GADL1, suggesting conservation of the fold of PLP-

dependent decarboxylases involved in neurotransmitter

synthesis. It is interesting to note that the absence of PLP in

the active site neither alters the overall tightness of the

superposed proteins nor changes the position of the conserved

Lys in most structures. In the future, experimental solution-

state methods, such as SAXS, may help to distinguish func-

tionally relevant conformational states from possible crystallo-

graphic artifacts. These observations conflict with earlier

results described for HsDDC in the beginning of its PLP

accumulation-dependent conformational landscape, where a

more open conformation was evident in the crystalline state

with the active-site Lys residue oriented away from the PLP-

binding pocket (Giardina et al., 2011).

The substrate specificity and physiological function of

GADL1 remain enigmatic. However, the conserved structural

details and distinct expression patterns of GADL1 suggest
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Figure 3
Structure ofMmGADL1 in solution determined by SAXS. (a) Raw SAXS data (dots) overlaid withGASBOR (pink) and SREFLEX (green) model fits,
as well as the theoretical scattering curve calculated from the crystal structure using CRYSOL (red). (b) Guinier plot. (c) The dimensionless Kratky plot
indicates that MmGADL1 is folded, with limited flexibility. The red dot indicates the theoretical position of the peak in a folded globular protein. (d)
Distance distribution ofMmGADL1. (e) The GASBOR model (orange) superimposed with the crystal structure ofMmGADL1 indicates a much more
elongated conformation in solution. ( f ) Superposition of the SREFLEX (blue/grey) and GASBOR (orange) models suggests conformational changes
relative to the crystal structure. (g) Comparison of the ‘open’ conformation of DDC (orange/yellow; Giardina et al., 2011) and the open conformation of
MmGADL1 (blue/grey) seen here in solution.



that it plays a specific physiological role. Variants of GADL1

have been linked to lithium response in bipolar disorder

patients (Chen et al., 2014), suggesting a role for GADL1 in

lithium pharmacodynamics or kinetics. However, these find-

ings have not been replicated by others, and they have been

subject to much controversy (Birnbaum et al., 2014; Cruceanu

et al., 2015; Kotambail et al., 2015; Winge et al., 2015; Chen et

al., 2016).

Owing to their common mechanistic features, many PLP-

dependent enzymes are able to catalyze multiple biochemical

reactions, making it difficult to define their primary biological

function (Percudani & Peracchi, 2003). Of the known GADL1

substrates, Asp appears as the most characteristic substrate for

GADL1 (Winge et al., 2015), although theKm is relatively high

and the catalytic efficiency is low. Nevertheless, the Km of

GADL1 for Asp is in the physiological range, and one could

speculate that GADL1 is involved in sensing selected meta-

bolite levels. Relatively low binding affinity is a hallmark of

many proteins with signalling roles, which have evolved as

sensors of ligand availability; such proteins include, for

example, the calcium sensors calmodulin and annexin

(Kursula, 2014; Monastyrskaya et al., 2007). Conformational

flexibility, as observed here for GADL1 in solution, might

have relevance in such a function.
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Figure 4
Comparison of MmGADL1 with other PLP-dependent decarboxylases. (a) Sequence alignment of MmGADL1 with homologous structures. The
conserved PLP-modified lysine is indicated (green triangle). Secondary structure elements and sequence numbering correspond to MmGADL1. (b)
Stereo image of a structural superposition of PLP-dependent decarboxylase homologues, viewed towards the active-site cavity. The covalently linked
MmGADL1 PLP moiety is depicted as red spheres. The black arrow shows the position of the active-site-covering loop, which is disordered in the
MmGADL1 crystal structure. (c) Conservation of PLP conformation in the superposed PLP-dependent decarboxylase structures.



4. Concluding remarks

The physiological functions and enzymatic properties of

GADL1 are subject to further studies. The structure of

MmGADL1 and its flexibility in solution, coupled to struc-

tural conservation with other PLP-dependent enzymes, point

towards functional relevance of these features within the

enzyme family. Important future work will concentrate on

high-resolution structural details of substrate and inhibitor

binding by GADL1, and on comparing these with those of

CSAD, GAD and other PLP-dependent decarboxylases.

Crucial topics to address will include the fine details of

substrate specificity determinants in PLP-dependent decar-

boxylases, as well as the relevance of the conformational

changes observed here to the catalytic cycle of this family of

enzymes.
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A B S T R A C T   

Pyridoxal 5́-phosphate (PLP) is an important cofactor for amino acid decarboxylases with many biological 
functions, including the synthesis of signalling molecules, such as serotonin, dopamine, histamine, γ-amino
butyric acid, and taurine. Taurine is an abundant amino acid with multiple physiological functions, including 
osmoregulation, pH regulation, antioxidative protection, and neuromodulation. In mammalian tissues, taurine is 
mainly produced by decarboxylation of cysteine sulphinic acid to hypotaurine, catalysed by the PLP-dependent 
cysteine sulphinic acid decarboxylase (CSAD), followed by oxidation of the product to taurine. We determined 
the crystal structure of mouse CSAD and compared it to other PLP-dependent decarboxylases in order to identify 
determinants of substrate specificity and catalytic activity. Recognition of the substrate involves distinct side 
chains forming the substrate-binding cavity. In addition, the backbone conformation of a buried active-site loop 
appears to be a critical determinant for substrate side chain binding in PLP-dependent decarboxylases. Phe94 was 
predicted to affect substrate specificity, and its mutation to serine altered both the catalytic properties of CSAD 
and its stability. Using small-angle X-ray scattering, we further showed that CSAD presents open/close motions in 
solution. The structure of apo-CSAD indicates that the active site gets more ordered upon internal aldimine 
formation. Taken together, the results highlight details of substrate recognition in PLP-dependent decarboxylases 
and provide starting points for structure-based inhibitor design with the aim of affecting the biosynthesis of 
taurine and other abundant amino acid metabolites.   

1. Introduction 

Pyridoxal 5-phosphate (PLP), the active form of vitamin B6, is a 
ubiquitous cofactor essential for a number of enzymes. PLP-dependent 
enzymes, which mainly use PLP as a covalently bound coenzyme, ac
count for 4% of total cellular enzymatic activity (Percudani and Per
acchi, 2003; Thornton et al., 2000). Mammalian genomes encode 
several PLP-dependent enzymes, which catalyse a variety of biochemical 

reactions using different substrates (Percudani and Peracchi, 2003; 
Liang et al., 2019). Many PLP-dependent enzymes use amino acids as 
substrates and play central roles in cellular metabolism. 

PLP-dependent enzymes are established drug targets in cancer and 
neurological diseases. Inhibitors of γ-aminobutyric acid (GABA) 
aminotransferase are of therapeutic interest in central nervous system 
disorders, being used in the treatment of epilepsy (Sarup et al., 2003), 
and inhibitors of L-DOPA decarboxylase (DDC) are used in treating 
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Parkinson’s disease (Bartholini and Pletscher, 1975; Sletzinger et al., 
1963). Furthermore, recessive mutations in PLP-dependent enzymes are 
associated with severe neurological syndromes (Brun et al., 2010; Ercan- 
Sencicek et al., 2010; Haavik et al., 2008). PLP-dependent enzymes can 
be autoantigens and targets of the immune system in autoimmune dis
orders, e.g. Glu decarboxylase 65 (GAD65; GAD2) in type 1 diabetes 
(Baekkeskov et al., 1990), GAD67 (GAD1) and GAD65 in several 
neurological disorders (Graus et al., 2020), and cysteine sulphinic acid 
decarboxylase (CSAD) in autoimmune polyendocrine syndrome 1 
(Sköldberg et al., 2004). 

The sulphur-containing amino acid taurine is the most abundant free 
amino acid in mammals (Lourenco and Camilo, 2002; Samuelsson et al., 
2012, 2013). Taurine is implicated in numerous physiological functions 
and attracts increasing attention as a biomarker for different disease 
states (Lourenco and Camilo, 2002; Samuelsson et al., 2012, 2013). It 
has a regulatory role in the maintenance of osmotic pressure and 
structural integrity of biological membranes (Hoffmann and Pedersen, 
2006; Schaffer et al., 2010). In the nervous system, taurine may serve as 
a growth factor (Hernandez-Benitez et al., 2010; Pasantes-Morales and 
Hernández-Benítez, 2010) or a neurotransmitter/neuromodulator (Jia 
et al., 2008; Lähdesmäki et al., 1977). In many species, taurine defi
ciency can be lethal or associated with severe disease (Hoffmann and 
Pedersen, 2006), and in humans, altered levels of taurine have been 
reported in e.g. attention deficit hyperactivity disorder and autism 
(Hobert et al., 2014). In addition, taurine levels significantly decrease 
after electroconvulsive treatment in depressed patients, and this 
decrease strongly correlated with clinical improvements (Samuelsson 
et al., 2012, 2013). Plasma taurine levels were reduced by 83% in CSAD- 
deficient mice, and most offspring from 2nd-generation Csad-/- mice died 
shortly after birth, unless given taurine supplementation (Park et al., 
2014), indicating a crucial physiological role for CSAD in taurine 
biosynthesis. 

In mammalian tissues, taurine is mainly synthesised from cysteine in 
a three-step pathway, involving oxidation by cysteine dioxidase (E.C. 
1.13.11.20), decarboxylation of cysteine sulphinic acid (CSA) by CSAD 
(E.C. 4.1.1.29), and oxidation of hypotaurine to taurine. CSA can addi
tionally be decarboxylated by the related enzyme glutamic acid 
decarboxylase-like protein 1 (GADL1) (Winge et al., 2015), and taurine 
can be formed from cysteamine by cysteamine dioxygenase (E.C. 
1.13.11.19) (Stipanuk et al., 2009). 

Both CSAD and GADL1 are PLP-dependent decarboxylases (PLP-DC). 
GADL1, being the closest homologue, displays similar activity as CSAD 
(Winge et al., 2015). GADL1 plays a role in the decarboxylation of Asp to 
β-alanine and, thus, functions in the biosynthesis of the abundant di
peptides anserine and carnosine (Mahootchi et al., 2020). CSAD and 
GADL1 have distinct expression patterns in mouse and human brain 
(Winge et al., 2015). In the brain, CSAD has been detected in neurons 
and astrocytes in the cerebellum and hippocampus (Reymond et al., 
1996; Chan-Palay et al., 1982). GADL1 is expressed in muscle, kidney, 
olfactory bulb, and isolated neurons (Winge et al., 2015; Liu et al., 
2012). CSA is the preferred substrate for both CSAD and GADL1, 
although both are able to decarboxylate cysteic acid (CA) and Asp 
(Winge et al., 2015). 

In an attempt to understand the molecular mechanisms underlying 
the catalysis and regulation of GADL1 and CSAD, and to enable future 
development of optimised inhibitors, we previously solved the crystal 
structure of mouse GADL1 (Raasakka et al., 2018). Here, we determined 
the crystal structure of mouse CSAD (MmCSAD) in the presence and 
absence of PLP. Comparisons of the active sites of PLP-DCs highlight 
substrate recognition determinants within the structurally conserved 
enzyme family. The structure of CSAD helps to understand the details in 
the biosynthesis of taurine, one of the most abundant amino acids and 
dietary supplements. 

2. Results and discussion 

Taurine, the most abundant free intracellular amino acid in humans, 
has been implicated in a range of different physiological functions, and it 
is valuable as an industrial product and dietary supplement. PLP- 
dependent decarboxylation of CSA was observed in liver extracts from 
several mammalian species in the 1950s (Sörbo and Heyman, 1957; 
Chatagner et al., 1958), and since then, the properties of CSAD and 
related PLP-dependent enzymes have been extensively studied. Our aim 
was to better understand biosynthesis of taurine and the substrate 
specificity of PLP-DCs, by way of structural characterisation of CSAD, 
which catalyses the conversion of CSA into hypotaurine (Fig. 1A). 

2.1. The crystal structure of MmCSAD 

A structure of human CSAD has been available at the PDB (entry 
2JIS). However, no detailed information, comparative studies with 
related enzymes, or mechanistic investigations of CSAD are available. 
We solved the crystal structure of MmCSAD, in order to provide a tool for 
further studies on CSAD catalysis and facilitate the design of small 
molecules that could be used to modify taurine-related metabolic 
pathways. 

The crystal structure of MmCSAD was solved at 2.1-Å resolution 
using synchrotron radiation (Table 1, Fig. 1B,C). The active site is fully 
occupied with PLP covalently attached to Lys305 as an internal aldi
mine, indicating that the structure corresponds to the catalytically 
competent form of MmCSAD. 

The electrostatic potential surface of CSAD (Fig. 1D) shows a high 
positive charge in the active-site cavity, and it is conceivable that this 
property is important in attracting negatively charged substrates. CSAD 
and GADL1 prefer amino acids with short acidic side chains as sub
strates, i.e. Asp, CA, and CSA, of which CSA is most favoured for both 
enzymes (Winge et al., 2015). On the other hand, Glu, homocysteic acid, 
and homocysteine sulphinic acid have been reported not to be substrates 
of CSAD (Winge et al., 2015; Do and Tappaz, 1996). 

MmCSAD presents the conserved fold of PLP-DCs, with the closest 
structural homologues in the PDB being human CSAD and mouse GADL1 
(Table 2). A sequence alignment of selected homologues with known 
structure is shown in Fig. 2. High structural similarity was expected, 
since the chemical reaction catalysed by PLP-DCs is essentially identical, 
and the substrates differ from each other only by their respective side 
chain moieties. It is possible, however, that substrate side chain recog
nition in different PLP-DCs may cause small changes in the positioning 
of the reactive groups, thereby leading to different kinetic properties. 

In addition to the catalytically crucial residue Lys305, which in all 
PLP-DCs forms the internal aldimine with PLP, other residues in the 
active site are relevant for substrate binding and catalysis (Fig. 3A). The 
residues interacting with PLP are highly conserved and include His191, 
which is stacked above the PLP aromatic ring. His191 is fully conserved 
in the PLP-DC family, and in addition to fixing PLP in a reactive 
conformation, its roles have been suggested to be central in coordinating 
the carboxyl group that will be released as CO2 (Komori et al., 2012), as 
well as in protonating the quinonoid intermediate resulting from 
decarboxylation (Liang et al., 2019, 2017). 

An additional crystal structure was solved and turned out to be the 
apo form of CSAD, with no electron density for PLP in the active site 
(Supplementary Fig. 1). Hence, this structure represents an inactive 
form of CSAD. The main difference between the apo and holo forms is 
the rotation of the His191 side chain to a conformation not compatible 
with the presence of PLP (Fig. 3B). Overall, the active site of CSAD is less 
ordered in the absence of PLP; thus, PLP binding will stabilise a cata
lytically competent conformation of the cavity. No larger-scale confor
mational changes were observed between the apo and holo enzymes, 
which is different from DDC, in which the structure of the apo form 
presented an open conformation, suggested to be linked to the mecha
nism of cofactor loading (Giardina et al., 2011). Interestingly, both 
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CSAD structures were obtained from the same protein batch, indicating 
that PLP has been lost during crystallisation of the apo form. One pos
sibility is hydrolysis of the internal aldimine at the slightly acidic pH 
(6.5) of the conditions giving the apo CSAD crystals, eventually leading 
to loss of PLP from the active site. 

2.2. Structure of CSAD in solution 

In addition to the crystal structure, we studied CSAD conformation in 

solution using synchrotron small-angle X-ray scattering (SAXS) (Fig. 4), 
in order to detect possible flexibility, as previously observed for GADL1 
(Raasakka et al., 2018). Indeed, dimeric CSAD behaves much like 
GADL1 in solution, providing evidence for motions between open and 
closed states of the dimer. Such motions might be related to the catalytic 
cycle. They could be linked to the conformation of the flexible catalytic 
loop (residues 330–340), which is not fully visible in the CSAD crystal 
structure. Like in GADL1 (Raasakka et al., 2018), normal mode analysis 
identified an open conformation of the CSAD homodimer, which fits the 
SAXS data well (Fig. 4), but is different from that observed crystallo
graphically for apo-DDC (Giardina et al., 2011). Whether open/close 
motions are unique to each class of PLP-DCs, or if all family members are 
equally dynamic, remains a subject for future research. 

Fig. 1. Overall structure of MmCSAD. (a) Reactions catalysed by CSAD. CSA is the preferred substrate. (b) Side view of the dimer. The active site is indicated by the 
internal aldimine between PLP and Lys305 (spheres). (c) Top view of the CSAD dimer. (d) Electrostatic surface shows positive potential (blue) in the active-site cavity 
(top view). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Crystallographic data collection and refinement. Values in parentheses corre
spond to the highest-resolution shell.  

Structure CSAD holo CSAD apo 

Space group P21 P21 

Unit cell dimensions a = 72.9, b = 113.3, c =
113.4 Å = γ = 90◦, β =
95.8◦

a = 73.1, b = 114.9, c =
113.8 Å = γ = 90◦, β =
95.8◦

Data processing   
Resolution range (Å) 50–2.10 (2.15–2.10) 50–2.80 (2.87–2.80) 
Completeness (%) 90.7 (88.5) 98.6 (98.6) 
Rsym (%) 12.5 (116.5) 42.6 (323.1) 
Rmeas (%) 15.1 (141.1) 50.4 (380.9) 
〈I/σ(I)〉 7.7 (0.9) 3.4 (0.4) 
CC1/2 (%) 99.3 (38.9) 94.9 (18.4) 
Redundancy 2.7 (2.7) 3.4 (3.5) 
Wilson B factor (Å2) 39.2 55.1 
Structure refinement   
Rcryst/Rfree (%) 17.9/23.5 24.3/29.2 
RMSD bond length (Å) 0.007 0.003 
RMSD bond angle (◦) 0.9 0.6 
Ramachandran 

favoured/outliers 
(%) 

96.3/0.16 95.6/0.16 

MolProbity score/ 
percentile 

1.61/96th 1.49/100th 

PDB entry 6ZEK 7A0A  

Table 2 
Comparison of the mouse CSAD structure to selected PLP-DCs with known 
structure. Note how decrease in sequence identity has only minor effects on the 
similarity of the 3-dimensional fold.  

Protein PDB 
entry 

Cα 
RMSD 
(Å) 

Sequence 
identity (%) 

Reference 

human CSAD 2JIS  0.5 90 – 
mouse GADL1 6ENZ  1.0 62 (Raasakka 

et al., 2018) 
human GAD65 2OKK  0.8 54 (Fenalti et al., 

2007) 
human GAD67 2OKJ  1.0 53 (Fenalti et al., 

2007) 
human HDC 4E1O  2.1 21 (Komori et al., 

2012) 
pig DDC 1JS6  2.2 22 (Burkhard 

et al., 2001) 
Arabidopsis thaliana 

phenylacetaldehyde 
synthase 

6EEI  2.1 13 (Torrens- 
Spence et al., 
2020)  
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2.3. Importance of Phe94 for substrate specificity 

When comparing the structures of CSAD and GAD, it can be 
concluded that Phe94 in CSAD may be important for substrate speci
ficity. Apparently, Phe94 blocks the binding site for larger substrates; 
hence, Glu should not productively bind (Fig. 5A). The active site of GAD 
has a Ser residue at the corresponding position. In addition, GADL1 has a 
Tyr residue at this position, linked to a slightly different substrate 
preference (Winge et al., 2015). We previously identified this position as 

a key difference in the substrate recognition pocket in the otherwise 
highly homologous acidic amino acid decarboxylases (Mahootchi et al., 
2020). Thus, we mutated Phe94 to Ser in CSAD to evaluate the effects on 
enzymatic properties. 

Activity assays of wild-type (WT) and F94S MmCSAD towards CSA 
and Asp were carried out using HPLC (Table 3, Fig. 5B). While the F94S 
mutation affected both Km and kcat of CSAD towards CSA and Asp, the 
mutant enzyme remained active. Specifically, the effects on Km and kcat 
revealed that F94S has a turnover number 5–10 times lower than WT 

Fig. 2. Sequence alignment of PLP-DCs with known structure. Key elements discussed in the text are highlighted: Phe94 (blue), Ser114/Tyr116 (blue open), α3-α4 
loop (blue dash), His191 (green), Lys305 (red), Tyr335 (green), Arg466 (black). Residue numbering corresponds to MmCSAD. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The active site of MmCSAD. (a) Stereo view of the CSAD active site. The bound chloride ion is shown as a green sphere. Elements coming into the active site 
from the opposing monomer are in blue. (b) Comparison of the holo (green/pink) and apo (blue) CSAD active sites. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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CSAD for both CSA and Asp, indicating an overall effect on catalysis. In 
the mutant, Km increases by an order of magnitude for CSA, but not for 
Asp. Hence, Phe94 is specifically important for the binding of CSA, the 
preferred substrate of CSAD. kcat/Km values further support these ob
servations, showing that the most effective combination by far is WT 
CSAD with CSA as substrate. 

A test for GAD activity was carried out using Glu as substrate, as the 
mutation F94S mimics the GAD substrate binding site (Fig. 5C). While a 
trace level of activity is observed for WT CSAD, this activity is even 
weaker for F94S. The Km values for both variants are an order of 
magnitude higher than for CSA and Asp. Hence, altering the substrate 
specificity towards Glu requires more than altering the obvious Phe94 to 
the corresponding Ser residue of GAD. Additional factors may include 
protein dynamics, effects of the catalytic loop – not visible in any 
structure of CSAD or GADL1 – as well as minor conformational changes 
in the active site caused by the mutation. 

2.4. Folding and stability of WT MmCSAD and F94S 

The folding and thermal stability of WT MmCSAD and F94S were 
examined using differential scanning fluorimetry (DSF) and circular 
dichroism (CD) spectroscopy. WT MmCSAD and F94S show CD spectra 
with two characteristic minima at 208 and 220 nm. Both spectra are 
essentially identical, indicating correct folding of the mutant (Fig. 5D). 
Both CD spectroscopy and DSF indicate decreased thermal stability for 
the F94S mutant (Table 4). From the CD melting curves, it follows that 
although WT MmCSAD and F94S have similar patterns of melting, F94S 
has a melting temperature ~ 5 ◦C lower than the WT protein (Fig. 5E). 
While the DSF melting curves indicate a similar decrease in stability for 
F94S (Fig. 5F), the mutant appears to open up already at low tempera
tures. The differences in Tm between the methods, which are commonly 
seen, could be because of differences in the measurement method be
tween CD and DSF. While CD measures the unfolding of secondary 
structures based on peptide backbone conformation, DSF follows access 
of a small-molecule dye to the protein hydrophobic core. 

The effect of the F94S mutation on the oligomeric state and long- 
term stability of MmCSAD was further studied using size-exclusion 
chromatography (SEC) - multi-angle static light scattering (MALS), 
after freezing and thawing of a pure dimer fraction (Fig. 5G,H). Both WT 
MmCSAD and F94S displayed very similar elution profiles, which mainly 
correspond to a dimer (110 kDa). Both variants also have some tetramer 
and higher-order oligomers after freezing and thawing (Fig. 5H). 

Notably, no monomeric form was detected, indicating high-affinity 
dimerisation; as the active site is formed at the dimer interface, this is 
expected. 

Taken together, the F94S mutation does not affect the secondary 
structure content of CSAD, but it has a clear effect on protein stability. As 
the mutant displays lower activity than the WT enzyme, at least part of 
the effect could be from altered protein dynamics. These data indicate an 
important role for Phe94 in CSAD substrate binding and activity. 

2.5. Comparison of the mouse CSAD active site with other decarboxylases 

As far as enzymatic activity is concerned, CSAD is known to prefer 
CSA as substrate, while having weak activity towards CA and Asp 
(Winge et al., 2015; Do and Tappaz, 1996). The closest homologue, 
GADL1, is more active towards Asp than CSAD, although it is most active 
with CSA as substrate. Based on earlier studies, neither of the enzymes 
accept Glu as substrate, and Glu fails to act as an inhibitor (Winge et al., 
2015), indicating lack of binding to the active site. It is possible that 
close members of the PLP-DC enzyme family have at least partially 
overlapping activities. Based on the observation that mice lacking 
GADL1 have organ-specific reductions of β-alanine and taurine levels, 
we recently suggested that this enzyme might have multiple physio
logical substrates also in vivo (Mahootchi et al., 2020). On the other 
hand, although our results indicate Glu is a very weak substrate for 
CSAD and GADL1, this activity is unlikely to be of any physiological 
relevance. 

Using the high-resolution crystal structures of both CSAD and 
GADL1, as well as other PLP-DCs (Table 2), one can carry out an in
spection of the corresponding active-site geometries underlying sub
strate specificity. As all PLP-DCs catalyse the same chemical reaction, 
amino acid decarboxylation, differences in the active site are expected to 
affect substrate specificity and/or affinity, rather than reaction mecha
nism per se. Hence, catalytically crucial features are expected to be 
conserved in sequence and 3D structure. For example, His191 is mech
anistically important in PLP-DCs, possibly being involved in the pro
tonation of the quinonoid reaction intermediate (Liang et al., 2019). 
Comparison of the apo and holo CSAD structures indicates that the 
conformation of His191 is linked to the presence of the PLP cofactor; it 
can be envisaged that His191 is important for the catalytically compe
tent orientation of PLP and vice versa. 

A comparison of CSAD and GADL1 should give indications on the 
structural properties causing their differential preference towards Asp, 

Fig. 4. Structure of MmCSAD in solution. (a) SAXS data (grey dots) overlaid with fits from the crystal structure (black), the ab initio model (red), and the normal 
mode-based conformation (blue). (b) Comparison of the crystal structure and models. The open/close motions and the active site location are indicated. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

E. Mahootchi et al.                                                                                                                                                                                                                             



Journal of Structural Biology 213 (2021) 107674

6

although CSA is the preferred substrate for both. Asp and CSA have 
slightly different geometries, in that the carboxyl group is planar while 
the sulphinic acid group is not. In addition, for the third known sub
strate, CA, the molecular size is larger, with 3 oxygen atoms interacting 
with the recognition pocket. In the predicted binding pocket for the 
acidic side-chain group, Phe94 in CSAD is replaced by Tyr in GADL1; 
while the hydroxyl group points away, minor changes in conformation 
and/or dynamics could explain the differences between CSAD and 

Fig. 5. Role of Phe94 in CSAD activity and stability. (a) Superposition of CSAD (grey) and GAD67 (light blue) active sites. The arrow indicates the position of CSAD 
Phe94. The chloride ion in CSAD is shown in green. (b) Activity assay with CSA (filled symbols) and Asp (open symbols). WT, black; mutant, red. (c) Activity assay 
with Glu (filled triangles). WT, black; mutant, red. The activity level of the mutant with Asp is shown for reference (red open circles). (d) CD spectra for WT (black) 
and mutant (red) CSAD. (e) CD melting curves. (f) DSF melting curves. (g) SEC during protein purification; the pure dimer peak at ~ 67 ml was picked for further 
experiments. (h) SEC-MALS after freezing and thawing of dimeric CSAD indicates presence of some higher-order oligomers in both WT and F94S. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Enzymatic properties of CSAD towards acidic amino acids.   

WT CSAD F94S 
Substrate kcat (s−1) Km 

(mM) 
kcat/Km 

(M−1 

s−1) 

kcat (s−1) Km 

(mM) 
kcat/Km 

(M−1 

s−1) 

CSA 0.53 ±
0.02 

8.6 ±
1.2  

61.6 0.10 ±
0.01 

36.8 
± 8.5  

2.7 

Asp 0.014 ±
0.004 

3.8 ±
0.5  

3.7 0.0016 ±
0.00006 

2.3 ±
0.4  

0.7 

Glu 0.0022 ±
0.0002 

77.3 
± 12.2  

0.03 0.00029 ±
0.00004 

72.6 
± 20.9  

0.004  

Table 4 
Thermal stability of WT and F94S MmCSAD.  

Protein DSF Tm (◦C) CD Tm (◦C) 

MmCSAD 56.0 ± 0.2 64.6 ± 0.1 
F94S 51.1 ± 0.2 60.5 ± 0.2  
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GADL1. The Phe94 side chain and backbone of Gln92, Leu93, and Phe94 
are likely to define the binding of the side chain in CSAD substrates 
(Fig. 5A). 

When comparing CSAD and GAD65/67, it becomes obvious that 
Phe94 in CSAD is important for substrate specificity. It blocks the 
binding site for larger substrates, and the Ser residue at this position in 
GAD is likely to form hydrogen bonds to the Glu side chain carboxyl 
group (Fig. 6A). The binding mode of Glu into GAD can be deduced from 
the structure of GAD65 in complex with the inhibitor chelidonic acid 

(Fig. 6A) (Fenalti et al., 2007). Original studies on this line of inhibitors 
indicated that the distance between the two carboxyl groups, corre
sponding to an extended Glu molecule, is important (Porter and Martin, 
1985). The carboxyl groups of the inhibitor mimic those of Glu, and 
hydrogen bonds are seen to Ser183/192 and a water molecule coordi
nated by His395/404 at the bottom of the cavity (numbering for 
GAD65/67), and well as to the backbone amide groups of the α3-α4 
recognition loop containing Ser183/192 (see below). The His residue 
and the water molecule are also present in CSAD, and CSA is likely to 

Fig. 6. Comparison to other decarboxylases. (a) GAD65 in complex with chelidonic acid, with hydrogen bonds shown in green. Based on the structure, a proposed 
mode of Glu substrate binding in GAD is shown (cyan). (b) Superposition of the α3-α4 loop in CSAD (grey), GADL1 (green), GAD65 (blue), HDC (magenta), and DDC 
(pink) highlights two subfamilies linked to substrate side chain size and properties. (c) Top: Backbone conformation in acidic amino acid decarboxylases (with 
chelidonic acid). Amino groups from the α3-α4 loop form direct hydrogen bonds (dashes) with the acidic substrate. Bottom: Backbone conformation in HDC and DDC; 
carbonyl groups interact with the substrate via hydrogen bonds and/or van der Waals interactions (dashes). (d) Stereo view of superposed CSAD (gray) and HDC 
(magenta) from two orientations. Key interactions of the α3-α4 loop of CSAD (yellow dashes) and HDC (red dashes) are shown. Additionally, large substituting 
changes between HDC and CSAD, such as Trp72/Thr84, are shown. (e) The α3-α4 loop and the internal aldimine in CSAD (grey) and DDC (orange). The surface at the 
top corresponds to CSAD and the one at the bottom to DDC. The black asterisk marks a volume present in DDC but not in CSAD, arising from the conformation of the 
α3-α4 loop. Relevant residues in the α3-α4 loop are labelled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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similarly hydrogen bond to this water molecule. 
HDC has been crystallised with the non-cleavable His methyl ester 

trapped as a PLP adduct, thereby giving insights into the reaction 
mechanisms in the family (Komori et al., 2012). A similar conformation 
was observed for the inhibitor carbidopa in DDC (Burkhard et al., 2001). 
Phe94 in CSAD prevents the binding of such large substrates into the 
active site, but it is, in fact, not the only determinant. Comparing the 
acidic amino acid decarboxylases GAD65, GAD67, CSAD, and GADL1 
with those acting on larger, non-acidic substrates, one should note the 
α3-α4 loop, forming the active site cavity wall and intimately interacting 
with the substrate (Fig. 6B). The backbone conformation of the α3-α4 
loop is different between the two groups of enzymes, and the peptide 
bonds have opposite orientations, such that the NH groups point to
wards the substrate-binding cavity in GAD, CSAD, and GADL1 (Fig. 6C). 
In HDC and DDC, the carbonyl groups point into the same pocket, giving 
a different electrostatic environment and allowing the binding of posi
tively charged and neutral substrates, such as His or L-DOPA, into the 
active site (Fig. 6C). 

In addition to the active-site conformation, based on the sequence 
conservation of the α3-α4 recognition loop in PLP-DCs (Fig. 2), CSAD, 
GADL1, and the GADs can be grouped together, while DDC and HDC 
form another group (Fig. 6B). A closer comparison of mouse CSAD and 
human HDC reveals that the loop is formed out of two overlapping 
motifs forming central interactions close to the active site (Fig. 6D). In 
CSAD, the first motif stretches from Phe90 to Phe94, with the consensus 
sequence FNQ[FYS] in the first group. In HDC, the stretch that super
imposes with this sequence involves Ala79-Pro82, with the consensus 
sequence AY[YF]P in the second group. The backbone trace of this 
segment in both groups is similar, although the underlying interactions 
and side chain conformations differ drastically between CSAD and HDC. 
In group 1, the central Asn residue acts as a hub of weak interactions and 
hydrogen bonds, locking different structural elements in place. For 
CSAD, a noteworthy Asn91-interacting residue is Lys442, which is fully 
conserved in the first group and likely to draw the α3-α4 loop towards 
helix α15. Worth noting is that Arg466 in CSAD (Arg447 in HDC) is fully 
conserved in PLP-DCs discussed above (Fig. 2), but may adopt different 
conformations. Its conservation is linked to its direct mechanistic 
interaction with the substrate ⍺-carboxyl group. 

Strikingly, the second stretch that follows after the conserved motif 
adopts a completely different conformation between the two groups of 
PLP-DCs (Fig. 6D). The conformation is influenced by the Pro residue 
replacing CSAD Phe94 in HDC and DDC, which leads to substantially 
more space in the active site of PLP-DCs with larger, non-acidic sub
strates (Fig. 6C,E). This is a key substrate binding determinant between 
the two groups of PLP-DCs. In addition to the conformational change 
resulting from the interaction network of the short sequence motifs, the 
rigidity of the α3-α4 loop is most likely different between the two 
groups. HDC and DDC have a conserved Trp residue (Trp72 in HDC), 
which is replaced by Thr84 in CSAD (Fig. 6D); hence, the α3-α4 loop in 
HDC and DDC may be more rigid. This is supported by lower B factors 
for the corresponding region (10 – 11 Å2 in HDC bound to His methyl 
ester (resolution 1.8 Å), 21 – 25 Å2 in apo-DDC (2.6 Å), 27 – 31 Å2 in apo- 
CSAD (2.1 Å)). 

2.6. Substrate specificity and catalytic mechanism of CSAD and GADL1 

The substrate specificity of CSAD has been subject to some contro
versy. Before the availability of recombinant, purified enzyme, a 
concern was that the ability of CSAD to accept multiple substrates could 
be due to contamination with other enzymes, mainly GAD (Do and 
Tappaz, 1996; Guion-Rain and Chatagner, 1972; Oertel et al., 1981). 
However, we now know that CSA is the preferred substrate for CSAD 
both in vitro and in vivo (Park et al., 2014; Winge et al., 2015; Agnello 
et al., 2013). In addition, CSAD isolated from marine bacteria, insects, 
and several mammalian species accept CA, the oxidised form of CSA, as 
substrate, with 3–13% rate constants relative to CSA (Agnello et al., 

2013; Liu et al., 2012). However, as the concentration of CA in the rat 
brain is 50–80% of CSA, decarboxylation of CA should have minor 
contribution to the overall synthesis of taurine (Ida and Kuriyama, 
1983), at least in brain tissue. In addition, low Asp and Glu decarbox
ylase activity has been reported for CSAD (Winge et al., 2015; Weinstein 
and Griffith, 1987). Due to the presence of related enzymes with higher 
efficacy towards Asp and Glu (GADL1, GAD65, and GAD67), the phys
iological importance of such weak activity is unclear. However, the 
ability of the PLP-DCs to process a range of overlapping substrates may 
be metabolically advantageous, as observed for GADL1 knockout mice. 
These mice showed tissue-specific loss of both β-alanine and taurine 
derivatives, depending on the relative tissue abundance of the different 
enzymes (Mahootchi et al., 2020). 

Insect aspartate decarboxylase (ADC), which has high homology and 
similar catalytic properties to CSAD, prefers CSA as substrate, but is also 
active towards Asp and CA (Liu et al., 2012). When ADC was incubated 
with CSA in the presence of each of the 20 proteinogenic amino acids, 
the preferred substrate was still CSA (Liu et al., 2013). Since insect ADC 
and human CSAD share ~ 50% sequence identity (Liu et al., 2019), one 
can expect similar properties for ADC and CSAD. 

A number of ions were detected in the MmCSAD structure; including 
an ion modelled as chloride in each active site (Fig. 3A,5A), interacting 
with the backbone amide groups of loop α3-α4 discussed above. This site 
could be relevant for recognizing the substrate acidic side chain. In the 
structure of HDC with methylhistidine (Komori et al., 2012) covalently 
linked to the PLP cofactor, the binding determinants for the carboxyl 
and amino groups are well defined, while the inhibitor chelidonic acid 
bound to GAD (Fenalti et al., 2007a, 2007b) provides additional infor
mation. Using these structures as templates, one can dock in CSA, taking 
into account the anion-binding site in the active cavity (Fig. 7). We 
consider the latter to be a likely location for the CSA sulphinic acid 
group binding - or in the case of Asp, the side-chain carboxyl group. 
While both CSA and Asp require two hydrogen bonding partners for the 
side chain, CA needs three – it is likely that two of the hydrogen bonds 
are provided by the backbone amide groups in the α3-α4 loop and the 
third one by the conserved water molecule. 

The leaving carboxyl group, in a perpendicular position to the plane 
formed by the PLP ring and the Schiff base moiety, is stabilised by 
Arg466 (Fig. 7A). It may also be hydrogen-bonded to His191, a central 
residue in the PLP-DC mechanism, as seen in the structure of HDC 
(Komori et al., 2012). In apo CSAD, His191 is rotated, and it will reach 
its correct conformation upon PLP complex formation. Thus, the core 
active site of CSAD appears pre-organised for catalysis, but only in the 
presence of the cofactor internal aldimine. 

A main obstacle in fully understanding the mechanistic details of 
CSAD and GADL1 catalysis is the flexible α12-α13 loop covering the 
active site; this loop is not visible in any of the available CSAD or GADL1 
crystal structures, but a conserved Tyr residue in it has been suggested to 
be a key player in catalysis by PLP-DCs, including GAD (Fenalti et al., 
2007). This Tyr, Tyr335 in CSAD, is conserved in CSAD and GADL1 
(Fig. 2). Importantly, in both DDC and HDC, the loop is susceptible to 
proteolysis, but gets protected, when an active-site ligand is bound 
(Burkhard et al., 2001; Fleming et al., 2004; Ishii et al., 1998). Hence, 
the dynamics of the loop are linked to the decarboxylase reaction cycle 
and occupancy of the active site. After decarboxylation, protonation of 
the reaction intermediate is carried out by Tyr335, which enables the 
reaction to proceed towards product release and reconstitution of the 
internal aldimine in the CSAD active site. The protonation could either 
occur directly (Fenalti et al., 2007) or be mediated through a water 
molecule coordinated by Tyr335 (Fernandes et al., 2017). Intriguingly, 
PLP-DCs can catalyse a different reaction involving molecular oxygen, if 
this Tyr residue is mutated to a Phe (Bertoldi et al., 2002; Bisello et al., 
2020). His191 also appears to be relevant for the protonation step (Liang 
et al., 2019, 2017; Fernandes et al., 2017), but in light of current data, its 
likely role is the coordination of Tyr335. 

A tripartite substrate selectivity motif was identified in GAD and 
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CSAD, in a study focusing on taurine synthesis by marine bacteria 
(Agnello et al., 2013). The residues of this motif are Phe94, Ser114, and 
Tyr116 in CSAD. Essentially, while Phe94 was important for catalysis on 
CSA and CA, replacing Tyr116 with Phe (as in GAD, DDC, or HDC), 
allowed CSAD to use Glu as substrate (Agnello et al., 2013). This brings 
an added level of complexity to the mechanism. Comparing the structure 
of CSAD with the enzymes carrying Phe at this position reveals a 
completely different conformation in the crystal state (Fig. 7B). In HDC 
and GAD, it is clear that the catalytic loop pushes the Phe residue to the 
active site wall, when the Tyr in this loop reaches in for protonation of 
the reaction intermediate. In the structures of CSAD and GADL1, the 
catalytic loop is disordered, and Tyr116 is in a relaxed conformation. 
During the reaction cycle, it must be pushed further in, reducing the 
available space in the active site, but also providing a putative additional 
hydrogen bonding contact for substrate recognition (Fig. 7B). The latter 
could be important in making CSA the preferred substrate for CSAD. 

2.7. Insights into inhibitor design 

Rare mutations in enzymes responsible for the degradation of 
β-alanine, as well as its histidine derivatives carnosine and anserine, 
have been linked to the abnormal accumulation of these compounds in 
mammalian tissues and severe neurological diseases (Scriver et al., 
1966; Willi et al., 1997). As the neurological symptoms have been un
responsive to dietary interventions, an alternative treatment strategy 
could be to inhibit their biosynthesis. The discovery (Mahootchi et al., 
2020) that GADL1 functions in the biosynthesis of β-alanine and car
nosine raises the possibility that it could be a target for inhibition 
therapy. The first generation of inhibitors targeting CSAD and GADL1 
had modest affinity but promising selectivity (Winge et al., 2015). Since 
then, high-resolution structures for both enzymes have become avail
able, providing a stepping stone for further knowledge-based optimi
sation of such compounds. The differences in activity towards closely 
related substrates, as well as the subtle differences in the respective 
active-site structures, can be utilised in the development of a next gen
eration of potential inhibitors of acidic amino acid decarboxylases. 
These aspects are crucial in the development of in silico screening 
approaches. 

A prime example of inhibitor design towards PLP-DCs is carbidopa 

(Sletzinger et al., 1963), which is a DDC substrate analogue able to form 
a stable covalent adduct with the PLP cofactor. Carbidopa is in wide use 
in the treatment of Parkinson’s disease, whereby it inhibits the con
version of L-DOPA to dopamine in peripheral tissues (Bartholini and 
Pletscher, 1975), leading to increased L-DOPA half-life and reduced side 
effects of dopamine. The crystal structure of DDC in complex with car
bidopa (Burkhard et al., 2001) is, therefore, of high value in designing 
inhibitors towards other PLP-DCs. For example, for acidic amino acid 
decarboxylases, a similar approach targeting the external aldimine 
instead of a simple substrate analogue – as done previously (Winge et al., 
2015; Porter and Martin, 1985; Liu et al., 2013) – would be a promising 
approach. In addition, mechanism-based inhibitors of CSAD activity, 
based on chemical substitutions on the β carbon, have been studied 
(Weinstein and Griffith, 1987; Griffith, 1983). Non-cleavable analogues 
of different stages of the acidic amino acid decarboxylase reaction 
mechanism could, hence, be targeted in a systematic manner instead of 
non-targeted screening or attempts at designing substrate analogues, 
which inherently will have rather low affinity in these enzymes. 

3. Concluding remarks 

Our work highlights central details of molecular mechanisms of 
taurine biosynthesis; in addition, substrate recognition determinants 
across the PLP-DC family have been elucidated. Substrate specificity in 
the family is clearly affected by both the amino acid side chains lining 
the catalytic cavity as well as direct backbone-substrate interactions. 
The latter divide PLP-DCs into two subclasses. These findings are central 
in understanding mechanistic details of catalysis, but also in research 
aimed at designing effectors of amino acid decarboxylation linked to the 
production of important metabolites and signalling molecules, such as 
taurine, β-alanine, carnosine, GABA, histamine, serotonin, and 
dopamine. 

4. Materials and methods 

4.1. Expression vector 

Multiple mRNA transcripts of CSAD have been described, with 
alternative initiation codons and splicing events (Lourenco and Camilo, 

Fig. 7. Implications for the CSAD reaction 
mechanism. (a) Proposed model for CSA 
substrate binding to CSAD and depiction of 
catalytically important residues. Hydrogen 
bonds to active-site side chains, main-chain 
groups, the cofactor, and a conserved water 
molecule are shown in yellow dashes. A van 
der Waals interaction possibly relevant for 
CSAD substrate specificity to Phe94 is in 
green. The blue dash indicates the bond that 
will be formed upon external aldimine for
mation between Lys305 and CSA. Proton
ation of the quinonoid intermediate at the 
second stage of the reaction is likely cata
lysed by Tyr335 from the flexible α12-α13 
catalytic loop (here pictured in the position 
observed in the GAD65 crystal structure), 
from the other subunit. (b) The previously 
identified CSAD/GAD substrate selectivity 
motif consisting of Phe94, Ser114, and 
Tyr116 (Agnello et al., 2013), compared to 
that in HDC (magenta). Note how the 
incoming loop containing the catalytic Tyr 
residue pushes the aromatic residue (Tyr116 
in CSAD) in close contact with the catalytic 
cavity. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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2002). MmCSAD cDNA corresponding to the 493-amino-acid (55 kDa; 
UniProt entry Q9DBE0) isoform was subcloned into the expression 
vector pTH27 (Hammarström et al., 2006), which codes for an N-ter
minal His6 tag. In order to examine structural determinants of substrate 
specificity of MmCSAD, the variant F94S was generated using the 
QuikChange kit (Agilent). The sequences of expression clones were 
verified by DNA sequencing. 

4.2. Expression and purification of MmCSAD 

WT and F94S His6-CSAD were expressed in Escherichia coli BL21 
CodonPlus (DE3)-RIPL cells (Stratagene) at +15 ◦C using 0.5 mM IPTG 
induction. Pyridoxine hydrochloride, a precursor of PLP biosynthesis, 
was added to the culture at 2 mM to improve protein solubility. Cell 
pellets were lysed by sonication in a buffer consisting of 50 mM sodium 
phosphate buffer pH 7.4, 500 mM NaCl, 20 mM imidazole, 0.2 mg/ml 
lysozyme, 1 mM MgCl2, and cOmplete EDTA-free protease inhibitors 
(Roche). Phenylmethylsulphonyl fluoride was added to 1 mM immedi
ately following sonication, and the unclarified lysate was applied onto 
an IMAC HiTrap TALON crude column (GE Healthcare). The column was 
washed first with 50 mM sodium phosphate pH 7.4, 500 mM NaCl, and 
then with the same buffer containing 20 mM imidazole. Elution was 
done with 100 mM imidazole in the same buffer. SEC was performed 
using a Superdex HR 200 column (GE Healthcare) equilibrated with 20 
mM HEPES, 200 mM NaCl (pH 7.4). After elution, CSAD dimer fractions 
were combined and concentrated. 

4.3. Crystallisation, data collection, structure solution, and refinement 

MmCSAD crystals were obtained at +20 ◦C using sitting-drop vapour 
diffusion. Holo-CSAD crystals were grown in drops containing 200 nl of 
protein stock (10.3 mg/ml) and 100 nl of reservoir solution (0.15 M KBr, 
30% PEG2000 monomethyl ether), and apo-CSAD crystals grew in drops 
of 100 nl protein and 200 nl reservoir (200 mM Na2SO4, 100 mM Bis-tris 
propane, pH 6.5, 20% PEG3350). Crystals were briefly soaked in a 
cryoprotectant solution containing 80% reservoir solution and 20% 
glycerol, and flash-cooled in liquid N2 prior to data collection. 

X-ray diffraction data were collected at 100 K on the automated 
MASSIF-1 synchrotron beamline at ESRF (Grenoble, France) (Bowler 
et al., 2015; Bowler et al., 2016; Svensson et al., 2015). The data were 
processed and scaled using XDS (Kabsch, 2010). The structure was 
solved by molecular replacement in PHASER (McCoy et al., 2007), using 
the human CSAD crystal structure (PDB entry 2JIS) as template. 
Refinement was done in phenix.refine (Afonine et al., 2012) and model 
rebuilding with Coot (Casañal et al., 2020). The structures were vali
dated using MolProbity (Chen et al., 2010). 

4.4. Small-angle X-ray scattering 

SAXS data for MmCSAD were collected on the SWING beamline at 
the SOLEIL synchrotron (Gif-sur-Yvette, France). Scattering was 
measured in batch mode at three different protein concentrations (1–2.5 
mg/ml), from a freshly purified monodisperse dimeric sample. The 
recorded frames were checked for radiation damage, and data from all 
concentrations were analysed to exclude interparticle effects. Data were 
processed using the beamline software Foxtrot 3.5.2 and analysed with 
ATSAS (Franke et al., 2017). Ab initio chain-like models were built with 
GASBOR (Svergun et al., 2001), normal mode-based conformations were 
analysed using SREFLEX (Panjkovich and Svergun, 2016), and the 
crystal structure was compared to the SAXS data with CRYSOL (Svergun 
et al., 1995). 

4.5. Sequence and structure analysis 

Structure superpositions were done with SSM (Krissinel and Henrick, 
2004). Sequences were aligned with ClustalW (Thompson et al., 1994) 

and visualised with ESPript (Gouet et al., 1999). Electrostatic surfaces 
were calculated using APBS and pdb2pqr (Unni et al., 2011) and 
visualised in UCSF Chimera (Pettersen et al., 2004). PyMOL 
(Schrödinger) was used for structure visualisation and analysis. 

4.6. Circular dichroism spectroscopy 

CD spectra between 200 and 260 nm were recorded in triplicate on a 
Jasco J-810 instrument. Measurements were done at a protein concen
tration of 0.6 mg/ml in a 1-mm quartz cuvette. The samples were diluted 
with 10 mM sodium phosphate (pH 7.4), and buffer spectra were sub
tracted. Thermal denaturation was measured using the CD signal at 222 
nm from +25 to +95 ◦C, at a heating rate of 2 ◦C/min. 

4.7. Differential scanning fluorimetry 

A fluorescence-based thermal stability assay (differential scanning 
fluorimetry, DSF) (Ericsson et al., 2006) was performed using a Light
Cycler 480 II instrument (Roche). 20-μl samples were analysed in 20 mM 
HEPES, 200 mM NaCl (pH 7.4). CSAD concentration was 0.1 mg/ml, and 
SYPRO® Orange was used at a 1:1000 (v/v) dilution. The instrument 
was set to detect emission between 300 and 570 nm. The heating rate 
was 2 ◦C/min from +20 to +99 ◦C. Five replicates of each sample were 
measured, using a 384-well plate with an optical film (Roche). 

4.8. Quaternary structure analysis 

Analytical SEC-MALS was employed to determine the oligomeric 
states of WT MmCSAD and F94S. SEC was done using the 
ÄKTA™Purifier FPLC system (GE Healthcare), which was coupled with 
a RefractoMax 520 module (ERC GmbH, Riemerling, Germany) for 
measuring refractive index for concentration determination, and a mini- 
DAWN TREOS light scattering detector (Wyatt Technology). Samples 
were diluted to 2 mg/ml and centrifuged at 16 000 g for 10 min at +4 ◦C. 
200 µg of the protein were applied onto a Superdex 200 Increase 10/300 
GL column, pre-equilibrated with 20 mM HEPES, 200 mM NaCl (pH 
7.4), at a flow rate of 0.4 ml/min. Astra software (Wyatt) was used for 
SEC-MALS data analysis. 

4.9. Enzymatic activity assays 

Catalytic activity of WT MmCSAD and F94S towards the known 
substrates CSA and Asp was measured at +37 ◦C, using a reaction 
mixture of 100 μl containing 6 µM CSAD, 60 mM potassium phosphate 
(pH 7.4), 5 mM DTT, and 0.5 μM PLP. Adding the amino acid substrate 
started the reaction. To measure steady-state kinetic properties of the 
enzymes, 0–50 mM of the substrates were tested. After 60 min, the re
action was stopped by addition of an equal volume of ice-cold ethanol 
containing 5% acetic acid. For studying GAD activity with Glu as sub
strate, the reaction mixture of 100 μl contained 60 mM potassium 
phosphate (pH 7.4), 5 mM DTT, and 2 mM PLP, and the reaction was 
stopped after 120 min. 

The samples were centrifuged at 15,700 g for 10 min, and the su
pernatant was transferred onto a microtiter plate and analysed by HPLC. 
Samples were diluted with an equal volume of solvent (24% ethanol in 
50 mM sodium phosphate, pH 6.0), and 4.2% o-phtaldialdehyde (OPA) 
reagent was added. Mobile phase was a mix of 50% of 100 mM sodium 
phosphate, 20% ethanol, and 30% H2O. Flow rate was set to 0.5 ml/min. 
Samples were injected into a Zorbax Eclipse XDB-C18 column, and the 
product was determined based on fluorescence detection of the OPA- 
conjugated amino acid, using excitation at 366 nm and emission at 
455 nm. Retention time for hypotaurine was 24.1 min, β-alanine 19.8 
min, and GABA 31.1 min. The software used for detecting the area was 
ChemStation 1100 from Agilent. Kinetic parameters were determined by 
nonlinear regression using the Michaelis–Menten equation in GraphPad 
Prism 8 (GraphPad Software, La Jolla, California, USA). 
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Supplementary Figure 1. Electron density maps for the holo (top) and 
apo (bo<om) forms of CSAD. Shown are the final refined 2Fo-Fc maps 
contoured at 1 σ. Both maps are shown in stereo view, and key 
residues either changing conformation or becoming more flexible 
in apo CSAD are labelled.  
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