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Investigating the Function of Solute Carrier Transporters in the Brain 
 

Dina Buitrago Silva 
 
Abstract 
 
Solute Carrier (SLC) transporters are vital integral membrane proteins that act as a 

gateway to the intracellular compartments of our cells for various substrates like 

endogenous metabolites, nutrients from our diet, amino acids, xenobiotics and more. 

Moreover, they allow the movement of these important ligands across tissues and into 

appropriate organs to power the human body. With over 400 transporters known in the 

human genome and subdivided into 70 distinct families, these transporters form a 

complex network to maintain the body homeostasis for a wide range of substrates. 

Divergence of evolutionary conserved gene sequences that encode SLC transporters and 

alterations in gene expression lead to countless diseases and disorders, both common 

and rare, due to the disrupted homeostasis (e.g. metabolic disorders, neurologic 

disorders, immunologic diseases and more). While the clinical relevance is apparent in 

the field, about 30% of SLC transporters remain functionally uncharacterized, also known 

as orphan transporters, without an identified substrate. This presents a challenge in the 

quest to fully understand the complete physiological and pathological process in these 

diseases. Furthermore, it slows the field from advancing therapies in an effective manner 

that is safe and personalized. For many of these transporters, there is a huge need to 

further characterize or study certain components to better understand their function, like 

its native structure or the impact variation has on function.  
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This dissertation aims at tackling some of these challenges in three distinct SLC 

transporter families: SLC6, SLC7 and SLC22. We begin chapter 1 by providing the 

physiological significance of each transporter family in the human body and an overview 

of current knowledge of its function and substrate selectivity for specific transporter family 

members (SLC22A15, SLC22A16, SLC7A5, and SLC6A1). This provides sufficient 

context to then dive deep into a particular problem the field is facing. All of these 

transporters are also found primarily in brain tissues and several brain cell types. This 

presents a unique set of challenges and novelty, like guiding therapies in the long-term 

that can be delivered into the brain or designing experiments that recapitulates an 

accurate physiological environment.  

 

The second chapter of this dissertation focuses on the SLC22 family, specifically the 

functional characterization of the orphan transporter SLC22A15. Since its discovery in 

fruit flies, this transporter had never been fully characterized for its substrate(s) and much 

less its physiological significance in humans. We sought out to characterize the biological 

role of SLC22A15, including its substrate selectivity, transport mechanism, tissue 

distribution, potential inhibitors and research any clinically relevant genetic association 

studies. Using a multi-faceted approach of computational and experimental methods, we 

were able to fully examine the role SLC22A15 plays as a member of the SLC22 family. 

Beginning with a large metabolomic study, we identified potential substrates for 

SLC22A15, including ergothioneine, carnosine and carnitine amongst others. Using a 

series of uptake and transport assays, we were able to confirm that SLC22A15 

preferentially zwitterions, more specifically the antioxidants ergothionine and carnosine, 
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carnitine and to a lesser affinity for cations. Additionally, using uptake assays, we saw 

that SLC22A15 functions in a sodium-dependent manner, provding clarity on its transport 

mechanism. Phylogenetic analysis and comparative structure modeling demonstrated 

that SLC22A15 is most closely related to zwitterion family members SLC22A4, SLC22A5, 

and SLC22A16, further confirming our experimental results that SLC22A15 is a zwitterion 

transporter. Doing a deep literature search on its identified substrates, we also concluded 

SLC22A15 significance in its coordinated transport of ergothioneine specifically in the 

brain where both substrate and transporter are found in high levels.  

 

The third chapter focuses on the SLC7 family of L-type amino acid transporters or LATs. 

The LAT-1 transporter in specific, has been a popular drug target given its high mRNA 

expression in the blood-brain barrier and placenta, amongst others. This transporter has 

well characterized large neutral amino acid substrates like phenylalanine and tyrosine 

and drugs like L-DOPA and gabapentin. Additionally, previous studies have shown LAT-

1 clinical relevance in neurologic disorders such as epilepsy and autism spectrum 

disorder (ASD), as well as several cancer types. In the past, LAT-1 has been exploited to 

treat cancer by inhibiting LAT-1 with experimentally synthesized compounds, and today 

there are two compounds being evaluated in clinical trials for its effective use in treating 

specific cancers. While this is exciting news, the field could benefit from studying LAT-1 

biophysical properties to better guide therapies in the future. The goal of this chapter was 

to better understand LAT-1 inhibitor interactions, which would help provide a framework 

for developing future LAT-1 drug targets. Our approach was to combine metainference 

simulation and computational modeling tools with experimental testing to characterize 
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LAT-1 inhibitor interactions. Our predictions and computational analyses showed that 

amino acids positions S66, G67, F252, G255, Y259, W405 in LAT-1 are critical residues 

for inhibitor binding and druggable sub-pockets in the outward-occluded conformation. 

We synthesized the top scoring predictive analogs of several amino acids that were 

thought to interact with these residues and tested them in HEK293 cells overexpressing 

LAT-1. We found 4 novel compounds that successfully inhibited LAT-1 transport including 

‘KH13’ (IC50 = 11.8 µM), ‘EN14’ (IC50 = 16 µM), ‘EN2’ (IC50 = 63.3 µM), and ‘KH1’ (IC50 = 

44.4 µM). Ultimately, this study provided an effective experimental basis for LAT-1 

inhibitor discovery and possibly for other SLC transporters as well.  

 

The fourth chapter aims at studying a large set of variants in the GAT-1 (encoded by 

SLC6A1) transporter of the SLC6 transporter family. GAT-1 is the main transporter for γ-

aminobutyric acid (GABA) in the brain, an inhibitory neurotransmitter that communicates 

with postsynaptic GABA receptors.  In the past decade or more, focus and urgency has 

been applied to finding a therapy or solution to the clinical phenotypes associated with 

missense mutations in GAT-1. This includes a wide range of pediatric onset epileptic 

seizures types, ASD, schizophrenia, and other neurodevelopmental delay or disorders. 

This is due to the fact that SLC6A1 is a single gene disorder, making missense mutations 

in one allele quite lethal. At the same time, this makes SLC6A1 a promising target for 

novel therapeutics such as gene therapy. However, before designing therapies, the field 

has yet to fully understand the major trend or impact on GAT-1 function that these 

mutations cause. This study used high throughput experimental methods to study 213 

missense variants within the GAT-1 transporter and another 86 variants using high 
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content imaging. We tested mutated GAT-1 in-vitro for GABA uptake and found that 100 

variants exhibited severe loss-of-function effects (<17.9% of wildtype GAT-1 function), 25 

variants loss-of function (>7.9% and <50.8%), 3 variants showed some evidence of gain-

of-function effects (>147.5%) and 85 variants were comparable to wildtype GAT-1 activity 

(>50.8% and <147.5%). Further data analysis demonstrated that all observed disorders 

(e.g. seizures, developmental delay, ASD, and schizophrenia) in SLC6A1 de novo 

missense variants led to an overall loss-of-function mechanism. This was the largest 

functional characterization study of SLC6A1 missense variants and led to the suggested 

reclassification of about 77% of variants in our set of 213 that were classified as variants 

of unknown significance to either low or typical function. Next, we set out to visualize how 

these variants contribute to loss-of-function through high content imaging experiments by 

tagging the mutated GAT-1 transporters with GFP and seeing whether the protein traffics 

to the membrane properly. We found that variants with typical uptake were properly 

trafficking to the plasma membrane as expected, and that those causing low uptake of 

GABA did not traffic to the plasma membrane. A small subset of these variants was 

detected on the plasma membrane, but showed loss-of-function in uptake studies. These 

variants were clustered around the GABA binding pocket of GAT-1, explaining the third 

contradictory result. Using the recently solved cryo-EM GAT-1 structure, we were able to 

map out these variants on the 3D representation and using our results from the high 

content imaging experiments, inform the field on variant impact trends. Additionally, 

machine learning algorithms were used to analyze and select which variant impact 

prediction model best fit our results. The prediction tool ClinPred was the best predictor 

and we applied the tool to predict the GABA uptake for every amino acids residue in GAT-
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1 for future use. Collectively, this study informs the field on how variation impacts GAT-1 

globally (loss-of-function) and that SLC6A1 is vulnerable to missense variation. Our 

results help guide the design of future therapies with a goal of restoring GAT-1 function 

in clinical phenotypes.  

 

In summary, this dissertation led to the discovery of multiple components of very distinct 

SLC transporters in the brain. For SLC22A15, we discovered a new function and novel 

substrates. Our LAT-1 studies led to a framework of inhibitor discovery for future therapies 

targeting different cancer types. The largest functional genomics study for SLC6A1 

revealed the major functional mechanism for 213 variants and has provided critical insight 

into how these variants contribute to clinical phenotypes in the CNS. Additionally, we 

identified the best predictive tool, ClinPred, using our data for future studies to implement. 

Collectively, these studies show the significance of uncovering more biological roles and 

impact of SLC transporters as they relate to diverse pharmacological targets and 

diseases causing genes.  
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Chapter 1: Zwitterion transporters in the Solute Carrier (SLC) 22 family and other 

SLC family transporters in the brain (SLC6A1 and SLC7A5)  
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1.1 Abstract 

Transporters in the human solute carrier superfamily (SLC) play critical roles in the 

absorption and disposition of numerous solutes in the human metabolome. There are 

over 400 genes that encode for these proteins or transporters, which cluster into 70 

distinct families based on sequence homology (Meixner et al., 2020). The focus of this 

chapter is to describe the current knowledge of three separate SLC families and specific 

members that are all found in brain tissues. The first section is an overview of the SLC22 

family of organic ion transporters and focuses on the organic zwitterion subfamily 

members only, specifically SLC22A15 and SLC22A16. The second section is an overview 

of the SLC7 family of amino acid transporters and focuses on the L-type amino acid 

transporter-1 (LAT-1), SLC7A5. The third and final section is an overview of the SLC6 

family of the sodium- and chloride-dependent neurotransmitter transporters and focuses 

on the GABA transporter-1 (GAT-1), SLC6A1. For all specified transporter members, 

information is provided on tissue distribution, ligand selectivity, and transport mechanism. 

Where applicable, information is included from genetically engineered mouse models, as 

well as human genetic and pharmacogenomic studies describing clinical associations 

between genetic polymorphisms or mutations in the individual transporters and clinical 

phenotypes. Given that these transporters have major functions in the brain and transport 

relevant solutes critical to brain processes, mutations in the genes have been associated 

with several neurodevelopmental delays or disorders and are targets for therapeutic 

development. The chapter ends with a brief discussion of future research that is needed 

to advance our understanding of these transporter families. 
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1.2 Introduction to the zwitterion transporters in the SLC22 family 

 
The SLC22 family is known as the organic ion transporter family containing 28 family 

members that are clustered together based on sequence homology and charge specificity 

for substrates (Yee & Giacomini, 2021). This includes the organic cation transporters 

(OCTs), the organic zwitterion transporters (OCTNs) and the organic anion transporters 

(OATs). Within the human SLC22 family, the zwitterion transporter cluster is composed 

of hOCTN1 (SLC22A4), hOCTN2 (SLC22A5), FLIPT1/SLC22A15 (SLC22A15), and CT2 

(SLC22A16), among others. These transporters play important physiological and 

pharmacological roles, acting in the influx and efflux of essential endogenous compounds 

(e.g., carnitine and ergothioneine), drugs, and various xenobiotics. Alterations in the 

expression and function of these transporters can lead to various pathophysiological 

conditions. Later sections (1.3 and 1.4) will focus specifically on SLC22A15 and 

SLC22A16.  

 
1.2.1 General tissue distribution  

 

Both members of the novel OCT (OCTN) family are highly expressed in the kidney and 

are more ubiquitously expressed at low levels across a variety of tissues (Koepsell et al., 

2007). OCTN1 is expressed most highly in whole blood, particularly within erythrocytes. 

It has broad tissue distribution at low levels, notably in the brain, small intestine, lung, and 

reproductive organs. In mice, Octn1 has been localized to the apical membrane of the 

renal proximal tubule. Consistent with the role of a transporter for the antioxidant 

ergothioneine, OCTN1 is expressed in tissues exposed to high oxidative stress, notably 
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the kidney, liver, bone marrow/erythrocytes, eye lens, and seminal fluid (Koepsell, 2020). 

Unlike the majority of related zwitterion transporters, OCTN1 appears to play a minimal 

role in the transport of carnitine. In humans, OCTN2 is expressed ubiquitously at low 

levels in most tissues. Highest expression is observed in skeletal muscle, brain, kidney, 

intestine, cardiac tissue, and reproductive organs. Many of these tissues have high 

energy demands and rely heavily on fatty acid β-oxidation for ATP production. OCTN2 

expression in these tissues ensures carnitine stores are available to conjugate to intra- 

cellular long-chain fatty acids for translocation into the mitochondrial matrix where β-

oxidation occurs. In the kidney, OCTN2 is localized to the apical membrane of the renal 

proximal tubule where it functions largely in the reabsorption of renally excreted carnitine 

from urine to maintain systemic levels. 

In humans, SLC22A15 is ubiquitously expressed throughout all tissues in the body, 

although highest expression has been observed in the brain and bone marrow. Other 

species exhibit similar expression patterns, including primates (baboon, rhesus macaque, 

old world monkey), cattle, pigs, sheep, mice, rats, chickens, some lizards, and zebrafish 

(Madeira et al., 2019). Human SLC22A15 is mainly involved in the transport of 

ergothioneine, like OCTN1, and supports transport of other zwitterions and cations. CT2 

is another high-affinity carnitine transporter, but in contrast to OCTN2 and SLC22A15, 

expression is limited to the Sertoli cells of the testis, the kidneys, and bone marrow 

(Koepsell et al., 2007). These tissues have high energy requirements, especially the 

testis, where carnitine plays a crucial role in spermatogenesis. Similar CT2 expression 

pat- terns are also found in primates, mice, cattle, and chicken. 
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1.2.2 General Structure Function 

 

Human OCTN (hOCTN) transporters are localized to the plasma membrane of the cell 

and are involved in the bidirectional transport of cations and zwitterions. The genes 

encoding hOCTN1 and hOCTN2 are found in relative proximity at the same locus on 

chromosome 5q31 (Koepsell, 2020). Each are encoded by 10 exons, with hOCTN1 

composed of 551 amino acids and hOCTN2 composed of 557 amino acids. They are 

homologues—with 78% sequence identity at the mRNA level and 76% sequence identity 

at the protein level. Additionally, these transporters share about 30% protein identity to 

the OCTs 1–3 (OCT1–3). Similar to OCTs, OCTNs have predicted topology with 12 

transmembrane domains, cytoplasmic N- and C-termini, a large extracellular loop 

between TMD1 and TMD2 containing multiple glycosylation sites, and an intracellular 

nucleotide binding sequence motif (Koepsell, 2020). Facilitating sodium-dependent 

transport of some substrates, the OCTN transporters also contain sodium-recognition 

sites and can function as symporters (Fig. 1.1B). 

SLC22A15 and CT2 are both found on the plasma membrane and exhibit bidirectional 

function similar to OCTN1 and OCTN2. The genes encoding these transporters are found 

on distinct chromosomes, with SLC22A15 at locus 1q13 and SLC22A16 at locus 6q21. 

SLC22A15 contains 11 exons while SLC22A16 has two isoforms, one with 8 exons and 

one with 10 exons (Enomoto et al., 2002; Eraly & Nigam, 2002). SLC22A15 contains 547 

amino acids, while CT2 contains 577 amino acids. SLC22A15 and CT2 have mRNA and 

protein sequence identity of 47% and 31%, respectively. While still considered family 

members of the OCTN subclade, these two transporters appear to have evolutionally 
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diverged from each other and from the other two OCTNs (C. Zhu et al., 2015). SLC22A15 

and CT2 have 50–52% mRNA sequence identity and 32–33% protein sequence identity 

to OCTN1 and OCTN2. However, the predicted topology of SLC22A15 and CT2 remains 

similar to OCTN1 and OCTN2, with 12 predicted transmembrane domains and 

cytoplasmic N- and C-termini (Koepsell et al., 2007). 

 
1.2.3 Transport Mechanism 

 

The zwitterion transporters are believed to function through the alternating-access 

transport mechanism. The substrate binds to the outward-open conformation of the 

transporter, which induces a conformational change. Then the substrate–transporter 

complex passes a transient occluded state to the inward-open conformation. Lastly, the 

substrate is released to the cytoplasm and the transporter returns to the outward open 

conformation (Fig. 1.1A) (Volk, 2014). Multiple transport mechanisms have been 

observed for the OCTN transporters, depending on substrate. The zwitterion transporters 

can function as uniporters, translocating single substrates, or as cotransporters, 

transporting multiple substrates in the same direction (symport) or opposite directions 

(antiport) (Fig. 1.1B) (Koepsell, 2013). OCTN1 transports the zwitterion ergothioneine via 

a sodium-dependent symport uptake mechanism, but can transport other zwitterions 

(e.g., gabapentin) independent of sodium. OCTN1 can also act as a pH- dependent 

proton/cation antiporter (e.g., TEA), or a bidirectional organic cation uniporter (e.g., 

acetylcholine). OCTN2 acts as a secondary active sodium-dependent cotransporter for 

carnitine, facilitating symport of sodium and carnitine at a 1:1 ratio (Koepsell, 2020). 
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OCTN2 transport of some cations, including TEA, is sodium-independent, while other 

cations are transported via proton/cation antiport (Koepsell, 2020). SLC22A15 transports 

zwitterions, notably ergothioneine, carnosine, and carnitine, and certain organic cations 

in a sodium-dependent manner (Yee et al., 2020). CT2 transport is very selective for L- 

and D-carnitine, betaine, and TEA. Carnitine transport by CT2 is partially sodium-

dependent, with uptake reduced by 50% when sodium is replaced with lithium. Unlike 

SLC22A15, CT2 demonstrates pH-dependent transport for carnitine. 

 
1.3 Introduction SLC22A15 (SLC22A15/FLIPT1) 

 

SLC22A15 was identified in 2002 through phylogenetic analyses and the use of basic 

alignment for peptides at a protein sequence similarity threshold of 35–40% (Eraly & 

Nigam, 2002). This gene is homologous to the drosophila transporter, Orct, and was 

dubbed “Fly-like putative transporter” (FLIPT1). To date, SLC22A15 has only been 

studied in vitro and no mouse models exist.  

 
1.3.1 Substrate and Inhibitor Selectivity  

 

Efforts to de-orphan SLC22A15 have elucidated its function as a transporter. SLC22A15 

preferentially transports the zwitterions ergothioneine and carnosine, two potent 

antioxidants found in the brain and other tissues(Yee et al., 2020). Compared with the 

other zwitterion transporters in the SLC22A family, SLC22A15 exhibits a higher Km (lower 

affinity) for its substrates, including ergothioneine, carnosine, and creatine. The trend also 
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holds for carnitine, which is transported by SLC22A15 with a much higher Km (99μM) 

compared with other OCTN subclade family members. This transporter shows a weak 

interaction with organic cations TEA, MPP+, and cimetidine. SLC22A15 is therefore 

thought to be a determinant of its substrate levels at high substrate concentrations and 

may be co-expressed with other SLC transporters that have higher affinity for the same 

substrates. For example, OCTN1 and SLC22A15 have overlapping expression in certain 

tissues (i.e., brain, whole blood, and bone marrow) suggesting complementary roles in 

the regulation of the levels of ergothioneine, which is a substrate for both transporters. 

Inhibition studies of SLC22A15-mediated ergothioneine uptake have identified various 

inhibitors for SLC22A15, including the antibiotic levofloxacin that also inhibits OCT1. 

Other notable inhibitors include gabapentin, tryptophan, ondansetron, hypaphorine and 

hercynine (both containing a similar backbone to ergothioneine), acetylcarnitine, 

propionylcarnitine, quinidine, trazadone, fluoxetine, donepezil, verapamil, chloroquine, 

and primaquine (Yee et al., 2020). Some of these compounds overlap with known 

inhibitors of OCTN1, including quinidine and chloroquine. SLC22A15 has also been 

shown to efflux carnitine and can mediate the transcellular influx of ergothioneine, 

carnosine, carnitine, and creatine in a sodium-dependent manner. 

 
1.3.2 Human Genetic Studies 

 

Several polymorphisms in or near SLC22A15 have been associated with 

monoacylglycerol levels (e.g., 1-palmitoleoylglycerol) and triacylglycerol levels (e.g., TAG 

52:1, TAG 48:2) (Long et al., 2017; Rhee et al., 2013), as well as with fat- related traits 
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(e.g., body mass index, trunk fat mass, whole body fat mass) (Kichaev et al., 2019) in 

genome-wide association studies. These associations are consistent with the functional 

role of SLC22A15 in the influx and efflux of carnitine and its derivatives. GWAS have also 

shown an association of polymorphisms in the SLC22A15 locus with neurological 

disorders, including autism and child developmental disorders. This is particularly 

interesting, given that SLC22A15 transports the antioxidant carnosine, which has also 

been noted as therapeutically beneficial in individuals diagnosed with autism and other 

neurological diseases (Chmielewska et al., 2020). 

Gene regulation of SLC22A15 is largely understudied. The transcription factor Yin Yang 

1 (YY1) enhances SLC22A15 expression in colorectal cancer (G. Zhu et al., 2019). 

However, the identification of other transcription factors or regulatory mechanisms 

involved in the expression of SLC22A15 have not been identified to date. 

 
1.4 Introduction to SLC22A16 (FLIPT2, CT2, OCT6)  

 

SLC22A16 (also referred to as CT2 and its splice variant Flipt2/OCT6) was identified 

alongside SLC22A15 in 2002 through phylogenetic analyses (Enomoto et al., 2002; Eraly 

& Nigam, 2002).As homologs of OCTN1 and OCTN2, both transporters were suggested 

to play a role in carnitine transport, but no in vitro evidence identified actual substrates. 

Since then, limited studies have investigated CT2. 
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1.4.1 Substrate and Inhibitor Selectivity 

 

Limited information has been obtained on the transport function of CT2. In vitro, CT2 has 

been shown to be a bidirectional transporter of carnitine, its derivatives, and betaine; it 

appears to play a role in the transport of these compounds in the testes (Enomoto et al., 

2002). In addition, CT2 mediates the transport of the chemotherapeutic drug, doxorubicin 

(Koepsell et al., 2007), and the anticancer polyamine analogue bleomycin-A5 in cancer 

cells (Aouida et al., 2010). 

 
1.4.2 Regulation 

 

Little is known about the regulatory factors of CT2; how- ever, high expression is observed 

in a number of cancer cell lines. SLC22A16 mRNA levels are increased in endometrial 

cancer cell lines in the presence of progesterone (Sato et al., 2007), and CT2 is highly 

expressed in acute myeloid leukemia cells (Wu et al., 2015). 

 
1.4.3 Human Genetic Studies 

 

Multiple polymorphisms have been identified in SLC22A16, and one (c.146A>G) may 

contribute to interindividual pharmacokinetic variation of doxorubicin and doxorubicinol in 

Asian breast cancer patients (Lal et al., 2007). Additionally, a GWAS investigating 

metabolite levels in whole blood identified polymorphisms in SLC22A16 that were 

associated with levels of two long-chain acylcarnitines (Draisma et al., 2015). 
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1.5 Introduction to the amino acid transporters in the SLC7 family and the role of 

SLC7A5 (LAT-1)  

 
The SLC7 family is known as the amino acid transporter family containing 15 family 

members that are further divided into two subgroups based on homology and substrate 

selectivity: the cationic amino acid transporters (CATs, SLC7A1-4, SLC7A14) and the 

light subunits or glycoprotein-associated amino acid transporters (LATs, SLC7A5-13 and 

SLC7A15) of the heteromeric amino acid transporters (HATs, SLC3A2, SLC3A1)(Fotiadis 

et al., 2013). This family of transporters mediates the movement of essential amino acids 

(e.g. L-arginine, L-phenylalanine, L-methionine) in various tissues and organs throughout 

the body. Like the SLC22 family, changes in gene expression and mutations in genes in 

the SLC7 family can cause rare diseases and cancer. This chapter section will focus on 

the LATs and more specifically on the L-type amino acids transporter-1 (LAT1, SLC7A5) 

in more detail. 

 
1.5.1 General Tissue Distribution  

 
Members of the LATs subgroup are generally expressed or found in the brain, small 

intestines, reproductive organs, spleen and liver, amongst others ((Fotiadis et al., 2013). 

LAT1 shows expression, from highest to lowest mRNA levels, in the placenta, the brain, 

the spleen, the testes and the colon (Table 1.1)(Kanai et al., 1998). Additionally, LAT1 is 

present in microvessels of the blood-brain barrier and plays an important role of mediating 

the transport of L-DOPA across this barrier into brain tissues (Kageyama et al., 2000). In 

contrast, the L-type amino acid transporter-2 (LAT2, SLC7A8) is mainly found at high 
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levels in the kidney, placenta, brain, liver, spleen, skeletal muscle, heart, small intestine 

and lung, respectively (Pineda et al., 1999).  

 
1.5.2 General Structure Function and transport mechanism  

 
Similar to to the SLC22 family, LAT1 and LAT2 are multi-spanning membrane proteins 

that have 12 transmembrane domains (TMD) and cytosolic N- and C- terminals (Gasol et 

al., 2004). LATs are characterized as light subunits to the family of HATs, the heavy 

subunits of the heteromeric complex. The two members of HATs (SLC3 family), SLC3A1 

(rBAT) and SLC3A2 (4F2hc), are considered type II membrane N-glycoproteins that 

contain an intracellular N-terminus, a single TMD, and an extracellular C-terminus (Fort 

et al., 2007). Both LAT1 and LAT2 form a complex with 4F2hc through a extracellular 

disulfide-bridge link located between TMDs 3 and 4 of LATs. The cryo-electron 

microscopy of the LAT1-4F2hc complex was solved recently (Yan et al., 2019) and has 

given additional insight on the role of this complex in transport activity and protein 

trafficking. The transport mechanism for LATs appears to be via an alternating-access 

transport model in Figure 1.1A. LAT1-4F2hc and LAT2-4F2hc are part of the system L 

amino acid transporters and function as antiporters, or exchangers (Figure 1.1B)(Fotiadis 

et al., 2013).  

 
1.6 Overview of SLC7A5 (LAT-1) 

 
LAT1 (also referred to as the complex LAT1-4F2hc) was cloned as the first light subunit 

of the HATs (Kanai et al., 1998) and is found on the human gene locus 16q24.3. It 

mediates the transport of large neutral amino acids (e.g. phenylalanine) in exchange for 
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intracellular amino acids (e.g. histidine)(Meier et al., 2002). Since its discovery, LAT1 has 

been shown to transport specific amino acids in particular tissues, like tyrosine in human 

fibroblasts (Vumma et al., 2008), thyroid hormone transporter in several cell lines (Kinne 

et al., 2011) and certain neurotransmitters and amino acids across the inner blood-retinal 

barrier (Tomi et al., 2005). Its affinity for large amino acids is 100-fold higher in the cytosol 

and in the micromolar range for the extracellular side, which in turn affects substrate 

selectivity and promotes the efflux of certain amino acids rather than the influx (Fotiadis 

et al., 2013). Additionally, it is an important transporter for various CNS drugs like 

gabapentin, L-DOPA, pregabalin and melphalan across the blood-brain barrier (Cornford 

et al., 1992; Dickens et al., 2013; Kageyama et al., 2000; Peura et al., 2013; Soares-da-

Silva & Serrão, 2004; Takahashi et al., 2018).  

 

LAT1 has been shown to play a significant role in cancer and CNS disorders. In the brain, 

LAT1 negatively regulates the ion channel Kv1.2 and associates with epilepsy (Baronas 

et al., 2018). Mutation in coding regions of SLC7A5 (p.A246V and p.P375L) associate 

with ASD (Tărlungeanu et al., 2016). Overexpression of LAT1 has been linked to several 

cancer types, including prostate (Yanagisawa et al., 2015), gastric (Ichinoe et al., 2011), 

and pancreatic cancer (Ebara et al., 2010). This is due to the upregulation of LAT1 

increasing the activation of the mTOR pathway, and as a result leads to the 

hyperproliferation of cells (Häfliger et al., 2018).     
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1.7 Introduction to the sodium- and chloride-dependent neurotransmitter 

transporters in the SLC6 family and the role of SLC6A1 (GAT-1)  

 
The SLC6 family is also referred to as the sodium- and chloride-dependent (Na/Cl) 

transporters and contains 20 transporters that are further divided into 4 subgroups based 

on substrate selectivity and sequence homology. The first group is the monoamine 

neurotransmitter transporters composed of norepinephrine (SLC6A2, NET), dopamine 

(SLC6A3, DAT), and serotonin (SLC6A4, SERT). Next is the neurotransmitter amino acid 

transporters SLC6A5 (GlyT2), SLC6A7 (PROT), SLC6A9 (GLYT1), and SLC6A14 

(ATB0+). The nutrient amino acid transporters are SLC6A15 (B0AT2), SLC6A16 (NTT, 

orphan), SLC6A17 (NTT4), SLC6A20 (IMINO), SLC6A19 (B0AT1), and SLC6A20 

(B0AT3). The final subgroup is the GABA (GAT1-3 ecoded by SLC6A1, SLC6A13 and 

SLC6A11), osmolyte (TauT and BGT1, encoded by SLC6A6and SLC6A12) and creatine 

(CT1 and CT2 encoded by SLC6A8 and SLC6A10) transporters. As seen by subgroup 

names, these transporters are critical to maintain homeostasis of important brain solutes 

that carry out complex functions for the human body (Pramod et al., 2013). Therefore, 

divergence of these highly evolutionary conserved transporters causes or associates with 

debilitating disorders and diseases like Parkinson’s, schizophrenia and more. For the 

scope of this thesis, we will focus on the GABA transporter subgroups within the next 

subsection and given a general overview of SLC6A1 specifically.       

 
1.7.1 General tissue distribution  

 
The γ-aminobutyric acid or GABA transporters include GAT1 (SLC6A1), GAT2 

(SLC6A13) and GAT3 (SLC6A11). In contrast to GAT2 and GAT3, GAT1 is the primary 
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GABA transporter in the brain and it is found at high levels throughout distinct brain cell 

types, yet well correlated with markers of  GABAergic signaling in neurons (Madsen et 

al., 2010). Other major tissues include liver and the retina (Table 1.1)(Jin et al., 2011). 

GAT2 shares 52% amino acid sequence identity with GAT1 and is also found in brain, 

liver, retina and kidney, but not in GABAergic signaling cells. GAT3 also shares 52% 

homology, but only found in the brain, specifically in glia cells participating in GABAergic 

signaling (Pramod et al., 2013).   

 
1.7.2 General structure function and transport mechanism 

 
Much like the SLC22 family and LATs in the SLC7 family, members of the SLC6 family 

and GAT group have 12 transmembrane domains with the N- and C- termini located 

intracellularly (Pramod et al., 2013). Also, similar to many SLC transporter family 

members, GATs have N-glycolysation sites in the extracellular loop (EL2)(Masuda et al., 

2008) and phosphorylation sites at the intracellular loops (Bennett & Kanner, 1997). The 

GATs follow the alternating-access transport model in a Na/Cl dependent manner (Figure 

1.1A). More specifically, they act in a secondary-active mechanism using ion coupling 

(2Na+, 1Cl-) to promote the transport of their substrate GABA back into cells. Therefore, 

transport of GABA via GATs require an electrochemical gradient of Na+ ion generated by 

the sodium-potassium ATPase activity (Hertz et al., 2013). The bacterial homolog, leucine 

transporter (LeuT), was the first high-resolution crytalization that would serve as a 

template for SLC6 family members (Yamashita et al., 2005). More recently, the cryo-

electron microscopy structure of GAT1 was determined, providing a more accurate 
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description of GAT1 structure details such as the binding site of GABA and its cylindrical 

ring (TMD1,6,3, and 8) forming the binding pocket (Motiwala et al., 2022).    

 
1.8 Conclusion 

 
To understand physiologic and pharmacologic systems, it is critical to identify all of the 

components or proteins involved in those systems. The last few decades have ushered 

in a new understanding of the physiologic and pharmacologic roles of important 

transporters across SLC families. It is now clear that transporters in the SLC22 family play 

key roles as determinants of systemic and tissue levels of cationic and zwitterionic drugs. 

The LATs within the SLC7 family provide potential drug targets to shuttle important drugs 

across the blood-brain barrier and further insight into its significant role in cancer. For the 

GATs in the SLC6 family, there is an urgency to fully understand how an imbalance of 

GABA due to transporter function leads to neurodevelopmental disorders in order to 

develop more effective and personalized therapies. At all levels from molecular to 

physiologic and pathophysiologic, there are major gaps in our knowledge. First and 

foremost, orphan transporters for organic cations and zwitterions and the last SLC6 family 

member (SLC6A16) need to be functionally characterized. With the recent deorphaning 

of SLC22A15, a key zwitterion transporter was identified in the human genome; however, 

many transporters remain orphans in the SLC superfamily. Further, no transporter in the 

SLC22 family, SLC7 LATs and SLC6 GATs have been crystallized; therefore, the precise 

molecular transport mechanism is not known and molecular docking is not possible . 

Moreover, though few associations have been reproducibly observed between genetic 

variants in zwitterion transporters (SLC22A15 and SLC22A16) and few clinical 



17 
 

phenotypes, the mechanisms by which the transporter contributes to the phenotypes 

remain poorly understoo. Rare variants in transporters such as SLC6A1 (GAT-1) are 

associated with fatal neurological disorders, yet the function of these variants remain 

unknown and therapies are underdeveloped. Finally, the physiologic, pharmacologic, and 

pathophysiologic systems that include these transporters need to be fully understood to 

obtain a full understanding of human biology and pharmacology. 
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1.9 Figures 

 
Figure 1.1 Transport mechanism of SLC transporters by type. (A) Alternating-
access transport model for translocation of substrates by organic cation and zwitterion 
transporters. (B) Types of transport mechanisms for specific family member 
transporters in SLC22, SLC6 and SLC7 superfamily. Created with BioRender.com. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SLC22A15, 
SLC6A1 
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1.8 Tables 

Table 1.1 Tissue distribution of SLC family transporters in humans. 
 
SLC family Gene Protein Human Tissue Distribution 

SLC22 

SLC22A4 OCTN1 Ubiquitous. Whole blood, spleen, fibroblasts, 
reproductive tissues, brain, lung, small 
intestine, skeletal muscle, kidney 

SLC22A5 OCTN2 Ubiquitous. Skeletal muscle, brain, 
prostate, kidney, thyroid, reproductive 
tissues, small intestine, colon, skin, artery, 
nerve, breast, adipose, stomach, lung, heart, 
liver 

SLC22A15 SLC22A15/FLIPT1 Ubiquitous, brain, lung, bone marrow, whole 
blood 

SLC22A16 CT2 Testis, kidney, bone marrow, whole blood 

SLC6 

SLC6A1 GAT1 Brain, liver, retina  

SLC6A11 GAT3 Brain 

SLC6A13 GAT2 Brain, liver, retina, kidney 

SLC7 

SLC7A5 LAT1 Testis, ovary, blood-brain barrier, brain, 
placenta, spleen, colon  

SLC7A8 LAT2 Small intestine, kidney, lung, heart, spleen, 
liver, brain, placenta, prostate, ovary, testis 
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2.1 Abstract 

The human solute carrier 22A (SLC22A) family consists of 23 members, representing one 

of the largest families in the human SLC superfamily. Despite their pharmacological and 

physiological importance in the absorption and disposition of a range of solutes, eight 

SLC22 family members remain classified as orphans. In this study, we used a 

multifaceted approach to identify ligands of orphan SLC22A15. Ligands of SLC22A15 

were proposed based on phylogenetic analysis and comparative modelling. The putative 

ligands were then confirmed by metabolomic screening and uptake assays in SLC22A15 

transfected HEK293 cells. Metabolomic studies and transporter assays revealed that 

SLC22A15 prefers zwitterionic compounds over cations and anions. We identified eight 

zwitterions, including ergothioneine, carnitine, carnosine, gabapentin, as well as four 

cations, including MPP+, thiamine and cimetidine, as substrates of SLC22A15. Carnosine 

was a specific substrate of SLC22A15 among the transporters in SLC22A family. 

SLC22A15 transport of several substrates was sodium dependent and exhibited a higher 

Km for ergothioneine, carnitine and carnosine compared to previously identified 

transporters for these ligands. This is the first study to characterize the function of 

SLC22A15. Our studies demonstrate that SLC22A15 may play an important role in 

determining the systemic and tissue levels of ergothioneine, carnosine and other 

zwitterions. 
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2.2 Introduction 

 
The human solute carrier 22A (SLC22A) family, which consists of 23 members, includes 

organic cation (OCT), organic anion (OAT) and zwitterion (OCTN) transporters. SLC22A 

family members mediate the transmembrane flux of numerous endogenous molecules 

and xenobiotics across the plasma membrane.  Despite the large number of studies that 

have demonstrated the importance of members of the SLC22A family in drug disposition 

and response and as mediators of drug-drug interactions (see review (Koepsell, 2020; 

Roth et al., 2012)), eight of the 23 members and their species orthologs do not have 

experimentally validated substrates (Fig. 2.1A) and remain classified as orphans. In this 

study, we used multiple methods ranging from mining genomewide association studies 

(GWAS) of serum metabolites to comparative structure modelling and isotopic uptake 

studies in transporter transfected cell lines to characterize SLC22A15.   

 

There are increasing efforts to uncover the biological roles of SLC transporters using a 

multitude of new methodologies, including various in vitro model systems, transgenic 

animals, human genetic studies, and combinations of experimental and computational 

approaches (Superti-Furga et al., 2020). For example, in recent studies, in vitro 

metabolomic screens have been used to identify the endogenous substrates of SLC22A1 

(OCT1), which was previously thought to function primarily as a xenobiotic transporter 

(Chen et al., 2014). Metabolomic GWAS were used to reveal important endogenous 

substrates of SLCO1B1 (OATP1B1), an important transporter in hepatic drug disposition 

(Yee et al., 2016). Loss of function human genetic mutations as well as gene deletions in 

mice have revealed the biological roles of several transporters, including SLC10A7 in 
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glycosaminoglycan synthesis and specifically in skeletal development (Dubail et al., 2018) 

and SLC22A14 in sperm motility and male fertility in mice (Maruyama et al., 2016). GWAS 

of human disease or specific solutes have revealed the biological roles of transporters in 

uric acid disposition (e.g., SLC2A9) (Vitart et al., 2008) and in diabetes (e.g., SLC16A11) 

(Rusu et al., 2017). Despite these successes, it remains an enormous challenge to 

identify substrates of orphan transporters, even when they can be recombinantly 

expressed on the plasma membranes (Bennett et al., 2011; Fernandes et al., 2007).   

 

SLC22A15 is one of the orphan transporters in the SLC22A family without known 

substrates or inhibitors. Based on phylogenetic analyses, the transporter has been 

designated as a carnitine transporter (Eraly & Nigam, 2002); however, no study has 

endeavored to experimentally identify its actual substrates or its transport mechanism. 

Interestingly, genetic polymorphisms in this transporter have been associated with a 

response to an anti-asthmatic drug, albuterol, (Drake et al., 2014) and with tumor growth 

(Okada et al., 2019; Zhu et al., 2019); yet, without knowledge of its substrates or function, 

the mechanisms for these associations remain undefined. In this study, we conducted a 

range of experiments, which provide important information on the substrates and 

inhibitors of SLC22A15 as well as on the transporter mechanism. With the substrates in 

mind, we speculate on the mechanisms which underlie associations between genetic 

polymorphisms in the transporter or change in its expression levels, and the clinical 

phenotypes. Further studies are needed to fully understand the role of the transporter in 

human health, disease and the inter-individual variation in drug response. 
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2.3 Materials and methods 

 
2.3.1 Clustering of human SLC22A15 and other orthologs in the SLC22 family 

 
The full-length reference sequences for all proteins of members in the SLC22 family were 

obtained from UniProt. A multiple sequence alignment was created using Clustal Omega, 

and on-line tool, https://www.ebi.ac.uk/Tools/msa/clustalo/.  The resulting dendrogram 

was created using online tool, iTOL (https://itol.embl.de). 

 

2.3.2 Comparative structure modelling 

 
Previously, our group has constructed various comparative structure models of members 

in the human SLC superfamily using known structures of homologous proteins as 

templates (Geier et al., 2013; Schlessinger et al., 2011; Yee et al., 2019).  In this study, 

we created a model to calculate the electrostatic potential within the predicted SLC22A15 

substrate binding pocket. We used the 2.6 Å crystal structure of the maltose-bound 

human GLUT3 (SLC2A3) in the outward-open conformation as the template (PDB ID: 

4ZWC) (Deng et al., 2015). The maltose-bound human GLUT3 (SLC2A3) shares the 

major facilitator superfamily fold assignment (Perland & Fredriksson, 2017) and has a 

18% sequence identity to SLC22A15. The sequence alignment between the template and 

SLC22A15 was obtained by a manual refinement of gaps in the output from the 

PROMALS3D server (Pei et al., 2008). The maltose molecule from the crystal structure 

of human GLUT3 was copied from the template structure into a model as a rigid body. 

Using the “automodel” class of MODELLER 9.16, 100 models were generated for 

SLC22A15 (Sali & Blundell, 1993). The models had acceptable normalized discrete 
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optimized protein energy scores (zDOPE) (Dolinsky et al., 2007; M. Y. Shen & Sali, 2006). 

The top scoring models were selected for electrostatic potential analysis with the APBS 

electrostatics plugin (Jurrus et al., 2018) within PyMOL 2.0.3 using the AMBER force field 

with default settings. Using the methods above, we also generated comparative models 

of SLC22A1, SLC22A6 and SLC22A4 targets, which have known preferred ion 

specificities.  

 
2.3.3 Creation of transient and stable cell lines 

 
Transient or stable cell lines recombinantly transfected with the cDNA of SLC22A15 or 

the empty vector (EV) cDNA were created in human embryonic kidney cells (HEK293) 

with the Flp-In integration system (Life Technologies Corporation, Carlsbad, CA, USA). 

The vector pCMV6-Entry containing the cDNA of SLC22A15 (NM_018420) was 

purchased from OriGene (OriGene Technologies Inc., Rockville, MD, USA).  

Lipofectamine LTX (Life Technologies Corporation, Carlsbad, CA, USA) was used as the 

transfection reagent for transiently or stably transfected cells. Appropriate DNA to LTX 

ratios were followed. Using a 48-well plate (seeding density 1.8x105 cells/well, next day 

transfection), we used 200ng of DNA and 0.4 µL of Lipofectamine LTX in Opti-MEM 

medium (Life Technologies Corporation) to transfect each well. Cells transfected 

transiently were ready to use for transport studies 36-48 hours after transfection. To 

achieve stable cell lines, HEK293 Flp-In cells were transfected with pCMV6-Entry 

containing the SLC22A15 cDNA with a C-terminal GFP tag. After 48 hours, positive 

clones were selected using fresh DMEM media with 500 ug/mL of Geneticin (Life 

Technologies Corporation), changed every two days for one week. HEK293 Flp-In stably 
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expressing SLC22A15-GFP tagged cells were then sorted using the FACS Aria II 

operated by the University of California San Francisco (UCSF) Flow Cytometry and Cell 

Sorting core facilities. This process allowed selection of HEK293 Flp-In cells expressing 

SLC22A15-GFP positive cells.    

 
2.3.4 Western blotting analysis of SLC22A15  

 
Different expression vectors containing vector only (pCMV6-Entry) and SLC22A15 

(containing reference sequence NM_018420.3) were transiently transfected in HEK293 

Flp-In cells cultured in a 100 mm tissue culture plate. The expressed proteins contained 

a C-terminal Myc-DDK tag (Origene Technologies Inc., Rockville, MD). After 48 hours 

post-transfection, SLC22A15 protein levels were evaluated. The Plasma Membrane 

Protein Extraction Kit (Abcam plc., Cambridge, UK, catalog number: ab65400) was used 

to separate plasma membranes from intracellular membranes (Rusu et al., 2017). 

Transfected cells in a 2 mL homogenization buffer were homogenized using Dounce 

homogenizer method, in which a round glass pestle was manually driven into a glass 

tube. The plasma membrane fraction was resuspended in 50 µL buffer provided in the 

extraction kit. The cell samples were treated with the deglycosylating enzyme, PNGaseF 

(New England BioLabs, Ipswich, MA, USA, catalog number: NEB P0708L) per the 

manufacturer’s protocol. The samples were then ready for determination of protein 

content. The whole protein extracted from the above was separated on 10% SDS-PAGE 

gels (Life Technologies) and transferred to Polyvinylidene fluoride (PVDF) membrane 

(MilliporeSigma, Burlington, MA, USA). The membrane was blocked for 1 hour with Tris-

buffered saline containing 0.05% Tween 20 and 5% nonfat milk (Bio-Rad Laboratories, 
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Hercules, CA, USA).  Primary antibody (Anti-DDK (FLAG) Monoclonal antibody, HRP) 

(OriGene Technologies, Inc.), directed against DDK (FLAG tag), was incubated in the 5% 

nonfat milk at 1:2000, overnight at 4 deg. Following antibody incubation, immunoblotting 

was performed using standard procedures, and the signals were detected by 

chemiluminescence reagents (GE Healthcare, Chicago, IL, USA).   

 
2.3.5 Cloning of SLC22A15 

 
To confirm that the whole transcript of SLC22A15 correctly matched to the reference 

sequence, we cloned the gene from total RNA of human brain and human kidney 

(Clontech, Mountain View, CA). SuperScript VILO cDNA synthesis kit (Thermo Fisher 

Scientific, Waltham, MA, USA) was used to transcribe total RNA into cDNA. Primers that 

were used in the PCR to clone the SLC22A15 transcripts, NM_018420, are shown in 

Supplemental Table 2.1. The KOD Xtreme Hot Start DNA polymerase (MilliporeSigma, 

Burlington, MA, USA, catalog number: 71975-3) was used for PCR. The PCR cycling 

conditions used were: (i) initial activation at 94°C for 2 min, 35 cycles at (ii) denature at 

98°C for 10 sec, (iii) annealing and extension at 68°C for 2 min. pcDNA5/FRT vector (Life 

Technologies Corporation, catalog number: V601020) was digested by BamHI and XhoI 

(NEB) and clean-up by QIAquick gel extraction kit (Qiagen, Hilden, Germany). Digested 

pcDNA5/FRT vector and SLC22A15 PCR product were mixed with In-Fusion HD Enzyme 

Premix, available from In-Fusion HD Cloning kit (Takara Bio USA, Inc., Mountain View, 

CA, USA, catalog number: 639642) and then incubated at 50°C for 15 min, followed by 

transformation of Stellar competent cells. The PCR product cloned into pcDNA5/FRT was 
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sequenced by MCLAB (South San Francisco, CA, USA), to confirm the transcript, 

NM_018420, which contains 1644 bp.  

 
2.3.6 Creation of pCMV6-Entry vector containing SLC22A15 cDNA with c-terminal 

GFP tagged. 

 
In-Fusion assembly method was used to assemble the DNA of the GFP fragment 

downstream of the SLC22A15 cDNA. The KOD Xtreme Hot Start DNA polymerase 

(MilliporeSigma, Burlington, MA, USA, catalog number: 71975-3) and In-Fusion HD 

Cloning kit (Takara Bio USA, Inc., Mountain View, CA, USA, catalog number: 639642) 

were used for amplification and in-fusion assembly reaction, respectively.  The 

pcDNA5RT vector containing the EGFP DNA (720 bp) 

(https://www.snapgene.com/resources/plasmid-

files/?set=fluorescent_protein_genes_and_plasmids&plasmid=EGFP) and the pCMV6-

Entry vector containing SLC22A15 were assembled to create the pCMV6-Entry 

expression vector containing SLC22A15 cDNA with a c-terminal GFP tagged. The 

primers that are used for this assembly are shown in Supplemental Table 2.1.  The PCR 

conditions used for this assembly were: PCR and assembly procedures were identical 

with cloning SLC22A15 in previous section with only minor modifications. Anneal and 

extension length of pCMV6-Entry SLC22A15 and GFP were 7 min and 1 min, 

respectively. 
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2.3.7 Metabolomic study 

 
We conducted a metabolomic profiling study to discover endogenous substrates of 

SLC22A15 by preparing samples of cell pellets and sending them to Metabolon, Inc. 

(Morrisville, NC, USA). HEK293 Flp-In cell pellets were prepared in five 100 mm culture 

dishes each of cells transiently expressing SLC22A15 cDNA (NM_018420) or vector only 

(pCMV6-Entry). Media was suctioned and replaced after 24 hours of transient transfection 

with DMEM-H21 phenol red free, media (Life Technologies, Corporation) containing 20% 

Fetal Bovine Serum, U.S.D.A. Approved Origin (Product Number 89510–186, Lot Number 

356B16, VWR International, Radnor, PA, USA). After an additional 24 hours, all culture 

dishes were rinsed twice with cold PBS, and cells were removed using a scraping method 

to transfer to a 15-mL falcon tube. These tubes were then centrifuged (3000 rpm), 

supernatant discarded, and pellet stored in -80 °C prior to shipping to Metabolon Inc. 

Metabolites were determined using mass spectrometry (Metabolon DiscoveryHDTM 

metabolomics platform), as described in our previous publication (Yee et al., 2019). 

Metabolon returned the processed metabolomic data as described previously (Dehaven 

et al., 2010; Yee et al., 2019). Quantification and normalization were performed for each 

metabolite identified (~700) by Metabolon Inc. Using the normalized metabolites intensity 

value, we used Student’s t-tests to determine if there were significant differences in the 

levels of each metabolite between cells transiently expressing empty vector only (EV) and 

cells transiently expressing SLC22A15. This was followed by using a false discovery rate 

(FDR) to correct the p-values. Results of this metabolomic analysis can be viewed in 

Supplemental Table 2.3.   
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2.3.8 Transporter uptake studies 

 
HEK293 Flp-In cells transiently expressing SLC22A15 or stably expressing SLC22A15-

GFP tagged were seeded at a density of 100,000 cells/0.3 mL in poly-D-lysine 48-well 

plates for next day transient transfection or at a density of 200,000 cells/0.3 mL in poly-

D-lysine 48-well plates for next day transporter uptake studies. On the day of the uptake 

study, cells were washed with Hanks’ Balanced Salt Solution (HBSS) and incubated for 

10 minutes. HBSS containing trace amounts of radioactive compound (Supplemental 

Table 2.2) (3H or 14C) with unlabeled compound (1 µM) or inhibitor were added to the 

cells for 15 min, unless described differently in the figure legend. After 15 min, cells were 

washed with ice cold HBSS twice and then dried before adding 0.75 mL lysis buffer (0.1N 

sodium hydroxide (NaOH) and 1% v/v SDS solution) to lyse the cells. After shaking the 

cells with lysis buffer for 60-90 min, 0.69 mL of cell lysate was transferred to scintillation 

fluid (EcoLite(+)TM, MP Biomedicals, Santa Ana, CA, USA) for scintillation counting 

(Beckman Coulter LS6500). For the sodium dependence study, three different uptake 

buffers were used instead of the HBSS buffer:  (i) sodium buffer (140 mM sodium chloride, 

1.25 mM magnesium sulfate, 4.73 mM potassium chloride and 1.25 mM calcium chloride); 

(ii) lithium buffer (140 mM lithium chloride, 1.25 mM magnesium sulfate, 4.73 mM 

potassium chloride and 1.25 mM calcium chloride); or (iii) NMDG buffer (140 mM N-

methyl-D-glucamine chloride, 1.25 mM magnesium sulfate, 4.73 mM potassium chloride 

and 1.25 mM calcium chloride). The pH of each buffer above was adjusted with NaOH to 

pH 7.4 for sodium buffer, or with KOH to pH 7.4 for lithium and NMDG buffers. For pH 

dependence experiments, HBSS buffer was adjusted to different pH’s (5.5, 7.4 and 8.5) 

by adding hydrochloric acid or NaOH. For each uptake study, the uptake values were 
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corrected for protein concentration as determined with a BCA assay kit (Thermo 

Scientific, Waltham, MA, USA). 

 
2.3.9 Kinetic studies of various SLC22A15 substrates 

 
Kinetics studies of four substrates, ergothioneine, carnitine, carnosine and creatine, were 

performed in HEK293 Flp-In cells transiently transfected with SLC22A15. Experimental 

condition used in kinetic studies were similar to methods published previously by our 

group (Liang et al., 2015; Zou et al., 2018). We first assessed the time-dependent uptake 

of the substrates at 1 µM with trace amounts of radioactive compound.  These kinetic 

studies were also performed on stable cell lines expressing GFP-tagged SLC22A15 to 

confirm that the results were similar to those in the transiently transfected cells.  For each 

substrate, we varied the concentrations of the unlabeled compounds up to 3 mM. Five 

minutes were selected for kinetic studies, as this fell within the linear range in the uptake 

versus time plot for each substrate. Each point represents the mean ± SD uptake in the 

transporter-transfected cells minus that in empty vector cells. The data were fit to a 

Michaelis–Menten equation and kinetic parameters were estimated. Plots were 

generated from a representative experiment of 3 to 4 independent studies. 

 
2.3.10 Inhibition of SLC22A15-mediated ergothioneine uptake 

 
HEK293 Flp-In cells stably transfected with GFP-tagged SLC22A15 were seeded at a 

density of 90,000 cells/0.1 mL in 96-well plates coated with poly-d-lysine (0.1 mg/mL), 

approximately 16 to 24 hours prior to the inhibition study. Prior to the inhibition studies, 

cells were washed with 2 x 0.1 mL of Hank’s buffered salt solution (HBSS) per well and 
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then preincubated for 10 to15 min in 0.1 mL of HBSS buffer. After preincubation, the 

HBSS was removed, and the cells were incubated with uptake buffer (1 μM unlabeled 

ergothioneine and trace amounts of [3H]-ergothioneine in HBSS) containing either 20 mM 

unlabeled ergothioneine as a positive control, 1% DMSO as negative control or 500 μM 

of the selected test compounds. For some test compounds, 100 µM was used in addition 

to 500 µM.  Uptake of [3H]-ergothioneine was stopped after 15 min by washing twice with 

ice-cold HBSS (0.1 mL). MicroScint-20 (Perkin Elmer, Waltham, WA) (0.1 mL) was added 

to the 96-well plates and sealed with an adhesive plastic cover. The plates were placed 

on a shaker for 2 hours. The plates were read in a MicroBeta2 (Perkin Elmer). All values 

were determined in triplicate, and final values are expressed as % uptake relative to the 

negative control (1% dimethyl sulfoxide (DMSO)). Inhibition studies for each test 

compounds were evaluated at least one time and compounds were randomly selected to 

test two or three times to check for consistency. 

 
2.3.11 Transporter efflux study 

 
Efflux of carnitine was performed using methods described in the literature (Kim et al., 

2017; Ohashi et al., 2001). HEK293 Flp-In cells stably transfected with GFP-tagged 

SLC22A15 or EV were seeded at a density of 200,000 cells/0.3 mL in 48-well poly-d-

lysine coated plates. Prior to the efflux study, cells were washed with 2 x 0.4 mL HBSS 

per well and then incubated in HBSS containing [14C]-carnitine with 20 µM unlabeled 

carnitine for 30 min to facilitate the intracellular accumulation of carnitine. Cells were 

washed once with cold HBSS (1 mL) and incubated in HBSS with and without 0.5 mM 

quinidine (for SLC22A15 stable cells). The efflux of [14C]-carnitine was determined by 
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collecting the extracellular media and cells at indicated time points. The cells were lysed 

(in 0.75 mL of 0.1% SDS/0.1N NaOH) and radioactivity in the cell lysate and media was 

measured as described in a previous section (Transporter uptake studies). The 

radioactivity was normalized by the protein content of the cell lysate. Efflux studies for 

carnitine were evaluated twice and carnitine efflux at each time point in each experiment 

was determined in triplicate. The percent efflux of carnitine at indicated time point was 

calculated by the [14C] count in the media divide by the [14C] count in the media plus in 

the cell. 

 
2.3.12 RNAseq study and data analysis 

 
Total RNA from four samples of HEK293 Flp-In EV cells and four samples of HEK293 

Flp-In SLC22A15-GFP tagged stably transfected cells were collected following the 

protocol by manufacturer (Qiagen RNeasy kit, Qiagen, Hilden, Germany). Isolated total 

RNA samples were frozen immediately and stored at −70 °C for RNA isolation. Total RNA 

from each of the samples was shipped to the Novogene Co., Ltd. 

(https://en.novogene.com/, Sacramento, CA, USA) for mRNA sequencing, by use of the 

Illumina HiSeq2000 platform (Ilumina, San Diego, USA). In brief, sequencing library 

construction included the following steps: RNA quality checking (Agilent Eukaryote Total 

RNA Nano Kit, Agilent Technologies, Santa Clara, USA), library construction (Illumina 

TruSeq RNA Sample Pre Kit, Illumina, San Diego, USA), library purification (Beckman 

AMPure XP beads, Brea, USA), insert fragments test (Agilent High Sensitivity DNA Kit, 

Agilent Technologies), quantitative analysis of library (ABI 7500 real-time PCR 

instrument, Life Technologies, Carlsbad, USA; KAPA SYBR green fast universal 2× 
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qPCR master mix, KAPA Biosystems, Boston, USA) and cBOT automatic cluster (TruSeq 

PE Cluster Kit v3-cBot-HS, San Diego, USA). 

 

RNA-Seq data processing includes the following steps: (i) checking data quality and 

removing excess adaptors; (ii) mapping the high-quality short sequence reads to the 

human (hg19) reference genome; (iii) transcript assembling using the TopHat software 

(version 2.0.9); and (iv) gene expression quantification (in fragments per kilobase 

transcript per million mapped reads or FPKM) using Cufflinks. 

 

Gene expression profiling by RNA-Seq is a powerful approach to identifying the genes 

that are regulated by the SLC22A15 transfected gene.   Identification of differentially 

expressed genes (DEGs) was performed in this study by NovoGene Co., Ltd. Differential 

expression analysis between two groups (two biological replicates per condition) was 

performed using the DESeq2 R package (1.14.1). DESeq2 provides statistical routines 

for determining differential expression in digital gene expression data using a model 

based on the negative binomial distribution. The resulting p-values were adjusted using 

the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). 

Genes with an adjusted P-value <0.05 found by DESeq2 were assigned as differentially 

expressed. The fold change (FC) of each gene was the log transformation (base 2) of the 

specific value (SLC22A15/EV) of FPKM. If FC > 0, the gene is upregulated and if FC < 0, 

the gene is downregulated. 
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2.4 Results  

 
2.4.1 Multiple sequence alignment and comparative structure modeling suggest that 

SLC22A15 is a zwitterion transporter 

 
Recently, BioparadigmsTM updated the members of the SLC22A family to include one 

new member. In addition, they classified five genes as members of the atypical SLC22B 

subfamily (Synaptic Vesicle glycoprotein, SV) (Perland & Fredriksson, 2017) 

(http://slc.bioparadigms.org/) (Fig. 2.1A). For the purposes of the phylogenetic tree 

generation, we included all 23 members of the SLC22A family and the five new members 

of the SLC22B subfamily. The multiple sequence analysis indicated that human 

SLC22A15 is distinct from known organic cation, anion and zwitterion transporters in 

SLC22 family, but closest to the zwitterion transporters, SLC22A4, SLC22A5 and 

SLC22A16 (Fig. 2.1A). The sequence analysis expands on results from the Nigam 

laboratory (Engelhart, Azad, et al., 2020; Engelhart, Granados, et al., 2020; Eraly & 

Nigam, 2002), which also showed that SLC22A15 was nearest to SLC22A4, SLC22A5 

and SLC22A16. 

Orthogonally, due to the growing list of publicly available atomic-resolution structures of 

human and non-human SLC transporters, it is now possible to model the structure of 

several human SLC transporters. In line with our previous work, we created a comparative 

structure model of SLC22A15 to visualize the electrostatic potential within the predicted 

substrate binding pocket (Yee et al., 2019), we observed a mixture of positive and 

negative charges within the binding site, resembling that of SLC22A4, suggesting an 

affinity for zwitterionic compounds (Fig. 2.1B). 
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2.4.2 SLC22A15 is expressed on the plasma membrane 

 
According to UniProt, SLC22A15 protein contains 547 amino acids 

(https://www.uniprot.org/uniprot/Q8IZD6). We confirmed that the transcript encoding the 

SLC22A15 protein is present using PCR in the total brain cDNA and that the nucleotide 

sequences matched to the reference sequence (RefSeq, NM_018420.3). Western 

blotting of the plasma membrane protein fraction isolated from HEK293 Flp-In cells 

transiently transfected with SLC22A15 showed that the transporter has a plasma 

membrane protein expression and the expected molecular size of about 60 kDa. The 

apparent molecular size of the protein is reduced after treatment with deglycosylating 

enzymes. As expected, the total cell lysate and cytoplasma fraction also expressed the 

SLC22A15 Myc-DDK tag protein, but at much lower levels (Fig. 2.1C). The expression of 

SLC22A15 on the plasma membrane is consistent with known SLC22A family members 

(Koepsell, 2020; Morrissey et al., 2013). 

 
2.4.3 Metabolomic studies reveal zwitterions as substrates of SLC22A15 

 
We used metabolomic methods to identify metabolites that are significantly different 

between cells transiently expressing SLC22A15 compared to empty vector (EV) 

transfected cells. This approach has been successful in identifying potential new 

substrates of membrane transporters (Chen et al., 2014; Masuo et al., 2018; Yee et al., 

2019). After exposing the cells to cell culture media plus fetal bovine serum, 717 

metabolites were detectable using the Metabolon Inc. LC/MS-MS platforms 

(Supplemental Table 2.3).  Among the top 10 metabolites that were most significantly 
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different between SLC22A15 expressing cells and EV transfected cells, six were 

zwitterions (3-hydroxybutyrylcarnitine, creatine, creatine phosphate, propionylcarnitine, 

carnosine and (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES)), three 

were lipids and one was a nucleotide. Among the significant metabolites (cut-off adjusted 

p-value < 0.01), five zwitterions are known substrates of members in the SLC22 family 

(ergothioneine, tryptophan betaine, and carnitine) or other SLC families (creatine and 

carnosine) (Fig. 2.2A). Ten acylcarnitine metabolites were significantly different between 

SLC22A15 and EV transfected cells with adjusted p-value < 0.01 (Fig. 2.2B), consistent 

with multiple sequence alignments that showed that SLC22A15 is closest to SLC22A4, 

SLC22A5 and SLC22A16, which are known to transport zwitterions including 

ergothioneine, carnitine and acetylcarnitine. Interestingly, creatine and carnosine, though 

zwitterions, are not known to be substrates of any members of the SLC22 family. 

However, creatine is a substrate of SLC6A8 and carnosine is a substrate of SLC15A2 

(Kamal et al., 2009; Uemura et al., 2020). Many lipophilic long chain molecules, such as 

monoacylglycerol and long chain fatty acids are among the significant metabolites with 

adjusted p-value < 0.01 (Fig. 2.2C, 2.2D).   

 
2.4.4  Substrates of SLC22A15 

 
A diverse set of 23 cationic, anionic and zwitterionic compounds that are known 

substrates of SLC22A family members were tested in HEK293 Flp-In cells transfected 

with SLC22A15 and EV (Supplemental Table 2.2). Consistent with the phylogenetic and 

metabolomic analyses, the experiments indicated that SLC22A15 prefers zwitterions 

(Fig. 2.3A) including ergothioneine, carnosine, carnitine and creatine. From our diverse 
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set of screens, we also identified several organic cations (1-methyl-4-phenylpyridinium 

(MPP+) and tetraethylammonium (TEA)) that were substrates of SLC22A15 (Fig. 2.3A). 

The top three metabolites that had the highest fold-uptake over empty vector were the 

zwitterions: ergothioneine, carnosine and betaine.  

 
2.4.5  Substrate selectivity of SLC22A15 compared to SLC22A4 and SLC22A5 

 
With the exception of carnosine and creatine, the other zwitterions and cations shown in 

Fig. 2.3A, are substrates for organic cation transporters (SLC22A1, SLC22A2 and 

SLC22A3) and novel organic cation transporters (SLC22A4 and SLC22A5). We 

determined the selectivity of these metabolites for SLC22A15 by comparing their uptakes 

in cells expressing SLC22A15, SLC22A4 or SLC22A5 (Fig. 2.3B). Among these eight 

metabolites, some were substrates for all three transporters (betaine, ergothioneine and 

TEA), some for SLC22A15 and one other transporter (dimethylglycine and carnitine) and 

some were specific for SLC22A15 (carnosine, creatine, MPP+). Since the discovery of 

SLC22A4 as an ergothioneine transporter in 2005 (Grundemann et al., 2005), no other 

ergothioneine transporter has been reported. SLC22A5 showed a small but significant 

uptake of [3H]-ergothioneine (2.5-fold increase compared to EV cells, p< 0.05 using a 

Student’s t-test between EV and SLC22A5), however, a much greater fold uptake of 

ergothioneine was observed with the SLC22A15-expressing cells. Using one-way 

ANOVA analysis and multiple comparison, only SLC22A4 and SLC22A15 showed 

significant uptake of ergothioneine over EV cells (Fig. 2.3B). Since the identification of 

SLC22A5 as a carnitine transporter (Tamai et al., 1998), three other carnitine transporters 

in human SLC22 family have been reported: SLC22A16 (Enomoto et al., 2002; Okabe et 
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al., 2005), SLC22A4 (Nezu et al., 1999) and SLC22A1(Kim et al., 2017). Our data (Fig. 

2.3B) and data from others (Grigat et al., 2007; Tschirka et al., 2018) suggest that 

SLC22A4 does not transport carnitine. In our studies, SLC22A15 transports ergothioneine 

and carnitine, although ergothioneine seems to be preferred over carnitine (Fig. 2.3B). 

Betaine, which is a known substrate of SLC22A4 (Urban et al., 2007) and SLC22A5 

(Wagner et al., 2000), was also a substrate of SLC22A15. Dimethylglycine, known to 

interact with SLC22A5 (Todesco et al., 2008), showed significant uptake in SLC22A15 

transiently transfected cells (Fig. 2.3B), consistent with its significant accumulation in our 

metabolomic study (Supplemental Table 2.3, adjusted p-value = 0.02). This is the first 

study to show that a member of the SLC22 family transports carnosine and creatine. Both 

exhibited significant accumulation in our transporter assay as well as in our metabolomic 

screen in SLC22A15 transfected cells (Fig. 2.3A, 2.3B, Supplemental Table 2.3). MPP+ 

and TEA, known substrates of organic cation transporters in the SLC22 family exhibited 

weak uptake by SLC22A15 (1.5-2 fold over empty vector) (Fig. 2.3B). In addition, our 

results showed that SLC22A16 transports the zwitterions, dimethylglycine and betaine 

(Supplemental Fig. 2.1A) and creatine (Supplemental Fig. 2.1B), but not carnosine and 

MPP+ (Supplemental Fig. 2.1B). 

 
2.4.6  Kinetics of uptake of substrates of SLC22A15  

 
We selected ergothioneine, carnitine, carnosine and creatine for kinetic studies. The 

uptakes of these substrates were dependent on time, (Supplemental Fig. 2.2) and we 

selected the five minute time mark at which to evaluate kinetic properties of each of the 

substrates. The uptake kinetics of [3H]-ergothioneine, [14C]-carnitine, [3H]-carnosine and 
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[14C]-creatine exhibited saturable characteristics at high concentrations with Km values 

(mean ± SD) of 354 ± 95 µM, 99 ±  94 µM, 510 ± 175 µM, 291 ± 124 µM, respectively 

(Fig. 2.3C, Supplemental Table  2.4). Overall, the Km of ergothioneine for SLC22A15 

was higher compared to the Km of ergothioneine for SLC22A4 (21 µM) (Grundemann et 

al., 2005). Similarly, carnitine had a higher Km for SLC22A15 than it did for SLC22A5 (5 

µM) (Tamai et al., 1998). In addition, the Km of carnosine and creatine for SLC22A15 

were also higher compared to Km of carnosine for SLC15A2 (43 µM) (Xiang et al., 2006) 

and Km of creatine for SLC6A8 (46 µM) (Dodd et al., 2010). Collectively, these data 

suggest that SLC22A15 serves as a low-affinity transporter for its substrates. 

 
2.4.7 Dependence of SLC22A15-mediated transport on sodium and pH  

 
The SLC22A15 mediated uptake of ergothioneine, carnosine, carnitine and creatine were 

dependent on sodium, though lithium was also able to drive the uptake of these 

compounds (Fig. 2.3D). When replacing sodium chloride (140 mM) with lithium chloride 

(140 mM), the SLC22A15-mediated uptake of ergothioneine, carnitine and carnosine did 

not change, unlike SLC22A4-mediated ergothioneine and SLC22A5-mediated carnitine 

uptake (Supplemental Fig. 2.3). Replacing sodium with NMDG (140 mM) resulted in 

substantial reduction of uptake of ergothioneine, carnitine, and carnosine. Interestingly, 

when sodium chloride was replaced with lithium chloride or NMDG-chloride, the uptake 

of creatine was significantly reduced in the EV cells (Fig. 2.3D). The lower uptake of 

creatine in EV cells in the absence of sodium was likely due to loss of function of an 

endogenously expressed sodium-dependent creatine transporter, for example, SLC6A8, 

which is expressed in abundance in HEK293 cells 
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(https://www.proteinatlas.org/ENSG00000130821-SLC6A8/cell). There was a small 

effect (<1.5-fold difference from pH 7.4) of varying pH (pH 5.5, pH 7.4 and pH 8.5) on the 

SLC22A15-mediated uptake of either carnosine or ergothioneine (Supplemental Fig. 

2.4). 

 
2.4.8 Murine Slc22a15  

 
Next, we determined whether the murine Slc22a15 transported ergothioneine, carnitine, 

carnosine and creatine. Among the four metabolites tested, only ergothioneine showed 

significant uptake in Slc22a15 transiently expressing HEK293 Flp-In cells compared to 

EV (Supplemental Fig. 2.5). However, the uptake of creatine by Slc22a15 was 

significantly higher in Slc22a15 transfected cells compared to EV, when lithium replaced 

sodium in the buffer (Supplemental Fig. 2.5).  

 
2.4.9  Validation of substrates in stable cell lines expressing SLC22A15 

 
We validated the previously identified substrates in stable cell lines expressing empty 

vector and SLC22A15-GFP tagged (Fig. 2.3E). Overall, the trend for uptake of various 

substrates was similar between transiently transfected cells and stable cell lines, and the 

uptake was inhibited by quinine in both. The other zwitterions and cations that exhibited 

significantly increased uptake in SLC22A15-GFP cells compared to EV were 

ergothioneine, carnosine, betaine, glycylsarcosine (a zwitterionic dipeptide), 

acetylcarnitine (zwitterion), thiamine (cation), gabapentin (zwitterionic drug) and 

cimetidine (cationic drug) (Fig. 2.3E). Among these compounds, glycylsarcosine was not 

previously identified as a substrate of the SLC22 family members. 
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2.4.10 Efflux of carnitine 

 
In the metabolomic screen, several metabolites (e.g., carnitine and acylcarnitines) had 

lower accumulation in the SLC22A15 transfected cells compared with the EV cells (Fig. 

2.2), consistent with the transporter mediating their efflux. Indeed, our experiments 

indicated that SLC22A15 was able to efflux carnitine and this process was inhibited by 

quinidine (Fig. 2.3F). Members of the SLC22A family are facilitative transporters that can 

translocate substrates across biological membranes in accordance with the 

electrochemical gradient. For example, SLC22A1 (OCT1) effluxes carnitine and 

acylcarnitine (Kim et al., 2017) and SLC22A5 (OCTN2) mediates the influx and efflux of 

zwitterionic metabolites (Ohashi et al., 2001).   

 
2.4.11 Inhibition studies 

 
We selected 80 compounds to test as inhibitors of SLC22A15-mediated [3H]-

ergothioneine uptake including additional metabolites involved in the metabolism of 

ergothioneine, carnitine and niacin; various substrates and inhibitors of other SLC22 

family members; and various drugs and synthetic molecules (Fig. 2.4, Supplemental 

Table 2.5). In general we observed that at high concentrations (500 µM) (i) metabolites 

that have similar backbone structure to ergothioneine (e.g. hypaphorine, hercynine) and 

carnitine (acetylcarnitine, propionylcarnitine) inhibited >50% of SLC22A15-mediated 

ergothioneine uptake (Fig. 2.4A);  (ii) carnosine, and creatine, which are substrates of 

SLC22A15, reduced SLC22A15-mediated ergothioneine uptake (Fig. 2.4A); (iii)  

pyrilamine, cimetidine, gabapentin, tryptophan and ondansetron, as well as fluorescence 

substrates of OCTs, ASP+ (4-Di-1-ASP (4-(4-(Dimethylamino)styryl) -N-Methylpyridinium 
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Iodide)) and ASP2+, inhibited SLC22A15 by ³ 50% (Fig. 2.4B); (iv) 9 known inhibitors of 

OCTs and OCTNs inhibited SLC22A15-mediated ergothioneine uptake whereas 

inhibitors of OATs were poor inhibitors of SLC22A15 (Fig. 2.4B); and (v) a single 

fluoroquinolone antibiotic, levofloxacin, inhibited SLC22A15-mediated uptake (Fig. 

2.4B);. Levofloxacin exists as a zwitterionic species at pH 7.4, and has previously been 

observed to be an inhibitor of OCT1 (SLC22A1) (Parvez et al., 2016). Various drugs and 

metabolites including albuterol, ketamine and scopolamine and various zwitterionic 

metabolites (e.g. enalaprilat, ramiprilat) did not inhibit SLC22A15-mediated uptake (Fig. 

2.4C, Supplemental Table 2.5). In general, the essential amino acids did not inhibit 

SLC22A15 even at high concentrations (500 µM), however gamma-aminobutyric acid, 

GABA, inhibited SLC22A15 by >50% at 500 µM (Fig. 2.4C, Supplemental Table 2.5). 

 
2.4.12 The effect of HEPES, a commonly used buffering agent, on SLC22A15-mediated 

transport 

 
HEPES, a commonly used buffering agent and a zwitterion, was one of the top 

compounds identified in metabolomic study (Fig. 2.2, Supplemental Table 2.3). We 

investigated the effect of HEPES, at 25 mM, the maximum concentration used in 

transporter assays. Typically, HEPES is used at 5 mM, 10 mM or 25 mM.  At 25 mM of 

HEPES, the SLC22A15-mediated uptake of carnosine, betaine and MPP+ was abolished 

(Fig. 2.4D). The IC50 of HEPES for inhibition of SLC22A15-mediated ergothioneine was 

5.8 mM ± 1.4 (mean ± SD) (Fig. 2.4E).   
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2.4.13 Overexpression of SLC22A15 in HEK293 cells resulted in differentially expressed 

genes involved in cell cycle regulation, cellular senescence and cancer. 

 
We performed transcriptomic analysis to identify differentially expressed genes between 

SLC22A15 overexpressing cells and EV cells. In total, there were 7,696 genes that were 

differentially expressed (p-adjusted < 0.05) (Supplemental Table 2.6), of which 6,533 

genes had a FPKM > 1 in the cells. A volcano plot allowed us to identify the most 

biologically significant genes (Fig. 2.6). As expected, the SLC22A15 transcript exhibited 

the largest difference between the overexpressing and EV cells (-log10P-value = 8.7, 

p<10-300, Supplemental Table 2.6). We next performed a functional classification and 

pathway analysis of 7,696 differentially expressed genes (Supplemental Table 2.7). 

Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, the 

top three most enriched pathways were cell cycle (p-adjusted = 0.0014), microRNAs in 

cancer (p-adjusted = 0.008) and cellular senescence (p-adjusted = 0.02) (Supplemental 

Table 2.6A-C). Furthermore, the differentially expressed genes were significantly 

enriched (p-value adjusted 0.0001) for biological process terms related to cellular 

process, cellular component biogenesis and metabolomic process: ribonucleoprotein 

complex biogenesis, G1/S transition of mitotic cell cycle, ribosome biogenesis, ncRNA 

processing, cell cycle G1/S phase transition and autophagy (Supplemental Table 2.7). 

Recent studies suggest that SLC22A15 plays a role in tumor growth (Okada et al., 2019; 

Zhu et al., 2019), consistent with our data indicating that the top differentially expressed 

genes are involved in cancer pathways. Interestingly, one of the top differentially 

expressed genes, GSTP1 (-log10P-value = 2.5, p<10-300), encodes a typical antioxidant 

enzyme to neutralize endogenous reactive oxygen species. The expression levels of a 
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second top gene, HSPA1A (-log10P-value = 2.0, p<10-300), can be reduced by carnosine 

(Hipkiss et al., 2013) and increased by ergothioneine and carnitine (Sakrak et al., 2008).    

 
2.5 Discussion 

 
Members of the SLC22A family, the organic ion family, include the human organic cation 

(OCT), organic anion (OAT) and zwitterion (OCTN) transporters. Because many 

transporters in this family are highly expressed in the intestine, liver or kidney, they play 

significant roles in the absorption, distribution and elimination of various endogenous 

molecules and xenobiotics including prescription drugs (e.g. SLC22A1 to SLC22A8). As 

a result, organic cation (SLC22A1 and SLC22A2) and anion (SLC22A6 and SLC22A8) 

transporters are target sites for drug-drug interactions (International Transporter 

Consortium et al., 2010; Zamek-Gliszczynski et al., 2018) and their interactions with 

candidate drugs are examined as part of the drug development process. Despite their 

importance, one-third of the proteins in the SLC22A family have no assigned substrates 

and are designated as orphan transporters. Interestingly, though several of the orphan 

transporters in the SLC22A family have been studied in knockout mouse models or in 

cells, their substrates have not been identified (Bennett et al., 2011; Ito et al., 2019; 

Maruyama et al., 2016). Our study focused on identifying the substrates of one of the 

orphan SLC22A family members, SLC22A15, which was termed FLIPT1 in earlier studies 

suggesting that the protein may play a role in carnitine flux (Eraly & Nigam, 2002).  

However, no study has experimentally examined the ligand specificity of the transporter. 

The goal of our study was to use various computational and experimental methods, 

ranging from structural modelling to metabolomic and transporter uptake assays, to 
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characterize the substrate specificity and transporter mechanism of SLC22A15. Our key 

findings are (a) SLC22A15 preferentially transports zwitterions, and notably 

ergothioneine, carnosine and carnitine, though it tolerates organic cations and (b) that the 

transporter is sodium dependent. Below we discuss each of these findings. 

 

Though the transporter transports carnitine, as previously predicted (Eraly & Nigam, 

2002), it seems to preferentially transport other zwitterions, e.g. ergothioneine and 

carnosine, and weakly interact with organic cations, e.g. TEA, MPP+, cimetidine (Fig. 2.2, 

Fig. 2.3). Although most of its substrates are also substrates of other SLC22 family 

members including the major zwitterion transporters, SLC22A4 and SLC22A5, and the 

organic cation transporters, SLC22A1, SLC22A2 and SLC22A3, carnosine, 

glycylsarcosine and creatine were not previously reported as substrates of any member 

of the SLC22A family. These three zwitterionic compounds are well-known substrates of 

the SLC15A and SLC6A families (Kamal et al., 2009; Uemura et al., 2020). Compared 

with the other zwitterion transporters in the SLC22A family, SLC22A15 exhibited a higher 

Km for its substrates, including ergothioneine, carnosine, creatine and carnitine (Fig. 2.3). 

These results suggest that the transporter may act to regulate the levels of its substrates 

at high concentrations, especially in tissues in which it is co-expressed with other higher-

affinity SLC transporters for the same substrates. High Km (or so-called low affinity) 

transporters may serve in the influx or efflux of compounds in cells, taking a more 

important role at higher substrate concentrations when the high affinity transporters 

become saturated. Efflux roles may be particularly important for compounds that exhibit 

cellular toxicities at high levels, especially for those that are particularly hydrophilic. Low 
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affinity transporters may also work with high affinity transporters for the same substrates 

in tissues in which the concentrations of the substrates vary. For example, the low affinity 

transporter, PEPT1 (SLC15A1) acts to salvage oligopeptides at high concentrations in 

the early proximal tubule (H. Shen et al., 1999), whereas PEPT2 (SLC15A2), which is a 

higher affinity oligopeptide transporter, acts in the later proximal tubule to salvage its 

substrates at lower levels (Liu et al., 1995). In tissues in which the complementary higher 

affinity transporter is absent, SLC22A15 may provide the sole means of entry or escape 

of its substrates. For example, OCT1 appears to act in the liver, a tissue with a low 

abundance of the high affinity carnitine transporter (OCTN2), as an efflux transporter for 

carnitine, which is synthesized in the liver. A survey of publicly available databases 

indicates that SLC22A15 is ubiquitously expressed throughout all tissues and tends to 

overlap in its expression pattern with SLC22A4, suggesting that it is playing a role in the 

regulation of ergothioneine levels.  Whereas SLC22A4 plays a major role in regulating 

ergothioneine levels in red blood cells, SLC22A15 is found at significantly higher levels in 

all regions of the brain compared to SLC22A4, suggesting that it may play a role in the 

brain (Supplemental Fig. 2.6B, C). SLC22A15 also has the highest expression overall 

in the bone marrow (Supplemental Fig. 2.6A). In contrast, SLC22A4 has the highest 

expression in whole blood compared to all other zwitterion transporters, with SLC22A15 

ranking second highest (GTEx reports 26.17 and 6.8 TPM, respectively).  

 

Ergothioneine is a dietary-derived amino acid synthesized by fungi and a few bacterial 

species. It has been described as a potent and unique antioxidant due to its impressive 

stability at physiological pH and the fact that it does not readily auto-oxidize as other 
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antioxidants do (Grigat et al., 2007). Studies have established ergothioneine’s ability to 

react with reactive oxygen species, including singlet oxygen, hydroxyl radicals, 

hypochlorous acid and peroxynitrite (Franzoni et al., 2006; Motohashi & Mori, 1986; 

Rougee et al., 1988). Ergothioneine accumulates at high concentrations in areas subject 

to oxidative stress, specifically the brain, bone marrow, erythrocytes and cornea of the 

eye (Cheah & Halliwell, 2012). While ergothioneine deficiencies have not been reported, 

some studies show a decline in ergothioneine plasma levels in patients with 

neurodegenerative diseases such as Parkinson’s disease and cognitive deficits, 

suggesting that ergothioneine might play a role in protecting the brain from neuronal injury 

(Cheah et al., 2016; Hatano et al., 2016). Prior to this work, SLC22A4 previously was the 

only known ergothioneine transporter, and appears to play a major role in ergothioneine 

distribution in the liver and kidney and in red blood cells (Grundemann et al., 2005). 

However, compared to SLC22A15, SLC22A4 is expressed at substantially lower levels in 

the brain (Supplemental Fig. 2.6). Further, studies in Slc22a4 knockout mice 

demonstrate that the ergothioneine levels in the brain remain unchanged in wildtype and 

Slc22a4-/- after IV administration of ergothioneine (Sugiura et al., 2010), suggesting that 

another transporter is facilitating ergothioneine distribution in the brain. SLC22A15 may 

be playing a major role in the disposition of ergothioneine in the brain, though further 

studies are clearly needed.   Supporting its role in ergothioneine disposition, several 

genetic variants in SLC22A15 have been associated with ergothioneine serum levels 

(Shin et al., 2014) (Supplemental Table 2.8). Both SLC22A4 and SLC22A15 are highly 

expressed in whole blood (Supplemental Fig. 2.6), though their relative expression in 

erythrocytes needs further study.   
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Like ergothioneine, carnosine, a dipeptide, has antioxidant effects, however, it is also an 

anti-glycating and metal ion sequestering agent (Ghodsi & Kheirouri, 2018; Wu, 2020). 

Carnosine is largely derived from the diet (e.g. red and white meat) though it may be 

synthesized in various tissues and broken down in the blood by carnosinase (CNDP1, 

CNDP2). Carnosine levels are high in the brain (Ghodsi & Kheirouri, 2018; Wu, 2020), 

consistent with expression patterns of SLC22A15. According to single RNAseq data, 

SLC22A15 is highly expressed in oligodendrocytes compared with neurons, astrocytes, 

microglia and endothelial cells (Y. Zhang et al., 2016) (see http://www.brainrnaseq.org/, 

https://cells.ucsc.edu/?ds=autism&gene=SLC22A15, https://cells.ucsc.edu/?ds=allen-

celltypes%2Fhuman-cortex&gene=SLC22A15 ), whereas SLC15A2, another carnosine 

transporter, is specifically expressed in astrocytes and microglia (Y. Zhang et al., 2016). 

Beneficial effects of carnosine in neurological diseases and autism have been noted (see 

review (Chmielewska et al., 2020)), and interestingly, genetic polymorphisms in 

SLC22A15 locus are associated with autism (see Supplemental Table 2.8). In addition 

to carnosine’s effects in the brain, the dipeptide also has effects in cancer reducing tumor 

growth (Zhu et al., 2019) and cell proliferation (Hwang et al., 2019; Menon et al., 2018; 

Mikula-Pietrasik & Ksiazek, 2016; Renner et al., 2010; Z. Zhang et al., 2014). These data 

are consistent with our gene expression studies indicating that SLC22A15 may be 

involved in cell cycle, autophagy, cellular senescence and cancer (Supplemental Table 

2.7).    
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Carnitine and creatine are also substrates of SLC22A15 and other transporters, but with 

higher affinities (lower Km’s) for other transporters. For carnitine,  SLC22A5 represents 

the corresponding lower Km transporter, and  for creatine, SLC6A8 is a highly specific 

low Km creatine transporter (Christie, 2007). Unlike SLC22A15 which has a low 

expression levels across many tissues, both SLC22A5 and SLC6A8 are highly expressed 

in many human tissues (Supplemental Fig. 2.6C). In the metabolomic study, we 

observed that levels of monoacylglycerols and fatty acids were significantly higher in 

SLC22A15 transfected cells (Supplemental Table 2.3), possibly reflecting the fact that 

these molecules are intermediate and end products of carnitine mediated fatty acid 

oxidation (Hoppel, 2003; Knottnerus et al., 2018). In several GWAS, polymorphisms in or 

near SLC22A15 have been associated with monoacylglycerol levels (e.g. 1-

palmitoleoylglycerol) and triacylglycerol levels (e.g. TAG 52:1, TAG 48:2) (Long et al., 

2017; Rhee et al., 2013) as well as with fat-related traits (e.g. body mass index, trunk fat 

mass, whole body fat mass) (Kichaev et al., 2019), consistent with a role of SLC22A15 in 

the flux of carnitine or carnitine derivatives. In our study, at concentrations of 100 µM 

monoacylglycerols were not able to inhibit SLC22A15-mediated ergothioneine uptake 

(Supplemental Fig. 2.7, Fig. 2.2C, D). SLC22A15 may work together with SLC22A5 in 

tissues where both are expressed, playing roles in intracellular carnitine disposition, and 

may be particularly important in Carnitine Transporter Deficiency (CTD), an autosomal 

recessive disease, characterized by missense mutations in SLC22A5 (Nezu et al., 1999). 

Patients with CTD are treated with high doses of carnitine, which must enter tissues to 

mediate fatty acid oxidation (Waber et al., 1982).   
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We found that SLC22A15 mediated transport of ergothioneine, carnosine, carnitine and 

creatine was sodium dependent, similar to SLC22A4 and SLC22A5, which are also 

sodium dependent transporters (Grundemann et al., 2005; Tamai et al., 1998). These 

data support the idea that SLC22A15 is a sodium-driven plasma membrane transporter. 

Sodium dependent transporters can concentrate their substrates intracellularly, which is 

consistent with the high intracellular levels of ergothioneine compared to plasma levels. 

For example, ergothioneine levels in plasma are 0.5-3 µM and are much higher in 

erythrocytes (5.6-30 µM) (Mitsuyama & May, 1999; Wang et al., 2013), consistent with a 

sodium dependent mechanism for both SLC22A4 and SLC22A15.  In the brain of rats fed 

ergothioneine, levels are about 7 µg/g compared with 1.3 µg/mL in plasma (Briggs, 1972). 

Carnosine, carnitine and creatine are also among the metabolites that are enriched in 

erythrocytes compared to plasma (Chaleckis et al., 2016). There are several examples of 

high and low Km transporters, which may both be sodium dependent. For example the 

sodium glucose transporter, SLC5A1 (SGLT1) is a high affinity, low capacity transporter 

for glucose, whereas its paralog, SLC5A2 (SGLT2), is a low affinity, high capacity Na+-

glucose transporter (Wright et al., 2011). These transporters work together in various 

tissues to acquire and salvage glucose. 

 

In summary, we de-orphaned SLC22A15 and showed several zwitterions, including 

potent antioxidants are substrates of the transporter. With the identification of its 

substrates, kinetic properties and transport mechanism, our results will hopefully motivate 

future studies to understand the mechanisms for its biological roles in health and disease, 

including its roles in cancer, neurological disease and fatty acid metabolism.  
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2.6 Figures 

 

 
 
Figure 2.1 Phylogeny tree analysis, structural analysis, and plasma expression of 
SLC22A15. (A) Circular tree of the human SLC22A and SLC22B transporter family using 
28 protein sequences. Six new members of the SLC22 family are included here. Blue font 
represents cation transporters. Red font represents anion transporters, and green font 
represents zwitterion transporters. Pink font represents sugar transporters. SLC22 family 
members with unknown substrates are in black font, including SLC22A15, which is the 
focus of this study. (B). Surface representations of the calculated electrostatic potential (-
5 to 5 kT e-1) of the human SLC22A1, SLC22A6 and SLC22A4, which are characterized 
cation, anion and zwitterion transporters, respectively, and the human SLC22A15. The 
cross-section allows for visual inspection of the predicted binding pockets with blue color 
estimated as having positive charges and red being estimated as having negative 
charges. (C). Western blot of cellular components expressing SLC22A15 with C-terminal 
Myc-DDK Tag.  SLC22A15 is expressed on the plasma membrane and the size is slightly 
above 52 kDa. When the plasma membrane fraction is deglycosylated (degly), the size 
is reduced to ~52 kDa. 
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Figure 2.2 Metabolomic study showing the three major groups of metabolites that 
are significantly different between SLC22A15 and EV cells. (A) zwitterions, (B) 
acylcarnitines, (C) monoacylglycerols. These metabolites reached the significant 
threshold of p-adjusted value < 0.01 (Supplemental Table 2.1). (D) Chemical structures 
of some of these metabolites in (A-C). 
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Figure 2.3.  Uptake of zwitterions and cations in HEK293 Flp-In cells expressing 
SLC22A15 or other zwitterion transporters. (A) Uptake of six zwitterions and two 
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cations that are canonical substrates of SLC22 family members or significant in the in 
vitro metabolomic study (see Fig. 2.2). Uptake of these compounds was significantly 
different between EV and SLC22A15 transiently transfected cells. †Compounds that were 
found to be significantly different between EV and SLC22A15 transfected cells in the 
metabolomic study (Fig. 2.2). The bars represent the mean uptake values from one 
experiment (± S.D. fold over EV) from three replicate wells. (B) Uptake of zwitterions or 
cations in cells expressing EV (white bars), SLC22A4 (grey bars), SLC22A5 (dark grey 
bars) and SLC22A15 (black bars). Uptake, expressed as fold uptake over uptake in EV, 
was performed in transiently transfected cells (HEK293 Flp-In). The bars represent the 
mean uptake values from one experiment (± S.D. fold over EV) from three to four replicate 
wells. All uptake values are significantly higher than EV cells, except for those label n.s. 
(not significant). Significance were determined by one-way analysis of variance followed 
by Dunnett's multiple comparisons test (by comparisons to EV as control). (C) Kinetics of 
uptake of four zwitterions for SLC22A15. A representative curve for each substrate is 
shown in this figure. Kinetic parameters of uptake of ergothioneine, carnosine, carnitine 
and creatine for SLC22A15 are listed in Supplemental Table 2.4. The mean and S.D. of 
the kinetic parameters from two to three experiments are shown in Supplemental Table 
2.4. (D) Sodium dependence studies of the uptake of four zwitterions in SLC22A15 
overexpressing cells. Cells were pre-incubated with sodium buffer, lithium buffer or 
NMDG-chloride buffer and uptake was performed using the respective buffer. The figure 
shows a representative plot from one experiment (mean ± S.D. fold over EV) in triplicate 
wells. (E) Uptake of zwitterions and cations in HEK293 Flp-In cells stably expressing 
SLC22A15-GFP in the presence (grey bars) and absence of quinidine (black bars 
represent uptake in SLC22A15 expressing cells and white bars represent uptake in EV 
cells). Phenylalanine (1 mM) was used to inhibit endogenous amino acid transporter, 
SLC7A5 (LAT1). The data represent the uptake of metabolites or prescription drugs that 
are zwitterions or cations in SLC22A15 transfected cells compared to EV (mean ± SD). 
(F) [14C]-Carnitine efflux from SLC22A15 stably expressing cells and empty vector (EV) 
cells. SLC22A15 cells and EV cells were preloaded with trace amount of [14C]-carnitine 
and 20 µM carnitine for 30 min. Subsequently, cells were washed twice with cold HBSS. 
The efflux of [14C]-carnitine was measured following addition of HBSS buffer to the 
SLC22A15 and EV cells. Quinidine (0.5 mM) was included in the HBSS buffer (black 
squares) to inhibit SLC22A15. 
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Figure 2.4. Inhibition of SLC22A15-mediated uptake of [3H]-ergothioneine by 
different classes of compounds in HEK293 Flp-In cells stably expressing 
SLC22A15. Compounds used in these inhibition studies include (A) metabolites identified 
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in the metabolomic study (Fig. 2.2) and other compounds in their metabolic pathways; (B) 
substrates and/or inhibitors of OCTs, OCTNs and OATs; (C) other zwitterion and cation 
drugs. Figure shows a representative plot from one experiment (mean ± S.D. from three 
replicate wells). All compounds were screened at 500 µM (black bar), except a few 
compounds at 100 µM (blue bar); (D) SLC22A15-mediated uptake of substrates in the 
presence of varying concentrations of HEPES, a commonly used buffering agent in 
uptake media. Uptake in control (EV) cells is also included in the graph; (i) SLC22A15-
mediated uptake of four substrates in the presence and absence of HEPES. Two 
experiments were performed in transiently transfected cells. Data shown are 
representative of one experiment from triplicate wells (mean ± SD); (E) Percent uptake of 
[3H]-ergothioneine at various concentration of HEPES. IC50 of HEPES is 4.8 mM. 
†Compounds that were found to be significantly different between EV and SLC22A15 
transfected cells in the metabolomic study. 
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Figure 2.5.  A volcano plot showing the 7,696 genes which are differentially 
expressed between EV cells and SLC22A15 cells (p-value adjusted < 0.05). The fold-
changes (log2) of transcript expression were calculated between HEK293 Flp-In 
EV/SLC22A15-GFP cells, and the –log10(p-value adjusted) were plotted against the 
log2(fold change) for the 7,696 transcripts. Each dot represents mean values (n = 4). The 
red dots represent p-adjusted (FDR) < 0.05, while the green dots represent p-adjusted 
(FDR) < 0.05 and log2fold > 2- or < -2-fold changes in expression. Twelve genes that are 
labeled have p-adjusted < 1x10-100 and log2fold > 2.0- or < -2.0-fold changes in 
expression. The top-most significant genes, SLC22A15, GSTP1 and HSPA1A have p-
value adjusted < 1x10-300. These three genes are plotted as p=1x10-300 in this figure. 
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A       B 

 
 
Supplemental Figure 2.1. Uptake of various compounds in SLC22A15 and 
SLC22A16 transiently transfected cells.  (A) Positive control showing that SLC22A16 
transport dimethylglycine and betaine. (B) Uptake of carnosine, creatine and MPP+ in 
SLC22A15 and SLC22A16 cells.  Uptake of zwitterions and cations in SLC22A15 and 
SLC22A16.  Uptake was performed in transiently transfected cells (HEK293 Flp-In). 
Experiments were performed twice and the plot showed results from one experiment. 
Values shown are mean ± SD. 
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[3H]-Ergothioneine 

 

[3H]-Carnosine 

 

[14C]-Creatine 

 
 
Supplemental Figure 2.2.  Time dependent uptake of ergothioneine, carnosine 
and creatine. Figures showed the uptake of three radioactive substrates (trace amount 
of radioactive substrate + 1 µM unlabeled substrates) over time in HEK293 Flp-In cells 
transiently expressing EV and SLC22A15. The y-axis is the disintegrations per minute 
(DPM), which are measures of the activity of the source of radioactivity for the 
substrates. Based on this result, we used 5 min for determining the kinetics parameters 
of ergothioneine, carnosine, creatine and carnitine. 5 minutes is within the linear uptake 
range.   
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Supplemental Figure 2.3. Sodium dependence of uptake by SLC22A4 and 
SLC22A5 of ergothioneine (left panel) and carnitine (right panel). Values shown are 
mean ± SD. 
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Supplemental Figure 2.4. Effect of pH on the uptake of ergothioneine and 
carnosine in SLC22A15 overexpressing cells. The uptake buffer was adjusted to pHs 
5.5, 7.4 and 8.5, and the cells were incubated with trace amount of [3H]-ergothioneine or 
[3H]-carnosine with 1 µM unlabeled compound. Values shown are mean ± SD from one 
representative experiments. The experiments were performed twice showing similar 
trend. *p<0.05, **p<0.01 by one-way analysis of variance followed by Dunnett's two-
tailed test, using SLC22A15 at pH 7.4 as control to SLC22A15 cells incubated with 
buffer at pH 5.5 and 8.5.  
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Supplemental Figure 2.5. Uptake of various compounds by mouse Slc22a15. 
Uptake of ergothioneine, carnosine, carnitine and creatine were performed in HEK293 
Flp-In cells transiently expressing EV and mouse Slc22a15.  Figure shows a 
representative plot from one experiment (mean ± S.D. from three replicate wells). 
Creatine uptake was performed in buffer with lithium added (rightmost bars). 
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Supplemental Figure 2.6. Expression profile of selected transporters and other 
genes from the publicly available datasets mentioned in the discussion section. 
(A and B) Datasets were downloaded from Human Protein Atlas (HPA) and summarize 
transcriptomics data as normalized expression from three sources; HPA, GTEx Portal, 
FANTOM5.  (A) Top 20 tissues showing SLC22A15 expression excluding brain regions. 
Black and red dashed lines indicate normalized expression at 1 and 5, respectively. For 
comparison, SLC22A4 and SLC22A5 are shown. (B) Expression data of SLC22A4, 
SLC22A5 and SLC22A15 transporters in 14 brain regions (data from Human Protein 
Atlas). (C) Transcriptomic expressions of selected SLC transporters and enzymes from 
GTEx Portal.  This multi-gene transcript profile is for comparison and are mentioned in 
the discussion section.   
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Supplemental Figure 2.7.  Effects of four monoacylglycerols on SLC22A15-
mediated [3H]-ergothioneine uptake.  No inhibition of ergothioneine uptake occurred 
at 100 µM of the monoacylglycerols. However, 500 µM of quinidine inhibited 
ergothioneine uptake. Concentration of compound used in this experiment: † 100 µM,  ‡ 
500 µM. 
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2.7 Tables 

Supplemental Table 2.1. List of primers used in SLC22A15 experiments.  
Specifically, those used for cloning SLC22A15, for creation of SLC22A15-GFP tagged 
and for sequencing. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primers Description of the 
primers used 

Forward: 
ACCGAGCTCGGATCCATGGAGGTGGAGGAGGCG 
 
Reverse: 
CCCTCTAGACTCGAGTCACTTGATCATCTGAGTC 

Cloning of SLC22A15 
(NM_018420) into 
pcDNA5/FRT vector 
(BamHI and XhoI multiple 
cloning site). 

Forward: GCACTTGCAGGATCGATTG 
Reverse: CGACATCCCTCCATTCATC 

Primers used for 
sequencing SLC22A15 
cDNA in the 
pcDNA5/FRT vector. 

Forward: 
GAGCTGTACAAGTAAACGCGTACGCGGCCGCTCGAG 
Reverse: 
GCCCTTGCTCACCATCTTGATCATCTGAGTCTCTTC 

Cloning of GFP into the 
C-terminal of SLC22A15 
in pCMV6-Entry vector 
containing SLC22A15. 

Forward: ATGGTGAGCAAGGGCGAGGAG 
Reverse: CTTGTACAGCTCGTCCATGCC 

Primers used for 
sequencing SLC22A15-
GFP in the pCMV6-Entry 
vector above. 
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Supplemental Table 2.2. List of 23 radiolabeled compounds used in uptake 
assays. 
(Separate file) Specifically for initial screening to validate metabolomic results and to 
test other substrates of SLC22A family for uptake by SLC22A15 cells. 
 
 
Supplemental Table 2.3. Results from metabolomic study using Metabolon Inc. 
platform. (Separate file) Metabolites were determined using mass spectrometry 
(Metabolon DiscoveryHDTM metabolomics platform) 
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Supplemental Table 2.4. Kinetic parameters of four zwitterions uptake by 
SLC22A15. Kinetic parameters of the ergothioneine, carnitine, carnosine and creatine 
by SLC22A15.  The values are average ± SD from at least two experiments.  These 
results are from transiently transfected cells, except for ergothioneine and carnitine, 
where the average ± SD are from three experiments, in which two are from transiently 
transfected cells. A representative curve for each substrate is shown in Figure 3c. 
 
Substrate Ergothioneine Carnitine Carnosine Creatine 
Km (µM) 354 ± 95 99 ± 94 510 ± 175 291 ± 124 
Vmax 
(pmol/mg 
protein/5 min) 

4340 ± 4333 4367 ± 2198 2642 ± 1251 17638 ± 5127 
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Supplemental Table 2.5. Uptake results of [3H]-ergothioneine in stable cell line.  
(Separate file) Percent uptake of [3H]-ergothioneine mediated by stably expressing 
SLC22A15-GFP tagged in the presence of various compounds 
 

Supplemental Table 2.6. RNAseq results.  
(Separate file) Data are sorted starting from the lowest adjusted P-value. A total of 
7,696 genes have p-value adjusted < 0.05. 
 

Supplemental Table 2.7. Enrichment analyses of KEGG pathway and of GO 
Pathway.  
(Separate file) 
 

Supplemental Table 2.8. Genetic associations of SLC22A15 polymorphisms with 
various phenotypes. 
(Separate file) 
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3.1 Abstract 

The human L-type amino acid transporter 1 (LAT1; SLC7A5) is a membrane transporter 

of amino acids, thyroid hormones, and drugs such as the Parkinson’s disease drug L-

Dopa. LAT1 is found in the blood-brain-barrier (BBB), testis, bone marrow, and placenta, 

and its dysregulation has been associated with various neurological diseases such as 

autism and epilepsy as well as cancer. In this study, we combine metainference molecular 

dynamics (MD) simulations, molecular docking, and experimental testing, to characterize 

LAT1-inhibitor interactions. We first conducted a series of molecular docking experiments 

to identify the most relevant interactions between LAT1’s substrate binding site and 

ligands, including both inhibitors and substrates. We then performed metainference MD 

simulations using cryo-EM structures in different conformations of LAT1 with the electron 

density map as a spatial restraint, to explore the inherent heterogeneity in the structures. 

We analyzed the LAT1 substrate binding site to map important LAT1-ligand interactions 

as well as newly described druggable pockets. Finally, this analysis guided the discovery 

of previously unknown LAT1 ligands using virtual screening and cellular uptake 

experiments. Our results improve our understanding of LAT1-inhibitor recognition, 

providing a framework for rational design of future lead compounds targeting this key drug 

target. 
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3.2 Introduction 

The L-type amino acid transporter 1 (LAT1; SLC7A5) mediates the import of large neutral 

amino acids such as phenylalanine and tyrosine, in a 1:1 exchange for intracellular amino 

acids (e.g., Histidine) (Kanai et al., 1998). LAT1 is a member of the Amino acid, 

polyamine, and organocation (APC) superfamily that includes Na+ independent 

secondary transporters and plays an important role in a broad range of biological 

processes (Wong et al., 2012). LAT1 is among the most abundant transporters in the 

blood-brain-barrier (BBB), with 100-fold greater expression levels in BBB endothelial cells 

relative to other tissues (Ohtsuki et al., 2010). LAT1 can also be found in the placenta 

(Boado et al., 1999), where it delivers essential neutral amino acids and thyroid 

hormones, making it a key protein involved in cell growth and development. For example, 

leucine is imported by LAT1 to activate the mechanistic target of rapamycin complex 1 

(mTORC1), a known regulator of cell growth and metabolism (Nagamori et al., 2016; 

Nicklin et al., 2009).  

 

Genetic variations of LAT1 have been associated with multiple diseases and disorders. 

LAT1 has recently been associated with epileptic seizures due to its role in negatively 

regulating the ion channel Kv1.2 (Baronas et al., 2018). Additionally, rare mutations in 

coding regions of the SLC7A5 gene (A246V and P375L), have been associated with 

autism spectrum disorder (ASD) (Tărlungeanu et al., 2016). These mutations decrease 

the activation of the amino acid response (AAR) pathway with a corresponding reduction 

in mRNA translation, thereby leading to an adverse outcome of neuronal activity, 

microcephaly and other neurobehavioral problems related to ASD (Tărlungeanu et al., 
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2016). LAT1 overexpression has been linked to disease in numerous cancer types (Ebara 

et al., 2010; Häfliger et al., 2018; Hayashi & Anzai, 2017; Ichinoe et al., 2011; Imai et al., 

2009; Kobayashi et al., 2005; Soares-da-Silva & Serrão, 2004; Takeuchi et al., 2010; 

Yanagida et al., 2001; Yanagisawa et al., 2014, 2015), particularly in prostate 

(Yanagisawa et al., 2015), gastric (Ichinoe et al., 2011), and pancreatic (Ebara et al., 

2010) cancers. This upregulation of LAT1 increases the activation of the mTOR pathway, 

leading to the hyperproliferation of cells in the immune system and cancer (Häfliger et al., 

2018).  

 

In addition, LAT1 is highly important pharmacologically. It transports drug (Cornford et al., 

1992; Dickens et al., 2013; Imai et al., 2010; Takahashi et al., 2018; Yun et al., 2014) and 

prodrug (Gynther et al., 2008; Killian et al., 2007; Park, 2017; Peura et al., 2013; Puris et 

al., 2017) substrates that are delivered specifically into cells or tissues expressing this 

transporter. For example, LAT1 mediates the transport of the CNS drugs gabapentin 

(Dickens et al., 2013), L-DOPA (Peura et al., 2013; Soares-da-Silva & Serrão, 2004), 

pregabalin (Takahashi et al., 2018), and melphalan (Cornford et al., 1992) across the 

BBB. LAT1 is also an emerging therapeutic target for cancer, where LAT1 inhibition 

deprives tumor cells from nutrients that fuel cancer cell proliferation. For instance, the 

LAT1 inhibitor JPH-203 is currently under clinical investigation for treating patients with 

advanced biliary tract cancers (Okano et al., 2020). Another inhibitor of undisclosed 

structure (OKY 034) is also currently being evaluated in a Phase I/IIa clinical trial for 

advanced pancreatic cancer patients (UMIN-CTR Clinical Trial (Japan), Phase I / IIa Trial 

of R-OKY-034F for Pancreatic Cancer Patients, 2021). Furthermore, due to its increased 
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expression of LAT1 in T-cells, it can also be targeted to augment cancer immunotherapy 

treatment as well as for treating autoimmune diseases (Hayashi & Anzai, 2022). Other 

LAT1 inhibitors that have been reported are KMH-233 (a phenylalanine derivative with 

IC50=18 μM, (Huttunen et al., 2016)), 3-iodo-L-tyrosine (a tyrosine derivative with IC50= 

7.9 μM,(Geier et al., 2013)) and meta-substituted phenylalanine derivatives (IC50 = 5-10 

μM) than contain large lipophilic moieties (Augustyn et al., 2016; Venteicher et al., 2021).  

 

Despite its biological importance, our understanding of LAT1 substrate and inhibitor 

specificity is still lacking (Chien et al., 2018). We have previously developed structure-

activity relationship (SAR) models that allowed us to predict whether compounds are 

more likely to be a substrate or an inhibitor, which is highly relevant to drug delivery 

applications (Augustyn et al., 2016; Chien et al., 2018; Geier et al., 2013; Napolitano, 

Galluccio, et al., 2017; Napolitano, Scalise, et al., 2017; Venteicher et al., 2021; Zur et 

al., 2016). For example, we discovered that LAT1 is considerably more tolerant of 

structural changes to its ligands than was previously thought (Geier et al., 2013). LAT1 

does not require a carboxylic acid to be present in the substrate (Zur et al., 2016), and 

substitution with various polar functional groups that could be used in linking amino acids 

to drug molecules is viable (Augustyn et al., 2016). In contrast, substitution with larger 

groups led to potent inhibitors (Venteicher et al., 2021).  

 

LAT1 forms a heterodimer complex with type-II membrane glycoprotein 4F2 cell-surface 

antigen heavy chain (4F2hc; SLC3A2) (Rosell et al., 2014). While SLC3A2 does not play 

a specific role in transport, it aids in localization to the plasma membrane and improves 
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the stability of transport by LAT1. Recently, two independent groups determined complex 

LAT1/4F2hc structures in both outward-occluded and inward-open conformation (Lee et 

al., 2019; Yan et al., 2019, 2021). These structures revealed that LAT1 has 12 

transmembrane helices (TMs), with 10 core TMs that follow a LeuT-like fold as seen in 

other APC members, where the TMs are arranged in a 5+5 inverted repeats topology. 

The structures also confirmed the putative substrate-binding site and modes of substrate 

recognition proposed by homology models based on prokaryotic homologs (Colas et al., 

2016). Like related transporters (Hediger et al., 2004), LAT1 uses a gated-pore 

mechanism, adopting different conformations during transport. Structures of homologs of 

LAT1, including the arginine/agmatine antiporter (AdiC) (Ilgü et al., 2016, 2018) from 

Escherichia coli and Amino acid, polyamine and organocation transporter(Shaffer et al., 

2009; Singh & Ecker, 2018) (GkApcT) from Geobacillus kaustophilus have revealed 

potential conformations, providing templates to characterize LAT1 in various stages of 

the transport cycle. 

 

In this study, we used various computational and experimental approaches to improve 

our understanding of the structural basis for LAT1 interaction with inhibitors. We first 

performed molecular docking to determine the most relevant interactions between the 

LAT1 and its inhibitors. Next, we conducted metainference MD simulations, which allowed 

for evaluating the inherent heterogeneity in the recently published LAT1 cryo-EM 

structures and potential ligand binding modes. The proposed specificity determinants 

were then tested by the prediction of putative LAT1 inhibitors and experimental testing of 

top scoring hits using a cell-based assay. Finally, we discuss these results and how they 



102 
 

can be used to describe mechanisms of ligand binding and transport by LAT1, as well as 

the relevance of our approach to study other Solute Carrier (SLC) transporters.  

 
3.3 Materials and Methods 

 
3.3.1 Molecular docking 

 
Molecular Docking was performed using Glide from the Schrödinger suite (Friesner et al., 

2006). All ligands were docked to the recently solved cryo-EM structures of LAT1 (PDB 

ID: 6IRT, 7DSL). These structures were prepared for docking with the Glide Protein 

Preparation under default parameters (Sastry et al., 2013). The ligand binding site was 

defined based on the coordinates of the respective ligand in each published structure. 

The receptor grid for docking was generated via Glide Receptor Grid Generation panel. 

The small molecules used in molecular docking were prepared for docking using LigPrep 

of the Schrödinger suite using default parameters. The docking results were visualized 

via PyMOL. 

 
3.3.2 Enrichment analysis 

 
The enrichment analysis was performed based on docking calculations using Glide, as 

described above. Nine known substrate site binding ligands of LAT1: Phenylalanine, 

BCH, JX-078, Levodopa, Tryptophan, Histidine, Gabapentin, Tyrosine, Baclofen 

(Supplemental Fig. 3.1), were selected from the literature, using available IC50 data and 

the ability to dock into the inward-open conformation as selection criteria. 635 decoys 

were then generated with the DUD-E server using these ligands (Mysinger et al., 2012). 

This set of 643 molecules was then screened against both inward-open (PDB ID: 6IRT) 
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and outward-occluded (PDB ID: 7DSL) structures, at the substrate binding site for LAT1. 

The results were evaluated by calculating the AUC (Area Under the Curve) and LogAUC, 

representing the ability of the virtual screening to discriminate known ligands among the 

set of decoys (Evers et al., 2003; Schlessinger et al., 2011). The corresponding plots (Fig. 

3.1) show the percentage of known ligands correctly predicted (y-axis) within the top 

ranked subset of all database compounds (x-axis on logarithmic scale). 

 
3.3.3 Virtual Ligand Screening 

 
We used Glide to virtually screen the ZINC20 Lead-Like library (‘In Stock’) and Enamine 

amino acid library against the two LAT1 conformations (Irwin et al., 2020). We then 

selected compounds that contained an amino acid group from the 1,000 top-scoring 

compounds of the Lead-Like library screen and did the same for the Enamine screen, as 

it contained many amino acid derivatives. We prioritized compounds predicted to interact 

with the binding site through hydrogen bonding with important residues (Fig. 3.1) and 

removed compounds with an unlikely pose or strained conformation (Carlsson et al., 

2011; Shoichet, 2004; Ung et al., 2016). 

 
3.3.4 Pocket Volume Measurement 

 
POVME3 (Pocket Volume Measurer 3) was used to calculate binding site volumes 

(Wagner et al., 2017). We used default parameters for Ligand-defined inclusion region, 

using BCH (PDB ID: 6IRT) and JX-078 (PDB ID: 7DSL) as the reference ligands, 

respectively. 
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3.3.5 Metainference MD simulations 

 
The coordinates of LAT1 (chain B) were extracted from the PDB structures 6IRT, 7DSL 

cryo-EM structures, including the respective ligands (BCH, JX-078). CHIMERA (Pettersen 

et al., 2004) was used to select the cryo-EM density within 5 Å of the structure (Goddard 

et al., 2007), which was then used as input of the Metainference simulation of LAT1-ligand 

binding. The starting model was prepared using CHARMM-GUI (Brooks et al., 2009; Jo 

et al., 2008). 92 POPC lipids were added to the system along with 13,297 water molecules 

in a triclinic periodic box of volume equal to 726 nm3. 31 potassium and 30 chloride ions 

were added to ensure charge neutrality and a salt concentration of 0.15 M. The 

CHARMM36m force field (Huang et al., 2017) was used for the protein, lipids, and ions; 

the CHARMM General Force Field and the TIP3P model were used for the ligand and 

water molecules, respectively. A 30 ns-long equilibration was performed using 

GROMACS (Abraham et al., 2015) following the standard CHARMM-GUI protocol 

consisting of multiple consecutive simulations in the NVT and NPT ensembles. During 

these equilibration steps, harmonic restraints on the positions of the lipids, ligand, and 

protein atoms were gradually switched off.  

 

In the metainference simulation, a Gaussian noise model with one error parameter for 

each voxel of the cryo-EM map was used. 16 replicas of the system were used, and their 

initial configurations were randomly selected from the last 10ns-long step of the 

equilibration protocol. We calculated the shortest periodic distance to be 1.0746 (nm) at 

time 30.614 (ns). There we no detected periodic boundary effects on the protein 

dynamics. The metainference run was conducted for a total aggregated time of 10.8 μs 
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for 6IRT, 30 μs for the 7DSL and 20.5 μs for 7DSK. All simulations were carried out using 

GROMACS 2020.1 and the ISDB module (Bonomi & Camilloni, 2017) of the open-source, 

community-developed PLUMED library (PLUMED consortium, 2019) [GitHub ISDB 

branch; https://github.com/plumed/plumed2/tree/isdb]. For the analysis, the initial frames 

of the trajectory of each replica, corresponding to 20% of the total simulation time, were 

considered as additional equilibration steps under the cryo-EM restraint and discarded. 

The remaining conformations from all replicas were merged and clustered using: i) the 

Root Mean Square Deviation (RMSD) calculated on all the heavy atoms of the ligand and 

of the protein residues within 5 Å of the ligand in at least one member of the ensemble; 

ii) the gromos algorithm with a cutoff equal to 1.0, 1.5 and 2.0 Å (Daura et al., 1999). The 

system dimension for concatenated simulation was: 7.10148, 7.10148, 11.79250 and the 

shortest periodic distance to be 1.0746 (nm) at time 30.6ns. 

 
3.3.6 Metainference MD Simulation Trajectory Analysis 

 
Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) were 

calculated using the fast QCP algorithm (Theobald, 2005) in MDAnalysis (Gowers et al., 

2016). RMSD was calculated between the initial state of the system (first frame of the 

trajectory) and the corresponding time point of the simulation. RMSF was calculated using 

the initial frame as the reference frame, with all frames aligned to the receptor backbone. 

The time average of the RMSD of each residue was then calculated. The LAT1-JX-078 

interaction map was generated using ProLif (Bouysset & Fiorucci, 2021). 
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3.3.7 Data availability 

 
The GROMACS topology and input files as well as PLUMED input files are available on 

PLUMED-NEST (https://www.plumed-nest.org/) under accession ID plumID:22.018.  

Scripts used for post metainference trajectory analysis are available at: 

https://github.com/schlessinger-lab/LAT1-metainference.  

 
3.3.8 Cell Culture Preparation of hLAT1 Stable Cell Line  

 
TREx HEK-hLAT1 (XenoPort Inc., Santa Clara, CA) is an inducible cell line (Hall et al., 

2019; Venteicher et al., 2021) that is under the control of a tetracycline inducible promoter 

for LAT1 and a secondary tetracycline inducible plasmid for 4F2hc (SLC3A2). Both LAT1 

and 4F2hc are important components for uptake activity, as they form a heterodimer to 

promote native transport of their substrates (Fotiadis et al., 2013). Doxycycline (Dox) and 

sodium butyrate, a histone deacetylase (HDAC) inhibitor, are supplied in the cell media 

to promote expression of LAT1 and 4F2hc 24 hours before experimentation occurs. The 

creation of HEK-hLAT1 stable cells is previously described in further details (Chien et al., 

2018). Cell culture preparation requires that they are grown and maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) media with 100 units/mL penicillin, 100 units/mL 

streptomycin, 2 mM L-glutamine, 1 μg/mL Fungizone, 10% fetal bovine serum, and 3 

μg/mL blasticidin. Cells were grown in a humidified incubator with 5% CO2 at a stable 37 

°C.  
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3.3.9 cis-Inhibition Assay and IC50 Computations 

 
TREx HEK-hLAT1 cells were plated at a seeding density of 0.2 x 106 cells per well in poly-

D-lysine coated 24-well plates in DMEM medium described above. Cells were grown to 

at least 90% confluency 48 hours post seeding and 24 hours before the assay, the cells 

were induced with 2 mM sodium butyrate and 1 μg/mL doxycycline for proper LAT1 

expression (Fotiadis et al., 2013). On the day of the assay, cells are washed twice with 

warm sodium-free choline buffer (140 mM choline chloride, 2 mM potassium chloride, 1 

mM magnesium chloride, 1 mM calcium chloride, 1 M Tris) and then incubated with the 

same solution for 10 minutes. We selected [3H]-gabapentin as a probe substrate due to 

its selectivity for LAT1 relative to other membrane transporters (Dickens et al., 2013). For 

the cis-inhibition assay, the choline buffer was removed and replaced with radioactive 

uptake buffer (sodium-free choline buffer containing 6 nM of [3H]-gabapentin) and each 

compound at a final concentration of 200μM. For the IC50 determinations, the choline 

buffer was replaced with a radioactive uptake buffer mixed with varying concentrations of 

each inhibitor ranging from 0.1 μM to 200 μM. For each assay, the uptake was performed 

in an incubator at 37 °C for 3 minutes and the reaction was terminated by washing the 

cells twice with an ice-cold choline buffer. The cells were then lysed with 600 μL of lysis 

buffer (0.1 N NaOH, 0.1% SDS) at room temperature overnight or on a shaker for 1 hour. 

Only 150 μL of lysis is used to measure intracellular radioactivity which is determined by 

scintillation counting on a LS6500 scintillation counter (Beckman Coulter Inc., Bea, CA). 

IC50 determinations were calculated using GraphPad Prism version 9.3 (San Diego, CA) 

and % [3H]-gabapentin uptake is normalized relative to % inhibition by L-phenylalanine 

(89.0±0.4%) at 200 μM (Fig. 3.6E).  
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3.3.10 Chemistry: general information 

 
Flash chromatography purification was performed using a Teledyne ISCO Flash 

Chromatography System. Preparative HPLC was performed using a Gilson PLC 2020. 

Column: Synergi 4μ Fusion-RP by Phenomenex, 150 x 21.2 mm. The following 

preparative HPLC method employed elution at 20 mL/min flow rate: A: gradient elution 

over 40 min of 5-40% CH3CN with water, both of which contained 0.1% TFA. LC-MS 

analysis was performed using an Agilent G6125 single quad ESI source and a 1260 

Infinity HPLC system (G7112B Binary Pump and G7114A Dual λ Absorbance Detector). 

Column: Synergi 4μ Fusion-RP by Phenomenex, 150 x 4.6 mm. The following LC-MS 

method was performed using a 1.0 mL/min flow rate: A: gradient elution over 10 min of 

10-80% CH3CN with water, both of which contained 0.1% formic acid. 1H NMR and 13C 

NMR were recorded on an Avance III HD Bruker instrument operating at 400 MHz and 

100 MHz, respectively.  

 
3.13.11 Chemistry: Synthesis 

 
Preparation of benzyloxy-substituted tryptophan analogs (AT182, AT183, AT184).  

(±)-2-Amino-3-(4-(benzyloxy)-1H-indol-3-yl)propanoic acid hydrochloride (AT182).  

The title compound was synthesized in two steps using a modification of the procedure 

described by Blaser (Blaser et al., 2008), as follows:  

Step A: Preparation of (±)-acetamido-3-(4-(benzyloxy)-1H-indol-3-yl)propanoic acid 

To a stirred mixture of acetic anhydride (1.3 mL, 13 mmol) in acetic acid (5 mL) was added 

4-benzyloxyindole (1.0 g, 4.5 mmol) and L-serine (0.47 g, 4.5 mmol; note: the L isomer 

was used because it was on hand, but the D isomer or racemic serine would also give 
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the same racemic product as demonstrated by Blaser). The mixture was heated to 80 °C 

and stirring continued overnight. The reaction was concentrated in vacuo at 80 °C and 

carried forward into base-mediated acetyl deprotection without purification at this step.  

Step B: Preparation of AT182 

(±)-Acetamido-3-(4-(benzyloxy)-1H-indol-3-yl)propanoic acid from Step A (0.50 g, 1.4 

mmol) was heated with an aqueous 15% solution of NaOH (8.1 mL, 36 mmol) in a teflon-

capped glass pressure tube at 110 °C for 2 d. After cooling to rt, carefully added conc. 

HCl (3 mL) and filtered the resulting tan solids, rinsing with water (2 x 3 mL). Heated solids 

with 1:1 CH3CN /water (20 mL). Filtered the warm suspension to remove undissolved 

impurities. Chilled the mixture in a -10 °C freezer and then saturated the aqueous phase 

with NaCl. Sonicated the mixture to dissolve the NaCl. Separated the phases and re-

extracted the aqueous with CH3CN (2 x 5 mL). Concentrated the CH3CN phases and 

redissolved the residue in 1:1 CH3CN /water (15 mL), and then syringe filtered through a 

0.45 micron filter to remove smaller, undissolved particles. Purified the crude by 

preparative HPLC (Method A). Converted product to the HCl salt by adding 1M aq. HCl 

(2 mL) to the purified product and freeze drying to remove excess water and HCl. Yield: 

81 mg (18%).  >95% purity by LC-MS (254 nm, Method A). 1H NMR (CD3OD) δ 7.52 (d, 

J = 7 Hz, 2H), 7.38 (m, 2H), 7.32 (m, 1H), 7.04 (m, 3H), 6.64 (d, J = 7 Hz, 1H), 5.24 (s, 

2H), 4.36 (dd, J = 4, 11 Hz, 1H), 3.79 (dd, J = 4, 14 Hz, 1H), 3.02 (dd, J = 11, 14 Hz, 1H). 

13C NMR (CD3OD) δ 171.8, 154.4, 140.6, 138.6, 129.6, 129.0, 124.9, 123.9, 118.0, 108.4, 

106.4, 101.8, 71.2, 55.2, 29.6. m/z (ESI-pos) M + 1 = 311.1. 

(±)-2-Amino-3-(6-(benzyloxy)-1H-indol-3-yl)propanoic acid hydrochloride (AT183). 
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Prepared by the same two step procedure as AT182, except replacing 4-(benzyloxy)-1H-

indole with 6-(benzyloxy)-1H-indole in Step A. >95% purity by LC-MS (254 nm, Method 

A). 1H NMR (CD3OD) δ 7.49 (d, J = 9 Hz, 1H), 7.44 (m, 2H), 7.35 (m, 2H), 7.29 (m, 1H), 

7.10 (s, 1H), 6.99 (d, J = 2 Hz, 1H), 6.82 (dd, J = 2, 9 Hz, 1H), 5.08 (s, 2H), 4.22 (dd, J = 

5, 8 Hz, 1H), 3.46 (dd, J = 5, 15 Hz, 1H), 3.29 (m, 1H, partially overlaps residual solvent 

peak). 13C NMR (CD3OD) δ 171.8, 156.9, 139.1, 139.0, 129.4, 128.7, 128.5, 124.5, 122.9, 

119.7, 111.3, 107.9, 97.4, 71.5, 54.6, 27.7. m/z (ESI-pos) M + 1 = 311.1. 

(±)-2-Amino-3-(7-(benzyloxy)-1H-indol-3-yl)propanoic acid hydrochloride (AT184). 

Prepared by the same two step procedure as AT182, except replacing 4-(benzyloxy)-1H-

indole with 7-(benzyloxy)-1H-indole in Step A. >95% purity by LC-MS (254 nm, Method 

A). 1H NMR ((CD3)2SO) δ 11.2 (s, 1H), 8.41 (br s, 2H), 7.55 (d, J = 8 Hz, 2H), 7.41 (m, 

2H), 7.34, (m, 1H), 7.18, (m, 2H), 6.90 (m, 1H), 6.74 (d, J = 8 Hz, 1H), 5.25 (s, 2H), 4.07 

(m, 1H), 3.27 (m, 2H). 13C NMR ((CD3)2SO) δ 170.6, 145.10, 145.05, 137.4, 128.8, 128.4, 

127.7, 127.5, 126.5, 126.3, 124.7, 124.5, 119.1, 111.4, 107.3, 103.0, 69.1, 52.5, 26.1. 

m/z (ESI-pos) M + 1 = 311.1. 

Preparation of benzylcarbamoyl-substituted tryptophan analogs (AT185, AT186). 

(±)-2-Amino-3-(5-(benzylcarbamoyl)-1H-indol-3-yl)propanoic acid hydrochloride (AT185). 

The title compound was prepared in five steps (A-E) as follows. 

Step A: Preparation of (±)-3-(2-acetamido-2-carboxyethyl)-1H-indole-5-carboxylic acid 

Prepared from 1H-indole-5-carboxylic acid (3.0 g, 19 mmol) using the same procedure as 

in AT182, Step A. Crude product was carried directly to the next step without purification.  

Step B: Preparation of (±)-3-(2-amino-2-carboxyethyl)-1H-indole-5-carboxylic acid 
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With stirring, heated crude (±)-3-(2-acetamido-2-carboxyethyl)-1H-indole-5-carboxylic 

acid from Step A with 6M aq. HCl (20 mL, 120 mmol) at 100 °C overnight. Concentrated 

in vacuo using CH3CN to azeotrope water (5 cycles). Dried solids under high vacuum 

overnight. Carried crude product into Step C without purification at this step. 

Step C: Preparation of (±)-4'-((5-carboxy-1H-indol-3-yl)methyl)-5'-oxo-9l4-

boraspiro[bicyclo[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-3'-ium 

Using a similar procedure as described by Venteicher (Bouysset & Fiorucci, 2021), we 

protected crude (±)-3-(2-amino-2-carboxyethyl)-1H-indole-5-carboxylic acid from Step B 

(1.0 g, 4.0 mmol) by stirring with pyridine (1.3 mL, 16 mmol) and 9-

borabicyclo(3.3.1)nonane (9-BBN, 0.5 M in THF, 16 mL, 8.1 mmol) in DMF (5 mL) 

overnight at rt. Reaction mixture was partitioned between EtOAc (15 mL) and 1M aq. 

KHSO4 (35 mL). Separated phases, and reextracted aqueous phase with EtOAc (35 mL). 

Combined organic phases were washed with water (2 x 35 mL), brine (50 mL), dried 

(MgSO4), filtered and concentrated in vacuo. Purified crude by trituration with hot EtOAc, 

followed by cooling to rt and filtration. Yield: 0.50 g (34%). 1H NMR ((CD3)2SO) δ 12.4 (br 

s, 1H), 11.3 (s, 1H), 8.27 (s, 1H), 7.74 (m, 1H), 7.43 (m, 2H), 6.52 (m, 1H), 5.68 (m, 1H), 

3.84 (m, 1H), 3.29 (m, 1H), 3.17 (m, 1H), 1.30-1.81 (m, 12H), 0.45 (m, 2H).  

Step D: Preparation of (±)-4'-((5-(benzylcarbamoyl)-1H-indol-3-yl)methyl)-5'-oxo-9l4-

boraspiro[bicyclo[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-3'-ium 

9-BBN-protected (±)-3-(2-amino-2-carboxyethyl)-1H-indole-5-carboxylic acid from Step C 

(0.50 g, 1.4 mmol) was stirred overnight at rt with benzylamine (0.15 mL, 1.4 mmol), (i-

Pr)2NEt (0.71 mL, 4.1 mmol), and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate (HATU, 0.77 g, 2.0 mmol) in DMF (5 mL). 
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Partitioned reaction mixture between EtOAc (20 mL) and water (20 mL). Separated 

phases and re-extracted aqueous with EtOAc (20 mL). Combined organic phases were 

washed with water (2 x 20 mL), brine (20 mL), then dried (MgSO4), filtered and 

concentrated. Crude was purified by ISCO flash chromatography, eluting with a gradient 

of 30% EtOAc in hexanes to 100% EtOAc over 8 min. Yield: 0.40 g (64%). 1H NMR 

((CD3)2SO) δ 11.2 (s, 1H), 8.91 (m, 1H), 8.23 (s, 1H), 8.02 (br s, 2H), 7.71 (d, J = 9 Hz, 

1H), 7.42 (m, 3H), 7.33 (m, 3H), 7.23 (m, 1H), 6.46 (m, 1H), 5.61 (m, 1H), 4.52 (m, 2H), 

3.93 (m, 1H), 3.36 (m, 1H), 3.10 (dd, J = 9, 15 Hz, 1H), 1.29-1.81 (m, 12H), 0.48 (m, 2H). 

Step E: Preparation of AT185 

Using a modification of a method originally described by Poulie (Poulie & Bunch, 2017), 

the BBN protecting group was removed as follows. (±)-4'-((5-(Benzylcarbamoyl)-1H-indol-

3-yl)methyl)-5'-oxo-9l4-boraspiro[bicyclo[3.3.1]nonane-9,2'-[1,3,2]oxazaborolidin]-3'-ium 

from Step D (0.40 g, 0.87 mmol) was stirred overnight at rt with TBAF (1M in THF, 3.5 

mL, 3.5 mmol) and THF (3 mL). Water (3 mL) was added and it was stirred for an 

additional 5 min. Acidified with formic acid (1-2 mL) and concentrated in vacuo at 60 °C 

to remove most of the THF. Dissolved the resulting residue in warmed 20% CH3CN in 

water containing 0.1% TFA (15 mL). Syringe filtered the mixture through a 0.45 micron 

filter to remove undissolved particles. Purified product by two successive preparative 

HPLC runs (Method A). Converted product to the HCl salt by adding 1M aq. HCl (2 mL) 

to the purified product and freeze drying to remove excess water and HCl. Yield: 97 mg 

(30%). >95% purity by LC-MS (220 nm, Method A). 1H NMR (CD3OD) δ 8.26 (s, 1H), 7.69 

(dd, J = 2, 9 Hz, 1H), 7.47 (d, J = 9 Hz, 1H), 7.39 (m, 2H), 7.33 (m, 3H), 7.24 (m, 1H), 

4.62 (s, 2H), 4.33 (dd, J = 5, 8 Hz, 1H), 3.55 (dd, J = 5, 15 Hz, 1H), 3.41 (dd, J = 8, 15 
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Hz, 1H). 13C NMR (CD3OD) δ 171.6, 171.5, 140.4, 140.3, 129.5, 128.6, 128.1, 128.0, 

127.5, 126.3, 122.1, 119.7, 113.6, 109.3, 54.4, 44.7, 27.4. m/z (ESI-pos) M + 1 = 338.2. 

(±)-2-Amino-3-(6-(benzylcarbamoyl)-1H-indol-3-yl)propanoic acid hydrochloride (AT186).  

The title compound was prepared according to the five-step procedure for AT185, except 

replacing 1H-indole-5-carboxylic acid with 1H-indole-6-carboxylic acid in Step A. >95% 

purity by LC-MS (220 nm, Method A). 1H NMR (CD3OD) δ 8.00 (s, 1H), 7.69 (d, J = 9 Hz, 

1H), 7.60 (dd, J = 1, 8 Hz, 1H), 7.41 (s, 1H), 7.37 (m, 2H), 7.32 (m, 2H), 7.23 (m, 1H), 

4.60 (s, 2H), 4.28 (dd, J = 5, 7 Hz, 1H), 3.52 (dd, J = 5, 15 Hz, 1H), 3.40 (dd, J = 7, 15 

Hz, 1H). 13C NMR (CD3OD) δ 171.5, 171.3, 140.4, 137.6, 131.0, 129.5, 128.8, 128.7, 

128.5, 128.1, 119.3, 119.1, 112.7, 108.4, 54.5, 44.6, 27.3. m/z (ESI-pos) M + 1 = 338.2. 

 
3.4 Results 

 
3.4.1 Docking of known ligands to LAT1 structures  

 
We applied molecular docking and ligand enrichment calculations to examine the 

pharmacological relevance of different conformations of LAT1’s binding site and ligands, 

as well as key interactions between them (Fig. 3.1). This analysis was also conducted to 

evaluate the optimal parameters for rational design of new LAT1 ligands. Specifically, we 

analyzed the ability of molecular docking and the cryo-EM structure to distinguish 

between known ligands of LAT1 and decoy compounds, which have similar physical 

properties to the known ligands but possess different topological properties, to reduce 

likelihood of binding (Geier et al., 2013). Compounds were docked against two different 

conformations of LAT1: an inward-open conformation bound to the inhibitor BCH (PDB 
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ID: 6IRT) and an outward-occluded conformation bound to the inhibitor JX-078 (PDB ID: 

7DSL).  

We docked this set of known LAT1 ligands and decoy compounds against the inward-

open conformation using default parameters and obtained a logAUC value of 13.88 (Fig. 

3.1C), which corresponds to a random selection of ligands. Conversely, similar docking 

parameters used for docking against the outward-occluded structure yielded logAUC 

value of 76.06, suggesting that this conformation can capture LAT1-ligand 

complementarity and may yield productive virtual screening. 

We then used different parameters enforcing different LAT1-ligand interactions to specific 

residues that have been shown (Chien et al., 2018; Lee et al., 2019; Napolitano, Galluccio, 

et al., 2017; Venteicher et al., 2021; Yan et al., 2019, 2021) to be important for ligand 

binding and/or transport (i.e., S66, G67, F252, G255) (Fig. 3.1). Interestingly for the 

inward-open conformation, constraining ligands to interact with F252, which is thought to 

serve as a “gate” for LAT1 ligands (Napolitano, Galluccio, et al., 2017; Yan et al., 2019) 

yielded significantly improved enrichment scores, further validating the importance of this 

residue for LAT1 binding. For the outward-occluded structure, constrained docking to 

S66, G67, F252, and G255 yielded comparable enrichment scores to the scores derived 

from unconstrained docking. Notably, it is likely that the ability of the outward-occluded 

conformations to enrich for inhibitors is due to its increased size as compared to the 

inward-open conformation, i.e., 275 Å3 vs. 118 Å3, respectively (Fig. 3.2), which results 

from the movement of the sidechain of Y259. Taken together, these results suggest that 

the outward-occluded conformation better captures protein-ligand complementarity and 
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is potentially more useful for the discovery of new ligands with structure-based virtual 

screening.  

 
3.4.2 Dynamics of LAT1 binding site and inhibitor interaction 

 
In parallel, we investigated the heterogeneity in the LAT1-inhibitor complex structure, 

using the metainference integrative approach (Bonomi et al., 2016). In metainference, the 

molecular mechanics force field used in standard MD simulations is augmented by spatial 

restraints that enforce the agreement of an ensemble of replicas of the system with the 

cryo-EM density map (Bonomi et al., 2018). Using a Bayesian inference framework, this 

approach accounts for the simultaneous presence of structural heterogeneity, data 

ensemble-averaging, and variable level of noise in different areas of the experimental 

map. We performed metainference simulations on the outward-occluded structure of 

LAT1 bound to JX-078 (7DSL). In particular, we generated clusters of conformations of 

the protein-ligand complex and obtained a representative model for each cluster (Fig. 

3.3A). We assessed the stereochemical quality of each model using MolProbity (Williams 

et al., 2018), which considers the number of steric clashes, rotamer outliers, and 

percentage of backbone Ramachandran conformations outside favored regions. Notably, 

all models scored better (lower) than the cryo-EM structure, with Model 1 scoring the best 

at 1.55 compared to the cryo-EM structure at 1.92 (Supplemental Fig. 3.2). This 

suggests that the models generated from the simulation are of sufficient quality for further 

analysis.  

We analyzed the differences and similarities among the models, focusing on the 

interactions between JX-078 and LAT1 (Fig. 3.3B). The ligand showed some flexibility 
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with RMSD changes of up to 5Å, particularly after 20ns, suggesting the adoption of 

multiple conformations (Fig 3.4C). Closer inspection of the representative models 

revealed that orientation of the amino and carboxy group of JX-078 remained consistent, 

making sustained hydrogen bonds with the same residues highlighted from our 

enrichment study, i.e., S66, G67, F252, G255, maintaining hydrogen bonding for over 

90% of the simulation (Supplemental Fig. 3.3). We noted that most of the variability seen 

with the RMSD analysis, occurred at the hydrophobic tail of JX-078, which consistently 

binds deeper into the binding pocket (Fig. 3.3B). Additionally, we observed that the 

hydrophobic tail of JX-078 explores different regions of the binding site, revealing two 

sub-pockets, C and D (Fig. 3.5A). At sub-pocket D, JX-078-LAT1 interactions were 

stabilized by Y259, making π-stacking interactions with the biphenyl moiety 

(Supplemental Fig. 3.3).  Interestingly, we observed that the inhibitor showed some 

preference for sub-pocket C (Fig. 3.5A), as seen in models 4, 5 and 6, with residue W405 

playing a key role in inhibitor binding by making an additional π-stacking interaction with 

the inhibitor (Supplemental Fig. 3.3). Most of the simulation displayed a binding pose 

targeting sub-pocket D, in the ensemble simulation, representing over 90% of all the 

conformations found (Fig. 3.3B: Models 1 & 6; Supplemental Fig. 3.2). Additionally, we 

saw an increase in the size of the binding pocket of models 1-5, by as much as 33% 

(Supplemental Fig. 3.2). We hypothesize that these sub-pockets and increase in pocket 

size can be exploited with rational ligand design from virtual screening and SAR studies. 

We also assessed the stability and movement of the LAT1-JX-078 structure throughout 

the simulation. We observed that the overall structure and binding site residues remained 

stable, which is reflected in the low RMSD of all backbone atoms throughout the 
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simulation and particularly in the binding site residues (Fig. 3.4A). Closer inspection of 

the individual residue sidechains of LAT1 by Root Mean Square Fluctuation (RMSF) 

analysis, revealed that most sidechain variability compared with the cryo-EM structure 

occurs away from the binding site, with movement less than 1 Å (Fig. 3.4B). This analysis 

supports the notion that the size and shape of the LAT1 binding pocket in the outward-

occluded conformation remains mostly stable, with most of the flexibility occurring at 

TM10. The inhibitor displayed some flexibility (Fig. 3.4C) showing movement as great as 

5 Å. Most of this flexibility stems from the hydrophobic tail of the inhibitor, which is 

captured by the representative models 1-6 (Fig. 3.3B). Notedly, the stability of ligand 

mirrors the increase in contacts between the residues: I63, S65, S66, G67, F252, G255 

and Y259. We speculate that these residues are essential to JX-078 binding to LAT1. 

While previous studies suggested that ATP and cholesterol play a synergistic role in 

modulating LAT1 allosterically (Cosco et al., 2020; Dickens et al., 2013) and may have an 

impact on the substrate binding site, the current metainference analysis of the substrate 

binding is unlikely to be affected by these putative mechanisms.  

 
3.4.3 Virtual screening and functional testing of novel compounds for LAT1 

 
Next, guided by the metainference analysis, we computationally screened a library of 

purchasable compounds from the ZINC20 lead-like database (3.8 million compounds) 

and amino-acid like compounds from Enamine (8,137 compounds), against the outward-

occluded conformation. The top scoring compounds from each screen were prioritized for 

further analysis (methods). Specifically, we prioritized compounds for experimental 

testing based on the following considerations:  
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(i) Compounds contain both carboxy and amino groups that make critical 

interactions with binding site residues.  

(ii) Compounds are predicted to make hydrogen bonds with S66, G67, G255 and 

F255. 

(iii) Compounds have a hydrophobic tail that extends deeper into the binding site, 

preferably to sub-pocket C or D found from the metainference study (Fig. 3.5A).  

Overall, 23 compounds were initially selected for experimental testing using a cis-

inhibition assay, which is based on an inhibitor’s capacity to reduce intracellular 

accumulation of the probe substrate [3H]-gabapentin using a stable TREx HEK-hLAT1 

cell line (see materials and methods). Eleven compounds were identified as LAT1 

inhibitors by reducing cellular uptake by > 50% at inhibitor concentration of 200 μM (Table 

3.1). The most potent compound in our study was KH13 (Fig. 3.5B), which exhibited an 

IC50 value of 11.8 µM (Fig. 3.6A), which was discovered in previous LAT1 inhibitor studies 

by Ecker and coworkers (Singh & Ecker, 2018) and was also recently highlighted again 

by Altmann and colleagues (Graff et al., 2022), while this manuscript was in revision, at 

comparable levels of potency. KH13 is a benzyloxy-substituted tryptophan, and its 

predicted binding pose is nearly identical to that of tryptophan (Fig. 3.5B and 3.5C). The 

benzyloxy group of KH13 interacts with the newly discovered sub-pocket C and W405 

and likely contributes to its potency. We designed and tested analogs of KH13, three 

benzyloxy regioisomers and two benzyl amides (AT182-186), that were targeted to the 

same sub-pockets (e.g., AT183, Fig. 3.5D). These analogs exhibited comparable potency 

to that of KH13 (Table 3.1). These results increased our confidence in the predicted 

binding mode of our initial inhibitors to sub-pocket C. Other new inhibitors included the 
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phenylalanine analog EN14 (IC50 = 16 µM, Fig. 3.6C) and tyrosine analog EN2 (IC50 = 

63.3 µM, Fig. 3.6D). EN14 contains a diazo linkage, and like KH13, it places a 

hydrophobic phenyl ring into sub-pocket C and is also a potent inhibitor. Interestingly, the 

benzyloxy group in EN2 docks into sub-pocket D, and the decrease in potency relative to 

KH13 suggests this is a less optimal position for the benzyloxy group. Finally, KH1 (IC50 

= 44.4 µM, Fig. 3.6B) contains a bulky fluorenylmethoxycarbonyl (Fmoc) sidechain that 

interacts with both sub-pockets C and D. Taken together, these newly discovered LAT1 

inhibitors represent diverse scaffolds and/or novel binding modes.  

 
3.5 Discussion 

 
LAT1 is a physiologically important protein and a key drug target for a range of diseases 

and disorders. Despite significant improvement in our understanding of LAT1 structure 

and function over the past decade, the description of LAT1-ligand interactions at the 

molecular level is still inadequate. Structural description of LAT1 conformations and mode 

of binding with ligands is needed for understanding LAT1 transport, as well as for the 

development of novel small molecule modulators of its function. The goal of this study 

was to characterize LAT1-inhibitor interactions by combining computational and 

experimental approaches. The following three key results emerge from this study.  

 

First, we identified key binding site residues and proposed the binding modes of known 

and newly discovered inhibitors. Ligand enrichment (Fig. 3.1) in combination with 

metainference analysis (Figs. 3.3,3.4), highlighted S66, G67, F252 and G255 as critical 

residues for inhibitor binding in agreement with previous studies (Graff et al., 2022; Singh 
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et al., 2019; Singh & Ecker, 2018). We also propose the importance of an additional two 

residues: Y259 and W405. The backbone atoms of S66 and G67 form hydrogen bonds 

with the JX-078 amino group, and those of F252 and G255 form hydrogen bonds with the 

inhibitor’s carboxy group (Fig. 3.1, 3.3). Furthermore, analysis of cryo-EM structures of 

LAT1 in two different conformations (i.e., outward-occluded and inward-open) in complex 

with different inhibitors (i.e., BCH and JX-078, respectively) revealed that the interactions 

between the amino and carboxy moieties of the ligands and LAT1 remain mostly 

consistent, with only a subtle rearrangement of the backbone residues of the ligand 

binding site (Fig. 3.3A). Of note, the binding site in the outward-occluded structure is 

significantly larger (Fig. 3.2) and possesses potential sub-pockets that are not seen in the 

inward-open conformation (Fig. 3.3, 3.5), in part due to the orientation of the Y259 

sidechain (Fig. 3.2). Our metainference analysis revealed two potential druggable sub-

pockets that the hydrophobic tail of JX-078 fits into (Fig. 3.3, 3.5), with W405 playing a 

key role in sub-pocket C binding. We ruled out that these pockets could be an artifact of 

JX-078 having an alternative binding mode in the published cryo-EM structure by 

examining the map data (Supplemental Fig. 3.4), which showed no unexplained density 

around the inhibitor. Overall, our results suggest that the outward-occluded structure is a 

more relevant conformation for rational drug design than the inward-open conformation.  

 

Second, we identified previously unknown pharmacophores of LAT1 inhibitors. Currently, 

there is a limited number of small molecule tool compounds targeting LAT1, representing 

few chemical scaffolds (Chien et al., 2018; Singh et al., 2019; Singh & Ecker, 2018). 

Structure-based virtual screening allows the exploration of novel scaffolds by predicting 
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binding of large compound libraries with minimal bias. Although the newly experimentally 

validated inhibitors from the virtual screens, including those in this study, are not 

optimized, and are thus, not sufficiently potent to be lead compounds, some of them 

possess chemical moieties that can serve as starting points for the exploration of unique 

chemical spaces. For example, KH14 contains a distinctive pyrrolidine-pyrazole moiety 

that offers opportunities to substitute with different groups off the pyrazole ring nitrogen; 

and KH1 shows that a carbamate moiety can be used to project a 9H-fluorene ring into 

both sub-pockets C and D. EN14 contains an uncommon aryl azo group and extends 

deep into sub-pocket C and provides an opportunity for additional modification by 

replacing and/or functionalizing the phenyl ring.  

While other newly identified compounds are derived from known scaffolds, these 

compounds exhibited unique modes of binding. For example, substituted tryptophan 

KH13 and substituted tyrosine EN2 both extend deep into the previously uncharacterized 

sub-pockets C and D, respectively. While extensive SAR work has been done on 

investigating phenylalanine (Augustyn et al., 2016; Chien et al., 2018; Ylikangas et al., 

2013) and tyrosine (Augustyn et al., 2016; Yan et al., 2019) derivatives, until recently 

(Graff et al., 2022; Singh & Ecker, 2018), tryptophan had been largely overlooked as a 

starting point for inhibitor or prodrug design. Thus, this work provides a framework for 

developing future tryptophan analogs but also analogs of other proposed inhibitors found 

in this study (Table 3.1).  

 

Third, we demonstrated an application of an emerging integrative modeling approach to 

characterize the transporter binding site and rationally design small molecule ligands. 
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Cryo-EM is emerging as the primary method for structure determination of membrane 

proteins including SLC transporters (Singh et al., 2019; Ylikangas et al., 2013). However, 

cryo-EM structures are often not determined in a resolution sufficient for structure-based 

compound design. Further, this challenge is amplified by the inherent flexibility of 

membrane transporters, including LAT1. Metainference can account for the heterogeneity 

in cryo-EM maps as a result from the intrinsic dynamics of these molecules, as well as 

the errors in the measurement (Bonomi et al., 2016, 2018). We have previously shown 

that metainference can identify pharmacologically relevant conformations of an unrelated 

amino acid transporter and guide the optimizations of inhibitors (Garibsingh et al., 2021). 

Here, we apply metainference to identify putative sub-pockets in the binding site, as well 

as to estimate the biophysical features of the binding site such as flexibility and accessible 

volume for ligand binding. The metainference simulations enabled an improved 

prioritization of ligands predicted from virtual screening, in combination with visual 

analysis. Remarkably, metainference-generated representative models of the simulation 

exhibited more favorable stereochemical quality over the experimentally determined 

structure (Supplemental Fig. 3.2), and was critical in guiding the identification of unique 

LAT1 inhibitors, mainly due to the revelation of sub-pockets C and D. As more structures 

of LAT1 and other SLCs are solved with cryo-EM, metainference and other computational 

approaches such as the machine learning based approach AlphaFold2(Del Alamo et al., 

2022; Schlessinger & Bonomi, 2022), can be applied to identify novel ligands for effective 

therapy and study of human diseases. 
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3.6 Figures 

 

 
 
Figure 3.1. Ligand enrichment for LAT1 structures. Key binding site residues are 
shown as sticks where oxygen, nitrogen, and carbon atoms are represented in red, blue, 
and white (A) or white (B-C), respectively. Hydrogen bonds are displayed as a dashed 
black line. (A) Docking pose of BCH to LAT1 guided by enrichment. BCH is predicted to 
form hydrogen bonds with G65, S66, and G67, key residues for LAT1 amino acid 
recognition. (B) The logarithmic area under the curve (logAUC) derived from constrained 
docking at residue G67 (red line; logAUC=43.15), as compared to random selection of 
ligands from a set of ligands and decoys (dashed blue line); (C) Table showing logAUC 
values for constrained docking to selected residues of LAT1 substrate binding site in the 
inward-open conformation (D) Binding pose of JX-078 to LAT1 found in published 
outward-occluded structure (E) logAUC values  of constrained docking to residue G67 (F) 
logAUC values for constrained docking to selected residues of LAT1 substrate binding 
site in the outward-occluded conformation. 
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Figure 3.2. LAT1 binding site in different conformations. Visualization of LAT1 
binding site and accessible regions for the (A) Inward-open (orange) and (B) Outward-
occluded conformation of LAT1 (blue). (C) Volume and surface area of the binding site in 
each conformation.  
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Figure 3.3. LAT1 structural heterogeneity. Ensemble conformations of LAT1 
generated from outward-occluded metainference simulation are shown. (A) 
Superposition of six representative models (clusters) following ensemble metainference 
simulation of the outward-occluded state. The models display a mostly stable 
arrangement of the overall structure and ligand binding site. (B) Superposition of the 
outward-occluded, JX-078 bound structure (PDB identifier 7DSL (grey)), and each 
labeled individual model (colored), focusing on the substrate binding site. 
 
 
 
 

A B
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Figure 3.4. Quantitative analysis of binding site movements. (A) Root Mean Square 
Deviation (RMSD) analysis of metainference simulation focusing on the backbone α-
carbon atoms of all residues. The x-axis displays the duration of the simulation trajectory 
(in ns), and the y-axis conveys the movement of atoms in Å compared to the initial frame 
of the trajectory. (B) Root Mean Square Fluctuation (RMSF) analysis of individual residue 
sidechains. Binding site residues are broken down into four regions: I, II, II, and IV in 
yellow, green, purple, and red, respectively, with the indicators of helices above. The y-
axis represents the ensemble average of each residue sidechain (x-axis) (C) RMSD 
analysis of JX-078’s atoms. (D) Fraction of contacts made between residues (I63, S65, 
S66, G67, F252, G255, Y259) in the LAT1 substrate binding site and JX-078 throughout 
the simulation trajectory. (E) Binding site of 7DSL with each region (i.e., I, II, II, and IV) 
mapped onto the structure. 
 

E

A C

B D
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Figure 3.5. Predicted binding mode of newly discovered LAT1 inhibitors. (A) Binding 
poses of JX-078 to LAT1 derived from metainference simulations using the cryo-EM 
structure (PDB identifier 7DSL). Predicted key residues from enrichment analysis (Fig. 
1). The compound extends to druggable sub-pockets C and D. Docking pose of (B) KH-
13 and (C) tryptophan, which is a known substrate of LAT1. (D) Docking pose of 
tryptophan analog AT183 that targets Pocket C. 
 

A
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Figure 3.6. IC50 values of newly LAT1 inhibitors. 2-D representation of (A) Compound 
KH13 and (B) Compound KH1 (C) Compound EN14 (D) and Compound EN2 along with 
each representative dose-dependent curve shown as % [3H]-Gabapentin uptake. For IC50 
determination, varying concentrations of each compound were tested ranging from 0.1 
µM to 200 µM. GraphPad Prism version 9.3 was used to calculate IC50 values. The control 
(E) L-Phenylalanine is shown with an IC50 of  91.8 µM. 
 
 
 
 
 
 
 
 
 
 
 

IC50 = 11.8 µM IC50 = 44.4 µM 

A B C
IC50 = 63.3µM 

IC50 = 16 µM IC50 = 91.8µM D E
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Supplemental Figure 3.1. Ligands in Enrichment Study. 2-D representation of 
ligands used in enrichment analysis. 1. BCH 2. JX-078 3. Phenylalanine 4. Levodopa 5. 
Baclofen 6. Tryptophan 7. Histidine 8. Gabapentin 9. Tyrosine  
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Supplemental Figure 3.2. MolProbity and pocket volume analysis of Outward-
Occluded metainference models. (A) MolProbity scores of each representative model 
of each cluster derived from the metainference simulation, compared with the 
corresponding score of the outward occluded cryo-EM structure. (PDB Identifier: 7DSL-
chain B). (B) Table with the number of simulation frames for each cluster the 
representative models were derived from. (C) Volume and surface area of the binding 
site for each of the representative models of each cluster from A & B.  
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Supplemental Figure 3.3: JX-078 interaction profile. (A) Interaction map highlighting 
specific interactions (Hydrogen Bonds, Hydrophobic and π-interactions) between JX-
078 and residues in the LAT1 binding site, found during metainference simulation. (B) 
Table displaying the percentage of the sum of all interactions found between individual 
residues in LAT1 binding site and JX-078 during the entire simulation. (cut- off: 0.3)  
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Supplemental Figure 3.4. CryoEM data of JX-078 in binding pocket. (A) CryoEM 
map of JX-078 in LAT1(PDB: 7DSL) binding pocket. (B) 3D representation of how JX-
078 fits into cryoEM map  
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3.7 Tables 

Table 3.1. LAT1 inhibitors 
Results for cis-inhibition (% Gabapentin Uptake, n=3), IC50 values, and sub-pocket 
compound targets. Compound represents the name of the compound. Structure 
corresponds to the 2D structure of the compound and its chemical formula. % Gabapentin 
uptake corresponds to the amount of intracellular accumulation of [3H]-gabapentin. Sub-
pocket Target corresponds to the sub-pocket the compound is predicted to bind, including 
sub-pocket C, D, or both. * Blank: No data available 
 

Compound Structure 

% 
Gabapentin 

Uptake 
(avg) 

IC50 
(µM) 

Sub-Pocket 
Target 

EN2 

 

20.3 63.3 D 

EN5 

 

16.4   both 

EN9 

 

1.5   C 

EN14 

 

2.6 16 C 

EN15 

 

1.4   both 

EN17 

 

82.1   C 

EN18 

 

1.2   D 
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Compound Structure 

% 
Gabapentin 

Uptake 
(avg) 

IC50 
(µM) 

Sub-Pocket 
Target 

EN20 

 

13.2   both 

EN23 

 

1.8   both 

KH1 

 

43.1 44.4 both 

KH13 

 

6.8 11.8 C 

KH14 

 

31.9   C 

AT182 

 

49.9   C 

AT183 

 

22.3   D 

AT184 

 

 
55.9 

 
 
 
 
  

D 
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Compound Structure 

% 
Gabapentin 

Uptake 
(avg) 

IC50 
(µM) 

Sub-Pocket 
Target 

AT185 

 

51.6   C 

AT186 

 

43.7   D 

BCH 

 

12.5     

L-Phe 

 

22.2 91   

DMSO 
 

100     
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Chapter 4: Vulnerability to loss-of-function missense mutations underlies the 

missense enrichment observed in SLC6A1 and many other neurodevelopmental 

delay genes 
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4.1 Abstract 

 
SLC6A1 encodes the GABA transporter ‘GAT-1’ that removes GABA from the synaptic 

cleft. Mutations in SLC6A1 are a major cause of neurodevelopmental delay, autism, early-

onset seizures, and schizophrenia. Most cases are caused by de novo missense variants, 

some of which are recurrent (e.g. 11 cases with p.Ala288Val), suggesting gain-of-function 

effects. Using an 3H-GABA reuptake assay in HEK293 cells, we assessed the function of 

213 SLC6A1 variants. Surface expression of 86 missense variants was determined with 

fluorescently tagged GAT-1. Surprisingly, all de novo variants, including recurrent 

variants, reduced GABA uptake (loss-of-function). Comparing numerous prediction tools 

that assess missense severity, we found ClinPred rankscore correlated well with the 

uptake data (R2=0.58, P=7x10-35). Across the variants, surface expression was correlated 

with GABA uptake (R2=0.26, P=4x10-7), however, k-means clustering identified 13 

variants with low reuptake despite normal surface expression. These 13 variants were 

grouped around the GABA binding site. Co-transfection of wildtype and mutant alleles 

showed no evidence of a dominant negative effect. Based on predicted mutation rates, 

the rate of de novo protein truncating variants (PTVs) is similar to other 

neurodevelopmental delay genes; combined with phenotypic similarity between missense 

and PTV cases, this makes diagnostic substitution, such as fetal lethality, unlikely. 

Assessing all possible missense variants, a substantial excess scored highly with 

ClinPred rankscore (>0.8) in SLC6A1 compared to neurodevelopmental genes without 

missense enrichment, suggesting missense vulnerability underlies the observed 

missense enrichment. Mutability (e.g., CpG sites), explain the observed recurrent de novo 
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missense variants. Extrapolating to other neurodevelopmental genes, we find most 

missense-enriched genes are similarly missense vulnerable. Our data supports 

haploinsufficiency as the sole mechanism underlying SLC6A1 pathogenesis. By 

assessing missense vulnerability, we predict that loss-of-function is the predominant 

functional consequence in the majority of neurodevelopmental genes, regardless of 

missense enrichment. 
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4.2 Introduction 

Large-scale exome sequencing studies have identified the gene SLC6A1 (Solute carrier 

family 6 member 1, ENSG00000157103), which encodes the GABA transporter GAT-1, 

as a major cause of neurodevelopmental disorders. Genome-wide significant association 

has been reported in independent cohorts of developmental delay (Kaplanis et al., 2020), 

autism spectrum disorder (Fu et al., 2022), and pediatric onset epilepsy, particularly 

myoclonic-atonic seizures (MAE)(Epi25 Collaborative. Electronic address: 

jm4279@cumc.columbia.edu & Epi25 Collaborative, 2021); it has also been implicated in 

schizophrenia (Rees et al., 2020; Singh et al., 2022). Across these disorders, the 

incidence related to SLC6A1 variants is estimated to be 2.4-2.9 in 100,000 births (López-

Rivera et al., 2020), making it a relatively common single gene disorder. These features 

make SLC6A1/GAT-1 a promising target for novel therapeutics. 

 

Realizing the therapeutic potential of SLC6A1 requires understanding the functional 

impact of the genetic variants observed in different phenotypes. GAT-1 is predominantly 

found embedded in the cell surface membrane and transports the inhibitory 

neurotransmitter GABA from the synaptic cleft into presynaptic neurons (Bröer & Gether, 

2012), which may limit the inhibition of postsynaptic neurons and prepare the presynaptic 

neuron for further GABA release. SLC6A1 is very highly expressed in SV2C/LAMP5-

expressing GABAergic (inhibitory) neurons, highly expressed in other classes of 

GABAergic neurons, weakly expressed in multiple non-neuronal cell types, including 

astrocytes, oligodendrocytes, oligodendrocyte precursor cells (OPCs), and endothelial 

cells (Yao et al., 2021); there is minimal expression in excitatory glutamatergic neurons. 
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It is widely expressed across brain regions with expression increasing rapidly during mid 

to late fetal development, especially in the striatum, before reaching a steady state from 

birth to late adulthood  (Kang et al., 2011).  

 

The majority of SLC6A1 variants associated with human disorders are predicted to be 

missense variants or in-frame indels, some of which are recurrent de novo mutations 

(e.g., 11 individuals with p.Ala288Val, 10 individuals with p.Val342Met), suggestive of a 

gain-of-function mechanism. Conversely, there are also multiple individuals with protein 

truncating variants (PTVs, including stop gain, frameshift, and canonical splice site 

variants) suggesting a co-existing loss-of-function mechanism. The function of 29 

SLC6A1 variants have been characterized using GABA uptake assays, including four 

PTVs consistent with complete loss of GABA uptake and 25 missense/in-frame variants 

with varying degrees of loss-of-function (Supplemental File 4.1)(Cai et al., 2019; 

Mattison et al., 2018; Mermer et al., 2021; Poliquin et al., 2021; J. Wang et al., 2020). 

Given the loss-of-function outcomes observed, it remains unclear why SLC6A1 is strongly 

enriched for missense/in-frame variants rather than the PTVs observed in most genes 

associated with neurodevelopmental disorders acting via loss-of-function mechanisms 

(Fu et al., 2022). Possibilities include undiscovered gain-of-function variants, genotype-

phenotype relationships that vary by disorder, as observed in SCN2A (Ben-Shalom et al., 

2017), prenatal lethality, or a mild dominant negative effect, as observed in SLC30A2 

(Lasry et al., 2012). 
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Here, we present data on the functional impact on GABA uptake of 213 SLC6A1 variants, 

185 of which have not previously been characterized, including variants associated with 

schizophrenia, the majority of recurrent variants, and ‘control’ variants that are 

synonymous, common, or benign. We assess the surface expression of 86 of these 

variants, and dissect the results in the previously published GAT-1 structure (Motiwala et 

al., 2022) with updated annotations of transmembrane domains, intra- and extracellular 

loops. In addition,  we explore gain-of-function effects in stable lines for ten variants, and 

dominant negative effects for seven variants. Finally, through integrative analysis of 

genomic data, we demonstrate that the GAT-1 protein is ‘delicate’ so that multiple 

missense variants can lead to clinically-relevant loss-of-function as an explanation of the 

observed missense enrichment and that the recurrent missense variants are at 

hypermutable loci. 

 
4.3 Materials and Methods 

 
Variant selection and functional assays were performed independently by teams at 

BioMarin and UCSF before integrating the data for a combined analysis of 213 unique 

variants. Combined methods are described below, with distinctions highlighted between 

groups as required. For detailed methods from each research group please see 

supplemental methods at the end of this manuscript. 

 
4.3.1 Variant selection 

 
Individuals with variants in SLC6A1 were identified from multiple sources, including: 

ClinVar (Landrum et al., 2018), gnomAD (Karczewski et al., 2020), multiple cohort studies 
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(Epi25 Collaborative. Electronic address: jm4279@cumc.columbia.edu & Epi25 

Collaborative, 2021; Fu et al., 2022; Kaplanis et al., 2020; Rees et al., 2020), case series 

and reports (Goodspeed et al., 2020), and three previously undescribed cases from the 

Moller group in Denmark. 400 unique individuals were identified in total (Supplemental 

File 4.1) mapping to 323 unique variants plus a further ten missense variants from 

gnomAD (Supplemental File 4.2). Variants were selected for functional interpretation 

based on: recurrence across multiple individuals, variants in individuals with detailed 

phenotyping data, distribution across phenotypes, distribution across the GAT-1 protein, 

distribution of predicted effect on GAT-1, and distribution of population frequency. The 

BioMarin group assayed 181 variants, the UCSF group assayed 100 variants, and 68 of 

these variants were assayed by both groups (Supplemental File 4.2). Twenty four 

variants were selected as controls, composed of: six synonymous variants, ten missense 

variants selected because they were observed in gnomAD population controls 

(Karczewski et al., 2020), and seven missense variants predicted to be benign from 

clinical sequencing reported in ClinVar (Landrum et al., 2018). The full list of individuals 

and phenotypes is reported in Supplemental File 4.1 and the full list of variants, genomic 

annotations, and functional results are reported in Supplemental File 4.2.  

 
4.3.2 Annotation of SLC6A1 variants 

 
Variant impact was estimated using the ENST00000287766.10 transcript for the 

ENSG00000157103.12 SLC6A1 gene as defined by GENCODE v39. All SLC6A1 

variants in ClinVar were downloaded on June 22nd, 2022 to annotate clinical significance. 

All SLC6A1 variants in the “non-neuro” version of gnomADv2.1.1 were downloaded on 
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Aug 18th, 2022 to annotate gnomAD population allele frequency. gnomAD data across 

all ancestries were used. Predicted missense severity was annotated using annoVar 

protocol ‘dbnsfp42a’ and build ‘hg38’ (K. Wang et al., 2010).  

 
4.3.3 SLC6A1 gene constructs and GFP-tagging 

 
The SLC6A1 consensus coding-sequence (CCDS: CCDS2603.1, NM_003042) was used 

for the creation of both gene constructs from each group under the CMV promoter, but 

with different vectors. The resulting wiltype (WT) SLC6A1 constructs from each group 

were then sent to Genscript (Piscataway, NJ) to perform site-specific mutagenesis to 

generate 181 distinct variants (BioMarin team) and 100 distinct variants (UCSF group). 

Genscript internally confirmed the quality and sequence of all plasmids and the expected 

variant was further confirmed by Sanger sequencing.   

 

For the GFP-tagged plasmids, the 249 amino acid monomeric superfolder green 

fluorescent protein (msfGFP, ASSN: ASL68970) was first synthesized by Genscript. 

Separately, the UCSF research group sent the WT-SLC6A1 construct back to Genscript 

and the sfGFP was cloned into the c-terminal end of SLC6A1 transcript with no spacer or 

linker. The final plasmid, WT-SLC6A1-sfGFP, was verified by Genscript and tested in the 

[3H]-GABA transport assay to compare relative uptake to WT-SLC6A1. No difference in 

GABA uptake was observed. To create the 86 GFP-tagged variant plasmids, Genscript 

performed site-directed mutagenesis on the WT-SLC6A1-sfGFP plasmid and verified 

every individual variant by Sanger sequencing.    
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4.3.4 Preparation of cell lines and transfection of variants 

 
Both research groups prepared human embryonic kidney cells (HEK293) separately to 

study the functional effects of SLC6A1 variants. The BioMarin team employed 

CRISPR/Cas9 to generate a SLC6A1 deficient HEK293T cell line (see supplemental 

methods). The GABA uptake assay was used to confirm loss of GAT-1 activity in the 

knockout line. The UCSF research group used the HEK293 Flp-In integration system and 

an empty vector (EV) in every transfection experiment to control for any background 

GABA uptake in the cells (see supplemental methods). The [3H]-GABA transport assay 

was used prior to experimental design to compare background activity (EV) to wildtype 

activity (WT-SLC6A1).                   

 
4.3.5 GABA uptake assay and [3H]-GABA Transport Assay 

 
The BioMarin research team employed UPLC-MS/MS in their experimental design to 

functionally characterize controls and variants. Beta-lactamase (BLA) activity was 

measured to account for transfection variability. The UCSF research group used a 

traditional radiolabeled uptake assay to characterize GABA transport of variants and 

controls. Both groups used the Pierce BCA Protein Assay (Thermo Fisher Scientific, Cat. 

23227) to measure total protein in each well, accounting for plating variability. Refer to 

the supplemental methods for further detailing of each assay.      

 
4.3.6 Combining uptake data across cohorts 

 
For each cohort (BioMarin and UCSF) the data from the six replicates that passed quality 

control (count) was used to estimate the mean, standard deviation (stdev), coefficient of 
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variant (coefvar), standard error of the mean (sem), and 95% confidence interval (95CI). 

Log transformed mean estimates were compared between the two groups. Based on the 

strong correlation values observed between the functional data generated by BioMarin 

and UCSF (Supplemental Fig. 4.1), we calculated the mean of GABA uptake from the 

68 variants where both groups had estimated GABA uptake. We made one exception, 

the insertion chr3:11020264:T:TA (hg38), c.523_524insA, p.Ser175TyrFs*32 is predicted 

to induce a frameshift variant and premature stop codon in GAT-1. The UCSF data 

predicted no GABA uptake (-102.4%) while the BioMarin data predicted reduced update 

(-73.2%). Given that 22 other protein truncating variants had yielded a GABA uptake 

value below -92.3%, we elected to choose the UCSF value of -102.4% for the combined 

result.  

 
4.3.7 Defining thresholds for functional impact 

 
The GABA uptake values for 24 control variants (Table S1) were normally distributed 

around a mean of -0.8% with a standard deviation of 24.7%. We used z-score thresholds 

of 1.96 standard deviations (48.4%, p≤0.05, two-sided) to define loss-of-function (-0.8% 

- 48.4% = -49.2%) and gain-of-function (-0.8% + 48.4% = 47.5%) and 3.29 standard 

deviations (81.2%, p≤0.001, two-sided) to define severe loss-of-function (-0.8% - 81.2% 

= -82.1%). No variants were above 80.4%, which would be the equivalent severe gain-of-

function threshold. 
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4.3.8 Immunostaining  

 
For immunostaining experiments, HEK293 cells were plated on poly-D-lysine treated 96-

well black PhenoPlate (Perkin Elmer Health Sciences, Inc) with an optically clear flat-

bottom and  at an optimized cell density of 2.4x104 cells/well. All wells on the edges of 

the plate were excluded to prevent edge effects. Cells were reverse transfected with 

respective SLC6A1-sfGFP-mutant plasmid and controls (WT-SLC6A1-sfGFP and EV-

sfGFP). Mutant plasmids were transfected in 3 biological replicates and performed in 

duplicate. WT and EV were treated the same, but had an additional plate with 12 

biological replicates per plasmid and performed in duplicate. After 48 hours, cells were 

washed once with Hank’s Balanced Salt Solution (HBSS) and then the plasma membrane 

was stained with Wheat Germ Agglutin Alexa Fluor 647 conjugate (Invitrogen Life 

Sciences Corporation) diluted (1:1000) in cold HBSS for 5 minutes at room temperature. 

The stain was then aspirated and cells were carefully washed three times with HBSS. 

Cells were fixed with 3.7% formaldehyde in HBSS for 15 minutes. The fixing solution was 

then aspirated and cells were washed again three times with HBSS. Next, the cytoplasm 

was stained using HCS CellMask Orange Stain (Invitrogen Life Sciences Corporation) in 

HBSS (1:1000) for 5 minutes at room temperature and kept in darkness. The stain was 

aspirated and cells were washed two more times with HBSS. Lastly, the nucleus was 

stained with Hoescht in HBSS (1:2000) for 20 minutes at room temperature and kept in 

darkness. Cells were washed twice with HBSS and 100µL of buffer was left in the wells 

for imaging. Imaging was performed within 24 hours of staining or same day and then 

stored in a 4℃ fridge wrapped in aluminum foil.   
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4.3.9 High-throughput confocal imaging with InCell 6500HS Analyzer and IN Carta 

Software analysis 

 
Immunostained plates were imaged with the IN Cell Analyzer 6500HS (GE Healthcare, 

WA, USA). All images were taken with a Nikon 40x objective and the laser and software 

autofocus (AF) applied. A total of 8 fields of view were captured per well across all plates 

(n=48 total per plasmid: 8 fields of view, 3 biological replicates, performed twice). Four 

channels were used to capture the respective stain or fluorescence. The blue channel 

captured the Hoescht stain using a 455nm laser. The orange channel captured the orange 

HCS CellMask stain using a 605nm laser. The FarRed channel captured the Alexa Fluor 

647 conjugate using a 682nm laser. The green channel captured GFP expression using 

the 524nm laser.  

 

The resulting images were visualized and analyzed with the IN Carta image analysis 

software (Molecular Devices, LLC., San Jose, CA). The protocol segmented the images 

by cell components. The blue wavelength was used to segment the mono-nucleated cells. 

The orange wavelength was used to segment the whole cell using the orange HCS 

CellMask. Once the software identified the nucleus and whole cell, the membrane was 

segmented using the red wavelength. For example images, please refer to supplemental 

fig. 4.8 and 4.9. The protocol was run and Pearson correlation values were generated 

for GFP expression colocalization with the plasma membrane stain (Alex Fluor 647). 

Pearson correlation values are calculated through the software using total intensities 

(total intensity = intensity x cell area) of the respective wavelengths captured in the field 

of view(s). After all values were generated from this protocol, the Classifier Tool within 
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the IN Carta software was applied to further refine pearson correlation raw scores. This 

tool allows you to define your upper and lower bounds for intensities detected across the 

entire plate, helping to account for plate to plate variability. Lower bounds were classified 

as ‘low GFP’ expression or background that is detected by the software. Upper bounds 

were classified as ‘overexposed GFP’ signal, which is usually puncta detected. Between 

the upper and lower bounds there was ‘High GFP’ signal and the Classifier tool reran the 

protocol with these newly defined classes. Newly generated values consider Pearson 

correlation scores by class. All final analyses in this study were conducted based on the 

‘High GFP’ class (Supplemental Fig. 4.8).  

 
4.3.10 Protein structure mapping in 2D and 3D (combined datasets) 

 
To visualize the topology of SLC6A1/GAT-1 and percent-wildtype uptake activity of 

missense variants, the UCSF transmembrane protein display tool TOPO2 was used 

(http://www.sacs.ucsf.edu/cgi-bin/open-topo2.py). The topological domains of SLC6A1 

were annotated three different ways and can be found in supplemental file 4.1. The 

initial annotations were taken from UniProt (ID P30532). A second annotation was done 

by aligning the protein sequences of all SLC6 family members using the multiple 

sequence alignment tool Clustal Omega and referring to previously published data on 

GAT-1 and the bacterial homolog LeuT transmembrane regions (Skovstrup et al., 2010; 

Yamashita et al., 2005; Zafar & Jabeen, 2018). The third and final annotations were 

graciously provided by Dr. Cornelius Gati, whose group recently published the 3D 

structure of GAT-1 (Motiwala et al., 2022). All final topology figures and subsequent 3D 

representations were taken from the solved GAT-1 structure annotations provided by Dr. 
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Gati. Pymol version 2.5 was used to make all 3D GAT-1 figures and videos using the 

protein data bank file (PDB ID: 7SK2).  

 
4.3.11 Data analysis and figures 

 
Data were analyzed using Python (including pandas, numpy, statsmodels, matplotlib, and 

seaborn libraries). Figures were composed using Adobe Illustrator. Further details on 

individual analysis can be found under supplemental methods. 

 
4.4 Results 

 
4.4.1 Impact of 213 variants in SLC6A1 on GABA uptake activity 

 
A combined search of publications and large-scale genomic cohorts identified 400 

individuals with variants in SLC6A1, which mapped to 323 unique variants (Cai et al., 

2019; Carvill et al., 2015; Epi25 Collaborative. Electronic address: 

s.berkovic@unimelb.edu.au & Epi25 Collaborative, 2019; Firth et al., 2009; Goodspeed 

et al., 2020; Heyne et al., 2018; Johannesen et al., 2018; Karczewski et al., 2020; Mattison 

et al., 2018; Rees et al., 2020; Satterstrom et al., 2020; Symonds et al., 2019; Truty et al., 

2019)(Supplemental File 4.1). Our two groups (BioMarin, UCSF) independently selected 

subsets of these variants for functional analysis of GABA uptake using a [3H]-GABA 

transport assay in HEK293 cells (supplemental methods). Assays of GABA uptake are 

reported as the percent difference from wildtype, with 0% being the same as wildtype and 

-100% being the complete absence of GABA uptake. In total, 213 variants in SLC6A1 

were assessed and the 68 variants analyzed by both groups yielded consistent results 

(R2 = 0.79, P=5.3 x 10-24, Supplemental Fig. 4.1A). Our data were also consistent with 
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previously published results (n=21; R2 = 0.51 (Mermer et al., 2021), n=7; R2 = 0.67 

(Mattison et al., 2018), Supplemental Fig. 4.1 B and C) 

 

The 213 variants included 24 control variants predicted not to contribute substantial risk 

for neurodevelopmental disorders: six synonymous variants, ten missense variants 

selected because they were observed in gnomAD population controls (Karczewski et al., 

2020), and seven missense variants predicted to be benign from clinical sequencing 

reported in ClinVar (Landrum et al., 2018). Across these 24 control variants, GABA uptake 

was equivalent to the reference (non-variant) version of SLC6A1 (Mean=-0.8%, 

StDev=24.7%, Range=-46.6% to 51.0%). We used these variants to define thresholds 

based on z-scores for severe loss-of-function (≤-82.1%, p≤0.001, 100 variants), loss-of-

function (>-82.1% and ≤-49.2%, p≤0.05, 25 variants), and gain-of-function (>47.5%, 

p≤0.05, 3 variants), with 85 variants in the typical range (>-49.2% to ≤47.5%) (Fig. 1B). 

These four variant effect types are highlighted on a 2D-topology representation of GAT-

1 for missense only variants (Fig. 4.1A). To see 2D-topology of other previously published 

groups (Mermer, Mattison), refer to Supplemental Fig. 4.2. 

 
4.4.2 Limited evidence for gain-of-function variants 

 
Three variants exceeded our gain-of-function threshold of >47.5% (Fig. 4.1). One of 

these, p.Phe87Leu, was a control variant selected from gnomAD. Another, p.Lys48Asn, 

was a variant of unknown significance and unknown inheritance that is also present in 

gnomAD identified in an individual with early onset epileptic encephalopathy (Truty et al., 

2019). The third one, p.Thr593Pro, was a variant of unknown significance absent from 
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gnomAD that was reported in ClinVar without clinical details. Given the caveats of 

overexpressing GAT-1 in HEK293 cells for uptake assays, we sought to assess whether 

these represented genuine gain-of-function effects. Stable cell lines were generated for 

the ten variants with the highest GABA uptake values in the UCSF cohort, including 

p.Phe87Leu and p.Thr593Pro, but not p.Lys48Asn. These ten stable cell lines were 

retested for GABA uptake activity (Supplemental Fig. 4.13). Across all ten, the uptake 

values were substantially lower than those observed in the transiently transfected cell 

lines and exhibited a non-significant trend to being above the wildtype levels (i.e., 100%). 

If variants do increase GABA uptake, the effects are small and unlikely to contribute risk 

to neurodevelopmental phenotypes.  

 
4.4.3 Neurodevelopmental phenotypes are consistently associated with loss-of-

function effects 

 
All 23 protein truncating variants (PTVs) assessed resulted in almost no GABA uptake 

(i.e., severe loss-of-function), consistent with nonsense-mediated decay or non-functional 

GAT-1 protein (Fig. 4.2A). Of 166 clinically-ascertained missense variants/in-frame 

indels, 77 were severe loss-of-function, 27 were loss-of-function, 2 were gain-of-function, 

and 60 were in the typical range. Even missense variants/in-frame indels in the typical 

range had a median GABA uptake of -25.7%, suggesting that a subset of these may also 

contribute some neurodevelopmental risk via mild loss-of-function (Fig. 4.2A). Across all 

variants assayed, GABA uptake was correlated with population allele frequency (R2 = 

0.38, P=8.4 x 10-24, Supplemental Fig. 4.3). Of the 156 variants absent in 114,704 

population controls, 115 (73.7%) resulted in severe loss-of-function or loss-of-function. In 
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contrast, none of the variants observed in ten or more individuals showed evidence of 

reduced uptake (Fig. 4.2B).   

 

Clinical significance was stated for 113 variants. Where clear determinations were made, 

these were generally supported by the functional assay: 32 (5 PTVs, 27 missense) were 

reported as Pathogenic or Likely Pathogenic and 30 (93.8%) of these were indeed found 

to be loss-of-function, while 18 missense variants were reported as Benign or Likely 

Benign of which 15 (83.3%) were in the typical range (Fig. 4.2C). The remaining 163 

variants had Uncertain (n=46), Conflicting (n=16), or absent (n=101) clinical significance; 

94 (57.7%) of these resulted in severe loss-of-function or loss-of-function. Thus, our 

functional data is consistent with 97 (45.5%) variants being clinically relevant and 71 

(33.3%) variants as having minimal impact on function (Fig. 4.2D). 

 

To minimize the ascertainment bias, we assessed genotype-phenotype correlations 

focusing on the 67 de novo variants (Fig. 4.2E). All but one of these variants were 

identified in an individual diagnosed with a neurodevelopmental disorder, the exception 

being p.Leu251Pro, reported in an individual with no seizures at 21 months-of-age but no 

data on autism spectrum disorder (ASD) or developmental delay (DD)(Goodspeed et al., 

2020). The completeness of the phenotyping data varied by variant (Supplemental File 

4.2). Seizures were reported in 46 of the 55 (83.6%) with data, ASD reported in 24 of 44 

(54.5%), and DD in 58 of 59 (98.3%). Variants were consistently loss-of-function in cases 

with seizures, ASD, and DD (median GABA uptake -0.95, -0.95, -0.96 respectively). The 

mostly frequently reported seizure type was Epilepsy with Myoclonic Atonic Seizures 
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(EMAS), reported in 22 of the 37 (59.5%) for whom seizure type was available; no clear 

patterns were observed between variant effect and seizure type (Supplemental Fig. 4.4) 

or age of seizure onset (Supplemental Fig. 4.6). 

 
4.4.4 Some variants observed in schizophrenia have loss-of-function effects 

 
Two schizophrenia cohorts contributed SLC6A1 missense variants that were predicted to 

be damaging (MPC score ≥ 2)(Samocha et al., 2017). The first focused on de novo 

variants from 3,444 cases and reported that SLC6A1 was associated with schizophrenia 

(P=7.9 x 10−5, uncorrected)(Rees et al., 2020). Two of the three de novo variants they 

identified resulted in loss-of-function effects (p.Ala93Thr, p.Arg211Cys), while one was in 

the typical range (p.Trp495Leu). The median GABA uptake across these variants is -

49.5% - a value in the loss-of-function range but higher than that observed for the 

neurodevelopmental phenotypes (P=0.007, two-sided Wilcoxon Test, Fig. 4.2E). The 

second cohort focused on case-control analysis of 24,248 cases (including the initial 

3,444); they reported an enrichment for SLC6A1 variants that did not meet genome-wide 

correction (P=0.006, uncorrected; P=0.50, corrected)(Singh et al., 2022). Two of the 

missense variants from this cohort were at the same location as de novo variants 

identified in neurodevelopmental disorders: p.Ala305Thr (severe loss-of-function) and 

p.Ala334Thr (loss-of-function). Of the remaining 11 variants in the second cohort, two 

resulted in severe loss-of-function (p.Asp410Asn, p.Gly442Arg), two in loss-of-function 

(p.Asn137Asp, p.Arg417Cys), and seven were in the typical range (Supplemental File 

4.2). 
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4.4.5 Correlation of functional data and surface expression of 86 missense variants 

 
Given the role of loss-of-function effects for the clinically-relevant SLC6A1/GAT-1 

missense variants, we sought to understand the role of protein trafficking mechanisms in 

these functional outcomes. Wildtype GAT-1 is located predominantly on the plasma 

membrane, however, it is also distributed at lower levels throughout the cell body, given 

its three glycolysation sites and ratio of mature vs. immature protein present in cells(Cai 

et al., 2019; Mermer et al., 2021) . A reduction in GAT-1 stability could also lead to a 

relative deficit in surface colocalization. Surface expression was assessed for 86 

missense variants using a high content imaging approach to assess the relative co-

localization of GFP-tagged GAT-1 with a membrane stain. The wildtype GAT-1 GFP-

tagged plasmid (WT) yielded a pearson correlation colocalization (PCC) value of 0.32 

(n=26 replicates), which we defined as 100% wildtype surface expression. As a negative 

control, we used an ‘empty vector’ (EV) plasmid that contained GFP but not GAT-1; the 

resulting GFP is expressed non-specifically throughout the cell, with only a small amount 

on the membrane (Supplemental Fig. 4.8). The EV plasmid resulted in a PCC value of 

0.15 (n=26 replicates), 46.9% below the wildtype GAT-1 value (Supplemental Fig. 4.7). 

For each of the 86 missense variants, we tested six replicates (mean of 5.9 after data 

cleaning), from which we calculated both the PCC and the percentage wildtype surface 

expression (Supplemental Fig. 4.7). For further analysis, percentage wildtype surface 

expression values below that of EV (46.9%) were increased to 46.9%. 

 

GABA uptake data was correlated with surface expression results (R2=0.23, P=3x10-6, 

Fig. 4.3A). Variants with typical GABA uptake generally had high surface expression, 
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while loss-of-function variants had highly variable surface expression. To interpret these 

relationships, we applied a K-means algorithm to define three groups of variants (K=3, 

Fig. 4.3A): Group 1) variants present on the surface with typical uptake (n=30), Group 2) 

variants absent from the surface with low uptake (n=40), and Group 3) variants that were 

present on the surface but had low uptake (n=16). Two variants with typical GABA uptake 

were outliers with very low surface expression: p.Pro530Leu (PCC=0.06), identified in a 

large-scale epilepsy sequencing project (Epi25 Collaborative. Electronic address: 

s.berkovic@unimelb.edu.au & Epi25 Collaborative, 2019) and p.Trp495Leu (PCC=0.09), 

a de novo variant identified in schizophrenia (Rees et al., 2020) (Supplemental Fig. 4.9). 

In groups 1 and 2, a substantial fraction of the variability in GABA uptake can be explained 

by relative surface expression (R2=0.69, P=8x10-19) but a different mechanism is required 

to explain the loss-of-function effects of the 16 missense variants in group 3.  

 
4.4.6 Mapping of variants to the protein structure  

 
We integrated the data from the 86 missense variants with the GAT-1 protein structure 

(Motiwala et al., 2022) to determine if this could provide insight into the group 3 effects 

(Fig. 4.3B, 4.3C, 4.3D). Considering the 3D structure (Fig. 4.3B, 4.3C), XX% of group 3 

variants were on the surface, with limited ability to interfere with GAT-1 trafficking to the 

membrane, in contrast to XX% of group 2 variants. Of the 16 variants in group 3, 13 were 

located within transmembrane domains and eight of these are found in the 

transmembrane domains most closely associated with the GABA binding pocket of GAT-

1 (TM1, TM3, TM6 and TM8, Fig. 4.3D), raising the possibility that their loss-of-function 

effects were through disruption of this binding. To assess this hypothesis, variants within 
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the transmembrane domains that form the binding pocket and main intracellular gate 

(TM1 and TM6) were closely analyzed in the 3D (Fig. 4.3E). Variant p.Gly63Ser (group 

3), a recurrent de novo variant seen in two individuals with seizures, severe 

developmental delay and ASD, forms part of the TM1 GABA binding site (Fig. 4.3E). The 

wildtype residue (p.Gly63) forms hydrogen bonds with the carboxylic acid of GABA 

(Motiwala et al., 2022). When mutated to p.Gly63Ser, a polar functional group is added, 

increasing strain on the binding site, which may interfere with the native hydrogen bonds 

to GABA to reduce uptake. Variant p.Ser295Leu (group 2), for which no phenotype data 

are available, also forms part of the GABA binding site but within TM6. In its wildtype 

form, p.Ser295 forms hydrogen bonds with the backbone of GABA at the amine (-NH2). 

The polar to nonpolar p.Ser295Leu mutation is likely to weaken this GABA binding, 

furthermore, the change to the longer functional group in leucine is predicted to cause 

substantial strain that interferes with the TM1 helix (Fig. 4.3E), potentially impairing 

protein trafficking and disrupting the opening and closing mechanics of the transporter 

necessary for GABA uptake. This same phenomenon can be seen in the variant 

p.Gly307Arg (group 3), where the amino acid change creates a large strain and 

interference between TM6 (red) and TM2 (gray). This may point at why these variants still 

traffic to the membrane, but have poor GABA uptake because they disrupt the domains 

responsible for substrate binding mechanics. Please note that this specific section (4.4.6) 

was not fully complete and may not reflect the final published form.  
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4.4.7 Prenatal lethality, gene-level mutability, and dominant negative effects do not 

contribute to missense enrichment 

 
Our functional data strongly suggest that loss-of-function effects underlie seizures, 

developmental delay, and ASD phenotypes, excluding the possibility of undiscovered 

gain-of-function variants and complex genotype-phenotype relationships as explanations 

for the enrichment for missense variants observed in SLC6A1. We next considered 

whether PTVs might increase the rate of prenatal lethality leaving a disproportionate 

number of missense variants in cohorts of children with neurodevelopmental delay. 

Adjusting for gene length and DNA sequence, we find the rate of de novo PTVs in 

SLC6A1 is equivalent to that of other NDD-associated genes (Supplemental Fig. 4.11A), 

suggesting it is an excess of de novo missense variants rather than a deficit of de novo 

PTVs driving the enrichment. However, the predicted mutability of SLC6A1 for both 

missense and PTV variants is equivalent to that of other NDD genes (Supplemental Fig. 

4.11B). As further evidence against prenatal lethality, the diagnostic rates of seizures, 

developmental delay, and ASD are similar for de novo PTVs (92%, 60%, 100% 

respectively) and de novo missense (81%, 53%, 98% respectively) and other genes 

associated with neurodevelopmental delay have a greater impact on early developmental 

milestones (Wickstrom et al., 2021). 

 

We next considered whether missense variants might lead to an ascertainment bias 

driven by more severe symptoms due to a dominant negative effect, as observed in 

SLC30A2 (Lasry et al., 2012). We tested this hypothesis by assessing co-transfections of 

wildtype and missense variants for two missense variants with typical GABA uptake 
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(p.Asp43Glu, p.Ile434Met) and five severe loss-of-function missense variants 

(p.Gly63Ser, p.Tyr140Cys, p.Ser295Leu, p.Leu547Arg, p.Gly550Arg). None of the 

variants showed evidence in keeping with dominant negative effects (Supplemental Fig. 

4.12). 

 
4.4.8 GAT-1 vulnerability to missense variations explains missense enrichment 

 
The GAT-1 transporter is a highly specific, dynamic, and complicated molecular machine 

(Motiwala et al., 2022), could the intricate protein structure render the protein unusually 

susceptible to loss-of-function missense variation? Exploring this possibility would require 

extrapolating the GABA uptake results from the 180 assayed missense variants to all 

possible missense variants for the gene. Multiple algorithms have been developed to 

estimate the functional impact of missense variants, largely based on conservation across 

species and constraint in human populations. We used ANNOVAR to annotate the 180 

missense variants against the output of multiple such algorithms (Supplemental File 4.2) 

and stepwise linear regression) and random forest machine learning to build a predictive 

model. The R2 was above 0.55 for three models independently, ClinPred: R2 = 0.58, P = 

7x10-35 (Fig. 4.4A)(Alirezaie et al., 2018), MetaSVM: R2 = 0.57, P = 8x10-34 (Kim et al., 

2017), and MetaRNN: R2 = 0.55, P = 1x10-32(Li et al., 2022), of note, all three are 

ensemble models integrating multiple other algorithms trained against large databases, 

such as ClinVar. Selecting ClinPred and adding additional predictors (MetaSVM (Kim et 

al., 2017), fitCons (Gulko et al., 2015), phyloP30way mammalian (Pollard et al., 2010), 

LIST-S2 (Malhis et al., 2020) only marginally improved the prediction to R2 = 0.62, 

probably because of the high correlations between these algorithms (Supplemental Fig. 
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4.10). Given the risk of overfitting to a relatively small dataset, we elected to use the 

ClinPred model alone (scaled from no predicted impact at 0 to severe predicted impact 

at 1). 

 

To select comparator genes, we identified nine genes with equivalent evidence in ASD 

(FDR ≤ 1x10-10) and NDD (FDR ≤ 1x10-10) that were enriched for PTVs (de novo PTV 

count / de novo missense count > 2)(Fu et al., 2022) and had ClinPred scores available. 

For SLC6A1 and these nine genes, we used the longest protein-coding isorform from 

GENCODE v33 to predict all possible missense variants and plotted the ClinPred score 

distributions (Fig. 4.4B). In keeping with a higher vulnerability to missense variation, 

ClinPred scores are substantially higher for SLC6A1  than for the other nine genes, with 

a median of 0.76 for SCL6A1 vs. 0.60 for KDM5B (P = 4x10-111), the next highest gene 

(Fig. 4.4B). In neurodevelopmental delay, we observed a 7-fold enrichment of de novo 

missense variants compared to de novo PTVs (43 missense, 6 PTVs, ratio=7.17)(Fu et 

al., 2022). Based on a ClinPred score of ≥0.642, set by the loss-of-function threshold (Fig. 

4.4A), we observed the total number of predicted loss-of-function missense sites to be 7-

fold higher than the total number of predicted PTV missense sites (2,481 missense, 349 

PTVs, ratio=7.11, Supplemental File 4.1), with a similar ratio after adjusting for mutability 

(ratio=7.06), suggesting the magnitude of this missense vulnerability is sufficient explain 

the observed missense enrichment. Other measures of missense severity highly 

correlated to the functional data yield similar patterns (Supplemental Fig. 4.14). 
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Using the linear model to convert the ClinPred scores to estimated GABA uptake, we 

plotted the mean functional impact for each of the 599 amino acids in GAT-1 (Fig. 4.4C). 

In keeping with the 3D structure results, we see substantial vulnerability throughout 

transmembrane domains 1 to 10, along with some of the cytoplasmic and extracellular 

loops. In contract, the N- and C-terminus loops show the limited vulnerability to loss-of-

function missense variants, consistent with our directly assayed functional data (Fig. 

4.1A).  

 
4.4.9 Recurrent missense variants in SLC6A1 are at hypermutable sites 

 
GAT-1 vulnerability can account for the enrichment of missense variants in SLC6A1, 

however, this still does not account for the observation of recurrent de novo missense 

mutations (Table 4.1, Fig. 4.2, Supplemental Fig. 4.5). To assess whether mutability 

may be a factor, we estimated the mutability of all possible missense variants in SLC6A1 

and plotted these estimates against the predicted GABA uptake from ClinPred (Fig. 4.5). 

A small fraction of missense variants in SLC6A1 (75 out of 3,943, 1.9%) are at CpG sites 

that are known to be hypermutable (Lynch, 2010) due to the spontaneous deamination of 

5-methylcytosine (5mC) to thymine (Fig. 4.5). However, 22 of the 31 recurrent missense 

variants (71.6%) and all 14 (100%) of the missense variants identified in three or more 

individuals are in this small hypermutable subset (Fig. 4.5). The majority of these are at 

sites we predict to be loss-of-function. 
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4.5 Discussion 

 
In order to effectively advance therapies for patients with SLC6A1 pathogenic variants, 

there must be a full in-depth understanding of the functional impact of SLC6A1 variation. 

Currently, no targeted therapies for patients with SLC6A1 haploinsufficiency have been 

approved, although non-targeted therapies like 4-phenylbutyrate show promise by 

counteracting some of the effects of mutant SLC6A1 in model systems (Nwosu et al., 

2021). Our unique approach and combined datasets report the largest functional screen 

for SLC6A1 to date, advancing our understandings of SLC6A1 variation and directional 

trends. Additionally, our GAT1 structure segment annotations are the most up to date with 

the recent publication of the GAT1 structure and consequently our analyses reflect novel 

findings related to the structure.    

 
Given the high proportion of SLC6A1 missense variants and the observation of recurrent 

de novo SLC6A1 missense variants in individuals with neurodevelopmental disorders, we 

might expect a gain-of-function mechanism. However, our functional data of 213 variants 

clearly show that variants associated with neurodevelopmental disorders have a loss-of-

function effect, reducing GABA uptake (Fig. 4.1A and 4.1B). In total, 213 variants in 

SLC6A1 were assessed and the 68 variants analyzed by both groups yielded consistent 

results (R2 = 0.79, P=5.3 x 10-24, Supplemental Fig. 4.1). Our data were also consistent 

with previously published results (n=21; R2 = 0.51, n=7; R2 = 0.67, Supplemental Fig. 

4.1). Our combined results informs reclassification of a total of 168 missense variants that 

had Uncertain (n=46), Conflicting (n=16), or Absent (n=101) clinical significance (Fig. 
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4.2D). Of these variants, we reclassified 100 (46.9%) variants as being clinically relevant 

and 68 (31.9%) variants as having minimal impact on function.  

 
Overall, out of 213 variants tested, 125 combined variants were either loss-of-function 

(25) or severe loss-of function (100), 85 where in the typical range and 3 showed gain-of-

function mechanism. Our analysis showed that across all de novo missense variants 

reporting a phenotype of seizures (epilepsy), neurodevelopmental delay, and ASD, all 

were significantly reduced in GABA uptake (median GABA uptake -0.95, -0.95, -0.96 

respectively, Fig. 4.2E). However, the median GABA uptake across schizophrenia 

variants is -49.5% - a value in the loss-of-function range but higher than that observed for 

the neurodevelopmental phenotypes (P=0.007, two-sided Wilcoxon Test, Fig. 4.2E). 

 
We tested up to 10 of the highest performing variants in stable expressing cell lines to 

validate transient experiments and saw a reduced GABA uptake for all, suggesting limited 

to no evidence that these mutations are gain-of-function (Supplemental Fig. 4.13). Also, 

given the excess missense variants and loss-of-function result, we tested whether this 

prevalent result was due to dominant negative effects. Our co-transfections showed there 

is no evidence of dominant negative mechanism, although caution should be taken when 

making absolute statements since this mechanism could still be tested with other 

experimental methods. Additionally, we assessed whether there was any relationship 

between loss-of-function severity and age-of-onset or seizures, autism, developmental 

delay and saw no significant difference (Supplemental Fig. 4.4 and 4.6).  
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Our high content imaging data showed three different groups (Fig. 4.3A) clustering 

around type of function (low or typical uptake) and type of localization (absent or present 

on the plasma membrane). Mapped to the recently solved GAT-1 structure, we can see 

a more accurate image of where these 3 groups cluster (Fig. 4.3C and 4.3B). All pink 

and purple variants cluster towards the inner surfaces of the protein structure and the 

green group is mainly on the outside, exposed surface. The pink group notably clusters 

around or in the cylindrical ring that forms the binding pocket, which explains why these 

variants are present at the surface, but affects the binding site of GABA, lowering the 

uptake or function of GAT-1 (Fig 4.3D). Changes in amino acids and their impact can 

specifically be seen in Fig 4.3E, where change in amino acid functional groups and 

charges (polarity), begin to affect protein to protein interactions and strain. The newly 

published GAT-1 structure provides new information on the inward-occluded state of this 

transporter, but results are more complicated than this. Ideally, discovering all the states 

of transporter movement as GABA is transported would provide a full story of how these 

mutations are affecting uptake and GAT-1 function.     

 
Using various computational prediction tools, we found ClinPred to be the most accurate 

in predicting SLC6A1 variant impact as it pertains to our experimentally generated data 

(R2 = 0.58, P = 7x10-35, Fig. 4.4A). When compared to other genes associated with 

neurodevelopmental delay, we see that SLC6A1 has the highest damaging variant impact 

(Fig. 4.4B and 4.4C). These results, combined with the fact that no gain-of-function 

mechanism exists, explains that SLC6A1 vulnerability to loss-of-function mutation leads 

to missense enrichment.   
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Our research lead us to ask why there is also a de novo missense recurrence at specific 

positions in GAT-1 protein (Table 4.1). By estimating the mutability of all possible 

missense variants in SLC6A1 and then plotting these estimates against the predicted 

GABA uptake from ClinPred, we found that a fraction of these variants were at 

hypermutable sites. This may explain this high reoccurrence phenomenon we are seeing 

for some of these variants, rather than a structural or clinical explanation.  

 
In conclusion, we fully characterized and analyzed the function of 213 variants with 

clinically relevant phenotypes. We found that loss-of-function mechanism underlie 

phenotypes or symptoms reported in cases and that there is no gain-of-function evidence. 

We tested the subcellular localization of 86 missense variants and saw that all loss-of-

function variants were due to improper GAT-1 trafficking to the surface of the cell and 

disrupted protein stability affecting the GABA binding pocket. The missense recurrence 

seen is due to hypermutable sites and enrichment of missense variants is because the 

GAT-1 protein is highly sensitive to change or vulnerable. Taken together, these results 

have major implications for therapy. Overall, given then loss-of-function pattern, we want 

to increase GAT-1 expression in all cases. CRISPR activation (CRISPRa) would be ideal 

to treat individuals with variants that do not traffic correctly to the plasma membrane, 

however this is not so simple for those that do traffic to the plasma membrane and still 

reduce uptake. Simple gene replacement therapies are potentially beneficial, however it 

is not understood how global GAT-1 gene replacement would physiologically impact the 

system nor site specific replacement in neurons. Lastly, GAT-1 structure is more complex 

than originally thought and should be taken into consideration when guiding therapies. 

Please note that this discussion section may not reflect the final published form. 
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4.6 Figures 

 

 
 
Figure 4.1. Topology of the GAT-1 protein and GABA uptake values by functional 
type.  



182 
 

(A) The 2D representation of the GAT-1 protein is shown and organized by 12 
transmembrane domains and linking or terminal chains. Only missense and in-frame 
variants are highlighted. (B) GABA reuptake functional data is shown as a percentage 
of wildtype and highlighted by activity type for 213 variants tested across the 599 amino 
acids of the GAT-1 protein. Individual data bars represent mean ±SEM of three 
biological replicates performed in triplicates. Abbreviations: GoF: gain-of-function, LoF: 
loss-of-function. 
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Figure 4.2. GABA uptake of de novo variants by phenotype and recurrence.  
(A) GABA uptake data for 213 variants is shown by predicted impact on the GAT-1 
protein. Protein truncating variants and missense/in-frame variants are ascertained from 
clinical populations (left two categories) while 24 variants selected as controls were split 
between missense/in-frame and synonymous variants (right two categories) and used to 
set thresholds for loss- of gain-of-function (dashed lines). (B) GABA uptake values are 
shown by population allele frequency in 114,704 non-neuropsychiatric samples in 
gnomAD and. (C) by ClinVar clinical significance. (D) A Sankey plot summarizes the 
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proportion of variants where ClinVar category could be reclassified. (E) GABA uptake 
values are shown for de novo variants by the presence of seizures, developmental 
delay, autism spectrum disorder, or schizophrenia. If phenotypes are comorbid (e.g., 
seizures and developmental delay) the variant is shown for all phenotypes for which it is 
reported. (F) GABA uptake values of de novo variants observed in single individuals (1) 
or multiple individuals (2-11). Each variant is shown once. The four most recurrent 
variants (5, 6, 10, and 11) are labeled. Abbreviations: GoF: gain-of-function, LoF: loss-
of-function, A93T: p.Ala93Thr, R211C: p.Arg211Cys, W495L: p.Trp495Leu. Statistical 
tests: E: two-sided Wilcoxon test. 
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Figure 4.3. Clustering of surface expression and GABA uptake results of 86 
missense variants and highlighted variants in GAT-1 structure and binding site.  
(A) Individual GABA uptake values (y-axis) correlated to surface expression results (x-
axis) and classified by K-means clustering as either present at the surface and low 
uptake (magenta), absent at the surface and low uptake (purple), or present at the 
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surface and typical uptake (green). Variants named with an asterisk denote outliers. All other 
variants called are further illustrated in B and E. (B) GAT-1 3D structure with highlighted 
variants by cluster. (C) GAT-1 3D structure highlighted by transmembrane domains and 
the binding site is indicated by the red square. (D) 2D topology of GAT-1 structure 
showing individual variants colored by cluster and corresponding transmembrane 
domains highlighted from panel C. (E) The GAT-1 binding site inset from panel C (red 
square) and relevant amino acids is shown with GABA bound. The wildtype and variant 
3D structures of four variants are shown and the variant insets are boxed in colors 
relevant to their clustering from panel A (magenta or purple). Two variants form part of 
the binding site for GABA (p.Gly63Ser, p.Ser295Leu), one variant is part of TM6 
(p.Gly307Arg) and the variant in TM11 is the top recurrent variant (p.Val511Met, n=6) 
with available surface expression data.  Abbreviations: GoF: gain-of-function, LoF: loss-
of-function, TM1: transmembrane domain 1, TM3: transmembrane domain 3, TM6: 
transmembrane domain 6, TM8: transmembrane domain 8, TM11: transmembrane 
domain 11  
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Figure 4.4. GAT-1 vulnerability underlies the enrichment of SLC6A1 missense 
variants.  
(A) Correlation of individual GABA uptake data and ClinPred rankscore for 180 
SCL6A1/GAT-1 missense variants. The red lines shows the linear regression model 
with 95% confidence intervals represented by the red shading. The ClinPred value at 
the estimated loss-of-function threshold is indicated by the purple line (‘LoF thres’). (B) 
Violin plots represent the ClinPred rankscore distribution for all possible missense 
variants in SLC6A1 genes and nine equivalent PTV-enriched ASD- and NDD-
associated genes. The ‘LoF thres’ line from ‘A’ is also shown. (C) All 599 amino acids of 
GAT-1 are colored by the mean predicted GABA uptake of all possible missense 
variants using the linear regression model from ‘A’ from the annotated ClinPred 
rankscores. Abbreviations: GoF: gain-of-function, LoF: loss-of-function. Statistical tests: 
A: linear regression, B: two-sided Wilcoxon test. 
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Figure 4.5. Recurrent missense variants in SLC6A1 are at hypermutable loci.  
Estimated mutability based on three basepair DNA sequence is shown for all 3,952 
possible missense variants in SLC6A1 (x-axis). A small number of variants have a ~10-
fold higher mutation rate due to the presence of CpG, as shown by the histogram (top). 
Predicted GABA uptake is predicted for each of these missense variants based on 
ClinPred (Fig. 4). The number of unique cases are indicated by size and color for each 
variant; the four most frequency are labeled (Fig. 2 and Table 1). Abbreviations: LoF: 
Loss-of-function. 
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Supplemental Figure 4.1. Correlation between GABA uptake data across datasets 
from BioMarin, Mattison, and Mermer research groups.   
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Supplemental Figure 4.2. 2D-GAT-1 topology with highlighted variants from 
Mattison and Mermer research results (missense only).    
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Supplemental Figure 4.3. Correlation between GABA uptake and population allele 
frequency.  
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Supplemental Figure 4.4. GABA uptake by mode of inheritance, phenotype, and 
seizure type.   
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Supplemental Figure 4.5. Recurrent missense variants in GAT-1 2D-topology map.   
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Supplemental Figure 4.6. Correlation between GABA uptake and age of seizure 
onset.  
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Supplemental Figure 4.7: Raw results of high content imaging of 86 variants 
represented as Pearson Correlation Colocalization values (PCC) and as a percent 
of wildtype.  
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Supplemental Figure 4.8: High content imaging colocalization and segmentation 
of HEK293 cells transfected with empty vector or wildtype GFP vectors using IN 
Carta software analysis. 
(A, B, C, D, and E) HEK293 cells transfected with GFP-tagged empty vector shown 
with colocalized fluorescence tags in A and segmentation of cell component stains in 
B,C,D, and E using IN Carta image analysis. (F, G, H, I, and J) HEK293 cells 
transfected with GFP-tagged wildtype SLC6A1 vector shown with colocalized 
fluorescence tags in F and segmentation of cell component stains in G, H, I, and J using 
IN Carta image analysis.      
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Supplemental Figure 4.9: Raw images of high content imaging colocalization for a 
subset of missense variants.  
Images are divided by clusters of surface presence and uptake activity and each variant 
is shown with 3 different field of views. (A,B and C) Present at surface and typical 
GABA uptake. (D and E) Present at surface, low GABA uptake. (F, G, H and I) Absent 
at surface and low GABA uptake. 
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Supplemental Figure 4.10: Correlation of the top ten prediction scores with GABA 
uptake. 
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Supplemental Figure 4.11: Frequency of de novo PTVs and gene-level mutability. 
(A) The observed number of de novo PTVs in neurodevelopmental delay (NDD) cases 
is divided by the estimated PTV mutability rate. Metrics are shown for all autosomal 
protein-coding genes split into 373 genes associated with NDD (red) and 16511 genes 
not associated with NDD (blue). The equivalent value for SLC6A1 is shown as the blue 
dashed line. B) The mutability is shown for 373 NDD-associated genes for missense 
variants (x-axis) and PTVs (y-axis).  
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Supplemental Figure 4.12: GABA uptake results of co-transfected HEK293 Cells  
show no evidence of dominant negative effects in 7 missense variants.  
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Supplemental Figure 4.13: GABA uptake results of stable cell lines of highest 
functioning variants compared to transient transfections.  
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Supplemental Figure 4.14: Distribution of missense severity scores in all possible 
missense variants in SLC6A1 and ten PTV-enriched genes. 
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Violin plots represent the distribution of MetaSVM, MetaRNN, MetaLR, and REVEL for 
all possible missense variants in SLC6A1 genes and ten equivalent PTV-enriched ASD- 
and NDD-associated genes (See Fig. 4.4B).  
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Supplemental Figure 4.15. Mutability distribution of SLC6A1 and observed 
frequencies for predicted loss-of-function cases.   
The distribution of de novo mutability, estimated from base-substitution mutation rate 
based on triplet DNA sequence from whole-genome sequencing of families is shown 
across all possible missense variants in SLC6A1 (left graph). Mutability is used to define 
seven bins (middle). In each of these mutability bins, the total number of missense 
variants predicted to be loss-of-function and observed at least once in cases is shown in 
orange, while the total number of missense variants predicted to be loss-of-function and 
not observed in cases is shown in grey. Abbreviations: LoF: Loss-of-function.         
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4.7 Tables 

Table 4.1. Recurrent de novo mutations in SLC6A1/GAT-1 
Y= Yes, blank is “no” or unknown.  
 

GAT-1 
Variant 

Count Seizures EMAS Absence  Mean 
onset 

DD ASD  Schizo- 
phrenia 

De 
novo 

Inherited  GABA 
uptake 

Surface 
expression 

ClinPred 
rankscore 

p.Ala288Val 11 Y Y Y 25mths Y Y . Y Y 17.0% . 1.00 

p.Val342Met 10 Y Y Y 28mths Y Y . Y Y 44.3% . 0.65 

p.Val511Met 6 Y . Y 12mths Y . . Y Y 30.6% 62.0% 0.57 

p.Arg44Trp 5 Y Y Y 28mths Y . . Y . 2.1% 81.5% 0.92 

p.Gly111Arg 4 Y . . . Y . . Y . 1.5% 104.2% 0.98 

p.Gly297Arg 4 Y Y Y 31mth Y Y . Y . 3.9% . 0.90 

p.Ala305Thr 4 Y . . . Y . Y Y Y 15.5% 109.9% 0.92 

p.Ala357Val 4 Y Y Y 17mths Y . . Y . 8.4% 45.3% 0.88 

p.Gly362Arg 4 Y . Y 48mths Y . . Y . 20.6%  41.1% 0.98 
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Supplemental Table 4.1. Functional data by ClinVar clinical significance. 
 

ClinVar category Severe loss-of-
function Loss-of-function Typical Gain-of-function 

Pathogenic 11 1 1 0 

Pathogenic/Likely pathogenic 4 1 0 0 

Likely pathogenic 12 1 1 0 

Uncertain significance 13 5 26 2 

Likely benign 0 3 3 0 

Benign/Likely benign 0 0 2 0 

Benign 0 0 10 0 

Conflicting interpretations of 
pathogenicity 7 3 6 0 

Not provided 1 0 0 0 

Not listed 52 13 34 1 
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4.8 Supplemental Text 

 
Methods 

 
The following data generation and data processing methods are separated by the two 

research groups: BioMarin and UCSF. The main materials and methods section (section 

4.3) of this thesis has a summary of combined methods from both groups. 

 
4.8.1 Initial variant selection (BioMarin) 

 

We identified individuals with potentially pathogenic SLC6A1 variants from multiple 

sources (Cai et al., 2019; Carvill et al., 2015; Epi25 Collaborative. Electronic address: 

s.berkovic@unimelb.edu.au & Epi25 Collaborative, 2019; Firth et al., 2009; Goodspeed 

et al., 2020; Heyne et al., 2018; Johannesen et al., 2018; Karczewski et al., 2020; Mattison 

et al., 2018; Rees et al., 2020; Satterstrom et al., 2020; Symonds et al., 2019; Truty et al., 

2019)(Supplemental File 4.1). The individuals and organizations who collected and 

generated this original data bear no responsibility for further analysis or interpretation in 

this publication. After taking into account individuals represented in more than one cohort, 

the total number of carriers was 213. After taking into account variants present in multiple 

individuals and after excluding large insertion or deletion variants (indels) and most 

noncoding variants, we arrived at 182 variants we successfully tested (Supplemental 

File 4.2). Of those, 90 were variants seen in epilepsy and developmental delay patients, 

11 were seen in schizophrenia patients (3 of those with a high probability of being 

pathogenic), 73 were variants from various sources which are seen in epilepsy cases but 
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for which pathogenicity has not been claimed and the remaining 5 were likely benign and 

included as negative controls (Supplemental File 4.2). 

 
4.8.2 Initial variant selection (UCSF) 

 
Individuals with variants in SLC6A1 were identified from multiple sources, including: 

ClinVar (Landrum et al., 2018), gnomAD (Karczewski et al., 2020), multiple cohort studies 

[(Kaplanis et al., 2020), (Fu et al., 2022), (Epi25 Collaborative. Electronic address: 

jm4279@cumc.columbia.edu & Epi25 Collaborative, 2021), (Rees et al., 2020)], case 

series and reports (Goodspeed et al., 2020), and three previously undescribed cases from 

the Moller group in Denmark (Supplemental File 4.1). The gnomAD aggregation 

database was used to select the 10 missense variants with the highest population 

frequencies as controls. Another 10 variants were selected as a representative group of 

protein truncating variants. The remaining 80 missense variants were selected based on: 

recurrence across multiple individuals, variants in individuals with detailed phenotyping 

data, and distribution across the GAT-1 protein. The full list of variants and extensive 

information on each can be found in Supplemental File 4.2.  

 
4.8.3 Creation of SLC6A1 Constructs (BioMarin) 

 

The SLC6A1 consensus coding-sequence (CCDS: CCDS2603.1) was synthesized by 

Genewiz (South Plainfield, NJ) and cloned into the pUC57- Kan plasmid with a CMV 

promoter driving the production of SLC6A1, opposite a reverse- oriented EF1-alpha 

promoter driving a Beta-lactamase reporter. Genscript (Piscataway, NJ) performed site-
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specific mutagenesis to generate 184 distinct variants. Mutagenesis was confirmed by 

Sanger sequencing. 

 
4.8.4 Creation of SLC6A1 Construct and GFP-tagged plasmids (UCSF)  

 
The vector pCMV6-Entry containing the human cDNA of SLC6A1 (NM_003042) was 

purchased from OriGene (OriGene Technologies Inc., Rockville, MD, USA). The plasmid 

pCDNA5/FRT SLC6A1 (WT-SLC6A1) was created by digesting the pCMV-Entry SLC6A1 

(OriGene) with KpnI and NotI (NEB) to excise the SLC6A1 transcript. The mammalian 

expression vector pcDNA5/FRT was also digested by KpnI and NotI to create compatible 

restriction sites. Digested DNA sequences and size was confirmed by MCLAB 

sequencing (South San Francisco, CA, USA). Ligation of the digested backbone and 

excised cDNA were performed using T4 Ligase and instructions were followed by 

manufacture protocol (Invitrogen?). The resulting reaction was transformed and the 

plasmid was sequenced by MCLAB, confirming proper ligation of cDNA SLC6A1 into 

pcDNA5/FRT. The final WT-SLC6A1 plasmid was then tested by [3H]-GABA transport 

assay and the reuptake of GABA was compared to the original plasmid pCMV-Entry 

SLC6A1. Compared to empty vector plasmid, both constructs demonstrated a 13-fold 

uptake of GABA, further confirming successful ligation.  

 

The WT-SLC6A1 construct was sent to Genscript (Piscataway, NJ) and site-specific 

mutagenesis was performed to make 100 individual plasmids with its respective mutation. 

Genscript internally confirmed quality and sequence of all plasmids. For the GFP tagged 

plasmids, the 249 amino acid superfolder GFP (sfGFP, ASSN: ASL68970) was 
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synthesized by Genscript and then cloned into the c-terminal end of SLC6A1 transcript in 

WT-SLC6A1 construct with no spacer or linker by the same company. The final plasmid, 

WT-SLC6A1-sfGFP, was verified by Genscript and tested in uptake assay to compare 

relative uptake to WT-SLC6A1 (ADD FOLD UPTAKE). To create the 86 GFP tagged 

variant plasmids, Genscript performed site-directed mutagensis on the WT-SLC6A1-

sfGFP plasmid and verified every individual variant.  

 
4.8.5 CRISPR/Cas9 knockout of SLC6A1 in HEK293T cells (BioMarin) 

 

We generated a SLC6A1 deficient cell line, using HEK293T transfected with 

CRISPR/Cas9 RNP using the following crRNAs targeting exon 5 with PAM in bold: 

Hs.Cas9.SLC6A1.1.AD: 5’-[AGTGGCCAGCGGATCTGACCTGG]-3’ 

Hs.Cas9.SLC6A1.1.AQ: 5’-[ATACACAAGGATCCAGGCGATGG]-3’ 

Briefly, we annealed equimolar ratios of ATTO 550 labeled tracrRNA (IDT Cat. 1075928) 

and the above crRNA. Twelve picomoles of the resulting gRNA were combined with 104 

pmol HiFi Cas9 (IDT 1081061) to form RNP’s, according to the manufacturer’s protocol. 

2E5 HEK293T cells were transfected with RNP using a 96-well Shuttle nucleofector 

(Lonza) with Amaxa SF solution (Lonza) and program CM-138. Transfected cells were 

seeded into a 96-well plate and cultured for 3 days at 37°C, with 5% CO2, in 200 L of 

high-glucose DMEM (Invitrogen, Cat.11995-065) supplemented with 10% (v/v) Fetal 

Bovine Serum (VWR, Cat. 97068-085) and 1X GlutaMAX-ITM (GIBCO, Cat. 35050-061). 
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Next, single cells were sorted into 96-well plates containing 200 μL media using a 

FACSMelody cell sorter (BD Biosciences). Clones were monitored by imaging (Cell 

Metric, Solentim) until confluent, then expanded into six-well plates and genotyped. 

Genomic DNA was extracted using Quanta Extracta solution (Quanta Biosciences, Cat. 

95091). DNA amplicons containing the gRNA target-region were produced using the 

following primers (SLC6A1-binding sequences in bold): 

FW: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTCCCACCAGCTCTGTG

TA-3’ 

REV: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTATCCAGTGCCCTCCT

GTCC-3’ 

A second round of PCR incorporated NGS barcodes and Illumina sequencing-adapters 

via NexteraTM–Compatible Indexing Primers, which annealed to the adapters 

(underlined above) added during the first PCR. Amplicons were purified and pooled 

according to the manufacturer’s instructions (Illumina Document # 15031942 v05), then 

paired-end sequenced (149x149) on a MiSeq 550 with a v2 reagent kit (Illumina, Cat. 

MS-102-2002). Indels were quantified using CRISPResso (version 2.0.27) to identify a 

clonal population with homozygous SLC6A1 deficiency. The clonal cell line selected for 

experimentation was homozygous for a 37bp deletion in exon 5: 
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5’-

[GCGCAACATGCATCAGATGACGGACGGGCTGGATAAGCCAGGTCCTGGAT

CCTTGTGTATTTCTGTATCTGGAAGGGTGTTGGCTGGACTGGAAAG]-3’ 

Resulting in the following truncated SLC6A1 protein coding sequence: 

MATNGSKVADGQISTEVSTEVSEAPVANDKPKTLVVKVQKKAADLPDRDTWKG

RFDFLMSCVGYAIGLGNVWRFPYLCGKNGGGAFLIPYFLTLIFAGVPLFLLECSL

GQYTSIGGLGVWKLAPMFKGVGLAAAVLSFWLNIYYIVIISWAIYYLYNSFTTTLP

WKQCDNPWNTDRCFSNYSMVNTTNMTSAVVEFWERNMHQMTDGLDKPGPG

SLCISVSGRVLAGLERWSSTFQPHTPTSC* 

The GABA uptake assay was used to confirm loss of SLC6A1 activity in the knockout 

line. 

 
4.8.6 Cell culture preparation of HEK293-FlpIn cells and creation of transient and 

stable cell lines (UCSF) 

 
Human embryonic kidney cells (HEK293) with the Flp-In integration system (Life 

Technologies Corporation, Carlsbad, CA, USA) were used for this study. Cell culture 

preparation of HEK293 cells requires growth and maintenance in Dulbecco’s Modified 

Eagle Medium (DMEM) media with 100units/mL penicillin, 100units/mL streptomycin, and  

10% fetal bovine serum (FBS). Stable or transient cell lines were transfected with the WT-

SLC6A1 plasmid or the empty vector pcDNA5/FRT (EV) cDNA in HEK293 cells. The 

reagent Lipofectamine LTX (Life Technologies Corporation, Carlsbad, CA, USA) was 

used to transfect cells transiently in triplicates on 3 separate days or stably. Appropriate 
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DNA to LTX ratios were followed according to manufacturer's protocol (final 2:1). Using 

poy-D-lysine treated 96-well plates and an optimized seeding density of 3.3x105 

cells/well, cells were reverse transfected with 200ng of DNA and 0.4 µL of Lipofectamine 

LTX in Opti-MEM medium (Life Technologies Corporation) to transfect each well. FBS 

only DMEM media is used on seeding and transfecting day. Plates were left for 45 

minutes in the hood at room temperature before placing in the incubator with 5% CO2 at 

a stable 37 ℃ to allow cells to settle and spread out evenly on the well surface. Cells were 

grown for 48 hours post-reverse transfection then assayed for GABA transport. To create 

stable cell lines, HEK293 Flp-In cells were transfected using Lipofectamine LTX with a 

1:2 DNA (in pcDNA5/FRT mammalian expression vector) to LTX ratio and a 1:9 ratio of 

DNA to pOG44 (Flp-Recombinase expression vector) in a 6-well plate treated with poly-

D-lysine. After 48 hours, cells were split into a 10mm dish and allowed to sit overnight. 

Positive clone selection began the next day by using fresh DMEM media with 100µg/mL 

of Hygromycin B (Life technologies Corporation) and changed every 2-3 days for about 

two weeks.    

 
4.8.9 Transfection of Variants and GABA uptake assay (BioMarin) 

 

HEK293T SLC6A1-deficient cells were transfected in sextuplicate, using a 96-well Shuttle 

nucleofector (Lonza) integrated onto a MICROLAB STAR liquid-handling robot (Hamilton 

Robotics, Reno, NV). Briefly, 250ng of plasmid per 300,000 cells was transfected using 

Amaxa solution SF (Lonza) and program CM- 138. Cells were seeded onto 96-well plates, 

then cultured for 3 days in 200 μL media, as described above. 



214 
 

Prior to the reuptake assay, cells were centrifuged at 300xg for 5 min and all media was 

aspirated. Cells were then incubated at 37°C for 15 min with 80 μL of Pre-Incubation 

solution containing 140mM NaCl, 5mM KCl, 2mM CaCl2, 1mM MgSO4, 2nM Glucose, 

2.5mM HEPES at pH 7.4 and osmolarity 310. Pre-incubation solution was aspirated, 

following centrifugation at 300xgfor5min. Cells were incubated for 30 min at room 

temperature with 100 μL of 4800nM d6-GABA (SIGMA, Cat. 615587) in pre-incubation 

solution. After centrifuging for 5 min at 300xg, the uptake solution was aspirated, and cells 

were washed twice with 80 μL preincubation solution. Supernatant was aspirated and 

plates were flash frozen at -80°C. Cells were harvested by adding 60 μL MPER (Thermo 

Fisher Scientific, Cat. 78501) and lysed with rigorous pipetting. 10 μL of lysate was used 

to determine protein concentrations with a Pierce BCA Protein Assay (Thermo Fisher 

Scientific, Cat. 23227), according to the manufacturer’s instructions. 

Beta-lactamase (BLA) activity was determined by measuring hydrolysis of d7-penicillin G 

(Toronto Research Chemicals, Cat. B288600) into d7-5R,6R-benzylpenicilloic acid (d7-

BPA). The BLA Assay Cocktail consisted of 60 μM d7-penicillin G substrate and 1.5 μM 

5R,6R- benzylpenicilloic acid (Toronto Research Chemicals, Cat. B288593), in 50 mM 

Tris-HCl (pH 7.5±0.02). For absolute quantification, separate BPA and d6-GABA standard 

curves were prepared with the following ranges: 120 μM, 60 μM, 20 μM, 10 μM, 2 μM, 1 

μM and 200nM for BPA; and 6 μM, 3 μM, 1 μM, 500nM, 100nM, 50nM, 10nM, 1nM and 

500pM for GABA. To avoid hydrolysis, d7-penicillin G and BPA were stored dry, under 

inert gas at -20°C, and the BLA Assay Cocktail and BPA standards were prepared fresh. 

BPA standards and lysates were processed in parallel with sample lysates. Briefly, 20 μL 

of BLA Assay Cocktail was combined with 20 μL lysate or BP A standard, then incubated 
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for 1 hour at 37°C, on an orbital shaker set to 500 rpm. The reaction was quenched with 

160 μL of acetonitrile containing 25nM d2-GABA (Sigma, Cat. 617458), then vortexed at 

1500 rpm for 5 min and centrifuged at 3000×G for 10 min. 100 μL of supernatant was 

combined with an equal volume of HPLC-grade water and reserved for the BLA-assay 

injection. An additional 20 μL of supernatant was combined with 10 μL 100 mM Sodium 

Carbonate in a 96-well plate, then vortexed for 5 min at 1500 rpm. GABA was derivatized 

with 10 μL 6% (v/v) Benzoyl-Chloride in acetonitrile, vortexing at 1500 rpm for 5 min. The 

reaction was quenched with 0.2% Formic Acid (v/v) in water, then centrifuged at 4000 

rpm for 4 min, to produce the final GABA analyte. 

UPLC-MS/MS analysis was performed on an Agilent 6495 Triple-Quadrupole LC/MS, 

equipped with an Agilent 1290 Infinity II series HPLC. Separation of analytes was 

achieved using an Acquity UPLC BEH C18 1.7um, 2. x 50 mm column (Waters Crop., 

Cat. 176001692) at 40°C. Mobile phase A (MPA) contained water with 0.1% formic acid, 

and mobile phase B (MPB) was acetonitrile with 0.1% formic acid. The BLA and GABA 

analytes were analyzed in separate, 10 μL injections, utilizing the same LC-MSMS 

instruments and mobile phases, but different gradients. For the BLA assay, a flowrate of 

0.4 mL/min was applied with the following gradient: 0-1 min, 5% mobile phase B; 1-2 min, 

5%-95% MPB; 2-2.9 min, 95% MPB; 2.9-3 min 5% MPB. The enzymatic product (d7-

5R,6R-benzylpenicilloic acid) and internal standard (5R,6R- benzylpenicilloic acid) were 

detected through multiple reaction monitoring (MRM) using the following transitions: 

360.3 > 160 and 353.3 > 160, respectively. For the GABA assay, the flowrate was set to 

0.4 mL/min with the following gradient: 0-4 min, 5-42% mobile phase B; 4- 4.4 min, 42%-

95% MPB; 4.4-4.9 min 95% MPB; 4.9-5% MPB. We monitored the GABA transported into 
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cells by SLC6A1 (d6-GABA-BZ, following derivatization) and the internal standard 

(benzoylated d2-GABA) by MRM, using distinct transitions: d6-GABA-BZ, 214.1 > 105; 

d2-GABA-BZ, 210.1 > 105. In both assays, the dwell time was set to 50 msec. The cone 

voltage in both assays was 4500 V and the collision energy varied, using 17V in the GABA 

assay and 11V for the BLA method. Method scheduling was performed in Mass Hunter 

(Agilent, version 10.0). Peak calling and standard-curve calculations were executed in 

QQQ Quantitative Analysis (Agilent, version 10.1). 

 
4.8.10 [3H]-GABA Transport Assay (UCSF) 

 
HEK293 cells were transiently transfected as described above in 96-well plates. Uptake 

of [3H]-GABA was assayed 48 hours post-reverse transfection or 24 hours after plating 

stable cells. Warm choline buffer (150mM choline chloride, 5mM KPi, 0.5mM MgSO4, and 

0.3mM CaCl2, pH 7.4) was used to wash cells twice on the day of assaying. Cells were 

then incubated with the same choline solution for 30 minutes in the incubator. Transport 

solution containing 150mM NaCl, 5mM KPi, 0.5mM MgSO4, and 0.3mM CaCl2 at pH 7.4 

was used to dilute 4µCi of [3H]-GABA (35Ci/mmol). The choline solution from each well 

was then replaced with prepared [3H]-GABA transport solution for an incubation of 10 

minutes. Prior to beginning this study, the transport assay was studied at an incubation 

of 10 minutes, 15 minutes and 20 minutes. No difference in uptake was apparent. After 

10 min, the reaction was then slowed down and terminated by washing the cells twice 

with ice-cold NaCl transport buffer only. Cells were completely aspirated of solution and 

lysed with 0.28 mL of lysis buffer (0.1N sodium hydroxide (NaOH) and 1% v/v SDS 

solution). After shaking the cells with lysis buffer for 60-90 min, 0.25 mL of cell lysate was 
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transferred to scintillation fluid (EcoLite(+)TM, MP Biomedicals, Santa Ana, CA, USA) for 

scintillation counting on the Beckman Coulter LS6500. The remaining lysate (20µL) was 

used to measure total protein using the BCA assay kit. Uptake values were corrected for 

protein concentration using BCA values for each well.       

 
4.8.11 Data analysis (BioMarin) 

 

BLA activity (nmol/hr/mg_protein) was determined using nanomoles d7-BPA, as 

calculated from the BPA standard curve, then divided by the incubation time (1 hour). 

This rate was further divided by the milligrams of lysate protein, as a proxy for variable 

cell counts between wells. SLC6A1 re-uptake activity (nmol/hr/mg_protein) was 

calculated similarly, by determining the nanomoles of d6-GABA from the d2-GABA 

standard curve, then dividing by both the incubation time (0.5 hours) and milligrams of 

protein in the lysate. To account for variable transfection and expression efficiencies, 

SLC6A1 re-uptake activity (nmol/hr/mg_protein) was then divided the BLA activity, to 

derive the “GABA_Uptake_Normalized_to_BLA_Activity”. While the BLA-normalized 

GABA activity is an accurate measure of a variant’s transport activity, the functional 

consequence of a mutation is best described in relation to wildtype-SLC6A1 transport—

to convey this, we calculated “Percent Wildtype” activities, where each variant’s BLA-

normalized SLC6A1-activity was divided by the average BLA-normalized SLC6A1 activity 

of all wildtype replicates present within an assay plate. Figures were generated in R apart 

from Figure 1, which was generated using SankeyMATIC (https://sankeymatic.com/) and 

Figure 6, which was generated using Protter (version 1.0)(Omasits et al., 2014). 
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4.8.12 Distribution of measurement variation (BioMarin) 

 

To account for variability in transfection efficiencies, GABA reuptake activity was 

normalized to activity of a Beta-lactamase (BLA) reporter present on the SLC6A1 

expression construct. BLA activity was determined by measuring hydrolysis of d7-

penicillin G. While the BLA-normalized GABA reuptake activity is an accurate measure of 

a variant’s transport activity, there exists experimental variability that is biased towards 

SLC6A1 variants with high activity. The experimental variation is heightened due to the 

high sensitivity of the mass spectrometry assays which are able to detect even slight 

variations that could be caused by miniscule pipetting errors. Ultimately biological 

replicates were included to access the variability in transporter activity of SLC6A1 variants 

which was normalized to activity in wildtype cells. 

 
4.8.13 Stepwise linear regression 

 
To build a predictor of missense severity in SLC6A1, we annotated all 179 missense 

variants with functional data from BioMarin and/or UCSF against estimates of mutability 

from whole-genome sequence of families (An et al., 2018), numerous predictors of 

missense severity using annoVar protocol ‘dbnsfp42a’ and build ‘hg38’ (K. Wang et al., 

2010), and estimates of protein stability: DynaMut (Rodrigues et al., 2018) and DeepDDG 

(Cao et al., 2019). Linear regression was performed for all 81 quantitative variables 

against 147 missense variants with values for all variables (Supplemental File 4.2). The 

lowest p-value was achieved by ClinPred_rankscore (P = 2.6x10-23, R2 = 0.49). Linear 

regression was repeated for the other 80 variables, but ClinPred_rankscore was included 
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in the model too. This process of picking the top ranked variable by P-value was repeated 

for 10 rounds, achieving a model with an R2 of 0.63. Three variables were only available 

for a subset of missense variants: MutPred (166 variants), DynaMut (160 variants), 

DeepDDG (160 variants). Of these only MutPred_score was included in the model (step 

4, P=0.02). To assess if increasing the number of variants improved the model, we 

repeated the stepwise linear regression excluding MutPred, DynaMut, and DeepDDG. 

This yielded 177 missense variants with functional data and annotations for all 78 

quantitative metrics. Repeating the linear regression (Table SX), the lowest p-value was 

again achieved by ClinPred_rankscore (P = 7.1x10-35, R2 = 0.58, beta = -1.085, intercept 

= 0.204) and ten rounds of stepwise linear regression led to a model with an R2 of 0.68. 

Given the risk of overfitting to a relatively small dataset, we elected to use the 

ClinPred_rankscore metric alone (scaled from no predicted impact at 0 to severe 

predicted impact at 1). 

 

To extrapolate the GABA uptake functional data to all possible missense variants in 

SLC6A1 we used the ENST00000287766.10 transcript for the ENSG00000157103.12 

SLC6A1 gene as defined by GENCODE v39 and the GRCh38/hg38 genome build to 

define every possible DNA variant in SLC6A1 (Supplemental File 4.1). Variants were 

annotated as for the variants with GABA uptake data and the ClinPred_rankscore was 

used to predict GABA uptake (Supplemental File 4.2). 
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4.8.14 Random Forest analysis 

 
We performed a random forest model to provide a second method regression method 

predicting functional uptake. We used R packages ‘randomForest’ and ‘caret’ were used, 

and R defaults for number of trees sampled, 500, and number of independent variables 

sampled at each split, 2. Built in out-of-bag error estimates were used to evaluate 

performance.  

 

Initial independent variables included location of mutation represented by exon number, 

initial amino acid, altered amino acid, and mutability score. Using the training set 

consisting of 179 missense variants with protein uptake set as the outcome variable, we 

analyzed 75 preexisting prediction tools to optimize variance explained by the model. We 

iteratively added the best performing tool until addition of another tool led to <1% 

improvement in variance explained. MetaRNN raw score, ClinPred Rankscore and 

Provean converted rankscores were added to the model in that order via this method. 

This model resulted in between 54.13-55.18% of the variance explained over the course 

of ten runs.  

This model was then applied to known possible missense variants of the SLC6A1 protein. 

Predicted uptake for all possible missense variants are included in Supplemental File 

4.2. When converting continuous uptake outcomes to equivalent categorical outcomes 

prespecified in main body of the paper,  414 fell into the Severe LoF range, 1,735 were 

predicted to fall into the LoF range, 1,803 were predicted to be wild type, and 0 were 

predicted in the gain of function range. 
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4.9 Supplemental files 

 
Supplemental file 4.1 

 
This supplemental file is a comprehensive spreadsheet with all possible variants in 

SLC6A1 cDNA coding region (~1800). It includes chromosome position, genomic 

positions, any reported clinical phenotypes, experimental data on uptake and surface 

expression from all research groups and additional variant description information. The 

first tab described the full legend to the columns in tab 2.   

 
 
Supplemental file 4.2  

 
This supplemental file is a comprehensive spreadsheet with the same information of 

supplemental file 4.1 and additional annotations on predictive scores from multiple 

machine learning algorithms for every variant (e.g. SIFT, PolyPhen, ClinPred, MetaSVM, 

Dynamut2 and more).    

 
 
Supplemental file 4.3   

 
This supplemental file is the final raw experimental results for 213 SLC6A1 variants tested 

in this manuscript excluding controls.   
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In this dissertation, we tackled various knowledge gaps across three distinct SLC 

transporter families, notably SLC22A15, SLC7A5, and SLC6A1. Several experimental 

and computational methods were combined and applied to understand the role of these 

transporters in the brain. For the first time, the orphan transporter SLC22A15 was fully 

characterized, providing the field with additional context on its physiological importance. 

Simulations were applied to reveal new inhibitors for a critical transporter at the blood-

brain barrier, LAT-1. Lastly, we examined a large set of variants in the GAT-1 transporter 

causing epilepsy, neurodevelopmental delay and other CNS disorders to better guide 

therapies and made use of predictive tools for future diagnostics.   

 

The current foundational knowledge of transporter families SLC22, SLC7, and SLC6 was 

described in Chapter 1. This includes tissue distribution, transport mechanism, available 

structure and function, both at the family and individual transporter level. While much is 

known about these SLC families, including substrates and drugs targeting particular 

members of the families, there is still much to learn about their function and biological role 

in the body. There is an apparent knowledge gap across all the transporter families when 

it comes to understanding a transporters role in pathophysiology and 30% of all 

transporters found in the human genome remain uncharacterized. Many of these 

transporters lack crystal structures, which further impedes our understanding of their 

inherent function. The chapter acknowledges the need to advance discovery in the realm 

of transporter biology to better understand their physiological and clinical relevance, and 

as a byproduct, guide effective therapies or treatments. 
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Chapter 2 provides an impactful framework for deorphaning SLC transporters, tackling 

one urgent area of discovery in the field. Ideally, every gene that encodes a transporter 

has an evolutionary purpose to maintain a function or process in the human body. 

Through the use of metabolomic studies, comparative structure modeling, transport and 

kinetic assays, literature search and RNAseq studies, we are able to deorphan or 

characterize transporter function and this could be applied to other SLC families. For 

SLC22A15, by discovering its substrates, we began to elucidate its relevance to cancer, 

fatty acid metabolism and neurological disease for the first time. However, how exactly 

this transporter contributes to these diseases and disorders is yet to be uncovered. More 

work needs to be done on how SLC22A15 works with other transporters, such as 

SLC22A4 (OCNT1), to regulate levels of ergothioneine, and the SLC15A and SLC6A 

family to regulate levels of creatine. Many transporters have redundant proteins, which 

transport the same substrates, but with different kinetic properties. This allows 

transporters to contribute to the disposition of substrates over wide ranges of 

concentrations.  Though speculative, OCTN1 and SLC22A15 may function in 

ergothioneine disposition in different tissues which are exposed to distinct concentrations 

of ergothioneine.  

 

Chapter 3 offers a framework for discovery that’s distinct from chapter 2 in inhibitor or 

drug discovery through the study of compound interactions with LAT-1 structure. LAT-1 

is known to be a key contributor of several cancer types. Learning different ways to block 

or stop this transporter from promoting cell proliferation, amongst other things, may 

improve cancer treatments. Using molecular dynamics simulations, molecular docking 
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and experimental verification, we are able to discover new inhibitors and describe their 

specificity for LAT-1. This could potentially be applied to other transporters, especially 

those with crystal structures so we can exploit these same transporters that cause 

damage when dysfunction arises for treatment. 

 

Chapter 4 detailed the functional characterization of a large set of missense variants in 

the GAT-1 transporter and attempted to gain insight on its genotype-phenotype 

relationship. Given that most GAT-1 coding region mutations are rare, and de novo, this 

presents a challenge on developing therapies to treat or alleviate symptoms in individuals 

diagnosed with the rare SLC6A1 neurodevelopmental disorder. Elucidating the functional 

impact of this large set of GAT-1 variants was necessary to capture the overall functional 

direction or effect. Additionally, pairing the functional data with transporter surface 

expression data to the recently solved GAT-1 structure presented a new opportunity to 

understand the structure-function relationship. Ideally, we would want to have functional 

data on every possible variant in every clinically relevant transporter to understand the 

entire physiological process. However, that is costly and ineffective, but combined with 

machine learning methods, we can exploit the functional data available to predict variant 

impact. This can aid in guiding clinical diagnosis, and ultimately develop effective and 

safe therapies for SLC6A1 disorder. 

 

In conclusion, this dissertation presented important frameworks for physiological, 

pharmacological and pathophysiological discovery across distinct transporters. We 

demonstrate the impact of uncovering new or additional knowledge on transport 
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mechanism, structure-function and genotype-phenotype relationships, and clinical 

relevance for these transporters through our studies. Additionally, we show the 

importance and power of combining experimental methods with computational tools to 

advance our knowledge of these transporters. More importantly, bridging the knowledge 

gap across all these transporters helps inform clinical care and efforts for developing 

therapies that result in the best outcome possible.  
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