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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 SLC22A 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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1. 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 interactions1–3, eight of the 23 members and their 

species orthologs do not have experimentally validated substrates (Fig. 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 

approaches4. 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 transporter5. Metabolomic GWAS were used to reveal 

important endogenous substrates of SLCO1B1 (OATP1B1), an important transporter in 

hepatic drug disposition6. Loss of function human genetic mutations as well as gene 

deletions in mice have revealed the biological roles of several transporters, including 

SLC10A7 in glycosaminoglycan synthesis and specifically in skeletal development7 and 

SLC22A14 in sperm motility and male fertility in mice8. GWAS of human disease or 

specific solutes have revealed the biological roles of transporters in uric acid disposition 

(e.g., SLC2A9)9 and in diabetes (e.g., SLC16A11)10. Despite these successes, it remains an 

enormous challenge to identify substrates of orphan transporters, even when they can be 

recombinantly expressed on the plasma membranes11, 12.

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 transporter13; 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,14 and 

with tumor growth15, 16; 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. MATERIALS AND METHODS

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/).

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 

templates17–19. 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)20. The maltose-bound human GLUT3 (SLC2A3) shares 

the major facilitator superfamily fold assignment21 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 server22. 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 SLC22A1523. The models had acceptable normalized 

discrete optimized protein energy scores (zDOPE)24, 25. The top scoring models were 

selected for electrostatic potential analysis with the APBS electrostatics plugin26 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.

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 1.8×105 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 expressing SLC22A15-GFP tagged cells were then sorted 

using the FACS Aria II operated by the University of California San Francisco (UCSF) Flow 
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Cytometry and Cell Sorting core facilities. This process allowed selection of HEK293 Flp-In 

cells expressing SLC22A15-GFP positive cells.

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 membranes10. 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, 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).

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 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 sequenced by 

MCLAB (South San Francisco, CA, USA), to confirm the transcript, NM_018420, which 

contains 1644 bp.
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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 pcDNA5/FRT 

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 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.

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 DiscoveryHD™ metabolomics platform), 

as described in our previous publication17.

Metabolon returned the processed metabolomic data as described previously6, 17. 

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 3.

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 

at 37°C. HBSS containing trace amounts of radioactive compound (Supplemental Table 2) 

Yee et al. Page 5

FASEB J. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.snapgene.com/resources/plasmid-files/?set=fluorescent_protein_genes_and_plasmids&plasmid=EGFP
https://www.snapgene.com/resources/plasmid-files/?set=fluorescent_protein_genes_and_plasmids&plasmid=EGFP


(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(+)™, 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 corrected for protein concentration as determined 

with a BCA assay kit (Thermo Scientific, Waltham, MA, USA).

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 

group27, 28. 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 (at 37°C) 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.

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 × 0.1 mL of Hank’s buffered salt solution (HBSS) per well and 

then preincubated for 10 to 15 min in 0.1 mL of HBSS buffer (at 37°C). 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 
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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. For inhibition of SLC22A15, SLC22A4 and SLC22A5 uptake by 

HEPES, we added the appropriate volume of a stock solution of HEPES 1 M (pH 7.4) 

(Teknova, California, USA) to HBSS to achieve various concentrations of HEPES (5 mM to 

25 mM).

Transporter efflux study

Efflux of carnitine was performed using methods described in the literature29, 30. 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 × 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 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.

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 mRNA samples were 

frozen immediately and stored at −70 °C before shipping to the Novogene Co., Ltd. (https://

en.novogene.com/, Sacramento, CA, USA) for mRNA sequencing, by the NovaSeq 6000 S4 

(Illumina Inc., 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 (NEBNext Ultra II RNA Library Prep 

Kit for Illumina, New England Biolabs, Ipswich, 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× 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 
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(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.

3. RESULTS

3.1 Multiple sequence alignment and comparative structure modeling suggest that 
SLC22A15 is a zwitterion transporter

There are six new members in the SLC22 family, including one in SLC22A family and five 

in the atypical SLC22B subfamily (Synaptic Vesicle glycoprotein, SV)21, 31 (http://

slc.bioparadigms.org/, https://opendata.cemm.at/gsflab/slcontology/) (Fig. 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. 1A). The sequence analysis expands on results from the 

Nigam laboratory13, 32, 33, 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 a 

number of 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 pocket17, we observed a mixture of positive and negative charges 

within the binding site, resembling that of SLC22A4, suggesting an affinity for zwitterionic 

compounds (Fig. 1B).

3.2 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 
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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. 1C). The expression of SLC22A15 on the plasma membrane is 

consistent with known SLC22A family members1, 34.

3.3 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 

transporters5, 17, 35. 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 3). Among the top 10 metabolites that were most significantly 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. 2A). 

Ten acylcarnitine metabolites were significantly different between SLC22A15 and EV 

transfected cells with adjusted p-value < 0.01 (Fig. 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 SLC15A236, 37. 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. 2C, D).

3.4 Transporter assays support the functional role of SLC22A15 as a transporter of 
organic zwitterions and cations

3.4.1 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). Consistent with the 

phylogenetic and metabolomic analyses, the experiments indicated that SLC22A15 prefers 

zwitterions (Fig. 3A) including ergothioneine, carnosine, carnitine and creatine. From our 

diverse set of screens, we also identified several organic cations (1-methyl-4-

phenylpyridinium (MPP+) and tetraethylammonium (TEA)) that were substrates of 

SLC22A15 (Fig. 3A). The top three metabolites that had the highest fold-uptake over empty 

vector were the zwitterions: ergothioneine, carnosine and betaine.

3.4.2 Substrate selectivity of SLC22A15 compared to SLC22A4 and SLC22A5
—With the exception of carnosine and creatine, the other zwitterions and cations shown in 
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Fig. 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. 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 200538, 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. 3B). Since the 

identification of SLC22A5 as a carnitine transporter39, three other carnitine transporters in 

human SLC22 family have been reported: SLC22A1640, 41, SLC22A442 and SLC22A129. 

Our data (Fig. 3B) and data from others43, 44 suggest that SLC22A4 does not transport 

carnitine. In our studies, SLC22A15 transports ergothioneine and carnitine, although 

ergothioneine seems to be preferred over carnitine (Fig. 3B). Betaine, which is a known 

substrate of SLC22A445 and SLC22A546, was also a substrate of SLC22A15. 

Dimethylglycine, known to interact with SLC22A547, showed significant uptake in 

SLC22A15 transiently transfected cells (Fig. 3B), consistent with its significant 

accumulation in our metabolomic study (Supplemental Table 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. 3A, B, Supplemental Table 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. 3B). In addition, 

our results showed that SLC22A16 transports the zwitterions, dimethylglycine and betaine 

(Supplemental Fig. 1A) and creatine (Supplemental Fig. 1B), but not carnosine and MPP+ 

(Supplemental Fig. 1B).

3.4.3 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. 1C) 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 [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. 3C, Supplemental Table 4). Overall, 

the Km of ergothioneine for SLC22A15 was higher compared to the Km of ergothioneine 

for SLC22A4 (21 μM)38. Similarly, carnitine had a higher Km for SLC22A15 than it did for 

SLC22A5 (5 μM)39. In addition, the Km of carnosine and creatine for SLC22A15 were also 

higher compared to Km of carnosine for SLC15A2 (43 μM)48 and Km of creatine for 

SLC6A8 (46 μM)49. Collectively, these data suggest that SLC22A15 serves as a low-affinity 

transporter for its substrates.
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3.4.4 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. 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. 1D). 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. 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 (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. 1E).

3.4.5 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. 1F). 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. 1F).

3.4.6 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. 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. 3E). Among 

these compounds, glycylsarcosine was not previously identified as a substrate of the SLC22 

family members.

3.4.7 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), 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. 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 

acylcarnitine29 and SLC22A5 (OCTN2) mediates the influx and efflux of zwitterionic 

metabolites30.
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3.5 Further screening reveals additional zwitterion and cation compounds as substrates 
or inhibitors of SLC22A15

3.5.1 Inhibition studies—We selected 84 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. 4, 

Supplemental Table 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. 4A); (ii) carnosine, and creatine, which are substrates of 

SLC22A15, reduced SLC22A15-mediated ergothioneine uptake (Fig. 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 Iodide)) and 

ASP2+, inhibited SLC22A15 by ≥ 50% (Fig. 4B); (iv) 9 known inhibitors of OCTs and 

OCTNs inhibited SLC22A15-mediated ergothioneine uptake whereas inhibitors of OATs 

were poor inhibitors of SLC22A15 (Fig. 4B); and (v) a single fluoroquinolone antibiotic, 

levofloxacin, inhibited SLC22A15-mediated uptake (Fig. 4C);. Levofloxacin exists as a 

zwitterionic species at pH 7.4 and has previously been observed to be an inhibitor of OCT1 

(SLC22A1)50. Various drugs and metabolites including albuterol, ketamine and scopolamine 

and various zwitterionic metabolites (e.g. enalaprilat, ramiprilat) did not inhibit SLC22A15-

mediated uptake Fig. 4C, Supplemental Table 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. 4C, Supplemental Table 5). 

Since Gly-Sar is a substrate of SLC22A15, we selected a few di- and tri-peptides that are 

known substrates of SLC15 family members51. At 500 μM, Gly-Sar inhibited SLC22A15 by 

20%. Similar inhibition was observed with Gly-Gly (500 μM) and slightly more inhibition 

was observed with Gly-Gly-His (500 μM). Gly-Gly-Gly, however, exhibited no inhibitory 

effects at 500 μM (Fig. 4C). Overall, the limited inhibition screen of endogenous compounds 

and drugs showed that compounds with the following chemical features exhibit strong 

inhibitory effects on SLC22A15 mediated uptake: (i) quaternary amine adjacent to a 

carboxylic acid (e.g. ergothioneine, betaine, hypaphorine, carnitine, trigonelline); and (ii) 

lipophilic compounds, which are also inhibitors of OCTs and OCTNs (e.g. quinidine, 

verapamil, chloroquine, amitriptyline). Future work evaluating a larger number of 

compounds as potential inhibitors of SLC22A15-mediated ergothioneine uptake is needed to 

understand the chemical features of SLC22A15 inhibitors.

3.5.2 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, Supplemental Table 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. 4D). The IC50 of HEPES for inhibition of SLC22A15-mediated ergothioneine was 5.8 

mM ± 1.4 (mean ± SD) (Fig. 4E). We did not observe significant inhibition of SLC22A4 and 

SLC22A5 at the same concentrations of HEPES (5 mM to 25 mM) (Supplemental Fig. 1G).
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3.6 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), of which 6,533 genes had a FPKM > 1 in the 

cells. This data set is available at https://doi.org/10.6084/m9.figsh are.12478865. A volcano 

plot allowed us to identify the most biologically significant genes (Fig. 5). As expected, the 

SLC22A15 transcript exhibited the largest difference between the overexpressing and EV 

cells (−log10P-value = 8.7, p<10−300, https://doi.org/10.6084/m9.figsh are.12478865). We 

next performed a functional classification and pathway analysis of 7,696 differentially 

expressed genes. This dataset is available at https://doi:10.6084/m9.figshare.12478910. 

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) (https://doi.org/10.6084/

m9.figsh are.12478865). 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 (https://doi:10.6084/m9.figshare.12478910). 

Recent studies suggest that SLC22A15 plays a role in tumor growth15, 16, 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 second top gene, HSPA1A (−log10P-value = 2.0, 

p<10−300), can be reduced by carnosine52 and increased by ergothioneine and carnitine53.

4. 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 interactions3, 54 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 identified8, 11, 55. 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 flux13. 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 characterize the substrate 
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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.

SLC22A15 preferentially transports zwitterions.

Though the transporter transports carnitine, as previously predicted13, 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, Fig. 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 

families36, 37, 51. 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. 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 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 tubule56, whereas PEPT2 (SLC15A2), which is a higher 

affinity oligopeptide transporter, acts in the later proximal tubule to salvage its substrates at 

lower levels57. 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. 2B, C). 

SLC22A15 also has the highest expression overall in the bone marrow (Supplemental Fig. 

2A). 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 
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stability at physiological pH and the fact that it does not readily auto-oxidize as other 

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 peroxynitrite58–60. Ergothioneine accumulates at high concentrations in areas subject to 

oxidative stress, specifically the brain, bone marrow, erythrocytes and cornea of the eye61. 

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 injury62, 63. 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 cells38. However, compared to 

SLC22A15, SLC22A4 is expressed at substantially lower levels in the brain (Supplemental 

Fig. 2). Further, studies in Slc22a4 knockout mice demonstrate that the ergothioneine levels 

in the brain remain unchanged in wildtype and Slc22a4−/− after IV administration of 

ergothioneine64, 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 levels65. This dataset is available at https://doi:10.6084/m9.figshare.12478916). Both 

SLC22A4 and SLC22A15 are highly expressed in whole blood (Supplemental Fig. 2), 

though their relative expression in erythrocytes needs further study.

Like ergothioneine, carnosine, a dipeptide, has antioxidant effects, however, it is also an 

anti-glycating and metal ion sequestering agent66, 67. 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 

brain66, 67, consistent with expression patterns of SLC22A15. According to single RNAseq 

data, SLC22A15 is highly expressed in oligodendrocytes compared with neurons, astrocytes, 

microglia and endothelial cells68 (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 microglia68. Beneficial effects of carnosine in neurological 

diseases and autism have been noted69, and interestingly, genetic polymorphisms in 

SLC22A15 locus are associated with autism (see https://doi:10.6084/

m9.figshare.12478916). In addition to carnosine’s effects in the brain, the dipeptide also has 

effects in cancer reducing tumor growth16 and cell proliferation70–74. These data are 

consistent with our gene expression studies indicating that SLC22A15 may be involved in 

cell cycle, autophagy, cellular senescence and cancer (https://doi.org/10.6084/m9.figsh 

are.12478910).

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 transporter75. Unlike SLC22A15 which has a low expression levels across many 

tissues, both SLC22A5 and SLC6A8 are highly expressed in many human tissues 

(Supplemental Fig. 2C). In the metabolomic study, we observed that levels of 
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monoacylglycerols and fatty acids were significantly higher in SLC22A15 transfected cells 

(Supplemental Table 3), possibly reflecting the fact that these molecules are intermediate 

and end products of carnitine mediated fatty acid oxidation76, 77. 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)78, 79 as 

well as with fat-related traits (e.g. body mass index, trunk fat mass, whole body fat mass)80, 

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. 1H, Fig. 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 SLC22A542. 

Patients with CTD are treated with high doses of carnitine, which must enter tissues to 

mediate fatty acid oxidation81.

SLC22A15 is sodium dependent.

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 transporters38, 39. 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)82, 83, 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 plasma84. Carnosine, 

carnitine and creatine are also among the metabolites that are enriched in erythrocytes 

compared to plasma85. 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 transporter86. 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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FLIPT1 Fly-like putative transporter 1

GWAS genome-wide association studies

HBSS Hank’s buffered salt solution

HEK293 human embryonic kidney cells

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

IC50 concentration of a compound to inhibit half of the activity

Km the concentration of substrates to reach half of the maximum uptake 

rate (Vmax)

MPP+ 1-methyl-4-phenylpyridinium

OAT organic anion transporter

OCT organic cation transporter

OCTN organic zwitterions/cation transporter

PEPT peptide transporter

SLC solute carrier

SLCO solute carrier family of organic anion transporting polypeptides
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Fig. 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. 
†Six new members in the SLC22 family. (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 
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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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Fig. 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 1). (D) Chemical structures of the zwitterions, four acylcarnitine 

and four monoacylglycerols.
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Fig. 3. 
Uptake of zwitterions and cations in HEK293 Flp-In cells expressing SLC22A15 or other 

zwitterion transporters. (A) Uptake of six zwitterions and two cations that are canonical 

substrates of SLC22 family members or significant in the in vitro metabolomic study (see 

Fig. 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). 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 
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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 4. The mean and S.D. of the kinetic parameters from two to three experiments are 

shown in Supplemental Table 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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Fig. 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 in the metabolomic study (Fig. 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) 
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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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Fig. 5. 
A volcano plot showing the 7,696 genes which are differentially expressed (measured with 

RNAseq) between EV cells and SLC22A15 cells at 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 < 1×10−100 and log2fold > 2.0- or < −2.0-fold changes in expression. The top-most 

significant genes, SLC22A15, GSTP1 and HSPA1A have p-value adjusted < 1×10−300. 

These three genes are plotted as p=1×10−300 in this figure.
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