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ABSTRACT: In mammals, citric acid cycle intermediates play
a key role in regulating various metabolic processes, such as
fatty acid synthesis and glycolysis. Members of the sodium-
dependent SLC13 transporter family mediate the transport of
di- and tricarboxylates into cells. SLC13 family members have
been implicated in lifespan extension and resistance to high-fat
diets; thus, they are emerging drug targets for aging and
metabolic disorders. We previously characterized key structural
determinants of substrate and cation binding for the human
NaDC3/SLC13A3 transporter using a homology model. Here,
we combine computational modeling and virtual screening
with functional and biochemical testing, to identify nine
previously unknown inhibitors for multiple members of the SLC13 family from human and mouse. Our results reveal previously
unknown substrate selectivity determinants for the SLC13 family, including key residues that mediate ligand binding and
transport, as well as promiscuous and specific SLC13 small molecule ligands. The newly discovered ligands can serve as chemical
tools for further characterization of the SLC13 family or as lead molecules for the future development of potent inhibitors for the
treatment of metabolic diseases and aging. Our results improve our understanding of the structural components that are
important for substrate specificity in this physiologically important family as well as in other structurally related transport systems.

Citric acid cycle (CAC) intermediates such as succinate,
citrate, and malate are involved in regulating a variety of

important metabolic processes in mammals, such as fatty acid
synthesis and glycolysis.1−3 For example, citrate is a regulatory
signal in the brain for sensing energy and nutrient availability.3

In humans, the transport of these di- and tricarboxylates across
the plasma membrane into cells is mediated through three
sodium-dependent transporters of the SLC13 family: hNaDC1
(SLC13A2), hNaDC3 (SLC13A3), and hNaCT (SLC13A5).
Reduction of the activity of SLC13 homologues in Drosophila
melanogaster4,5 and Caenorhabditis elegans6,7 leads to increased
lifespan and reduced fat storage. More recently, deletion of the
mouse slc13a5 gene (mNaCT) was shown to cause substantial
metabolic changes, increased plasma citrate concentrations, and
resistance to the deleterious effects of a high-fat diet.8 Thus, the
SLC13 family members are emerging drug targets for metabolic
disorders and aging.
The SLC13 family members have diverse tissue distribution

and substrate specificities.9 For example, hNaDC1, found
primarily in the renal proximal tubule and small intestine, is a
low-affinity transporter (Km for succinate is 0.5 mM) of di- and
tricarboxylates ranging from four- to six-carbon molecules (e.g.,
succinate and citrate, respectively).10 Conversely, hNaDC3 is
expressed in multiple tissues, including the kidney (basolateral

membrane), liver, placenta, brain, choroid plexus, and eye.11,12

hNaDC3 is a high-affinity transporter (Km for succinate of ∼20
μM) that transports a broader range of substrates than that of
hNaDC1, including dicarboxylates with longer or bulkier side
chains, as well as drugs such as succimer and the antioxidant
glutathione.13,14 In contrast, the liver and brain Na+/citrate
transporter, NaCT, has a narrow substrate specificity with a
preference for citrate.15 The mechanisms underlying the
transport of the CAC intermediates, including the structural
basis for the differential binding and transport specificity among
the SLC13 family members, are poorly understood.
Description of the substrate specificity determinants of the

SLC13 transporters includes the identification of structural
features such as charge, polarity, and shape on the proteins’
surface that determine differential binding and transport of
small molecule ligands and ions. There is currently no known
experimentally determined atomic structure for any of the
human SLC13 family transporters; however, the structure of
the bacterial homologue, the sodium-dependent dicarboxylate
transporter from Vibrio cholerae INDY (vcINDY), has been
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recently determined at atomic resolution.16 The vcINDY
structure, which revealed a novel structural fold, represents an
inward open conformation bound to a citrate and a sodium ion
and consists of two pseudosymmetrical halves, indicating an
“alternating access” transport mechanism, related to other
structurally dissimilar transporter families (e.g., LeuT).17

vcINDY shares sequence identity of 33−35% with the
mammalian SLC13 family members and a conserved binding
site. Furthermore, functional studies of vcINDY suggest an
ion:substrate transport stoichiometry of 3:1, similar to those of
hNaDC3 and hNaDC1.18 Recently, two structures of the same
fold have been determined in a similar inward conforma-
tion,19,20 but they are only distantly related to the mammalian
SLC13 family (sequence identity of ∼15%). Therefore, the
vcINDY is the most suitable template for generating homology
models of SLC13 transporters from human and mouse. We
have previously described a homology model of hNaDC3,
which revealed previously unknown structural features
important for ligand and ion recognition.21 Residues that
belong to the conserved serine-asparagine-threonine (SNT)
motifs were demonstrated by site-directed mutagenesis to
mediate substrate and sodium binding in hNaDC3 (e.g.,
Ser143, Asn144, and Thr485).
In this study, we use a combination of computational

prediction and experimental validation to characterize multiple
SLC13 family members from human and mouse, providing a
more comprehensive description of the specificity determinants
in this family. We constructed homology models of human
NaDC1 (hNaDC1), mouse NaDC1 (mNaDC1), mouse
NaDC3 (mNaDC3), and human NaCT (hNaCT) and used
virtual screening of various small molecule libraries to predict
inhibitors of these proteins. The top-scoring hits were then
tested experimentally using uptake kinetic measurements in
cells. Finally, we discuss how the results of the study improve
our understanding of the structural basis for substrate selectivity
among members of the SLC13 family and can promote the
development of potential effective drugs targeting SLC13
family members.

■ MATERIALS AND METHODS
Homology Modeling. We modeled four SLC13 family

transporters (hNaDC1, mNaDC1, mNaDC3, and hNaCT),
based on the X-ray structure of vcINDY (Protein Data Bank
entry 4F35).16 We relied on a previously published alignment
between hNaDC3 and vcINDY21 and aligned the other SLC13
family members on the basis of multiple-sequence alignment
generated using the PROMALS3D server.22 We used
MODELLER-9v14 to build 100 initial models for each target,
which were assessed and ranked by the statistical potential Z-
DOPE.23 The models were built with nonprotein atoms that
were derived from the corresponding coordinates of the
vcINDY structure. These nonprotein atoms included a sodium
ion (Na1), as well as atoms from citrate, a weak inhibitor of this
protein.16 Moreover, although a second cation binding site has
been previously proposed to be located in close proximity of
the ligand,16 it has not been determined whether both ions are
bound with high affinity in this conformation of vcINDY. In
fact, in vcINDY, it has been suggested that this conformation
represents a state in which the second cation has already been
released in the cytoplasm.16 Taken together, we hypothesized
that models of human SLC13 family members in this
conformation are suitable for identifying new ligands via virtual
screening. While other useful conformational states can be

modeled using a variety of approaches such as relying on the
pseudosymmetry of the protein,24 such models are less likely to
be sufficiently accurate for structure-based ligand discovery.25

The highest-ranked models yielded Z-DOPE values ranging
from −0.27 to −0.12, suggesting that 50−55% of their Cα
atoms are within 3.5 Å of their correct positions.26 These top-
scoring models were visually inspected in view of previous
studies characterizing structure−function relationships among
SLC13 family members.9 Finally, the side chain of Thr236 of
the mNaDC1 model was refined with Chimera27 to face the
binding pocket.

Virtual Screening. OpenEye FRED (Fast Rigid Exhaustive
Docking)28 was used for all docking calculations. The
transporter’s binding site was prepared with the MAKE_R-
ECEPTOR utility. We defined a box enclosing the binding site
around the coordinates of the citrate derived from the X-ray
structure of vcINDY, and the sodium ion was defined as part of
the binding site.16 The docking poses were evaluated by the
Chemgauss4 scoring function, which is based on the shape and
chemical complementarity between the ligands and the binding
site.28 We docked three subsets from the ZINC database,41 the
“Drugs Now”, “Leads Now”, and “Frags Now” subsets
(2726001 compounds in total), against the hNaDC1 and
hNaDC3 models and prioritized molecules for experimental
testing based on visual analysis (text of the Supporting
Information).
Briefly, we compared the docking poses of the top 500

scoring compounds of each screen to those of known ligands in
the models, as well as to the mode of interaction of citrate in
the experimentally determined structure of vcINDY (Figure
1).16 In brief, eight molecules were initially tested [1−8 (Table
1)] based on the following considerations. (i) We favored
dicarboxylate compounds interacting with the N- or C-terminal
SNT motifs, which are highly important for function.9,21,29 (ii)
Moreover, to explore nontrivial ligands and previously
unknown modes of interaction with the transporters, we
prioritized molecules that are predicted to interact with other
key binding site residues. For example, Thr527 of hNaDC3 was
suggested to participate in a network of interactions involving
the substrate and a putative second Na+ ion.21 (iii) Finally, we
selected molecules that contain novel chemical groups (e.g.,
aromatic rings). For example, molecules 1 and 3 included a
toluene and a naphthalene group, respectively, that were
predicted to form a hydrophobic interaction with a hydro-
phobic subpocket in hNaDC3 (constituted by helices TM9b,
TM5b, and HPout) (Figure 3A). The selected compounds were
then also docked in the mouse models.

Cell Culture. Human embryonic kidney (HEK-293) cells
(CRL-1573, American Type Culture Collection, Manassas, VA)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 25 mM HEPES, 2 mM
Glutamax, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 10% heat-inactivated fetal calf serum, 100 units/
mL penicillin, and 100 μg/mL streptomycin at 37 °C in 5%
CO2.

30 Cells were plated on poly-D-lysine-coated 96-well plates
(BD Biosciences, San Jose, CA) at a density of 0.6 × 105 cells
per well and transfected with plasmids encoding SLC13
transporters using FuGene6 (Roche Applied Science, Indian-
apolis, IN) at a 3:1 ratio.

Transport Assays. Uptake of 2,3-[14C]succinate (52 mCi/
mmol) or 1,5-[14C]citrate (112 mCi/mmol) (both from
Moravek, La Brea, CA) was assayed 48 h after transfection,
also as described previously.30 The [14C]citrate was used for the
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citrate transporter, NaCT, because of low succinate transport
activity. The sodium transport buffer consisted of 140 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM
HEPES (pH adjusted to 7.4 with 1 M Tris). Choline buffer

contained equimolar choline chloride in place of NaCl. For the
assays, each well was washed twice with choline buffer and then
incubated with 50 μL of sodium buffer containing ∼10 μM
[14C]succinate or [14C]citrate for 30 min at room temperature.
The uptake assays were stopped, and surface radioactivity was
removed with 4 × 1 mL washes of choline buffer. Cells were
dissolved using Ultima Gold scintillation cocktail (PerkinElm-
er), and then the plates were counted directly using a Wallac
Microbeta plate scintillation counter. For all experiments,
counts in vector-transfected cells were subtracted from counts
in SLC13 plasmid-transfected cells to correct for background.
Initial screens of inhibitors were conducted using concen-

trations of 500 μM. The inhibitor stock solutions were made up
to 50 mM in DMSO, and control groups received DMSO only.
The final concentration of DMSO was 1%. For subsequent
measurements of IC50 values, a range of stock solutions was
made so that equal volumes of DMSO were added to each well.
For the initial screen, all inhibitors were preincubated for 12
min in sodium buffer; then plates were washed, and radioactive
solution with inhibitor was added.31 However, we found that
inhibition does not require preincubation (results not shown),
and therefore, subsequent IC50 measurements were done
without the preincubation. IC50 values were determined by
fitting the data to a four-part logistic curve (SigmaPlot 10.0,
Systat Software Inc., San Jose, CA).

Statistics. Duplicate or quadruplicate measurements were
made for each data point. The experiments were repeated with
at least three different batches of transfected cells from different
passage numbers. Significant differences between groups were
identified by Student’s t test or analysis of variance with P <
0.05.

Chemicals. All of the compounds were purchased from
commercial vendors. Compounds 1, 5, 6, and 12 were from
ChemBridge (San Diego, CA). Compounds 2 and 4 were from
Vitas-M-lab (Narva, Estonia). Compounds 3, 10, 11, and 13
were from Sigma-Aldrich (St. Louis, MO). Compound 7 was
from Matrix Scientific (Columbia, SC). Compounds 8 and 9
were from Enamine (Ukraine).

■ RESULTS
Structural Models of the SLC13 Family Members. The

models of hNaDC1, mNaDC1, and mNaDC3 were built using
MODELLER, based on the X-ray structure of vcINDY as a
template16 (Figure 1) (Materials and Methods), similar to that
of our previously described hNaDC3 model.21 The vcINDY
template structure represents an inward open conformation of
the transporter bound to citrate, a weak inhibitor of this
protein. Notably, previous studies proposed that vcINDY
transports solutes via an elevator-type mechanism similar to
that of GltPh,

18 suggesting that the structure of the substrate
binding pocket is similar in distinct conformational states of the
transporter. Indeed, our previous study confirmed that
substrate binding residues predicted from this conformation
affect transport activity.21

The SLC13 models consist of the entire transmembrane
domain of the proteins, including 11 helices and two hairpin
loops, termed HPin and HPout. The tips of these hairpins
support two serine-asparagine-threonine (SNT) motifs that
interact with the substrate and at least one Na+ ion. These SNT
motifs, as well as the majority of the other binding site residues,
are highly conserved within the SLC13 family, with some
variations in the following two positions (Table 1). Position 1 is
located in close proximity of the C-terminal SNT motif, and it

Table 1. Top-Scoring Compounds Tested in Uptake
Experiments

aThe Compound column lists the number for each molecule. b,cThe
Rank column lists the rank of the compound within the virtual
screening against the hNaDC1 (b) and hNaDC3 (c) models; 500+
indicates that the compound was not ranked within the 500 best
scored compounds visually analyzed. dThe Sketch column lists the
two-dimensional structure of the molecule.
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can be an alanine (in hNaDC1, hNaDC3, and mNaDC3), a
glycine (hNaCT), or a threonine (mNaDC1). Position 2 is the
third residue of the C-terminal SNT motif and can be a
threonine, a valine, or a glycine.
Ligand Identification. We initially used OpenEye FRED

to dock the substrate citrate against the hNaDC1 model
(Figure 1), to guide ligand discovery with virtual screening.
Similarly to citrate in the vcINDY structure, the carboxylate
moieties of citrate are predicted to interact with the N-terminal
SNT motif of hNaDC1 by forming hydrogen bonds with
backbone atoms of Asn141 and Thr142, as well as with the
hydroxyl moiety of the Ser140 side chain. Citrate is also
coordinated by the side chain hydroxyl of Thr519, the
backbone nitrogen of Ala241, and Na+. The close similarity
between the binding mode of citrate in the vcINDY crystal
structure and the predicted binding mode of this weak inhibitor
in the hNaDC1 model suggests that our models can predict
binding of substrates or competitive inhibitors with substrate-
like structures. We then virtually screened 2726001 compounds
from various libraries of the ZINC database (Materials and
Methods and Supporting Information); 500 top-scoring hits
from the various screens against the models of hNaDC1 and
hNaDC3 were prioritized for experimental testing by visual
analysis. In particular, top docking poses were inspected for
erroneously docked molecules, which can be observed in large
virtual screenings, to remove molecules with incorrect
ionization states, tautomers, or strained conformations.32,33

We then selected an initial set of eight molecules [compounds
1−8 (Table 1)], based on their availability and the presence of
a unique chemical structure, as well as their interaction with
confirmed key binding site residues, such as Ser143, Asn144,
Thr245, and Thr485 in hNaDC3. These molecules contained
dicarboxylates connected to various scaffolds. For example,
compounds 2 and 4−8 contain five- or six-sided rings, and
compounds 1, 4, 5, and 8 contain a nitrogen atom in a linear
chain.
We tested the transport inhibition by the predicted ligands in

a cis-inhibition assay against representative members of the

SLC13 family, human NaDC1, NaDC3, and NaCT, as well as
mouse NaDC1 and NaDC3. The transport substrates were
[14C]succinate for NaDC1 and NaDC3 (both human and
mouse) and [14C]citrate for the citrate transporter, NaCT. Four
of the eight tested compounds (compounds 1, 3, 6, and 8)
significantly inhibited transport in at least one SLC13 family
member (Figure 2 and Figure S1 of the Supporting
Information). Moreover, compound 1 inhibited 14C-labeled
substrate transport activity in all transporters, except for NaCT

Figure 1. Homology models of the SLC13 transporters. (A) Docking pose of the known substrate citrate into the human NaDC1 (hNaDC1)
homology model. The backbone atoms of hNaDC1 are visualized as a white cartoon, and the ligand is shown as cyan sticks, with oxygen and
nitrogen atoms colored red and blue, respectively. The position of the sodium ion is derived from the model and represented as a purple sphere. (B)
Comparison of the binding sites of the SLC13 transporters with hNaDC1 shown as white sticks, the mouse NaDC1 as pink sticks, and human
NaDC3 as yellow sticks, with oxygen and nitrogen atoms colored red and blue, respectively. The hNaDC1 residues of the binding site are labeled,
and the position of the sodium ion derived from the model is represented as a purple sphere.

Figure 2. Experimental testing of predicted SLC13 inhibitors. HEK-
293 cells expressing the following transporters were cultured in 96-well
plates: human (h) or mouse (m) NaDC1 and hNaDC3. The cis-
inhibition of ∼10 μM [14C]succinate transport was measured with a
test compound concentration of 500 μM, expressed as a percentage of
transport in the absence of test compound (DMSO only). Error bars
show the standard error of the mean (SEM) (n = 3−10 independent
experiments). *Denotes a significant difference from control (P <
0.05). The dotted line indicates the position of 100%. Compound 4
had inconsistent effects and is not shown.
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(Figure S1 of the Supporting Information). The sensitivity to
inhibition of hNaDC1 by compound 1 was somewhat variable,
and at the moment, we do not have an explanation for this.
Next, five additional molecules were selected from the ZINC
database for experimental testing based on their similarity to

our most potent hit compound 1 [compounds 9−13 (Table
1)]. These compounds were selected to refine the newly
discovered scaffold of compound 1, even though they were not
necessarily ranked within the 500 top-scoring compounds of
each screen (Table 1). Specifically, we focused on compounds

Figure 3. Mode of binding of newly discovered ligands. Docking poses of compounds 3 (A and C) and 1 (B and D) with the hNaDC3 and
mNaDC1 binding sites, respectively. The top panels show the hNaDC3 (A) and mNaDC1 (B) binding sites in yellow and pink transparent surfaces,
respectively. The bottom panels show the binding pose in a two-dimensional representation generated by ligplot,40 where the hNaDC3 (A) and
mNaDC1 (B) residues forming hydrogen bonds with the ligands are colored yellow and pink, respectively, and the residues establishing hydrophobic
interactions are shown as red spoked arcs. Compounds 3 and 10 are visualized as blue and cyan sticks, respectively.

Figure 4. Concentration dependence of inhibition of SLC13 transporters by predicted SLC13 inhibitors. Transport of [14C]succinate (∼10 μM) was
measured in the presence and absence of test compound 1 (A) or 10 (B) at concentrations between 10 and 750 μM. HEK-293 cells were transiently
transfected with plasmids encoding hNaDC1, mNaDC1, or hNaDC3. The data points are normalized to transport activity in the absence of inhibitor.
Error bars represent SEM (n = 3 wells from a single experiment).
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with varying carbon chain lengths and diverse substituent sizes.
For example, both 10 and 3 have benzene as a substituent, but
the chains are four and five carbons long, respectively; both 6
and 11 have four carbon chains and two substituents, either two
benzenes (6) or a benzene and a methyl group (11). All five
compounds (9−13) inhibited at least one SLC13 family
member, with 10 being the most potent. Interestingly, hNaCT,
which interacts with tricarboxylates such as citrate and exhibits
unique substrate:cation stoichiometry (i.e., it binds four sodium
ions), was significantly inhibited by compound 12, a
dicarboxylate with an aromatic moiety (Table 1 and Figure
S1 of the Supporting Information).
Analysis of Inhibitors. On the basis of the cis-inhibition

assays, we compared the docking poses of compound 10, one
of the most potent inhibitors, in mNaDC1, and compound 3,
the most selective ligand for hNaDC3 inhibition (Figure 3).
Both ligands are predicted to form hydrogen bonds with the
conserved N- and C-terminal SNT motifs. Interestingly, subtle
differences between the binding sites of these proteins may
explain their differential binding specificities. For example,
Thr236 in mNaDC1 is substituted by Ala254 in hNaDC3
(Table S1 of the Supporting Information and Figures 3A,B and
4A−D), leading to the formation of an additional subpocket by
Leu59, Ile429, and Leu432 in hNaDC3. This subpocket can
accommodate the bulky naphthalene moiety of compound 3
(Figure 3A,C). Moreover, in mNaDC1, the side chain of Ile416
faces the binding site, making the corresponding pocket
narrower, which limits the interaction with larger and bulkier
ligands such as compound 3.

Next, compounds 1 and 10 were selected for measurements
of concentration-dependent inhibition of hNaDC3, hNaDC1,
and mNaDC1. These compounds were selected because (i)
they were two of the most potent inhibitors among the nine
newly identified ligands, (ii) they exhibited some selectivity for
specific SLC13 family members (e.g., did not inhibit NaCT),
and (iii) they differ in their lengths, where compounds 1 and 10
are five- and four-atom chain dicarboxylates, respectively.
mNaDC1 was inhibited by compound 1 with an IC50 value
of 72 μM (Figure 4A), and in a second experiment (not
shown), the IC50 was 82 μM. hNaDC3 had higher IC50 values
compared with mNaDC1 [207 μM (Figure 4A)], and in four
experiments, 159 ± 41 μM). In contrast, hNaDC1 was
insensitive to inhibition by compound 1 (Figure 4A). The
results with compound 10 were similar to those with
compound 1. The IC50 values for compound 10 were as
follows: mNaDC1 [85 μM (Figure 4B) and 100 μM, second
experiment] and hNaDC3 [59 μM (Figure 4B), and the mean
of four experiments was 82 ± 14 μM]. hNaDC1 was poorly
inhibited by compound 10, with an estimated IC50 of ∼2 mM.
The IC50 values for mNaDC1 and hNaDC3 are similar to their
succinate Km values.34,35

Next, we compared the predicted complexes of hNaDC3 and
mNaDC1 with compounds 1 and 10. Compound 1 adopts
different binding modes in the two transporter/ligand
complexes (Figure 5). In the hNaDC3 complex, compound 1
forms hydrogen bonds with side chain atoms of the N- and C-
terminal SNT motif residues and van der Waals contacts in a
hydrophobic subpocket, which is unique to this transporter
(Figure 3A,C). Conversely, because the third position of the C-

Figure 5. Predicted ligand binding mode for hNaDC3 and mNaDC1. Docking poses of compounds 1 (A and C) and 10 (B and D) represented in
hNaDC3 (yellow) and mNaDC1 (pink), respectively. Compounds 1 and 10 are colored green and cyan, respectively, with oxygen atoms colored red
and nitrogen atoms blue. Residues defining substitutions 1 and 2 (Table 1) are labeled in red and blue, respectively.
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terminal SNT motif in mNaDC1 is occupied by a valine residue
[Val471 (Table S1 of the Supporting Information)], compound
1 interacts with the backbone atoms of the C-terminal SNT
motif of this protein. Compound 10 exhibits a similar
differential mode of interaction across the two transporters,
with one key difference. Compound 10 forms a hydrogen bond
with the side chain of Thr236 in mNaDC1, which is specific to
this transporter (Figure 5D and Table S1 of the Supporting
Information). In summary, these newly identified inhibitors
exhibited IC50 values in the micromolar range and some
selectivity, providing important chemical tools for further study
of these transporters. Although not all the different specificities
can be explained structurally at this point, the IC50 values
indicate that these newly discovered ligands can be
physiologically and clinically relevant for membrane trans-
porters found in the liver and kidney.9,36

■ DISCUSSION
Cellular concentrations of citric acid cycle (CAC) metabolites
are partly determined by the activity of the SLC13 family of
Na+-coupled di- and tricarboxylate transporters. Understanding
the mechanisms of transport by this family is required for
further characterization of their physiological roles, as well as
for developing drugs against metabolic disorders and aging. A
key step toward describing the substrate specificity among the
members of the SLC13 family includes structural character-
ization of these proteins, the identification of structure−
function relationships within the family, and the discovery of
novel, specific small molecule ligands for each. In this study, we
took a modeling-based approach to identify new inhibitors of
the SLC13 family, which represents an alternative to large-scale
labor intensive inhibitor screens. This approach has been used
successfully to identify ligands for several other transporters
such as NET,37 GAT-2,38 and LAT-1.39 Here we modeled
mammalian SLC13 family members based on an inward
conformation of vcINDY, the closest representative atomic
resolution structure of this structural family. Although outward-
facing conformations can potentially be even more useful for
inhibitor discovery, it has been previously proposed that
vcINDY is an elevator-type transporter,18 in which the
geometry of the binding site is similar for the different states
of the transport cycle. This hypothesis is reinforced by our
successful identification of inhibitors based on the inward-facing
models in this study.
Three key results are presented in this study. First, small

molecule ligands for five SLC13 family members from human
and mouse (i.e., hNaDC1, mNaDC1, hNaDC3, mNaDC3, and
hNaCT) were identified at a high hit rate from structure-based
virtual screening (Figure 2, Figure S1 of the Supporting
Information, and Table 1). This finding provides novel
chemical tools to further characterize the cellular functions of
these transporters. Second, optimization of the initial small
molecule hits suggests that differential ligand binding specificity
among SLC13 family members is largely determined by the
length of the carbon chain and size of the dicarboxylates (Table
1 and Figures 2−4). This result provides preliminary tools for
designing more specific chemical probes to further characterize
the SLC13 family members and identifies lead-like molecules
for future drug development. Third, systematic application of
homology modeling of multiple SLC13 family members,
followed by ligand docking and experimental testing, as well
as a comparison of their mode of interactions with their ligands,
revealed key residues for function and selectivity (Figures 1, 3,

and 4 and Table S1 of the Supporting Information). This result
visualizes key specificity determinants for this important family
for the first time such as subpockets that can be targeted for the
design of specific ligands. We now discuss each of the three
findings in turn.
The first key finding from this study is the identification of

novel, specific small molecule inhibitors for SLC13 family
members. All the newly discovered inhibitors contain aromatic
rings that can be involved in previously uncharacterized
interactions with hydrophobic binding site residues [e.g., with
Leu59, Leu429, and Leu432 in hNaDC3 (Figure 3A,C)].
Because SLC13 family members exhibit high substrate
specificity, almost any change in the structure of a test
compound may have large effects. Our results indicate the
complexity of how ligand specificity is obtained in this family,
where small changes on the binding site surface can shift the
ligand preference. Notably, the newly identified inhibitors
interact with SLC13 family members with IC50 values in the
micromolar range, similar to physiological concentrations of
substrates.36 At present, we do not know if the inhibitors only
bind to the transporters or if they are transported themselves.
The second key result from this study is the optimization of

our initial promiscuous hit (compound 1) by testing new
compounds with varying sizes and carbon chain lengths, which
provide chemical features that can be further developed to
pharmacophores targeting specific SLC13 family members. Our
previous docking of known substrates (e.g., succinate and
glutarate) against the hNaDC3 model suggested that such four-
or five-carbon dicarboxylates may have various binding
modes,21 which is in agreement with the predicted binding
poses of compounds 1 and 10 in mNaDC1 in this study
(Figure 5). For example, docking of compound 10, with a four-
carbon dicarboxylate backbone, to hNaDC3 suggests that it
forms hydrogen bonds with Thr485 of the C-terminal SNT
motif (Figure 5 and Table S1 of the Supporting Information).
In mNaDC1, this residue is substituted with a valine, and a
different residue, Thr236, is predicted to contribute to the
interaction with compound 10 by forming new hydrogen bonds
with this compound (Figure 5D). However, molecular docking
suggests that compound 1, with a five-carbon dicarboxylate
backbone, is too large to rearrange itself and interact with
Thr236. Compound 1 still inhibits mNaDC1, suggesting that
the complexity of interaction between small molecules and
SLC13 family members is not entirely captured by modeling
the inward conformation alone, as well as by using cell-based
assays. Furthermore, only compound 12 had an effect on
hNaCT, confirming the different inhibitor binding specificity of
this transporter compared to those of the other members of the
family.30 These new ligands highlight the complexity of how the
SLC13 family members achieve their substrate specificity;
despite the high degree of similarity of their structures (they are
all dicarboxylates and possess aromatic rings), their inhibition
profiles are different. Future elucidation of SLC13 conforma-
tions as well as the application of complementary experimental
approaches that directly measure binding and transport18 might
explain this differential sensitivity to inhibition.
Third, our SLC13 models bound to previously and newly

characterized ligands highlight two key positions that define a
unique binding site in each SLC13 family member, thereby
providing a framework for rationalizing substrate specificity
among the SLC13 family members (Table S1 of the Supporting
Information). Position 1 is located in close proximity of the C-
terminal SNT motif (Figures 1 and 5). For example, in
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hNaDC3, this residue (Ala254) contributes to the formation of
an additional hydrophobic subpocket specific to this protein
that can accommodate bulkier ligands such as compound 3
(Figure 3A,C). Position 2 is the third residue of the C-terminal
SNT motif, and it has some variability among the SLC13 family
members; it is occupied by a threonine residue in vcINDY and
NaDC3 (both human and mouse) or by a valine residue in
NaDC1 (both human and mouse) and NaCT. As described in
this study, this residue is likely to play a key role in interaction
with ligands.
In conclusion, it is plausible that the combined differences

among the transporters, although subtle, affect the overall
hydrophobicity and shape of their corresponding binding sites,
which is reflected in the binding specificities of their ligands.
Some differences in inhibitor specificity among hNaDC3,
mNaDC3, hNaDC1, and hNaCT could not be rationalized by
the models. Thus, future experimental and computational
characterization of SLC13 family members and their homo-
logues in additional conformations is likely to contribute to our
understanding of transport mechanisms in this family. Taken
together, this study shows the feasibility of using structure-
based approaches to identify potential inhibitors of the SLC13
family and highlights the necessity of subsequent experimental
verification. These findings are expected to inform future
development of drugs targeting this family of transporters.
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