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OPEN ACCESS The Na*-coupled citrate transporter (NaCT/SLC13A5/mINDY) in the liver delivers citrate
E from the blood into hepatocytes. As citrate is a key metabolite and regulator of multiple
biochemical pathways, deletion of Slc13a5 in mice protects against diet-induced obesity,
diabetes, and metabolic syndrome. Silencing the transporter suppresses hepatocellular
carcinoma. Therefore, selective blockers of NaCT hold the potential to treat various dis-
eases. Here we report on the characteristics of one such inhibitor, BI01383298. It is
known that BI01383298 is a high-affinity inhibitor selective for human NaCT with no
effect on mouse NaCT. Here we show that this compound is an irreversible and non-
competitive inhibitor of human NaCT, thus describing the first irreversible inhibitor for this
transporter. The mouse NaCT is not affected by this compound. The inhibition of human
NaCT by BI01383298 is evident for the constitutively expressed transporter in HepG2
cells and for the ectopically expressed human NaCT in HEK293 cells. The ICsq is
~100 nM, representing the highest potency among the NaCT inhibitors known to date.
Exposure of HepG2 cells to this inhibitor results in decreased cell proliferation. We per-
formed molecular modeling of the 3D-structures of human and mouse NaCTs using the
crystal structure of a humanized variant of VCINDY as the template, and docking studies
to identify the amino acid residues involved in the binding of citrate and BI01383298.
These studies provide insight into the probable bases for the differential effects of the
inhibitor on human NaCT versus mouse NaCT as well as for the marked species-specific
difference in citrate affinity.

Introduction

Obesity and obesity-related comorbidities have become a big burden on healthcare cost. Obese
patients develop metabolic syndrome, a constellation of biochemical/clinical abnormalities including
insulin resistance, hypertension, and dyslipidemia (decreased HDL, increased LDL, hypercholesterol-
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The plasma membrane citrate transporter NaCT/SLC13A5, also known as mINDY or mammalian ortho-
logue of Drosophila INDY ('m Not Dead Yet), has been recognized in recent years as an attractive target
for treating obesity and metabolic syndrome [4,5]. Cytoplasmic citrate sits at the junction of many key
metabolic pathways [6,7], including the synthesis of fatty acids and cholesterol. Citrate in the cytoplasm is
also involved in the generation of NADPH via isocitrate dehydrogenases 1 and 2 following the conversion
of citrate into isocitrate, and NADPH supplies reducing equivalents for the synthesis of fatty acids and
cholesterol, and to support the cellular antioxidant machinery. Cytoplasmic citrate also inhibits fatty acid
oxidation in mitochondria indirectly by serving as the source of acetyl CoA, a potent activator of acetyl
CoA carboxylase, to generate malonyl CoA, which is an intermediate in fatty acid synthesis and also an
inhibitor of carnitine-palmitoyl transferase-1, thus preventing the entry of long-chain fatty acids into mito-
chondria for subsequent oxidation. In addition, cytoplasmic citrate suppresses glycolysis by inhibiting
phosphofructokinase-1 and stimulates gluconeogenesis by activating fructose-1,6-bisphosphatase. Citrate in
the cytoplasm was thought to arise solely from mitochondria via the citrate carrier (SLC25A1) located in
the inner mitochondrial membrane. However, the discovery of the plasma membrane citrate transporter
(NaCT/SLC13A5/mINDY) laid the foundation for a paradigm shift in the field and highlights a second
source for the cytoplasmic citrate, namely transfer of circulating citrate across the plasma membrane [8-11].
This is important considering the fact that citrate is present at significant concentrations (~200 pM) in
blood [7]. The liver has robust activity for all of the metabolic pathways impacted by citrate. NaCT is
expressed at the highest level in the liver [9,12] and is located on the sinusoidal membrane that is in
contact with blood, an ideal location to facilitate the entry of citrate from the circulation into hepatocytes.
Thus, NaCT plays a key role in this organ in promoting the synthesis of fatty acids and cholesterol, inhibit-
ing fatty acid oxidation, decreasing glucose disposal via glycolysis and increasing gluconeogenesis; these rep-
resent major metabolic pathways associated with obesity, diabetes, and metabolic syndrome. Pharmacologic
blockade of this transporter would therefore have beneficial impact in patients with these diseases. In
support of this notion, NaCT/Slc13a5-knockout mice are leaner and resistant to diet-induced obesity and
metabolic syndrome [4,13].

Over the past decade, several attempts have been made to develop potent and effective inhibitors for NaCT
[14-18]. The first small-molecule inhibitors of NaCT were identified by screening ZINC database using the
Docking module of Molecular Operating Environment [14]; this screening used the 3D model of NaCT
deduced by homology modeling with LeuT, a bacterial amino acid transporter whose crystal structure was
known by that time [19]. This search yielded two compounds (39396 and 4180643 in the ZINC database),
both of which inhibit human NaCT noncompetitively with K; values of 0.34 mM and 0.30 mM, respectively.
Then came the discovery of the Pfizer compounds which were identified by virtual search of a Pfizer’s com-
pound library for structural similarities with citrate, the NaCT substrate [15,18]. Transport assays with
human NaCT showed that the compound PF-06649298 was the most potent inhibitor of NaCT-mediated
citrate uptake with an ICsy value of 0.4-10 wM [15]. This compound is a transportable substrate for NaCT
and competes with citrate for the transport process; it has no species selectivity however, with ability to
inhibit mouse and human NaCTs [15]. The binding of this molecule to human NaCT was assessed theoretic-
ally using the Docking module with the 3D structure of the transporter based on the homology modeling
with a bacterial dicarboxylate transporter known as VcINDY [16]. VCINDY serves as a more appropriate tem-
plate than LeuT to model NaCT based on the class of substrates for these two transporters: carboxylates for
VCcINDY and amino acids for LeuT. The structure of PF-06649298 was further optimized to increase the
inhibitor potency by ~4-fold [17]. Even though PF-06649298 and its derivative PF-06761281 competed with
citrate for the substrate-binding site, the inhibitory potency was surprisingly higher with increasing citrate
concentrations. These data suggested that these compounds are actually allosteric inhibitors whose interaction
with NaCT is dependent on the state of the transporter with regard to citrate binding [18]. Recently, a new
molecule, identified as BI01383298, has been shown as a highly potent inhibitor of human NaCT with an
ICso of 25-60 nM, significantly more potent than PF-06649298 (ICsy, 0.4-10 wM). Interestingly, this new
compound inhibits only human NaCT and has no effect on mouse NaCT. This information on the affinity
and species-specificity of BI01383298 is available only from the Structural Genomics Consortium, a public-
private partnership that supports the discovery of new medicines through open-access research. There is no
published report on this inhibitor. Here we investigated the functional features of BI01383298 as an inhibitor
of NaCT and deduced the molecular basis of its species specificity based on structural modeling and molecu-
lar docking strategies.
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Materials and methods

Materials

BI01383298, 1-(3,5-Dichlorophenylsulfonyl)-N-(4-fluorobenzyl)piperidine-4-carboxamide, was purchased from
Medkoo Biosciences (Chapel Hill, NC, U.S.A.). BI01372674, chemically analogous to BI01383298, was provided by
Boehringer Ingelheim Pharma GmbH (Ingelheim, Germany). PF06761281, (2R)-2-Hydroxy-2-[2-(2-methoxy-
5-methyl-3-pyridinyl ethyl|succinic acid, was kindly supplied by Pfizer Inc. (New York, NY, U.S.A.). ["*C]-Citrate
(specific radioactivity, 113 mCi/mmol) and [*C]-nicotinate (specific radioactivity, 50 mCi/mmol) were purchased
from Moravek Biochemicals (Brea, CA, US.A.). [’H]-Arginine monohydrochloride (specific radioactivity,
54.5 mCi/mmol), ["*C]-lactate (specific radioactivity, 154.8 mCi/mmol), [*H]-glutamine (specific radioactivity,
50.5 mCi/mmol), and [3H]—tryptophan (specific radioactivity, 20.1 mCi/mmol) were purchased from PerkinElmer
(Waltham, MA, U.S.A.). All other reagents were from Millipore-Sigma (St. Louis, MO, U.S.A.) or Thermo Fisher
Scientific (Waltham, MA, U.S.A.).

Cell lines and culture conditions

Human hepatocellular carcinoma cell line HepG2 (RRID: CVCL_0027) and HEK293FT (RRID: CVCL_6911)
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, U.SS.A.) and Thermo
Fisher Scientific (Waltham, MA, U.S.A.), respectively. HepG2 cells were cultured in high-glucose DMEM, sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 1 mM pyruvate, and 1 mM non-
essential amino acids. HEK293FT cells were cultured in high-glucose DMEM medium supplemented with 10%
FBS and 1% penicillin/streptomycin. These cell lines were used between passages 3 and 13 in the experiments.

Ectopic expression of human SLC13A5 and mouse Slc13a5 in HEK293FT cells
HEK293FT cells were used for transient ectopic expression of the cloned human SLC13A5 [9] and mouse
Slc13a5 [10] with lipofectamine-3000-based transfection system. The plasmids containing the cDNAs for these
transporters have been described previously [9,10]; the expression of the cDNA was under the control of the
CMYV promoter in these plasmids.

Uptake measurement

HepG2 cells were seeded at 4x 10° cells per well on 24-well culture plates and cultured for 1-2 days.
HEK293FT cells were seeded at 2 x 10° cells per well on 24-well culture plates, cultured for 1 day, and then
transfected with human SLC13A5/pcDNA3.1(+) or mouse SLC13A5/pcDNA3.1(+) using Lipofectamine-3000
(Thermo Fisher Scientific), according to the manufacturer’s recommendations. Uptake measurements were
made in HepG2 cells 48 h after the initial seeding to monitor the activity of the constitutively expressed
SLC13A5. In the case of HEK293FT cells, uptake measurements were made 48 h after the transfection to
monitor the ectopically expressed human SLC13A5 or mouse Slcl13a5. To initiate the uptake of citrate, the
culture medium was removed by aspiration and then the cells were incubated in a NaCl buffer (140 mM NaCl,
54 mM KCI, 1.8 mM CaCl,, 0.8 mM MgSO,, and 5 mM glucose, buffered with 25 mM Hepes/Tris, pH 7.5)
with or without the NaCT inhibitor BI01383298 for the indicated time intervals. In some experiments with
ectopically expressed human SLC13A5 in HEK293FT cells, the effects of the vehicle control (0.1% dimethylsulf-
oxide) or the inactive chemical analogue BI01372674 (10 uM in 0.1% dimethylsulfoxide) on the transporter
activity were investigated. In the case of recovery experiments, the buffer with the inhibitor was removed from
the wells, and the cells were washed at least twice with the NaCl buffer, and then incubated in the NaCl buffer
or culture medium for the indicated time intervals. The transport function of SLC13A5 in these cells was mon-
itored by measuring the uptake of [**C]-citrate (0.1 wCi; 4 WM citrate) using the NaCl-uptake buffer with or
without 10 mM LiCl because Li" is an activator of human SLC13A5 [11,20]. The transport function of mouse
Slc13a5 was monitored in the NaCl buffer but without LiCl because Li" is an inhibitor of murine NaCT
[11,20]. The uptake measurements were recorded using a 30 min period at 37°C. At the end of the incubation,
the medium was removed, the cells washed with ice-cold uptake buffer, and the cells lysed to measure the
radioactivity. To determine specifically the Na'-dependent citrate uptake, the uptake in NMDG
(N-methyl-D-glucamine)-Cl buffer (i.e. Na*-free) was subtracted from the uptake in the NaCl buffer with or
without 10 mM LiCl. The uptake values were normalized with the protein content of the cells, measured by a
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, U.S.A.).
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To estimate the kinetic parameters, the uptake velocity of citrate at each concentration (0.5-30 mM, 30 min
incubation) was calculated by subtraction of non-saturable component from the total uptake velocity. The non-
saturable component was estimated by subjecting the uptake data to a transport model consisting of a single
saturable transport system with Michaelis-Menten saturable kinetic characteristics and a non-carrier-mediated,
non-saturable, diffusional component. The uptake velocity for the saturable component was plotted and ana-
lyzed using the Michaelis-Menten equation by GraphPad Prism 7.01 software (GraphPad, San Diego, CA, U.S.
A.). The linear form of the Michaelis—-Menten equation was also used to calculate the kinetic constants (Eadie-
Hofstee plot).

Colony formation assay

Colony formation assay was done by seeding HepG2 cells at 5000 cells per well in six-well culture plates and
culturing the cells in the normal medium with 0.1% dimethylsulfoxide or the medium with 5 or 10 pM
BI01383298 (plus 0.1% dimethylsulfoxide). The medium was changed with fresh corresponding medium every
other day for 10 days. At the end of the experiment, cells were washed with phosphate-buffered saline, fixed
with methanol, and stained with KaryoMax Giemsa stain. The colonies were then photographed and then the
stain was extracted and quantified.

Statistics

Uptake measurements were made in triplicate and the experiments were repeated twice with separate cultures.
In all cases, data are expressed as means + S. D., except for the values of IC5j, K; and V.. Statistical analyses
and graphing were performed in GraphPad Prism 7.01 software. Statistical differences between control groups
and experimental groups were analyzed by two-tailed unpaired Student’s t-test, or by one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s or Tukey’s test, for single and multiple comparisons; a P < 0.05 was con-
sidered significant. For these statistical tests, the normality was confirmed using the GraphPad Prism 7.01
software.

Homology modeling

The primary sequence alignments of human and mouse NaCT (accession numbers Q86YT5, Q67BT3, respect-
ively) were performed using PROMALS3D [21]. Based on the resulting primary sequence alignment, homology
models of human and mouse NaCT were computed using the MODELLER program [22]. The crystal structure
of the humanized variant of the bacterial homologue sodium-dependent dicarboxylate transporter from Vibrio
cholerae was used as the template structure (VcINDY, PDB: 5ULD) [23]. VCINDY shares ~29% amino acid
sequence identity with human and mouse NaCT, with a higher sequence conservation seen in the Na*- and
substrate-binding sites. The first molecule was built and copied, and then superimposed with the second molecule
in VCINDY forming a homodimer. Some of the long loops predicted by MODELLER were modeled as a-helices
based on secondary structure prediction (https:/academic.oup.com/nar/article/42/W1/W337/2435518). The two
Na" and the citrate ions were placed in both monomers according to the VCINDY co-ordinates.

Docking studies

To improve the models for molecular docking studies, the human and mouse NaCT homology models were
embedded in a DOPC bilayer using Charmm-GUI (www.charmm-gui.org) [24]. The protein:membrane system
was subjected to 100 ns of molecular dynamics simulation using NAMD [25]. After the simulation was com-
pleted, the prediction models were extracted from the final timesteps of the trajectory. These structures were
docked with citrate, BI01383298 or PF06761281 using AutoDock/Vina used with USCF Chimera program
[26,27]. The size of the grid was 20 x 20 x 20 (A3). Na* and citrate were included to compare how the inhibitor
interacted with the binding site. Our intension was to discover whether the citrate and Na" binding residues
were consistent with the template structure that we used to generate the SLC13A5 model. The lowest energy
homology model obtained directly from MODELLER positioned some of the rotamers for the substrate in
random orientations. We used molecular docking and molecular dynamics simulation to orient the substrate-
binding residues of SLC13A5 into a more chemically sensible position. As we were not interested in the
dynamic properties of the rest of the model, we specifically focused on the snapshots of the equilibrated model
for substrate binding to the transporter. We took the snapshot under these equilibrated conditions to identify
the amino acid residues involved in the interaction with citrate and inhibitors.
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Results

Time-dependent inhibition of NaCT by BI01383298 in HepG2 cells

First, we examined the effect of BI01383298 on NaCT-mediated citrate uptake in the human liver cell line
HepG2, which constitutively expresses the transporter [20]. We did this experiment using the routine approach
in which Na"-coupled uptake of citrate (10 M) was measured for 30 min with increasing concentrations of
the inhibitor present only during the uptake assay. The uptake was inhibited by BI01383298 in a dose-
dependent manner, but the maximal inhibition stopped at ~60% (Figure 1A). We repeated the experiment in
the presence of Li", which stimulates the transport function of human NaCT by increasing its affinity for
citrate [20]. The inhibitory potency of BI01383298 increased significantly when monitored in the presence of
Li", but still the maximal inhibition stopped at ~60%. We thought that if the inhibitor needs time to interact
with the transporter, that would at least partly explain the results. Therefore, we preincubated the cells with
various concentrations of the inhibitor for 30 min and then measured Na*-coupled citrate uptake with the
inhibitor present also during uptake at the same concentrations as during preincubation. Under these condi-
tions, BI01383298 was able to inhibit the transporter almost completely (Figure 1B). We repeated this experi-
ment with Li" present during the uptake assay. Again, the inhibition was almost complete and the
concentration needed for 50% inhibition was 2-fold lower in the presence of Li" than in its absence (49 + 3 nM
in the presence of Li*; 118 £ 22 nM in the absence of Li*). These values were significantly lower than the corre-
sponding values when the cells were not preincubated with the inhibitor (~0.5 wM in the presence of Li%;
3 wM in the absence of Li*) (Figure 1A). These data suggest that the inhibitory potency for BI01383298
increases by ~10-fold, both in the absence or presence of Li*, when the cells were subjected to preincubation
with the inhibitor.

Irreversible nature of inhibition by Bl01383298

As the interaction of BI01383298 with NaCT was found to become stronger with preincubation, we wanted to
know whether the interaction was reversible or irreversible. To address this issue, we preincubated HepG2 cells
with 10 pM of the inhibitor for varying periods of time and then washed the cells to remove any free inhibitor
in the medium, and then used the cells to monitor NaCT activity (i.e. Na"-coupled citrate uptake). The inhibi-
tor was not present during the uptake assay. We found a decrease in NaCT uptake activity in a manner that
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Figure 1. Inhibitory effect of BI01383298 on NaCT-mediated citrate uptake in HepG2 cells.

(A) HepG2 cells were co-incubated with BI01383298 and ['“C]-citrate. Uptake of ['*C]-citrate was measured for 30 min in NaCl
buffer, pH 7.5, either without (@) or with 10 mM LiCl (O) with increasing concentrations of BI01383298. (B) HepG2 cells were
first preincubated with increasing concentrations of BI0138298 in NaCl buffer, pH 7.5, either without (@) or with 10 mM LiCl
buffer (O) for 30 min, and then uptake of ['*C]-citrate was measured for 30 min with the same respective preincubation buffer.
In this case, the inhibitor was present at different concentrations both during preincubation as well as during uptake. The
uptake values were markedly higher when measured in the presence of Li* than in the absence of Li* as expected of human
NaCT. The concentration of citrate was 7.0 uM for the uptake assay in the absence of Li*, and 3.5 uM for the uptake assay in
the presence of Li*. Data (means + S.D.) are presented as percent of the respective control uptake in each case.
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was dependent on the time period used for the preincubation with the inhibitor, with maximal inhibition
evident at 30 min preincubation (Figure 2A). We carried out this experiment with and without Li* during the
preincubation and during the uptake assay to determine if Li" alters the interaction of the transporter with the
inhibitor. We found a small, but significant increase in the inhibitory potency when the preincubation with
the inhibitor was done in the presence of Li". These data showed that when the cells were washed following the
preincubation with BI01383298, the inhibition persisted, indicating that the inhibitor stayed bound to the trans-
porter following the initial preincubation. We then determined the inhibitory potency for the compound using
these experimental conditions (i.e. preincubation with the inhibitor for 30 min, then uptake assay in the
absence of the inhibitor). The ICs, values for the inhibition under these conditions were 197 + 51 nM in the
absence of Li; 82+ 10 nM in the presence of Li* (Figure 2B). These values were ~2-fold higher compared with
the corresponding values when the inhibitor was present during preincubation as well as during the uptake
assay (118 22 nM in the absence of Li*; 49 + 3 nM in the presence of Li").

To investigate how long the inhibitory effect of BI01383298 preincubation lasts, we performed recovery
experiments for citrate uptake by HepG2 cells. The cells were preincubated with 10 wM BI01383298 for 30 min
in NaCl buffer (pH 7.5) or the regular culture medium for HepG2 cells. Subsequent to this preincubation, the
cells were washed to remove any free, unbound, inhibitor and then Na'-dependent citrate uptake was measured
for 30 min either immediately (zero time) or after maintaining the cells in the NaCl buffer or the culture
medium for the indicated time periods. In the NaCl buffer, the preincubation caused almost complete inhib-
ition of citrate uptake and the inhibition failed to recover even after 1 h (Figure 3A). In the culture medium,
the inhibition did recover partially after 24 h (Figure 3B). The activity after this 24 h period was 18% of control
uptake; the corresponding value at zero time was <5% of control uptake. Subsequent experiments showed that
the significant recovery in transport activity observed when the cells, which were pre-exposed to the inhibitor,
were allowed to remain in the culture medium for 24 h in the absence of the inhibitor was actually due to pro-
liferation of new cells which never came in contact with the inhibitor.
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Figure 2. Effect of preincubation time with BI01383298 on NaCT-mediated citrate uptake in HepG2 cells.

(A) HepG2 cells were preincubated in NaCl buffer, pH 7.5, either without (@) or with 10 mM LiCl buffer (O) in the absence or
presence of 10 wM BI01383298 for the indicated time periods. Cells were then washed twice to remove the inhibitor and then
used for uptake measurement. Uptake of ['“C]-citrate was measured for 30 min with the respective preincubation buffer, but in
the absence of BI01383298 (the inhibitor was present only during preincubation but absent during uptake). (B) HepG2 cells
were preincubated in NaCl buffer, pH 7.5, either without (@) or with 10 mM LiCl buffer (O) with increasing concentrations of
BI01383298 for 30 min. Cells were then washed twice to remove the inhibitor and then used for uptake measurement. Uptake
of ['*C]-citrate was measured for 30 min with the preincubation buffer but in the absence of BI01383298 (the inhibitor was
present at different concentrations only during preincubation but absent during uptake). The uptake values were higher when
measured in the presence of Li* than in the absence of Li* as expected of human NaCT. The concentration of citrate was

7.0 uM for the uptake assay in the absence of Li*, and 3.5 uM for the uptake assay in the presence of Li*. Data (means + S.D.)
are presented as percent of the respective control uptake in each case.
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Figure 3. Irreversible nature of the inhibition by BI01383298 on NaCT-mediated citrate uptake in HepG2 cells.

HepG2 cells were preincubated in NaCl buffer, pH 7.5 (A) or culture medium (B) with or without 10 uM BI01383298 for 30 min.
Cells were then washed twice with NaCl buffer, pH 7.5 and then incubated with either NaCl buffer, pH 7.5 for 0, 30 min or

60 min (A) or culture medium (B) for O or 24 h prior to use in uptake measurements. Uptake of ['*C]-citrate was measured for
30 min in the NaCl buffer (pH 7.5) with 10 mM LiCl buffer. The concentration of citrate was 3.5 pM during the uptake assay.
Each column represents the mean £ S.D. **P < 0.01 (ANOVA, Dunnett’s post-hoc test or two-tailed, unpaired Student’s t-test);
N.S., not significant; TP < 0.01 (Two-tailed, unpaired Student’s t-test).

Specificity of BI0138298 for inhibition of citrate uptake

To examine whether the preincubation with BI01383298 affects only citrate uptake, we preincubated HepG2
cells with 10 pM BI01383298 for 30 min, and then washed the cells to remove free, unbound, inhibitor. The
cells were then used for measurement of uptake with various compounds that are known to be transportable
substrates for specific transporters other than NaCT/SLC13A5. We found that BI01383298 inhibited only
citrate uptake. The substrates whose uptake was not affected by the inhibitor were nicotinate (substrate for
SLC5AS8 in the presence of Na*), arginine (substrate for SLC6A14 in the presence of Na® and for SLC7Al in
the absence of Na™), glutamine and tryptophan (substrates for SLC7A5 in the absence of Na"), and lactate
(substrate for MCTs in the absence of Na* but in the presence of an acidic pH) (Table 1).

Table 1 Effect of BI01383298 on the uptake function of different
transporters in HepG2 cells monitored with appropriate
substrates and experimental conditions

Substrate Control BI01383298 % Control
Citrate (7 M) 483+13 88.2+5.6 18+1*
Nicotinate (8 M) 1243 1234 100+3
Arginine (5 wM) 928 + 31 935 £ 51 1015
Glutamine (5 pM) 319+25 306+3 92+ 1
Tryptophan (5 uM) 80«2 76+3 95+3
Lactate (3 nM) 141 +14 1877 97 +5

HepG2 cells were preincubated in NaCl buffer with or without 10 uM BI01383298
for 30 min. After washing the cells, uptakes of [**C]-citrate, ['*C]-nicotinate,
[BH]-arginine, [°H]-glutamine, [°H]-tryptophan, and ['“C]-lactate were measured for a
given time (which varied for different transporters) in NaCl buffer pH 7.5 (citrate,
nicotinate, arginine), NMDG buffer pH 7.5 (glutamine, tryptophan) or NMDG pH 6
(lactate). The units for the uptake activity were pmol/mg of protein/30 min for citrate,
pmol/mg of protein/15 min for nicotinate, arginine, glutamine, and tryptophan, and
pmol/mg of protein/3 min for lactate. Data represent means + S.D. ** P < 0.01
compared with the corresponding control uptake.
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Species-specific inhibition of human NaCT/SLC13A5 by BI01383298

We confirmed the inhibition of human NaCT/SLC13A5 by 10 uM BI01383298 using HEK293FT cells that
were made to express human SLC13A5 ectopically (Figure 4A). Here the cells were preincubated with the
inhibitor for 30 min and then citrate uptake was measured without the inhibitor in the uptake buffer. Under
the same experimental conditions, ectopically expressed mouse NaCT/Slc13a5 was not inhibited by 10 uM
BI01383298 (Figure 4B). We then examined the dose-response relationship for the inhibition of the cloned
human NaCT/SLC13A5 with 30 min preincubation with the inhibitor and then uptake measurement in the
absence of the inhibitor in the uptake medium. The ICs, value for the inhibition was calculated to be 171
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Figure 4. Differential effect of BI01383298 on human NaCT versus mouse NaCT.

The effects of BI01383298 on citrate uptake in HEK293FT cells with transient ectopic expression of human NaCT (SLC13A5)
(A,C,D) or mouse NaCT (Slc13a5) (B) were examined. After transfection with the respective expression plasmids, cells were
preincubated in NaCl buffer, pH 7.5 with or without 10 wM BI01383298 for 30 min. Cells were then washed twice prior to
uptake measurements. Uptake of ['*C]-citrate (2 uM) was measured for 30 min in the NaCl buffer, pH 7.5. Each column
represents the mean + S.D. **P < 0.01 compared with the uptake in control cells without preincubation with BI01383298
(ANOVA, Dunnett’s post-hoc test). (C) Dose-response relationship for inhibition of uptake via human SLC13A5 by BI01383298.
HEK293FT cells with transient ectopic expression of human NaCT (SLC13A5) were exposed to varying concentrations of the
inhibitor only during the 30 min preincubation. Cells were then washed twice to remove the inhibitor and then uptake of
[14C]-citrate (2 wM) was measured for 30 min in the NaCl buffer, pH 7.5. (D) Evidence for the lack of inhibitory effect for vehicle
control (0.1% dimethylsulfoxide) or the inactive chemical analogue BI01372674 on citrate transport via the ectopically
expressed human NaCT in HEK293 cells. ***P < 0.001 compared with control uptake.
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51 nM (Figure 4C). This value was identical with the corresponding value for the inhibition of the constitu-
tively expressed NaCT/SLC13A5 in HepG2 cells (197 + 51 nM; Figure 2B). The vehicle control (0.1% dimethyl-
sulfoxide) or the inactive chemical analogue BI01372674 (10 uM) had no effect on human NaCT/SLCI13A5
when the active compound BI01383294 at 10 pM caused complete inhibition of the transporter activity under
identical conditions (Figure 4D).

The apparent irreversibility of the inhibition raised the question: is the inhibition competitive or non-
competitive? To address this question, HepG2 cells were preincubated with or without 0.3 wM BI01383298 for
30 min and then washed to remove free, unbound, inhibitor. There was no citrate in the medium during the
preincubation. The cells were then used for measurement of citrate uptake in a NaCl buffer over a citrate con-
centration range of 0.5-30 mM. The data are shown in Figure 5. After subtracting the diffusional component,
which was calculated theoretically as described in the Methods section, the carrier-mediated uptake was ana-
lyzed by Eadie-Hofstee plot to determine the Michaelis constant (K;) and maximal velocity (V,,.x). In the
absence of the inhibitor, the values for K, and V,,,, were 630 + 135 uM and 94 + 6 nmol/mg of protein/30 min.
The corresponding values in the presence of the inhibitor were 445 + 180 wM and 22 + 3 nmol/mg of protein/
30 min. These data show that the inhibition of NaCT/SLC13A5 by BI01383298 is non-competitive.

We then compared the inhibitory effect of BI01383298 with that of PF06761281, a recently reported high-
affinity inhibitor of NaCT. The was first done with HepG2 cells for the constitutively expressed SLC13A5. The
presence of PF06761281 (100 wM) or BI01383298 (10 wM) only during uptake measurement inhibited
Na"-dependent citrate uptake (Figure 6A). Both compounds inhibited NaCT transport activity. When the cells
were preincubated (30 min), washed, and then used for citrate uptake, the magnitude of inhibition decreased
for PF06761281 but increased for BI01383298. This shows that the inhibition of SLC13A5 by PF06761281 is at
least partly reversible whereas the inhibition by BI01383298 is not. The magnitude of inhibition was greater
with BI01383298 than with PF06761281, showing that the inhibitory potency for BI01383298 is at least
10 times greater than that for PF06761281. Almost exactly similar results were obtained for human SLC13A5
expressed ectopically in HEK293FT cells (Figure 6B). We then examined if the inhibition by PF06761281 is
selective for human SLC13A5 as was the case for BI01383298. For this, we used the cloned mouse NaCT/
Slc13a5 expressed ectopically in HEK293FT cells. In contrast with BI01383298, PF06761281 was able to inhibit
the activity of mouse NaCT/Slc13a5 (Figure 6C). In fact, the inhibitory potency of PF06761281 for mouse
NaCT/Slc13a5 was greater than for human NaCT/SLC13A5.
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Figure 5. Kinetics of BI01383298-mediated inhibition on human NaCT (SLC13A5) in HEK293FT cells.
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Cells with transient ectopic expression of human SLC13A5 were preincubated with NaCl buffer, pH 7.5 in the absence or presence of 0.3 uM
BI01383298 for 30 min. After washing the cells twice, uptake of [14C]—citrate tracer was measured for 30 min in NaCl buffer, pH 7.5 in the presence

of unlabeled citrate (0.5 mM-30 mM). (A) Michaelis—-Menten plot for the saturable component of the uptake in absence (m) or presence ([J) of

BI01383298; the saturable component was determined by subtracting the diffusional component from total uptake as described in the Methods
section. (B) Eadie-Hofstee plot for the data in (A): V represents uptake velocity (nmol/mg protein/30 min) and S represents concentration of citrate

(mM). Data are presented as mean + S.D.
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Figure 6. Comparison of the inhibitory effects of PF06761281 and BI01383298 on NaCT-mediated citrate uptake.

(A) HepG2 cells; (B) HEK293FT cells with ectopic expression of human NaCT (SLC13A5); (C) HEK293FT cells with transient
ectopic expression of mouse NaCT (Slc13a5). Cells were preincubated in NaCl buffer, pH 7.5 without or with 100 uM
PF0676181 or 10 wM BI01383298 for 30 min. Cells were then washed twice to remove the inhibitor and incubated with NaCl
buffer, pH 7.5 for 0 (Preincubation, but no recovery) or 60 min (Preincubation with 60 min recovery). Following this, uptake of
['“C]-citrate (2 M) was measured for 30 min in NaCl buffer, pH 7.5 in the absence (control, Preincubation and Preincubation
plus 60 min recovery) or presence (co-incubation) of 100 uM PF0676181 or 10 wM BI01383298. Each column represents the
mean + S.D. ** P<0.01 compared with uptake in cells without preincubation with either of the inhibitors (ANOVA, Tukey’s
post-hoc test). N.S., not significant.

Effect of BI01383298 on HepG2 cell proliferation

SLCI13A5 provides cells with citrate to participate in several anabolic pathways and in energy production.
Therefore, we examined the effect of BI01383298 as the potent inhibitor of SLC13A5 on HepG2 cell prolifer-
ation. These studies were done in the regular culture medium, but with 0.5 mM citrate as a supplement. Using
the colony formation assay, we found robust inhibition of cell proliferation by BI01383298 (Figure 7).

Homology modeling of human NaCT and mouse NaCT

The human NaCT and the mouse NaCT homology models were based on the 2.78 A resolution X-ray crystal
structure of the humanized variant of the bacterial homologue VcINDY (PBD: 5ULD) [23]. VCINDY is a
homodimer, where each monomer is composed of 11 transmembrane a-helices, and two helix-turn-helix hair-
pins (HP;, and HP,,). Even though the parent Vibrio transporter was referred to as INDY, its substrate select-
ivity is different from that of the Drosophila and mammalian INDY (NaCT/SLC13A5). The parent Vibrio
transporter accepts the dicarboxylate succinate as the substrate; in contrast, NaCT/mINDY prefers the
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Figure 7. Inhibitory effect of BI01383298 on proliferation of HepG2 cells.
Cell proliferation was assessed using the colony formation assay with 0, 5, and 10 wM of the inhibitor. (A) Documentation of
colonies. (B) Quantification of Geimsa stain. ** P <0.01 compared with control (i.e. absence of the inhibitor).

tricarboxylate citrate over succinate as the substrate. Therefore, to make the structure of the parent Vibrio trans-
porter relevant to mINDY, a humanized variant was generated; the humanized variant contains the same
overall sequence as the Vibrio succinate transporter, but eight ‘humanized’ mutations were included at the
citrate-binding site to favor selectivity for citrate instead of succinate. Each of the two Na" and the citrate
binding sites are formed by residues of the two hairpin structures (HP;, and HP,,), particularly the
Serine-Asparagine-Threonine (SNT) motifs. V(INDY and NaCT are part of divalent anion-sodium symporter
(DASS) family, where the SNT motif is highly conserved [28].

Human NaCT (Figure 8A) and mouse NaCT (Figure 8B) share high primary sequence similarity to the
humanized VcINDY (75% similarity, 29% identity). Because of this similarity, each was modeled as a homodi-
mer similar to VCINDY. The models have 11 transmembrane spans, a set of two hairpin (HP;, and HP,) and
adjacent discontinuous helices in each monomer similar to VcINDY. In each set, the inter-helical loops of the
hairpins (HP;, and HP,,), and the intra-helical loops of the adjacent discontinuous TM5 and TM10 helices,
respectively, form a cleft that opens toward the cytoplasm. Both human and mouse transporters show long
loops in the cytoplasm, similar to previously published human NaCT models [16,29-33].

Binding sites for citrate, BI01383298, and PF-06761281

Citrate (substrate) and BI01383298 (inhibitor) were docked using homology models of human NaCT and
mouse NaCT showing a proposed binding site of these molecules. The computed binding affinities for citrate
for interaction with human NaCT and mouse NaCT are —2.4 kcal/mol and —4.2 kcal/mol, respectively. This
suggests that citrate has at least 10-fold higher affinity for mouse NaCT than for human NaCT (a difference of
1.4 kcal/mol in binding energy equals a 10-fold difference in binding affinity). This has been documented
experimentally [9,10]. Residues Ser140, Asnl41, and Thr142 (HP;,) from the first SNT, Asn465 (HP,,) from
the second SNT, Thr227 and Gly228 (TM5b), and Ser499 (TMI10a) interact with citrate in highest affinity
docking poses of human NaCT (Figure 9A). These residues are identical with residues in VcINDY involved in
citrate binding. Mouse NaCT shows largely similar binding residues for citrate except for one less binding
residue near the first Na™-binding site (Nal) but an additional binding residue (Thr512), which is not apparent
in human NaCT (Figure 9B). The inhibitor BI01383298 docks in the same binding pocket as the citrate
(Figure 9C,D). The computed binding affinities for BI01383298 for interaction with human NaCT and mouse
NaCT are —6.8 kcal/mol and —5.8 kcal/mol, respectively. This suggests that the inhibitor has higher affinity for
human NaCT than for mouse NaCT, again supported by direct experimental evidence in the present study.
BI01383298 interacts with Thr227 and Gly228 (TM5b), and Ser464, Asn465 and Val466 (HP,,) residues in
human NaCT (Figure 9C). In contrast, only Thr142 and Ser468 participate in mouse NaCT for interaction
with the inhibitor (Figure 9D). The lack of multiple binding residues for the inhibitor in mouse NaCT is
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Figure 8. Homology modeling of human and mouse NaCT.

(A) Ribbon representation of the human NaCT homodimer in the inward-facing conformation. The homology model was
embedded in a DOPC phospholipid bilayer for molecular dynamics simulation. (B) Ribbon diagram of the mouse NaCT
homodimer in the inward-facing conformation embedded in a DOPC phospholipid bilayer. Red spheres are phosphates and
grey sticks are the diacylglycerol backbone of phosphatidylcholine, the most abundant lipid in animal cell membranes. Each
monomer forms an internal cavity with a Na* (yellow spheres) and citrate (cyan sticks), adjacently bound to each pocket at the
cytosolic basin of the protomer. Citrate ions are exposed to the cytosolic space whereas the Na* ions are buried.

probably the reason for the little or no inhibition of mouse NaCT by this compound in contrast with human
NaCT, which is inhibited at nanomolar concentrations of the same compound.

The other inhibitor, PF-06761281, also docks to the same binding pocket as citrate. The hydroxysuccinic
acid moiety of the compound interacts with Asn143 (HP;,), Thr229 and Gly230 (TM5b), and Asn465(HP,,,).
The methoxy group in the 2-methoxy-5-methyl-3-pyridinyl ring of the compound forms van der Waals inter-
actions with the backbone amide of Gly228 in human NaCT or Gly231 in mouse NaCT. The computed
binding affinities for this inhibitor for interaction with human NaCT and mouse NaCT are —6.6 kcal/mol and
—7.2 kcal/mol, respectively. This suggests higher affinity of the compound for mouse NaCT than for human
NaCT, which is supported by the more potent inhibitory potency of the compound for mouse NaCT than for
human NaCT.
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Figure 9. Closeup view of the proposed the binding sites for citrate and BI01383298 in human NaCT and mouse NaCT.

Citrate ion (cyan) binding to human NaCT (A) and mouse NaCT (B). BI01383298 (magenta) binding to human NaCT (C) and mouse NaCT (D).

Na* ions are shown as yellow spheres.

Discussion

This is the first report on the identification of a high-affinity irreversible inhibitor of human NaCT. The high-
affinity nature of this inhibitor (BI01383298) has been documented in the datasheet available from the com-
mercial suppliers of this compound (e.g. MedKoo Biosciences, Millipore Sigma, TOCRIS). However, it was not
known that it is an irreversible inhibitor. The studies described in the present report provide supporting evi-
dence for the irreversible nature of the inhibition caused by this compound. We do not know whether the
inhibitor covalently modifies the transporter at its binding site or the irreversible inhibition is simply caused by
the high-affinity interaction with the transporter. The compound does contain Cl and F residues attached to
benzene rings (Figure 10) which could potentially help in the covalent interaction of the compound with spe-
cific serine residues involved in the docking of the compound at the binding site. But covalent modification is
not mandatory to elicit irreversible inhibition. If the binding of the inhibitor with the transporter protein is
tight enough due to high affinity, irreversible inhibition could ensue. The experimental data from the current
study nor the molecular modeling and docking approaches are able to differentiate between these two possibil-
ities. Even though the inhibition is irreversible, the interaction of BI01383298 with human NaCT is not instant-
aneous but is a time-dependent process; the longer the time of incubation of the cells with the inhibitor, the
greater is the magnitude of inhibition. It is probable that the binding of BI01383298 to the transporter induces
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Figure 10. Chemical structures of the transportable substrate citrate and the irreversible inhibitor BI01383298.

conformational changes in the protein, thus altering the binding pocket for citrate and hence inhibiting
the transport function. Additional studies would be needed to address these issues. It is also interesting that the
transportable substrate citrate and the irreversible inhibitor BI01383298 bind almost to the same region in the
transporter despite the fact that the chemical structures and 3D-structures of these two compounds are vastly
different (Figure 10). The inhibition of citrate transport via human NaCT by BI01383298 is non-competitive
despite the fact that both the substrate and the inhibitor interact with the same region of the transporter. The
non-competitive nature of this inhibition is not surprising because the irreversible interaction of the inhibitor
with the transporter essentially decreases the density of the unaffected transporter in the cell, thus causing the
non-competitive inhibition. As the Michaelis constant is independent of the transporter density whereas
the maximal velocity of transport activity is directly proportional to the transporter density, a decrease in the
number of unaffected transporter molecules in the presence of the inhibitor is expected to decrease
the maximal velocity of the transport activity without affecting the Michaelis constant. If BI01383298 were to
be reversible inhibitor, it is very likely that the kinetics of inhibition would have turned out to be competitive
in nature.

The species specificity is another important and interesting aspect of this inhibitor. BI01383298 inhibits
human NaCT with an ICsy of ~100 nM. But the mouse NaCT is not inhibited by this compound even at
10 wM, a concentration 100 times higher than the IC5, for human NaCT. This highlights the functional differ-
ences between human NaCT and mouse NaCT, which have been known for a long time but failed to receive
adequate attention or recognition. We have documented that human NaCT has at least 30-fold lower affinity
for citrate than mouse NaCT even when the kinetic experiments are done under identical conditions [9,10].
This difference seems to hold between any primate NaCT (human, monkey, chimpanzee) and rodent NaCT
(mouse, rat) [11]. Another remarkable difference between human (and other primates) NaCT and mouse (and
rat) NaCT is the differential effect of Li". In the presence of Na*, primate NaCT is markedly activated by Li*
whereas rodent NaCT is inhibited by Li" [11]. Neither transporter is functional in the total absence of Na™, but
Li" stimulates human NaCT and inhibits mouse NaCT in the presence of Na'. All mammalian NaCTs (human
as well as mouse) transport citrate in its trivalent anionic form coupled to the co-transport of 4 Na”, thus
making the transport process electrogenic. The stimulatory effect of Li" on human NaCT could be explained if
one or more, but not all, of the Na*-binding sites accept Li* with a much higher affinity than the affinity with
which they interact with Na*. We are however unable to provide a reasonable explanation for the inhibition of
mouse NaCT by Li". The differential effect of BI01383298 is an important addition to the functional differ-
ences between human and mouse NaCTs [33]. These differences assume significant biological importance
given the fact that loss-of-function mutations in NaCT cause a severe form of early infantile epileptic encephal-
opathy in humans, a disease identified as EIEE-25 (Early Infantile Epileptic Encephalopathy-25). In contrast,
deletion of the transporter in mice is associated with no detrimental phenotype; it actually leads to a beneficial
phenotype, providing protection against diet-induced obesity and diabetes [34]. This raises valid questions as to
the suitability of mouse or rat as an experimental model to investigate and understand the biological aspects of
NaCT in humans.

Deletion of NaCT leads to beneficial effects in the liver but detrimental effects in the brain. The Slc13a5-null
mice which lack NaCT are protected from diet-induced obesity, diabetes, and metabolic syndrome [13]. This is
congruent with the known biological functions of citrate in the liver where citrate levels are regulated by NaCT.
Our recent studies have shown that metformin, the most widely used anti-diabetic drug, suppresses the

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Journal (2020) 477 4149-4165 o PORTLAND
https://doi.org/10.1042/BCJ20200592 ... PRESS

expression of NaCT in HepG2 cells, thus another mode of action of the drug to explain its therapeutic efficacy
in diabetes [35]. In the brain, NaCT seems to play a critical role in the maintenance of normal neuronal func-
tion; as such, disruption of its function results in deleterious consequences as seen in humans with
loss-of-function mutations in the transporter. Therefore, pharmacologic inhibitors of NaCT which will work
peripherally without getting access to the brain might have therapeutic potential as drugs for diet-induced
obesity, diabetes, and metabolic syndrome. Another area where NaCT-specific inhibitors would have thera-
peutic potential is the liver cancer. Recent studies have shown that NaCT is up-regulated in hepatocellular car-
cinoma and that silencing of the transporter decreases the growth and proliferation of liver cancer cells in vitro
and in vivo [36]. In the present study, we have demonstrated that BI01383298, the inhibitor selective for
human NaCT, does block the proliferation of the human liver cell line HepG2, which expresses NaCT constitu-
tively. These data support the rationale that NaCT-selective inhibitors might have potential as therapeutic
agents for the treatment of liver cancer.

Given the background that blockade of NaCT function could be beneficial in various diseases, in most cases
related to the liver, the identification of a high-affinity irreversible inhibitor for NaCT in the present study is of
clinical and therapeutic significance. Nothing is known however on whether or not BI01383298 has any effect
on diet-induced obesity, diabetes, metabolic syndrome or hepatocellular carcinoma in vitro or in vivo. There is
also no information on the pharmacokinetics and pharmacodynamics of this compound in vivo. Such studies
in experimental models using simple laboratory animals such as the mouse are not feasible for the most part
because of the species-specificity of this compound as the selective inhibitor of human NaCT.

The molecular basis of species specificity of BI01383298 remains poorly understood in spite of the effort in the
present study using molecular modeling and docking experiments. The primary reason for this is the inadequacy
of the 3D-model of the human variant of VcINDY to understand the 3D-structure of human NaCT. We use the
human varjant of VcINDY as the structural model for human NaCT because it is the best substitute available at
present for human NaCT. The inadequacy of this approach is readily obvious however, considering the fact that
VCcINDY bears only 29% identity with human NaCT in amino acid sequence. Even though specific amino acid
substitutions were introduced in VCINDY to ‘humanize’ it at least in the substrate-binding domain, it is not the
same as having the structure of human NaCT itself. We also do not know how the rest of the amino acid
sequences in VCINDY influences the substrate-binding pocket in spite of the selective amino acid substitutions.
The deficiency of this approach is even more evident in the case of the Na'-binding sites. Only two Na'-binding
sites are predicted in the humanized VcINDY as shown in Figure 9, but the number of Na'-binding sites in
human NaCT is expected to be at least 4 based on the electrogenic nature of the NaCT-mediated transport of the
trivalent anion citrate®. Despite these issues, the molecular modeling does pinpoint structural differences between
human NaCT and mouse NaCT and also provide at least some molecular insight into the marked differences in
citrate affinity and BI01383298 affinity for human NaCT versus mouse NaCT. A more clear-cut understanding of
this phenomenon has to wait until the 3D-structure of human NaCT is elucidated.
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