Journal of
General
Physiology

Novel alanine serine cysteine transporter 2 (ASCT2)
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The neutral amino acid transporter alanine serine cysteine transporter 2 (ASCT2) belongs to the solute carrier 1 (SLC1) family
of transport proteins and transports neutral amino acids, such as alanine and glutamine, into the cell in exchange with
intracellular amino acids. This amino acid transport is sodium dependent, but not driven by the transmembrane Na*
concentration gradient. Glutamine transport by ASCT2 is proposed to be important for glutamine homoeostasis in rapidly
growing cancer cells to fulfill the energy and nitrogen demands of these cells. Thus, ASCT2 is thought to be a potential
anticancer drug target. However, the pharmacology of the amino acid binding site is not well established. Here, we report on
the synthesis and characterization of a novel class of ASCT2 inhibitors based on an amino acid scaffold with a sulfonamide/
sulfonic acid ester linker to a hydrophobic group. The compounds were designed based on an improved ASCT2 homology model
using the human glutamate transporter hEAAT1 crystal structure as a modeling template. The compounds were shown to
inhibit with a competitive mechanism and a potency that scales with the hydrophobicity of the side chain. The most potent
compound binds with an apparent affinity, K;, of 8 + 4 uM and can block the alanine response with a K; of 40 + 23 pM at 200 pM
alanine concentration. Computational analysis predicts inhibitor interactions with the binding site through molecular
docking. In conclusion, the sulfonamide/sulfonic acid ester scaffold provides facile synthetic access to ASCT2 inhibitors with a
potentially large variability in chemical space of the hydrophobic side chain. These inhibitors will be useful chemical tools to

further characterize the role of ASCT2 in disease as well as improve our understanding of inhibition mechanisms of this

transporter.

Introduction

The solute carrier 1 (SLCI) family of transporters consists of
acidic amino acid transporters, excitatory amino acid trans-
porters (EAATS; Arriza et al., 1994), and two neutral amino acid
transporters, the alanine serine cysteine transporters 1 (ASCTI;
Zerangue and Kavanaugh, 1996) and ASCT2 (Kanai, 1996). These
neutral amino acid transporters were shown to transport amino
acids with small, hydrophilic side chains, such as serine, cyste-
ine, asparagine, and glutamine (Bréer et al., 1999), but also ala-
nine with the nonpolar methyl side chain (Pinilla et al., 2001).
Interestingly, amino acids are not transported by a regular so-
dium symport mechanism but are rather imported into the cell
by obligate exchange with an internal, neutral amino acid
(Bussolati et al., 1992; Broer et al., 2000; Zander et al., 2013).
While this exchange process is not driven by the transmem-
brane Na* concentration gradient, it is modulated by sodium,
which binds to the transporter with high affinity (Grewer and

Grabsch, 2004; Zander et al., 2013). Therefore, exchange, while
electroneutral (Bussolati et al., 1992), was also proposed to be
dependent on the transmembrane potential (Zander et al., 2013).

Recently, ASCT2 has received increasing attention in the
literature because of its proposed involvement in nutrient
transport in cancer cells (Fuchs and Bode, 2005; Nicklin et al.,
2009; Schulte et al., 2018; van Geldermalsen et al., 2018). These
rapidly growing cells have a high nitrogen and energy demand,
which can be fulfilled by increased import of glutamine as a
source of nitrogen and energy. ASCT2 is thought to play a pivotal
role in this process in synergy with another neutral amino acid
transporter, LAT1 (Large Neutral Amino Acids Transporter 1;
Fuchs and Bode, 2005; Nicklin et al., 2009). Together, these
transporters also supply leucine to the cell in a glutamine-
dependent mechanism, which in turn activates intracellular
signaling cascades important for cell growth. Therefore, it was
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suggested that specifically inhibiting glutamine transport by
ASCT2 provides a strategy for cancer therapeutics (Schulte et al.,
2018). However, the pharmacology of the transporter binding
site is not very well developed at present.

In 2004, we identified the first competitive inhibitors for
ASCT2 based on structural similarity with competitive EAAT
inhibitors (Grewer and Grabsch, 2004). One of these blockers is
benzylserine, which blocks transport with poor apparent affin-
ity in the 1-2 mM range, depending on alanine concentration,
and was later shown to reduce cell proliferation in melanoma
cells (Wang et al., 2014). Subsequently, we and others have de-
veloped blockers with higher affinities based on a variety of
different scaffolds (Esslinger et al., 2005; Albers et al., 2012;
Colas et al., 2015; Schulte et al., 2015, 2016; Singh et al., 2017,
Garibsingh et al., 2018). For example, L-y-glutamyl-p-nitro-
anilide is a commercially available ASCT2 inhibitor with mi-
cromolar affinity from a series of glutamyl anilide derivatives
(Esslinger et al., 2005). Our laboratory has published results
from inhibitors based on serine esters (Albers et al., 2012), as
well as a structure-function analysis of benzylproline deriva-
tives, with the best compound demonstrating an apparent K;
value of 3 uM. (Singh et al., 2017). Furthermore, a recent study
demonstrated low micromolar K; values for compounds with
increased aromatic bulk in the side chain based on dia-
minobutanoic acid as a scaffold (Schulte et al., 2016). Some of the
previously developed classes of ASCT2 inhibitors are shown in
Fig. 1 A.

ASCT2 inhibitors have also been developed based on in silico
screening methods (Colas et al, 2015; Singh et al, 2017
Garibsingh et al., 2018). Our groups, for example, have identified
competitive inhibitors and activators based on screening of da-
tabases containing close to 600,000 compounds, including the
ZINC database (Colas et al., 2015). This screen resulted in y-2-
fluorobenzyl proline as a top hit, which was later used as a
scaffold to identify benzylproline derivatives with higher af-
finity. The recently published EAATI crystal structure (Canul-
Tec et al.,, 2017) allowed further refinement of the ASCT2 ho-
mology models and predicted several experimentally verified
hits, which are not based on amino acid scaffolds (Garibsingh
et al., 2018), thus further increasing the chemical space to be
explored in the substrate binding site.

In the present study, we use computational modeling, me-
dicinal chemistry, and electrophysiology assays to characterize a
novel series of ASCT2 inhibitors, including sulfonamide and
sulfonic acid ester linkers, in an effort to explore specific regions
in the ASCT2 substrate binding site. These compounds are easily
accessible in a two-step synthetic pathway and display apparent
affinities up to 8 uM for the most potent sulfonic acid ester.
These compounds add to the current library of ASCT2 inhibitors,
increasing our understanding of ASCT2-ligand interactions and
pharmacology of the binding site.

Materials and methods

Cell culture and transfection

Rat ASCT2 (rASCT2; Brder et al., 1999), EAAT1 and YFP com-
plementary DNAs were used to transiently cotransfect
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Figure 1. Structures of ASCT2 inhibitors and predicted binding pockets.
(A) Representative structures of previously published series of ASCT2 in-
hibitors. (B) Inhibitors based on amino acid scaffolds and sulfonamide and
sulfonic acid ester linkages. (C) Homology model of ASCT2, illustrating P and
pocket B (PB). A previously characterized inhibitor, (R)-y-(4-biphenylmethyl)-
L-proline (Singh et al,, 2017), is shown in green. HP1 and HP2, bordering the
binding site, are highlighted in blue and magenta, respectively.

subconfluent human embryonic kidney 293 (HEK293) cells with
POLYPLUS Jet-prime transfection reagent, according to the in-
structions from the supplier. Human ASCT2 (hASCT2) comple-
mentary DNA was obtained from Genecopoeia. Cells were
analyzed using electrophysiological techniques 24-30 h after
transfection.

Electrophysiological techniques

Electrophysiological experiments were performed as described
previously (Albers et al., 2012). Except for compounds 1-3b
(dissolved directly in buffer), all other compounds were first
dissolved in DMSO in varying stock concentrations. Subse-
quently, the DMSO stock solution was diluted to various con-
centrations with external buffer, depending on the compounds’
solubility in water. For compounds with a single phenyl ring,
concentrations of up to 4-5 mM could be achieved. In contrast,
the biphenyl derivatives were only soluble up to 0.5 mM. The
maximum DMSO concentration was 3%, which did not affect
electrophysiological recording, as shown in control experiments.
The external buffer used to dissolve the compounds and applied
to cells in electrophysiological experiments contained 140 mM
NaCl, 2 mM MgCl,, 2 mM CaCl,, and 10 mM HEPES, pH 7.40.
The compounds were applied to HEK293 cells expressing rat
ASCT?2 suspended from a current recording electrode in whole-
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cell configuration (Hille, 2001), immersed in the external buffer
used to dissolve the compound through a rapid solution ex-
change device, as described previously (Grewer et al., 2000).
Intracellular buffer contained 130 mM NaSCN, 2 mM MgCl,,
10 mM EGTA, and 10 mM HEPES, pH 7.40. The open pipette
resistance was between 3 and 6 MQ. Due to the relatively small
currents, series resistance was not compensated. Currents traces
were recorded using an Adams and List EPC7 amplifier and
digitized using a Molecular Devices Digidata A/D converter.

Data analysis

Linear and nonlinear curve fittings of the experimental data
were performed using MicroCal Origin software. Linear plots
were fitted using the standard equation (y = a + bx) obtaining R?
and Pearson’s r values. Nonlinear dose-response relationships
were fitted with a Michaelis-Menten-like equation to obtain K,
K, and I,y (current at saturating substrate or inhibitor con-
centrations) values. Each electrophysiological experiment was
performed at least four times with at least three different cells at
different times. Unless stated otherwise, the error bars in all our
graphs represent mean + SD.

Synthesis

Chemicals were purchased from VWR or Sigma-Aldrich. Unless
otherwise stated, all synthesized sulfonamides and sulfonic acid
esters followed a general procedure as shown by the scheme

below. The protected compounds are indicated by the suffix “a
and the deprotected compounds by the suffix “b.”

General procedure for the synthesis of sulfonamides and
sulfonic acid esters through coupling with sulfonyl chlorides
Step 1 (a): Sulfonamides

100.0 mg (0.337 mmol) Boc-DAP-Otbu hydrochloride (tert-bu-
tyl-(2S)-3-amino-2-[(2-methylpropan-2-yl)oxycarbonylamino]
propanoate) was charged into a previously oven-dried 10-mL
round-bottomed flask fitted with a stir bar and dissolved in
3.5 ml dry dichloromethane after purging the flask with N, gas
for at least 5 min. The flask was stirred and cooled to 0°C (ice
bath), and triethylamine (2 equivalent) was added via syringe
under N, gas. The mixture was stirred at 0°C for 30 min, after
which the respective sulfonyl chloride (1 equivalent) dissolved in
1.5 ml of dry dichloromethane was added dropwise at 0°C under
N, gas atmosphere. The reaction was then allowed to warm up to
room temperature and monitored with TLC. After 2 h, TLC
showed full disappearance of starting materials. The solvent was
removed by evaporation under reduced pressure and the residue
suspended in 2 ml of 25% EtOAc in hexanes. The precipitate was
filtered off, and the filtrate, concentrated in vacuo, was then
purified by flash silica gel column chromatography (5-20%
EtOAc in hexanes) to yield a pure product (>90% yield).

Step 1 (b): Sulfonic acid esters

100.0 mg (0.337 mmol) Boc-L-trans-4-hydroxyproline tert-butyl
ester and 4-dimethylaminopyridine (0.1 equivalent) was
charged into a previously oven-dried 10-ml round-bottomed
flask fitted with a stir bar and dissolved in 3.5 ml dry di-
chloromethane after purging the flask with N, gas for at least
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5 min. The flask was stirred and cooled to 0°C (ice bath) and
triethylamine (2 equivalent) added via syringe under N, gas. The
mixture was stirred at 0°C for 10 min, after which the respective
sulfonyl chloride (1 equivalent), dissolved in 1.5 ml dry di-
chloromethane, was added dropwise at 0°C under N, gas at-
mosphere. The reaction was then allowed to warm up to room
temperature and monitored with TLC (25% EtOAc in hexanes).
After 20 h, TLC showed full disappearance of starting materials.
The solvent was removed by evaporation under reduced pres-
sure and the residue suspended in 2 ml of 25% EtOAc in hexanes.
The white precipitate formed was filtered off, the filtrate was
concentrated in vacuo, and the product was purified by flash
silica gel column chromatography (5-20% EtOAc in hexanes) to
yield a white pure product (>90% yield).

For synthesis of compound 4a, the sulfonylchloride was first
synthesized. Benzene sulfonic acid (500.0 mg, 3.161 mmol) was
dissolved in 9 ml SOCl, and a catalytic amount of dime-
thylformamide (0.1 ml) added. The reaction mixture was re-
fluxed at 75-80 0°C for 3 h to form a yellow mixture. TLC on 3:
1 hexane/ethyl acetate showed 100% conversion. Excess SOCl,
was removed under reduced pressure by successive addition of
dichloromethane (DCM) and concentration in vacuo to yield a
dark-brown crude sulfonyl chloride (547 mg, 98% yield) used in
the next step without further purification.

The structures of the synthesized compounds were con-
firmed using TLC and NMR spectroscopy. The exact synthetic
procedures for each compound, including NMR characteriza-
tion, are shown in the Supplemental materials and methods.

General deprotection procedure for sulfonic acid esters

and sulfonamides

To a cooled, oven-dried, round-bottom flask (2 or 10 mL) fitted
with a stir bar, 20-100 mg pure N-Boc, t-butyl protected com-
pound, and DL-dithiothreitol (2 equivalent) were charged, and
the flask was purged with N, for 10 min. 0.7 ml dry DCM was
then added under N, to dissolve the flask’s contents. After
10 min, 0.4 ml dry trifluoroacetic acid (TFA; 32 equivalent) was
added dropwise at 0°C. The reaction mixture was left to warm
up to room temperature and then stirred for 24 h monitored by
TLC (5-20% MeOH in DCM). After the reaction was complete,
excess TFA was removed under reduced pressure by successive
addition of DCM and toluene and finally methanol. The final
light-pink/white product was obtained after trituration with
ether at 0°C to give pure product (confirmed by TLC). This
precipitate (TFA salt) was dried overnight under vacuum and
then used without further purification in electrophysiological
experiments.

Molecular docking

We used our previously published model of ASCT2 (Garibsingh
et al., 2018), which was based on the x-ray structure of the
human EAATI in the outward-open conformation (PDB acces-
sion no. 5MJU; Canul-Tec et al., 2017). Docking was performed
using Glide from the Schrédinger suite (Schrédinger, 2017).
Specifically, the ASCT2 model was prepared with the Maestro
Protein Preparation Wizard under default parameters. We then
generated a grid with the Receptor Grid Generation Panel to
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define the binding site. The box that outlined the binding site
was derived from the coordinates of the inhibitor, (3S)-3-[[3-[[4-
(trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartic
acid (TFB-TBOA), bound to the template structure (EAATI).
Atoms of the ligand UCPH,; were removed before assigning the
box. Based on our previous analysis (Garibsingh et al., 2018),
docking was set up to satisfy at least one of the following three
constraints: hydrogen bond of the ligand with (1) S351 or (2)
$353 and (3) the nuclear Overhauser effect (NOE) constraint that
requires that one or more of the ligand atoms occupy a specified
region within a given distance range from the constraint center.
This constraint allowed us to select ligands based on their po-
tential to specifically dock in pocket A (PA). The NOE constraint
center was defined as the carbon atom at the center of the CF3
group on TFB-TBOA with the default minimum and maximum
distance parameters. This constraint suggested that the smaller
molecules were not large enough to dock in PA and therefore
allowed us to select ligands based on their potential to specifi-
cally dock in PA. Finally, we used induced fit docking from the
Schrédinger suite (Sherman et al., 2006) to redock the ligands
and evaluate the binding site flexibility. No significant move-
ment was observed in the side chains of the residues consti-
tuting the binding site, increasing our confidence in the docking
with Glide.

LigPrep was used to prepare the ligands for docking with
Glide. We used the default parameters for Glide docking and
specified NOE SMARTS pattern as “Donor Including Aromatic H
+ Halogens” based on our ligand types. PyMOL was used to vi-
sualize the docking results (Schrodinger, 2018).

Relative binding affinity estimation

To estimate the relative binding affinity between compounds
and ASCT2, we used molecular mechanics generalized with born
surface area solvation (MM-GBSA) with Prime in the
Schrédinger suite (2017-2). This calculation provides the ap-
proximate free energies of binding, where a more negative value
indicates higher binding affinity. We used the docked ligands
and the prepared model (as above) without ligands as input. The
distance from ligand selection was set to 5 A to perform the
calculation.

rASCT2 versus hASCT2

If not stated otherwise, electrophysiology experiments were
performed using rASCT2. rASCT2 shares sequence identity of
79% (88% similarity) with hASCT2, including a highly conserved
binding site (Fig. S1). For example, the residues of PA and PB in
rASCT2 and hASCT? are identical (Garibsingh et al., 2018). In
addition, we have previously shown that rASCT2 used in our
electrophysiology experiments yielded ranges of K; comparable
to those obtained with ASCT2 in cell-based glutamine uptake
assays (Garibsingh et al., 2018). Therefore, we conclude that
rASCT?2 provides a valid model for investigating inhibitors tar-
geting the substrate binding site of the hASCT?2.

Online supplemental material
The online supplemental material contains five additional fig-
ures, as well as the NMR data for the synthesized compounds.
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Fig. S1 shows the sequence alignment; Fig. S2 shows the dose-
response curve of inhibition of EAAT1 by compound 16b; Fig. S3
shows a plot of K; versus the MM-GBSA score; Fig. S4 shows a
plot of log(P) versus the MM-GBSA score; and Fig. S5 shows the
predicted binding poses of all tested compounds.

Results

In this paper, the objective was to synthesize and characterize a
novel class of ASCT2 inhibitors as chemical tools to characterize
ASCT2. We focused on 2,3-di-aminopropionic acid and 4-
hydroxyproline amino acid with sulfonamide and sulfonic acid
ester linkages to hydrophobic side chains to explore the newly
proposed PA in the ASCT2 substrate binding site (Colas et al.,
2015), as illustrated in Fig. 1 C. Based on previous work, we
hypothesized that addition of a linker region to the amino acid
scaffold would allow the compounds to occupy PA, which is
available to small molecules when the transporter is in an
outward-open conformation (Fig. 1 C). Sulfonamides and sul-
fonic acid esters allow facile synthesis based on commercially
available sulfonyl chlorides, providing access to a potentially
large pool of compounds to be tested. The two-/three-step syn-
thetic procedure involves the initial coupling reaction between
di-protected L-2,3-diaminopropionic acid (protected at o - NH,
and o - COOH) and the respective alkly/aryl sulfonyl chloride
followed by deprotection using TFA to yield the final compound.
The synthetic scheme is shown in Fig. 2.

These compounds were then tested to analyze their ability to
inhibit leak anion current in HEK293 cells expressing rASCT2.
HEK293 cells do not express detectable levels of ASCT2 before
transfection (Grewer and Grabsch, 2004), thus making them a
suitable system for analysis of ASCT2 function. It was previously
shown by others (Brder et al, 2000) and us (Grewer and
Grabsch, 2004) that a transporter-mediated anion current can
be used to measure ASCT2 function and is a reliable measure of
transport activity. This fact is also well established for the ho-
mologous glutamate transporters (Watzke et al., 2001), which
have a much better established pharmacology (Shimamoto et al.,
1998; Koch et al., 1999). Transport current cannot be used to test
the function of ASCT2 substrates/inhibitors, because ASCT?2 is
an amino acid exchanger, and, thus, steady-state transport
current is not observed (Brder et al., 2000; Zander et al., 2013).
However, competitive inhibitors block charge movement in-
duced by voltage-dependent movement of transported sub-
strates across the membrane (Zander et al., 2013), suggesting
that the anion current assay reflects on exchange activity
(Albers et al., 2012). Consistent with these previous ob-
servations, anion current was induced upon application of a
transported substrate, such as alanine, which was inwardly di-
rected in the presence of permeable intracellular anion (SCN-),
as shown in Fig. 3 (A and C). Therefore, in all subsequent ex-
periments, 1 mM L-alanine was used as a control.

In contrast to transported substrates, competitive inhibitors
were shown to block a tonic leak anion current (Albers et al.,
2012; Singh et al., 2017), resulting in apparent outward direction
of the current. This apparent outward current, however, is
caused by the inhibition of the tonic outward flow of
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Figure 2. Two-step synthetic scheme. (A) Sulfonamides based on the 1,2-DAP scaffold. (B) Sulfonic acid esters based on the serine scaffold. (C) Sulfonic

acid esters based on hydroxyproline. DTT, DL-dithiothreitol.

intracellular thiocyanate. The inhibitor-induced apparent out-
ward current is illustrated for two representative inhibitors of
the sulfonamide and sulfonic acid ester classes in Fig. 3 (A and
C). The outward current was dose dependent and could be fitted
to a Michaelis-Menten-type equation to yield an apparent K;.
The K; values are summarized in Table 1. Our results show that
all of the synthesized compounds block the leak anion current,
indicating that they all show characteristics of competitive
ASCT?2 inhibitors. One of the sulfonic acid ester-based deriva-
tives, compound 16b, blocked ASCT2 anion leak current with
lower micromolar affinity (8.1 + 4.0 uM), in the same range as
the best serine-ester and benzyl proline derivatives reported so
far (Albers et al., 2012; Singh et al., 2017). This was not unex-
pected, as this compound includes a side chain with the largest
log(P) value of the compounds tested here, which shows that the
side chain has the highest hydrophobicity. These results are
consistent with previously reported ASCT2 inhibitors (Albers
et al., 2012; Singh et al., 2017) and is well explained by our
structural ASCT2 model (see below).

Another interesting finding is that the fluoro-substituent at
the 4'-position of the biphenyl ring increased apparent affinity
by more than 30-fold over the nonsubstituted biphenyl deriva-
tive, as shown in Table 1. One of the sulfonamide derivatives,
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2,4-dichlorobenzene, was shown to have a higher affinity com-
pared with other derivatives at the 2 position of the ring. This
fact is consistent with previous structure-function analysis of
benzylproline derivatives (Singh et al., 2017). It was not possible
to obtain reliable apparent binding affinities for compounds 6b
and 7b due to their limited solubility in buffer and DMSO;
however, the outward current induced by these compounds
clearly demonstrates their inhibitory behavior.

The maximum currents induced by the tested compounds at
saturating concentrations (I.x) varied from one compound to
another, with 4-fluorobenzene sulfonamide (compound 9b) ex-
hibiting the highest outward current, greater in absolute mag-
nitude than the inward current induced by the transported
substrate alanine (Fig. 4). This is not consistent with previously
reported results of serine esters and benzylproline derivatives
(Albers et al.,, 2012; Singh et al., 2017), which showed the
inhibitor-induced outward current to be ~25-30% of the
substrate-induced anion conductance at saturating concen-
trations. This deviation from previously observed behavior is
likely caused by the different chemistries of the linker. The
varying magnitude of I, for the compounds reported here
indicates that the ability to block the leak anion conductance is a
function of the exact structure of the side chain. In addition, the
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(left) and selected DAP and hydroxyproline derivatives (right; time of application and concentration indicated by the gray bar) to ASCT2-expressing HEK293
cells. (B and D) Dose-response relationships for the inhibitors shown in A and C. The red lines represent the best fit to a Michaelis-Menten-like equation
(apparent K; stated in graph). Experiments were performed at 0 mV transmembrane potential in the presence of 140 mM external NaCl, 135 mM internal

NaSCN, and 10 mM internal alanine. Error bars represent +SD.

Imax and K; values did not show any significant correlation,
suggesting that the two properties are caused by differing
structural aspects of the inhibitors. We also tested L-2,3-dia-
minopropionic acid, which we used as scaffold for the

Ndaru et al.
Novel ASCT2 inhibitors

sulfonamides. Interestingly, DAP (compound 1) showed prop-
erties of a transported substrate (Fig. 4 and Table 1).

To test this hypothesis further, we looked for correlations
of the K; with physical properties of the compounds. We plotted
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Table 1. Summary of inhibition constants and structures of the
compounds synthesized and tested as well as docking MM-GBSA scores

Structure K; (pm) MM-GBSA
1 553 + 50 -16.06
2b 919 + 174 -27.81
3b 1,480 + 146 -21.05
4b 771 + 213 -22.05
5b 647 + 87 -33.93
6b NA -30.82
7b NA -29.44
8b 889 + 226 -31.65
9b 841 + 80 -31.09
10b 642 + 64 -35.44
11b 414 + 40 -41.85
12b 309 + 82 -38.13
13b 410 + 356 -34.29
14b 418 + 187 -39.95
15b 267 + 82 -44.47
16b 8.07 + 4 -4570

NA, not assessed.

log(K;) versus the log(P) of the hydrophobic side chain (Fig. 5),
where P is the octanol/water partition coefficient of the side
chain. The data show reasonable correlation of these quantities,
with an R? for the linear regression of 0.74 and a Pearson’s r
value of 0.88, indicating a good linear fit. A similar correlation
with side-chain hydrophobicity has been observed previously
(Singh et al., 2017) for another series of compounds, supporting
the idea of a hydrophobic binding pocket accepting the side
chain of the compounds. Interestingly, the methanesulfonamide
(compound 2b) does not fit well with the log(K;) versus log(P)
relationship of the other compounds (Fig. 5). A possible expla-
nation could be that sulfonamides with very short side chains
start displaying substrate-like behavior, as was previously pro-
posed for serine esters (Albers et al., 2012) and consistent with
our computational analysis (see below).

To ascertain that these compounds are competitive in-
hibitors, we performed competition experiments in the presence
of varying alanine concentrations using the compound with the
highest apparent affinity in this class (16b). As expected, at
higher concentrations of alanine and low concentrations of 16b,
an inward current was observed due to the inability of the
compound to displace alanine, while the current reversed di-
rection to an outward current as inhibitor concentrations were
increased (Fig. 6, A-E). We also investigated the relationship of
inhibitor binding constants at different alanine concentrations,
which, consistent with expectations, demonstrated a linear re-
lationship, increasing in K; value at increasing alanine concen-
tration (Fig. 6 F). This behavior has been reported previously for
other ASCT2 blockers (Albers et al., 2012). Together, these data
demonstrate that compound 16b shows the hallmark properties
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Figure 4. Current responses, |, induced by 1 mM alanine or satu-
rating concentrations of sulfonamides and sulfonic acid esters. Satu-
rating current was calculated from the response at the tested concentration
(1 mM) and the known K., value, I/lna = c/(c + Kg), where ¢ is the con-
centration. Apparent outward (positive) current (inhibition of anion leak
current) reflects inhibitory behavior. Error bars represent +SD.

of a competitive inhibitor, consistent with the idea that amino
acid analogues bind to the substrate binding site. Importantly,
compound 16b remains a potent inhibitor with a K; of 40 pM at
alanine concentrations as high as 0.2 mM (Fig. 6 E).

In contrast to rASCT2, hASCT2 does not transport cysteine,
which rather plays the role of a modulator (Scalise et al., 2015).
Therefore, inhibitor interaction may also vary between the rat
and human transporters. To test this possibility, currents were
recorded in response to application of compound 16b. While
these currents were outward (8 + 2 pA), indicating that the
compound also acts as an inhibitor in hASCT2 at a concentration

3.4+

3.24

24 T T v T LI v
1.0 1.5 2.0 25 3.0 35 4.0

Log (P)

Figure 5. Inhibitor affinity correlates with the hydrophobicity of the
hydrocarbon side chain. Log(K;) is plotted as a function of log(P) of the side
chain. Log(P) was calculated according to (Petrauskas and Kolovanov, 2000).
R? for the linear regression (solid line) is 0.74. Pearson’s r value is -0.88,
indicating good correlation. Compound 2b was excluded from the fit (red
square) because of borderline substrate-like properties.
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Figure 6. The inhibition mechanism is competitive. (A-E) Determination of inhibition constant K; for compound 16b at different concentrations of alanine.
The red lines are fits of the currents according to the following equation: I = I, + I, [Inh]/(K; + [Inh]), where I is the alanine-induced current without inhibitor,
and I, is the maximum current in the presence of saturating inhibitor concentration, [Inh].x (Albers et al,, 2012). (F) K, plotted as a function of the alanine
concentration, showing a linear relationship according to the equation Ki(Ala) = Ki(0) + [Ala] Ki(0)/K,(Alanine), where Ki(Ala) and Ki(0) are the K values in the
presence and absence of alanine and Ky(Alanine) is the apparent Michaelis-Menten constant for alanine activation of anion current. Error bars represent +SD.

0f100 uM, we were unable to reliably determine the apparent K;
due to the poor expression of hASCT2 in the HEK293 system
and, thus, small currents (<20 pA for saturating [alanine]). In
addition, we tested compound 16b for interaction with rat
EAATI. As shown in Fig. S2, EAAT1 was inhibited with an ap-
parent K; of 7 + 2 uM, indicating that the sulfonamide com-
pounds are not specific for ASCT2 within the SLC1 family. This
result is not unexpected, because B-sulfonamido functionalized
aspartates have been previously found to inhibit glutamate
transporters (Hansen et al., 2016).

We docked the 16 compounds to our recently published
model of ASCT2 in the outward-open conformation (Garibsingh
et al., 2018; see Materials and methods). This model was based
on the EAATI crystal structure that was solved with TFB-TBOA
bound to PA. In agreement with previous studies (Colas et al.,
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2015; Garibsingh et al., 2018), the carboxy and amino group of
the ligands are predicted to make polar contacts with the
backbone of S351 and S353 (hairpin loop 1 [HP1]) as well as the
side chain amine of N471 and the hydroxyl group of T468
(transmembrane domain 8). In addition, the oxygen of the linker
region is also predicted to make hydrogen bonds with HP2. For
example, the oxygen in the sulfonic acid ester linker of com-
pound 16b makes a hydrogen bond with A433 (Fig. 7). Finally,
the hydrophobic side chains of the ligands form hydrophobic
interactions with PA (Fig. 7).

Compounds without an aromatic group in the side chain did
not protrude into PA. We also observed that it was necessary to
have an attachment on the aromatic ring itself if the compound
was to begin angling downward toward PA. We saw a significant
change in the MM-GBSA score and K; between compounds 4b

Journal of General Physiology
https://doi.org/10.1085/jgp.201812276

620 Jequeoa( G0 U0 3senb Aq 4pd'9.zz1810Z dbl/20266.1/.5€/€/15 L /4pd-ejoe/dbl/Bio sseidny/:dny wouy pepeojumoq

364


https://doi.org/10.1085/jgp.201812276

JGP

Figure 7. Compound 16b predicted binding mode. (A) Compound 16b (green sticks) docked in ASCT2 outward-open binding site; HP1 is shown in teal and
HP2 in salmon. (B) Docking pose of compound 16b with hydrogen bonds shown as gray dashes. Oxygen, nitrogen, sulfur and fluorine are represented in red,
blue, yellow, and cyan, respectively. (C) Compound 16b-ASCT2 interactions are visualized in 2D with LigPlot (Wallace et al.,, 1995). Residues predicted to form
hydrogen bonds are shown in black, and residues making hydrophobic contacts are shown as red arcs.

and 5b that is explained by the docking pose (Fig. S3); compound
5b is the first compound in the series with a group attached to
the phenyl ring, which tilts the compound down toward PA,
whereas compound 4b is too short.

Next, to relate the docking pose with predicted binding af-
finity, we estimated the binding affinity score with MM-GBSA
and compared the data with the experimental results. While
these scores are not expected to correctly predict the absolute
binding energy values, they correlated well with the experi-
mental data (Figs. 5 and S4 and Table 1). For example, compound
2b showed a substrate-like docking pose and had a more nega-
tive MM-GBSA score than compounds 3b and 4b, which had
larger hydrophobic side chains, in agreement with the experi-
mental results (Fig. S5).

We observed that the size of the hydrophobic side chain at-
tached to the linker affected the pose and binding affinity score.
Only the longer, biphenyl-substituted compounds were able to
successfully dock to PA, (Fig. S5 and Table 1), with the exception
of compounds 10b and 11b with their two-substituted halogen
atoms, which agrees with our previous study, showing that
halogen substitution on the phenyl ring increase affinity (Singh
et al., 2017). It should be noted that the smallest compound
(compound 1) is an outlier in the MM-GBSA/K; correlation (Fig.
S3). This result suggests that our structural model and MM-
GBSA calculations capture the activity of the larger compounds
that bind PA and are not optimal for identifying smaller ligands
(substrates or inhibitors). In summary, from the docking poses,
predicted ligand interactions, and the accompanying MM-GBSA,
we predicted that compounds 15b and 16b would be the most
potent inhibitors. This was confirmed with the experimental
data (Table 1).

Discussion

The development of novel chemical probes to study ASCT2 is
important for the further characterization of this transporter.
For example, ASCT2 inhibitors can be used to stabilize un-
characterized conformations for structure determination with
cryo-EM or x-ray crystallography. Here, we report on a new
class of competitive ASCT2 inhibitors based on two amino acid
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scaffolds and the sulfonic acid/sulfonamide linker in the side
chain. We selected serine, 1,2-diamino-propionic acid, and pro-
line as amino acids, because they successfully served as scaffolds
for inhibitors with other linkers to the hydrophobic side chain in
the past (Albers et al., 2012; Singh et al., 2017). In addition, the
inhibitors are synthetically easily accessible, with a two-step
reaction scheme based on coupling and deprotection, using
mostly commercially available sulfonyl chlorides. Apparent af-
finity of ASCT2 for the inhibitors is in the millimolar to mid-
micromolar range, with the strongest inhibitor showing a K;
value of ~8 uM. These values are in a similar range of those
previously found for hydrophobic moieties connected to amino
acid scaffolds with carbon or ester linkages (Albers et al., 2012;
Singh et al., 2017). Thus, the sulfonylamides/esters provide a
useful scaffold for straightforward synthetic access to ASCT2
inhibitors. However, the sulfonyl group does not increase af-
finity over carboxylic esters with the same hydrophobic side
chain. Inhibition of ASCT2 by the most potent compound is
consistent with a competitive mechanism, with the K; propor-
tionally increasing with the concentration of the coapplied
transported substrate alanine. The inhibitors exhibit competi-
tive inhibition binding mode, which is expected because they
are amino acid-like inhibitors that are predicted to bind to the
substrate binding site (Albers et al., 2012; Singh et al., 2017). The
physiological concentration of alanine and glutamine are in the
500 uM range (Cantor et al., 2017). At this concentration,
compound 16b is predicted to be still quite potent, with a K; of
94 uM, a ~2.5-times higher affinity compared with L-y-glu-
tamyl-p-nitroanilide at comparable substrate concentrations
(Esslinger et al., 2005).

Like other members of the SLCl family of transporters
(Wadiche et al., 1995; Ryan et al., 2004), ASCT2 catalyzes passive
anion movement across the membrane through the kinetically
coupled anion conductance (Broer et al., 2000; Grewer and
Grabsch, 2004; Zander et al., 2013). This anion conductance is
activated by transported substrates (Broer et al., 2000). A leak
component of the anion conductance is blocked by competitive
inhibitors (Grewer and Grabsch, 2004). It was previously shown
for a series of serine esters that compounds with small side-
chain volume, such as the ethyl and isopropyl esters, exhibited
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properties of transported substrates, increasing the anion con-
ductance (Albers et al., 2012). None of the compounds reported
here demonstrate activating behavior, even the compounds with
the small methane- and ethane-sulfonamide groups. Therefore,
it can be concluded that the sulfonyl linker is incompatible with
transported substrate behavior, most likely because of molecular
properties other than size. Interestingly, the potency of the in-
hibitors to block the ASCT2 leak anion conductance at saturating
concentrations was variable (Fig. 4). This is an effect that has not
been observed for previous series of inhibitory compounds
(Singh et al., 2017), which all blocked the anion conductance to a
similar extent. It is, therefore, possible that some of the com-
pounds still allow the leak anion conductance to operate, even
when all inhibitor binding sites are saturated.

The glutamine transporter ASCT2 has recently been pro-
posed as a potential drug target in several studies. This proposal
was based on the observation that rapidly growing cancer cells
become addicted to glutamine (Wise and Thompson, 2010;
Schulze and Harris, 2012; Altman et al., 2016) and that limiting
the glutamine supply to these cells can lead to suppression of
cancer cell growth (Wang et al., 2015; van Geldermalsen et al.,
2016). Since ASCT2 is overexpressed in several cancer cells and
cell lines (Kim et al., 2013; van Geldermalsen et al., 2016), a
potential strategy is to target ASCT2 either through knockdown
using RNA silencing methods (Fuchs et al., 2004; Wang et al.,
2015), or by inhibition with small, organic molecules (Wang
et al,, 2014). Currently, however, no clinical drugs or even po-
tent tool compounds are available that inhibit ASCT2 glutamine
transport in vivo. One issue is that current inhibitors have a low
potency, with the best inhibitors having apparent affinities in
the low micromolar range. It will be crucial to further develop
structure-function relationships to achieve affinities in the
nanomolar range. The sulfonamide/sulfonic acid ester linkage
may provide an opportunity for further structure-function
analysis, because a wide variety of side chains with diverse
functional properties will be available for testing through a
simple two-step synthetic approach.

Another challenge for the development of ASCT2 inhibitors is
the lack of an atomic-resolution experimentally determined
structure in the outward-facing conformation. Recently, a cryo-
EM crystal structure of hASCT2 was published (Garaeva et al.,
2018). While this structure generally confirms sequence align-
ments used for previous homology models generated based on
Gltpy, (Boudker et al., 2007; Colas et al., 2015) and EAATI (Canul-
Tec et al., 2017; Garibsingh et al., 2018), it is in the inward-facing
configuration and substrate bound. Therefore, this structure is
less suitable for in silico docking of potential inhibitors from the
extracellular side of the membrane. Notably, the potency of the
new ASCT2 inhibitors correlated with our docking and MM-
GBSA calculations, which is a highly nontrivial finding, sug-
gesting that this approach may provide a framework for the
design of more potent ASCT2 inhibitors. However, the structure
will be useful to determine differences between intracellular
and extracellular-facing binding sites, as well as the differenti-
ation between one-gate and two-gate transport mechanisms
(Garaeva et al., 2018). In this respect, it may be interesting to test
for binding of current competitive inhibitors from the
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intracellular side, because in the potential one-gate mechanism
(Garaeva et al., 2018), the intracellular binding site may not be
large enough to accept inhibitors with large, hydrophobic side
chains.

Another structural model for ASCT2 inhibitor binding was
recently published by Scopelliti and colleagues (Scopelliti et al.,
2018). This model is based on a crystal structure of the pro-
karyotic ASCT2 homologue Gltp, with mutations to two non-
conserved amino acid residues in the binding site, aiming to
replicate the native ASCT2 binding site. The mutant Gltp, was
crystallized with bound cysteine as a transported substrate, as
well as the inhibitor benzylcysteine. Interestingly, benzylcys-
teine was found to bind in a pose, in which the hydrophobic
benzyl group in the side chain occupies PB, consistent with in-
hibitor binding predicted from our previous homology models
built on GItPh. The absence of the GItPh-R397 arginine side
chain, which is replaced by shorter cysteine side chain in ASCT2,
creates a void into which hydrophobic ligands can bind
(Garibsingh et al., 2018). It may be possible to exploit pocket B in
future iterations of our ASCT2 inhibitors.

The ASCT2 model used in the present work was based on the
human EAATI structure in the outward-open conformation,
which is highly conserved between these proteins, both of which
are divergent from Gltpy's HP2 used in previous models. Simi-
larly to the EAATI structure, the ASCT2 model has a pronounced
opening of HP2 that leads to a larger binding site. Additionally,
docking of our previously characterized (Singh et al., 2017) and
newly discovered inhibitors suggests that the hydrophobic side
chain of the inhibitors binds in PA instead of pocket B. These
docking poses of the current ASCT2 inhibitors are similar to the
binding pose of TFB-TBOA in the EAATI crystal structure, in-
creasing our confidence in our model. It should be noted, how-
ever, that the relatively low resolution (3.7 A) of the EAAT1
structure may result in uncertainty in both the EAATI structure
and the ASCT2 model. This weakness in the model is mitigated
by the (a) high enrichment of known ASCT2 ligands and (b) high
correlation between MM-GBSA score of the new inhibitors and
their K; (Fig. S3).

Remarkably, a comparison between HP2 of the newly de-
termined cryo-EM inward-facing hASCT2 structure and our
outward-open model (used here) and outward-occluded model
(not shown; Garibsingh et al., 2018) reveals a highly similar HP2
conformation (RMSDs of 1.06 A and 1 A, respectively). More-
over, our outward-open model exhibits better ligand enrich-
ment scores than those of the inward-facing hASCT2 (logAUC of
47.9 and 61.7, respectively). These results are further suggestive
of the model’s accuracy and relevance of rational design.

We anticipate that the differentiation of these binding modes
is expected to be of critical importance for developing future
ASCT2 inhibitors. Therefore, we propose that using the EAATI-
based ASCT2 model is better for ASCT2 blocker development.
The compounds we have experimentally tested in this study
dock well to this improved structural model and allow us to
focus on hydrophobic interaction with PA.

In conclusion, the sulfonamides/sulfonic ester series of
compounds characterized here as ASCT2 inhibitors add to our
repertoire of scaffolds on which future structure-function
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studies can be based. Our improved ASCT2 homology model,
based on the hEAATI crystal structure, allows refined prediction
of binding poses, agreeing well with the experimental data.
While specificity for ASCTs over EAATS has yet to be tested for
most inhibitors and/or to be achieved, our results are encour-
aging for the development of future higher-affinity ASCT2 in-
hibitors, which will be necessary to further establish ASCT2 as
an anticancer drug target.
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