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The solute carrier 1A family comprises a group of membrane
proteins that act as dual-function amino acid transporters and
chloride (Cl−) channels and includes the alanine serine cysteine
transporters (ASCTs) as well as the excitatory amino acid
transporters. ASCT2 is regarded as a promising target for
cancer therapy, as it can transport glutamine and other neutral
amino acids into cells and is upregulated in a range of solid
tumors. The compound L-γ-glutamyl-p-nitroanilide (GPNA) is
widely used in studies probing the role of ASCT2 in cancer
biology; however, the mechanism by which GPNA inhibits
ASCT2 is not entirely clear. Here, we used electrophysiology
and radiolabelled flux assays to demonstrate that GPNA acti-
vates the Cl− conductance of ASCT2 to the same extent as a
transported substrate, whilst not undergoing the full transport
cycle. This is a previously unreported phenomenon for in-
hibitors of the solute carrier 1A family but corroborates a body
of literature suggesting that the structural requirements for
transport are distinct from those for Cl− channel formation.
We also show that in addition to its currently known targets,
GPNA inhibits several of the excitatory amino acid trans-
porters. Together, these findings raise questions about the true
mechanisms of its anticancer effects.

The alanine serine cysteine transporters (ASCTs, designated
as ASCT1/SLC1A4 and ASCT2/SLC1A5) are widely expressed
throughout the human body and represent a major neutral
amino acid transport system (1–3). ASCT2 is also known to be
overexpressed in tumors, along with other major transport
systems including the large-neutral amino acid transporters
(LATs; SLC7/SLC43) and other glutamine transporters
belonging to the SLC38 family of sodium (Na+)-coupled
neutral amino acid transporters (SNATs) (4). ASCT2 supports
tumor progression; pharmacological inhibition and/or genetic
silencing of this transporter decreases cell cycle progression,
induces apoptosis, and slows the growth of numerous malig-
nancies (5–7). These effects of ASCT2 silencing/inhibition are
generally attributed to the capacity of ASCT2 to transport the
amino acid glutamine across the cell membrane, a critical
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metabolic and biosynthetic substrate in cancer cells (8–10).
Many tumors display a distinct metabolic program charac-
terized by dependence on glutamine for fast growth and
accumulation of biomass (8–10).

The ASCTs are part of the solute carrier 1A (SLC1A) family,
which also includes the human glutamate transporters known
as excitatory amino acid transporters (EAAT1–5). The EAATs
are critical in regulating synaptic concentrations of the major
excitatory neurotransmitter glutamate and acidic amino acid
transport throughout the periphery (11). Members of the
SLC1A family assemble as trimers in the membrane and
exhibit dual functionality by transporting amino acids while
also allowing chloride (Cl−) permeation (12–15). A range of
anions are known to be able to permeate the SLC1A-
associated Cl− channel, including the physiologically relevant
anion chloride (Cl−) as well as a number of other anions that
follow the permeability sequence, SCN− > NO3

− > I− > Br− >
Cl− in order of most to least permeable (16–18). This anion
conductance is thermodynamically uncoupled from substrate
transport but requires substrate and Na+ binding to be acti-
vated (14, 16, 19, 20). Despite their overall similarity, members
of the SLC1A family have differing stoichiometries. The
EAATs are concentrative acidic amino acid transporters in
which substrate transport is coupled to the cotransport of
three Na+ ions, one H+ ion and the countertransport of one K+

ion (21). In contrast, the ASCTs function as Na+-coupled
obligatory exchangers of neutral amino acids (17, 22).

Given the role of ACST2 in cancer biology, inhibitors have
been developed as tools in functional studies and potential
therapeutics. Anti-ASCT2 monoclonal antibodies and siRNA-
based inhibitors have been explored, as have several classes of
small-molecule inhibitors. The first inhibitors were designed
similarly to the EAAT inhibitor known as DL-threo-beta-
benzyloxyaspartate (DL-TBOA). This compound comprises
an aspartate backbone that binds the substrate-binding site
and a hydrophobic substituent of the side chain to interfere
with the closure of a domain known as hairpin loop 2 (HP2),
which acts as the “gate” of SLC1A transporters (23). Analo-
gously, ASCT2 inhibitors based on substrates such as serine
and glutamine have been developed (19, 24, 25). Following the
development of the glutamine analogs, a related dia-
minobutanoic acid scaffold was explored, from which a lead
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Interactions of GPNA with SLC1A transporters
compound (termed V-9302) was identified in mammalian cell
lines and tested in animal models (26). However, it was later
shown that this compound is not an ASCT2 inhibitor but in
fact blocks SNAT and LAT transporters (27). In silico
screening of compounds in the substrate-binding site of
ASCT2 has also led to the identification of alternative scaf-
folds. The most recent of these include two separate series of
hydroxyprolines (28, 29), from which selected biphenyl esters
reached unprecedented nanomolar potency. Notably however,
these also bind ASCT1 and multiple EAATs with low micro-
molar affinity (29); ASCT2 inhibitors of sufficient selectivity
and potency remain elusive.

The ASCT2 inhibitor which has been most widely used to
probe the role of this transporter in a cancer biology context
is the commercially available glutamine analogue, L-γ-glu-
tamyl-p-nitroanilide (GPNA; Fig. 1) (24). A PubMed search
for this compound yields over 100 results. GPNA binds to
and inhibits glutamine transport via ASCT2 but is also
known to inhibit SNAT and LAT transporters to a similar
extent (24, 30, 31). Several aspects of the activity of GPNA
require clarification to ensure correct interpretation of
numerous cancer biology studies. First, because of difficulties
in expression of human ASCT2 (hASCT2), prior electro-
physiological characterization of GPNA has been performed
on the rat homolog of ASCT2 (rASCT2) (32), and it is not
known whether GPNA binds hASCT2 or rASCT2 as a
competitive inhibitor or as a transported substrate. Although
its effects on cell viability are often attributed to reduction of
amino acid uptake by ASCT2 and other transporters, if the
compound entered the cell, it could interact with intracel-
lular targets. For example, GPNA hydrolysis by the enzyme
γ-glutamyltransferase generates the cytotoxic metabolite
para-nitroaniline (33). Second, the effects of this compound
on the Cl− conductance of either rASCT2 or hASCT2
have not been examined. Disruptions of Cl− homeostasis
across the plasma membrane can affect membrane potential
and osmotic balance and may contribute to the effects of
GPNA effects in cancer cells (34, 35). Third, while GPNA is
selective for ASCT2 over ASCT1 (32), we hypothesized that
it may interact with other SLC1A transporters, given the
substrate-binding site is highly conserved within the family
(12, 13).
Figure 1. Chemical structures of L-glutamine and L-γ-glutamyl-p-nitro-
anilide (GPNA).
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We expressed ASCT1, ASCT2, and EAATs in Xenopus
laevis oocytes and directly compared their interactions with
GPNA. We present evidence that GPNA acts as an inhibitor of
EAAT1, EAAT2 and EAAT3, blocking both substrate trans-
port and the leak of Cl− conductance, which expands the
known nonselective targets of this compound. We also present
novel findings concerning the interaction of GPNA with
ASCT2. To determine whether previous data generated using
the rat isoform are applicable in the context of human disease,
we compared the interactions of GPNA with hASCT2 and
rASCT2 expressed in oocytes. Our results reveal that GPNA
elicits distinct conductances in each of the two transporters.
Strikingly, in oocytes expressing hASCT2, GPNA elicits cur-
rents comparable in magnitude and voltage dependence to
those activated by substrates. Despite the activation of
substrate-like currents, the results of radiolabeled efflux
studies confirm that GPNA is a nontransportable inhibitor of
ASCT2. This represents the first report of a nontransportable
inhibitor interacting with an SLC1A transporter in this
manner.
Results

GPNA binding has differential effects on hASCT2 and rASCT2

The neutral amino acid transporters ASCT1 and ASCT2
function as Na+-dependent electroneutral exchangers. That is,
for each neutral amino acid that enters the cell, there is a
corresponding exit of another neutral amino acid in an Na+-
dependent manner (16, 17, 22, 36). In addition to this neutral
amino acid exchange process, the binding of Na+ and substrate
to these proteins also activates an uncoupled Cl− conductance,
which allows the permeation of a range of anions including
nitrate (NO3

−), which is more permeant than Cl− (16, 17). This
conductance is comprised of a substrate-independent current
(“leak” conductance) and a substrate-activated current (16, 17,
19). It is the activation and block of these conductances that
generates measurable currents, which enables the use of
electrophysiological recording as a readout of ASCT function.

Application of 1 mM of the substrate serine in an NO3
−

buffer to oocytes expressing rASCT2 and hASCT2 voltage
clamped at −30 mV generates outward currents that represent
the anion conductance activated during the transport process,
while application of 1 mM of the nontransportable inhibitor
benzylserine (19) results in an inward current that is consistent
with block of the leak conductance of ASCT2 (Fig. 2, A and B).
In contrast, application of 1 mM GPNA elicited outward
current resembling substate-activated current in oocytes
expressing both transporters (Fig. 2, A and B). While the
currents at rASCT2 were of low amplitude, those at hASCT2
were comparable to the currents elicited by substrate alone.
No measurable currents were recorded on water-injected oo-
cytes under the same conditions, confirming the currents
observed were ASCT2 mediated (Fig. 2C).

The currents elicited by GPNA over a range of membrane
potentials (current–voltage relationships; IVs) were measured
and compared with those elicited by substrate. Application of
serine to both rASCT2 and hASCT2 in a buffer where nitrate



Figure 2. GPNA elicits distinct conductances in oocytes expressing
hASCT2 and rASCT2. Representative traces of current elicited in oocytes
clamped at −30 mV expressing rASCT2 (A), hASCT2 (B), and H2O-injected
control cells (C), in response to application of 1 mM serine, 1 mM GPNA, and
1 mM benzylserine in NO3

− (representative of n ≥ 5 across ≥2 batches of
oocytes). GPNA, L-γ-glutamyl-p-nitroanilide; hASCT2, human ASCT2; rASCT2,
rat ASCT2.

Interactions of GPNA with SLC1A transporters
(NO3
−) is the predominant anion generates outward currents

at most membrane potentials (Fig. 3, A and B). In oocytes
expressing rASCT2, 1 mM GPNA activates small positive
currents, although these were low in amplitude and thus
ambiguous as to whether they reflected low-efficiency
Figure 3. Characterization of ASCT2-mediated currents elicited by GPNA
1 mM GPNA (open circles) in oocytes expressing rASCT2 WT, hASCT2 WT, and
used for each transporter and corresponding controls (100 μM for hASCT2 and
GPNA in oocytes expressing ASCT2 transporters in NO3

− or in ND96 (Cl−), as i
anion, for each cell. One outlier was removed by ROUT test (q = 1%). E, conce
hASCT2 at +60 mV in NO3, normalized to the predicted GPNA Imax for each cell
of substrate (90 μM serine for hASCT1 and 70 μM glutamine for rASCT2) at +60
triangles) and rASCT2 (circles). Data for each cell were normalized to substrate-a
≥2 batches of oocytes). ASCT2, alanine serine cysteine transporter 2; GPNA, L-
transport, leak block, or another effect (Fig. 3A). In contrast,
application of 1 mM GPNA to oocytes expressing hASCT2
activates large outward currents at most membrane potentials
that are comparable to the currents elicited by the predicted
Imax of serine in buffers containing both NO3

− and the phys-
iologically relevant anion chloride (Cl−) (90.0 ± 6.7% and
163.4 ± 35.3% of serine Imax, respectively) (Fig. 3, B and D). To
investigate the binding mode of GPNA to hASCT2, we made
use of a double mutation introduced into the substrate-
binding site of rASCT2 (S466T/C467T), which knocks out
glutamine transport via rASCT2 (32). The equivalent muta-
tions were introduced into hASCT2 to generate a mutant
herein referred to as “hASCT2 STCT.” In this double-mutant
transporter, GPNA cannot activate large outward currents,
suggesting that GPNA does bind in the substrate-binding site
(Fig. 3C). Indeed, GPNA can only activate 5.0 ± 1.1% of the
current activated by the predicted Imax of serine, which is
similar to rASCT2 (1.0 ± 0.7%; Fig. 3D).

The currents induced by GPNA were concentration
dependent (Fig. 3, E and F), and GPNA exhibited an apparent
affinity of 89.1 ± 17.9 μM for hASCT2 (Fig. 3E). As the GPNA
currents in oocytes expressing rASCT2 are of low resolution,
the apparent affinity of GPNA could not be measured by
applying the compound independently. Instead, GPNA was
competed with an EC50 concentration of glutamine, and an
IC50 value of 38.7 ± 4.8 μM was established (Fig. 3F). Thus,
GPNA appears to bind to both rASCT2 and hASCT2 with
similar affinity, although with different activity. In addition,
this activity was selective for ASCT2 over ASCT1; GPNA does
. A–C, current–voltage relationships elicited by L-serine (closed circles) and
hASCT2 S464C/T465T (“STCT”) in NO3

−. An EC30 concentration of serine was
rASCT2 and 40 μM for hASCT2 STCT). D, current at +60 mV elicited by 1 mM
ndicated. Data were normalized to the predicted serine Imax in the relevant
ntration–response curves of current elicited by GPNA in oocytes expressing
. F, inhibition–response curves of current activated by an EC50 concentration
mV in NO3

−, competed with GPNA, in oocytes expressing hASCT1 (inverted
ctivated current in the absence of GPNA. Data are mean ± SEM (n ≥ 3 across
γ-glutamyl-p-nitroanilide; hASCT2, human ASCT2; rASCT2, rat ASCT2.
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not inhibit currents elicited by an EC50 concentration of serine
in oocytes expressing hASCT1 (Fig. 3F).

To confirm the activity of GPNA on the various trans-
porters, radiolabeled uptake and counter-transport experi-
ments were performed, as these assays give a direct readout of
substrate movement across the cell membrane. As described
previously (30), application of 1 mM GPNA significantly in-
hibits both hASCT2-mediated and rASCT2-mediated uptake
of an EC25 concentration of 3H-L-serine to 34.3 ± 2.9% and
32.4 ± 3.5% of control, respectively, while no significant inhi-
bition of 3H-L-serine uptake was observed in oocytes
expressing hASCT1 (Fig. 4A). To further probe the mecha-
nisms by which GPNA interacts with ASCT2, we sought to
determine whether external GPNA stimulates hASCT2- or
rASCT2-mediated efflux of radiolabeled glutamine from
oocytes. In obligatory exchangers, the ability to stimulate efflux
is indicative of whether a compound is a transported substrate.
In cells expressing both hASCT2 and rASCT2, external un-
labeled glutamine was able to stimulate significant efflux of
internal 3H-L-glutamine, and this efflux was inhibited in the
Figure 4. GPNA inhibits glutamine uptake by ASCT2 but is not a transporte
over 10 min by ASCTs and H2O-injected negative control cells (“Ctrl”; light gray
each batch of cells; “Ser”; dark gray). An EC25 concentration of serine was use
80 μM for hASCT2 and rASCT2). B, efflux of injected 3H-L-glutamine over 10 m
gray), ND96 + 300 μM unlabeled glutamine (dark gray), ND96 + 300 μM unlabe
Data across both parts are mean ± SEM (≥3 batches of oocytes, ≥4 oocytes per
hoc test. ASCT2, alanine serine cysteine transporter; GPNA, L-γ-glutamyl-p-nitro
1.8 mM CaCl2, 5 mM hemisodium–Hepes, pH 7.5; rASCT2, rat ASCT2.
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presence of GPNA (Fig. 4B). However, GPNA alone did not
stimulate glutamine efflux above background in any condition.
Together, these results suggest that GPNA binds both rASCT2
and hASCT2 but is not a transported substrate of either iso-
form, despite the activation of substrate-like currents in
hASCT2.
GPNA acts as a leak blocker of EAATs

Given the similarity in the substrate-binding sites of SLC1A
transporters, we hypothesized that GPNA may also bind to the
EAATs, and this was confirmed to be the case (Fig. 5). Inward
currents at positive membrane potentials indicate that a
compound is a nontransportable blocker of SLC1A trans-
porters, binding to the protein and blocking the leak
conductance but not undergoing transport. IV relationships
elicited by the application of GPNA to oocytes expressing
EAAT1, EAAT2, and EAAT3 in NO3

− were consistent with
this (Fig. 5, A–C). While the voltage dependence was like that
induced by the EAAT inhibitor DL-TBOA at all transporters,
d substrate. A, uptake of 3H-L-serine ± 1 mM GPNA (“Ser + GPNA”; light blue)
), normalized to the positive control (serine uptake by each transporter, for
d for each transporter and corresponding controls (30 μM for hASCT1 and
in by oocytes expressing ASCTs in external conditions of ND96 (“Ctrl”; light
led glutamine + 1 mM GPNA (light blue), or ND96 + 1 mM GPNA (dark blue).
batch). p values were determined by two-way ANOVA and a Bonferroni post
anilide; hASCT2, human ASCT2; ND96, 96 mM NaCl, 2 mM KCl, 1 mM MgCl2,



Figure 5. GPNA is a nontransportable inhibitor of EAATs. A–C, current–voltage relationships elicited by 30 μM DL-TBOA (triangles) and 1 mM GPNA (open
squares) in oocytes expressing EAATs 1 to 3. D, inhibition–response curve of 10 μM 3H-L-glutamate uptake competed with GPNA in oocytes expressing
EAAT1 over 10 min. E, uptake of 10 μM 3H-L-glutamate (“Glu”; dark gray), 3H-L-glutamate + 1 mM GPNA (“Glu + GPNA”; light blue) over 10 min by EAATs and
H2O-injected control cells (“Ctrl”; light gray). D and E, data were normalized to the positive control (glutamate alone). F, efflux of preloaded 14C-L-aspartate
over 45 min by oocytes expressing EAATs, in external conditions of ND96 (“Ctrl”; light gray), ND96 + 300 μM unlabeled L-aspartate (“Asp”; dark gray), or
ND96 + 1 mM GPNA (“GPNA”; dark blue). Data are mean ± SEM (for A–C, total n ≥ 4 across ≥2 batches of oocytes, and for D–F, data from ≥2 batches of
oocytes, ≥3 oocytes per batch). p values were determined by two-way ANOVA and a Bonferroni post hoc test. DL-TBOA, DL-threo-beta-benzyloxyaspartate;
EAAT, excitatory amino acid transporter; GPNA, L-γ-glutamyl-p-nitroanilide.

Interactions of GPNA with SLC1A transporters
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the overall amplitude of the GPNA-induced leak block was
lower. It was hypothesized that this may be because GPNA
binds with lower affinity than DL-TBOA or simply blocks the
leak conductance less efficiently than DL-TBOA. Indeed,
concentration–response data collected from oocytes express-
ing EAAT1 indicate low-affinity binding of GPNA in the
millimolar range (Fig. 5D).

Radiolabeled uptake data confirmed the results of electro-
physiology on EAATs 1 to 3. Uptake of an EC25 concentration
of glutamate in the presence of 1 mM GPNA was significantly
reduced by >30% in oocytes expressing all three glutamate
transporters (Fig. 5E). Radiolabeled efflux experiments were
performed to confirm that GPNA does not independently
stimulate substrate efflux from EAATs (Fig. 5F). While the
EAATs primarily function as concentrative transporters, they
can mediate substrate efflux under exchange conditions
(where sufficient intracellular substrate and Na+ are available).
External aspartate induced significant efflux of internal 14C-L-
aspartate above background, whereas GPNA did not, con-
firming that GPNA does not undergo transport via the
EAATs.
The conductances elicited by GPNA on SLC1A transporters are
carried by anions

To identify the nature of the ion or ions generating the
currents elicited by GPNA applied to oocytes expressing
hASCT2 and EAAT1, IV relationships were measured in both
standard NO3

− and MES− buffers (Fig. 6). The substitute
anion Mes− cannot permeate the Cl− conducting pathway,
thereby enabling the use of Mes− to distinguish currents that
are anion dependent from those that are not. For both
1 mM L-serine and 1 mM GPNA in oocytes expressing
hASCT2, outward currents were observed in NO3

− and
abolished when the anion in the buffer was replaced with
Mes− (Fig. 6, A and B). This indicates that similarly to
hASCT2 substrates, the outward current elicited by GPNA is
due to activation of the intrinsic anion conductance of
hASCT2. In oocytes expressing EAAT1, application of 1 mM
aspartate in NO3

− elicited outward currents reversing
at −41.0 ± 1.3 mV (Fig. 6C). These represent the sum of
transport current (a net influx of two positive charges per
aspartate molecule transported) and substrate-activated
anion conductance (NO3

−
flux through the Cl− channel),

both of which occur during the transport cycle. In contrast,
1 mM aspartate in Mes− elicits negative currents that do not
reverse direction at membrane potentials from −100
to +60 mV and represent EAAT1 transport current only
(Fig. 6C). As previously mentioned, application of 1 mM
GPNA in NO3

− elicits inwardly rectifying currents suggestive
of leak block in oocytes expressing EAAT1 (Fig. 6D). This
effect is abolished when GPNA is instead applied in an Mes−

containing buffer (Fig. 6D). Data from oocytes expressing
EAAT2 and EAAT3 showed the same trends as those
observed in EAAT1 (Fig. 6, E–H). These data confirm that the
currents elicited by GPNA on both the ASCTs and the
EAATs are mediated by anion flux.
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Discussion
Although the interactions of GPNA with hASCT2 and other

SLC1A transporters have not previously been well character-
ized, this compound has been used extensively as an inhibitor
of ASCT2 in human cancer studies. The effects of GPNA are
generally attributed to inhibition of glutamine uptake by
ASCT2, although it can also inhibit amino acid uptake by
transporters from the SNAT and LAT families (30, 31). Our
results reveal that alongside this inhibition of amino acid
transport, GPNA activates currents in oocytes expressing
hASCT2 comparable in magnitude to those elicited by sub-
strate. This is the first description of a nontransportable
compound eliciting currents at an SLC1A family member,
which are comparable to those activated by amino acid
substrates.

These findings may inform interpretation of the numerous
cancer biology studies in which the compound GPNA is used.
The activation of the anion conductance in hASCT2 is likely
accompanied by water flux, as water is known to permeate the
open channel of SLC1A transporters (15, 37–39). Ionic ho-
meostasis, osmotic balance, and cell volume regulation play an
important role in the control of the cell cycle, apoptosis, and
migration and metastasis of cancer cells. Thus, excess anion
and water flux across the membrane may compromise cancer
cell viability (34, 35). While GPNA is not a viable drug
candidate itself, novel cancer therapeutics that inhibit gluta-
mine transport while also activating the chloride channel may
be useful as anticancer agents. Modulation of the SLC1A Cl−

conductance may also have applications in other pathologies.
For example, the Cl− conductance of the EAATs regulates
glutamate and anion homeostasis in the brain, and its dysre-
gulation is associated with neurological phenotypes such as a
motor disorder known as episodic ataxia (40–42).

Our finding that GPNA interacts with EAAT1, EAAT2, and
EAAT3, blocking both substrate uptake and the leak anion
conductance may also have relevance for its effects in cancer
cells. Evidence suggests that like ASCT2, EAAT expression is
associated with cancer progression, although it appears to be
tumor promoting in certain contexts and tumor suppressive in
others. In glioma and neuroblastoma, downregulation of
EAAT1 and EAAT2 and associated reduction in glutamate
uptake has been linked to tumor progression and invasion
(43–45). In peripheral tumor types such as breast and gastric
cancers, upregulation of EAAT1 and EAAT2 can support tu-
mor metabolism and promote resistance to therapy and other
stressors (46–50). In experimental cell models of such pe-
ripheral malignancies, modulation of EAAT activity by GPNA
may contribute to the observed anticancer effects of this
compound.

Because of the structural similarity between GPNA and the
substrate glutamine (Fig. 1), it is thought that GPNA inhibits
ASCT2 via a competitive mechanism. This hypothesis is
supported by mutagenesis studies where a double mutation in
the substrate-binding site has been shown to reduce GPNA-
mediated inhibition of substrate-activated currents in oocytes
expressing rASCT2 (32) and hASCT2 (this study). The
differing conductances elicited at hASCT2, rASCT2, and the



Figure 6. The conductance elicited by GPNA in oocytes expressing hASCT2 and EAATs 1 to 3 is carried by anions. A and B, current–voltage re-
lationships elicited by 1 mM serine (A, “Ser”; closed circles) and 1 mM GPNA (B; open circles) in NO3

−- (black) and Mes− (gray)-containing buffers in oocytes
expressing hASCT2. C–H, current–voltage relationships elicited by the application of 1 mM aspartate (C, E, and G, “Asp”; closed squares) and 1 mM GPNA (D,
F, and H; open squares) in NO3

−- (black) and Mes−- (gray) containing buffers to oocytes expressing EAATs 1 to 3. Data are mean ± SEM (n ≥ 5 across ≥2
batches of oocytes). GPNA, L-γ-glutamyl-p-nitroanilide; hASCT2, human ASCT2.

Interactions of GPNA with SLC1A transporters
EAATs observed in the present study may indicate differences
in the positioning of GPNA in the substrate-binding site.
During the characteristic “twisting elevator” movement of
SLC1A transporters, a mobile transport domain moves
downward relative to an anchored scaffold domain, causing
the elicitation of a substrate-activated conductance as the
transporter enters a Cl−-conducting state (ClCS) (15, 38, 51).
For substrate transport to occur, the “gate” domain (HP2)
J. Biol. Chem. (2022) 298(8) 102178 7
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must first close over the binding site (23, 52). In contrast,
competitive inhibitors like DL-TBOA prevent the closure of
the HP2 gate, inhibiting the transport cycle and the Na+-
dependent leak conductance (23, 32). In silico modeling and
structural studies of a homology model of ASCT2 exhibit two
binding pockets for ASCT2 inhibitors (32, 53) (Fig. 7). “Pocket
A” accommodates the hydrophobic bulk of inhibitors in a pose
like that occupied by DL-TBOA in complex with the EAATs,
wherein HP2 is in an outward-open state. In ASCT2, substi-
tution of an arginine residue for cysteine in the binding site
gives rise to an additional pocket (pocket B), which may result
in differences in the ability of HP2 to close.

The leak block induced by GPNA binding to the EAATs
suggests that GPNA induces these transporters to remain in an
outward facing conformation, perhaps by occupying the
substrate-binding site in a DL-TBOA-like pose (pocket A;
Fig. 7), thereby preventing the downward movement of HP2
and other conformational changes required for transport. In
contrast, GPNA-bound hASCT2 undergoes conformational
changes sufficient to allow anion permeation with a similar
voltage dependence to that induced by substrates but insuffi-
cient to allow the complete transport cycle. The structural
foundations for the currents observed with rASCT2 are also
ambiguous and may reflect an alternative intermediate state of
the transporter domain. Previous functional studies within the
SLC1A family have shown that the structural rearrangements
required for anion channel formation are distinct from than
those for complete substrate translocation (54–57), and a ClCS
of the SLC1A prokaryotic homolog GltPh has recently been
resolved (15). In this ClCS, HP2 is closed, and a continuous
aqueous pore appears at the interface of the transport and
scaffold domains once the transport domain has undergone
two-thirds of the substrate transport cycle. The stark variation
in the conductances elicited by GPNA at hASCT2 and
rASCT2 reveals functional differences between the two ho-
mologs, despite 79% sequence homology, and complete iden-
tity in regions proximal to the substrate-binding site (58). The
Figure 7. The ASCT2-binding site contains an additional hydrophobic
pocket available for occupation by inhibitors. Superposed substrate-
binding sites of GltPh in complex with TBOA (cyan sticks; pocket A, PDB
ID: 2NWW) and GltPh R397C in complex with benzylcysteine (pink sticks;
pocket B, PDB ID: 6BAV). Figure generated using PyMOL (62). ASCT2, alanine
serine cysteine transporter 2; PDB, Protein Data Bank; TBOA, threo-beta-
benzyloxyaspartate.
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ability of hASCT2 to enter into the ClCS whilst bound to
GPNA, while rASCT2 cannot, suggests that residues in parts
of the protein distal to the substrate-binding site, such as those
in the interface between the two domains of the transporter, or
in the channel itself, may underlie this species difference. It
remains to be established whether the “transport-independent
conductance” exhibited by hASCT2 is determined by differ-
ences in the extent of closure of HP2 and thus ease of relative
movement between the two domains or ease of Cl− movement
through the channel conformation elicited by GPNA.
Although structures of hASCT2 have been resolved by cryo-
EM and predicted structures have been made available by
AlphaFold (DeepMind) (59, 60), none are in complex with
GPNA or in an open channel state.

Together, the findings of this study represent the first
observation of a nontransportable blocker of SLC1A trans-
porters eliciting a substrate-like conductance. They also
prompt caution in interpretation of the results of cell biology
studies that use GPNA as an ASCT2 inhibitor. While the ef-
fects of this compound were previously thought to be medi-
ated by transporters of glutamine and other neutral amino
acids, this study highlights that they may in addition be
mediated by interactions with the EAATs and by substantial
disruption of chloride or water homeostasis within the cell, in
addition to the known off-target effects.

Experimental procedures

All chemicals were purchased from Sigma–Aldrich (now
Merck) unless otherwise stated.

Molecular biology

DNA encoding each transporter was subcloned into plasmid
oocyte transcription vector. All DNA products were trans-
formed into NEB 5-alpha competent Escherichia coli cells
(New England BioLabs, Inc) according to the manufacturers’
instructions and purified using the GeneJET Plasmid Miniprep
Kit (Thermo Fisher Scientific). Site-directed mutagenesis was
performed using the Q5 Site-Directed Mutagenesis Kit (New
England BioLabs, Inc) according to the manufacturers’ in-
structions. Primers were designed using the online tool
NEBaseChanger (New England BioLabs, Inc) and synthesized
by Sigma–Aldrich. The sequences of all complementary DNA
products were confirmed by the Australian Genome Research
Facility. Sequence-confirmed WT and mutant complementary
DNAs were linearized using the restriction enzyme Spe1 (New
England BioLabs, Inc). mRNA was transcribed by T7 poly-
merase using the mMESSAGE mMACHINE kit (Invitrogen).

Electrophysiology

Stage V oocytes were harvested from X. laevis and stored as
previously described prior to injection (61), with the following
modification to the methods: oocytes were defolliculated in 1.5
to 1.7 mg/ml collagenase A (Roche) at 18 �C for 30 to 60 min
as required. All X. laevis surgical procedures have been
approved by the University of Sydney Animal Ethics under the
Australian Code of Practice for the Care and Use of Animals
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for Scientific Purposes (protocol 2016/970). Individual stage V
oocytes were microinjected with 2 to 10 ng of mRNA, as
required (Nanoliter 2000; World Precision Instruments, Inc).
Injection needles were made with 3.50 Drummond glass cap-
illaries (Drummond Scientific Co) using a microelectrode
puller (Narishige). Injected oocytes were stored at 18 �C in
ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2,
5 mM hemisodium–Hepes, pH 7.5) supplemented with 50 μg/
ml gentamycin, 2.5 mM sodium pyruvate, 50 μg/ml tetracy-
cline, and 0.5 mM theophylline for a minimum of 3 days prior
to testing via electrophysiological recording.

Current recordings were made using two-electrode voltage-
clamp electrophysiology with a GeneClamp 500 amplifier
(Axon Instruments) and a MacLab 2e chart recorder (ADIn-
struments) using LabChart software (version 8; ADInstru-
ments) and a Digidata 1322A (Axon Instruments) controlled
by an IBM-compatible computer with pClamp software
(version 10.6; Molecular Devices). Solutions containing com-
pounds of interest were applied to the oocytes through
perfusion into a recording bath where the oocytes were held
and washed out with recording buffer between applications.
The amplitude of current activated by an applied compound-
containing solution was measured as the difference between
conductances recorded immediately before the application and
during the application.

Recording buffers were varied throughout as indicated and
were either ND96, ND96 with complete NO3

− substitution for
Cl− (herein referred to simply as “NO3

−”), or ND96 with
complete anion replacement through sodium methanesulfo-
nate substitution for NaCl and gluconate− substitution for all
other Cl− salts (referred to as “MES−”). The recording bath was
grounded using a salt bridge containing 3 M KCl and 30%
agarose gel connected to a 3 M KCl reservoir. Oocytes were
clamped at −30 mV. Voltage pulses at 10 mV intervals
between −100 mV and +60 mV were applied to the oocytes
every 150 ms in order to generate IV plots.

Concentration–response curves were plotted in GraphPad
Prism 9 (GraphPad Software, Inc), and least-squares regression
was used to fit current (I) to a derivation of the Michaelis–
Menten equation,

I
Imax

¼ ½Compound�
ð½Compound� þEC50Þ;

where Imax is the predicted maximal current elicited by the
given compound and EC50 is the Michaelis constant (con-
centration required to elicit a half-maximal response). For
inhibition–response curves, least-squares regression was used
to fit current to the below derivation of the Michaelis–Menten
equation for inhibition of transport,

I¼BottomþTop−bottom

1þ X
IC50

;

where “bottom” and “top” refer to the lower and upper pla-
teaus in the curve, respectively, IC50 is the inhibitor
concentration required to elicit half-maximal inhibition and X
is the applied inhibitor concentration. For all electrophysio-
logical data, SEM calculated from all datapoints is displayed.

Radiolabeled uptake

Oocytes were injected with RNA-encoding transporters or
an equivalent volume of water as a negative control. A mini-
mum of 3 days after injection, oocytes were incubated for
10 min in uptake solutions containing 3H-L-substrates
(PerkinElmer) ± GPNA where specified, in ND96. Oocytes
were subsequently rinsed three times in ice-cold ND96. Cells
were then lysed in 1 M NaOH and 1% SDS. 3H-L-substrate
uptake was measured by scintillation counting using Opti-
Phase HiSafe 3 (PerkinElmer) and a Trilux beta counter
(PerkinElmer). Raw data from each oocyte were normalized to
the mean response from the corresponding positive control
(all normalized datapoints shown). Inhibition–response data
generated using uptake were fit as detailed previously.

Counter-transport experiments

For counter-transport (efflux) experiments using ASCT2,
methods were as follows. A minimum of 3 days after injection
with RNA/water as detailed previously, oocytes were injected
with a sufficient volume of 3H-L-glutamine to observe >10,000
CPM by scintillation counting. After preloading with 3H-L-
glutamine, oocytes were immediately stored in ice-cold efflux
buffer (ND96). To commence efflux, single oocytes were
incubated in 400 μl room temperature efflux solutions, then
rinsed three times, lysed, and counted. Efflux solutions were
also counted. Percentage efflux for each oocyte was calculated
using the formula,

Efflux ð%Þ¼ 100 ×
S

SþO
;

where O is counts from the oocyte and S is counts from the
corresponding solution. For efflux experiments using EAATs,
the same methods were used, except oocytes were preloaded
via a 30 min preincubation in [14C]-labeled aspartate, rather
than via injection.

Data availability

Raw data are available from the corresponding author upon
request.
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