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The Large-neutral Amino Acid Transporter 1 (LAT-1)—a sodium-
independent exchanger of amino acids, thyroid hormones, and pre-
scription drugs—is highly expressed in the blood-brain barrier and
various types of cancer. LAT-1 plays an important role in cancer
development as well as in mediating drug and nutrient delivery
across the blood-brain barrier, making it a key drug target. Here,
we identify four LAT-1 ligands, including one chemically novel sub-
strate, by comparative modeling, virtual screening, and experimen-
tal validation. These results may rationalize the enhanced brain
permeability of two drugs, including the anticancer agent acivicin.
Finally, two of our hits inhibited proliferation of a cancer cell line by
distinct mechanisms, providing useful chemical tools to characterize
the role of LAT-1 in cancer metabolism.

membrane transporter | polypharmacology | glioblastoma multiforme |
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Large-neutral Amino Acid Transporter 1 (LAT-1) is a sodium-
independent exchanger found in the brain, testis, and placenta,
where it mediates transport of large-neutral amino acids (e.g.,
tyrosine) and thyroid hormones (e.g., triiodothyronine) across the
cell membrane (1). More specifically, LAT-1 is highly expressed in
the blood- and brain-facing membranes of the blood-brain barrier
(BBB) to supply the central nervous system (CNS) with essential
nutrients and to help maintain the neural microenvironment (2).
LAT-1 is also an important drug target because it transports
several prescription drugs, such as the antiparkinsonian drug L-dopa
and the anticonvulsant gabapentin, across the BBB, thereby en-
abling their pharmacologic effects (3, 4). This function at the
BBB has made LAT-1 a target for drug delivery by modifying
CNS-impermeable drugs such that they become LAT-1 substrates
and have enhanced BBB penetration (5, 6).

In addition, LAT-1 expression levels are increased in many
types of cancer, including non-small-cell lung cancer and glio-
blastoma multiforme (GBM) (7, 8). LAT-1 expression increases
as cancers progress, leading to higher expression levels in high-
grade tumors and metastases (9). In particular, LAT-1 plays a key
role in cancer-associated reprogrammed metabolic networks by
supplying growing tumor cells with essential amino acids that are
used as nutrients to build biomass and signaling molecules to
enhance proliferation by activating progrowth pathways such as
the mammalian target of rapamycin (mTOR) pathway (10).
Furthermore, inhibiting LAT-1 function reduces tumor cell pro-
liferation, indicating that it may be a viable target for novel anti-
cancer therapies (11-13). A cancer drug targeting LAT-1 can
therefore be a LAT-1 inhibitor that deprives the cancer cells of
nutrients or a cytotoxic LAT-1 substrate with an intracellular
target (e.g., a metabolic enzyme).

LAT-1 is a large protein with 12 putative membrane-spanning
helices (14). To transport solutes across the membrane, LAT-1
binds SLC3A2, a glycoprotein with a single membrane-spanning
helix that serves as a chaperone for LAT-1 (14). The atomic
structure of human LAT-1 is not known, but LAT-1 exhibits sig-
nificant sequence similarity to prokaryotic transporters such as
members of the amino acid/polyamine/organocation transporter
(APC) family, whose representative structures have been recently
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determined by X-ray crystallography (15-19). Structures of the ar-
ginine:agmatine antiporter AdiC from Escherichia coli (15, 17, 18)
and Salmonella enterica (20) in different conformations reveal an
internal twofold pseudosymmetry, similar to the structures of the
sodium- and chloride-dependent leucine transporter, LeuT (19, 21).
These data, combined with structures of additional related trans-
porters (22) and molecular dynamics (MD) simulations (23), sug-
gest a common transport mechanism among the LAT-1 homologs
and LeuT, in which the role of sodium in LeuT is proposed to be
mimicked by a proton in some APC transporters (23). Thus, LAT-1
probably also transports ligands across the cell membrane via the
alternating access transport mechanism (22, 24, 25).

In this study, we take an integrated computational and experi-
mental approach to characterize previously unknown LAT-1
ligands. We construct structural models of LAT-1 based on
structures of homologous APC family transporters from pro-
karyotic organisms and then perform virtual ligand screening of
metabolite and prescription drug libraries against these models to
predict small-molecule ligands. The top-scoring hits are tested
experimentally for LAT-1 inhibition and transport by using cis-
inhibition experiments and frans-stimulation assays, respectively.
Furthermore, we characterize the effect of select validated ligands
on cell proliferation. Finally, we describe the pharmacological
implications of our results, including how the intended and un-
intended effects of the discovered ligands may be mediated by
LAT-1 transport across the BBB as well as their potential use as
chemical tools to characterize the role of LAT-1 in cancer.

Results

LAT-1 Predicted Structure and Ligand Binding. LAT-1 was modeled
based on the X-ray structure of the arginine/agmatine transporter
AdiC from E. coli in the outward-occluded arginine-bound con-
formation (17) and the structure of the APC transporter ApcT
from Methanococcus jannaschii in an inward-apo conformation
(16) (Fig. S1 and SI Materials and Methods). The final LAT-1
model contains the whole transmembrane domain of the protein
(i.e., the 12 transmembrane helices), including the residues con-
stituting the predicted ligand-binding site. Comparative models
were first scored by using Z-DOPE, a normalized atomic distance-
dependent statistical potential based on known protein structures
(26). The Z-DOPE scores of the top models were —0.3, suggesting
that 60% of its Ca atoms are within 3.5 A of their correct positions
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Fig. 1. Predicted LAT-1 structure and ligand-binding mode. (A) Predicted
structure of the LAT-1-phenylalanine complex. LAT-1 (gray) and phenylalanine
(cyan) are shown as the stick models; oxygen, nitrogen, and hydrogen atoms
are depicted in red, blue, and white, respectively; key hydrogen bonds between
phenylalanine and LAT-1 (involving residues Thr-62, lle-63, lle-64, Ser-66, Gly-67,
Phe-252, Ala-253, and Gly-255) are shown as dotted gray lines. (B) Structures
of representative LAT-1 substrates. Known LAT-1 substrates, including me-
tabolites (tryptophan, methionine, and thyroxine) and prescription drugs
(melphalan, .-dopa, and gabapentin) are shown using MarvinView 5.4.1.1
(Chemaxon).
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(27) (Table S1). Each model was also evaluated based on its ability
to discriminate between known ligands and likely nonbinders
(decoys), by using enrichment curves derived from ligand-docking
calculations (28). The logAUC score for the final refined LAT-1
model was 31.9 (Table S1), suggesting that it is suitable for pre-
dicting ligands for experimental testing (28-30).

The model of LAT-1 interacting with phenylalanine indicates
that the majority of the key polar interactions between LAT-1 and
the carboxyl and amino group of the amino acid ligands are
conserved between LAT-1 and the AdiC template structure (Fig.
14 and Fig. S1). For example, the backbone polar groups of
LAT-1 residues T62, 163, 164, S66, G67, F252, A253, and G255
are predicted to form polar interactions with phenylalanine (Fig.
1). These residues correspond to A22, 123, M24, S26, G27, W202,
S203, and 1205 of AdiC, which make similar interactions with the
carboxyl and amino groups of its ligand arginine (17). Because the
carboxyl and amino groups are conserved among all other known
LAT-1 ligands, such as thyroxine and gabapentin (Fig. 1B), we
hypothesize that they make similar interactions with LAT-1.

Conversely, differences in the ligand preferences of LAT-1 and
AdiC may be explained by two major differences in the binding
sites of the LAT-1 model and the AdiC structure (Fig. S2). First,
several residues with hydrophobic side chains (i.e., 1139, V148§,
F252, F402, and W405) are located in the LAT-1 binding site,
likely contributing to increased ligand-binding affinity of hydro-
phobic amino acids to LAT-1 via van der Waals interactions and
the hydrophobic effect (e.g., the tryptophan indole ring). Some of
these hydrophobic residues are replaced by nonhydrophobic res-
idues in LAT-1 homologs, including the template structure AdiC
and other SLC7 members. For instance, the aromatic residue
W405 in LAT-1 corresponds to the polar T361 in AdiC. Second,
several binding site residues in AdiC are replaced by residues with
smaller side chains in LAT-1, creating a larger volume in LAT-1’s
binding site that can accommodate larger amino acids. For in-
stance, M104, 1205, and W293 in AdiC correspond to the smaller
V148, G255, and S342 in LAT-1 (Fig. 14 and Fig. S2).

Virtual Screening of Drugs and Metabolites. We computationally
screened filtered libraries of 6,436 and 12,730 small molecules
from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
DRUG and KEGG LIGAND COMPOUND databases (28),
respectively, against two LAT-1 models (Fig. 2 and Table S1).
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Some of the top-scoring hits were shown previously to be LAT-1
ligands, increasing our confidence in the binding site model. For
example, the known substrate L-Trp was ranked 50th in the
docking screen of KEGG LIGAND COMPOUND. The 200
(3.1%) KEGG DRUG and 500 (3.9%) KEGG COMPOUND
top-scoring hits against our top two models were analyzed
manually. A compound was selected for experimental testing
based on three criteria: (i) similarity between its docking pose
and those of known ligands in complex with LAT-1 (28); (ii) the
chemical novelty of its scaffold, especially if it occurred fre-
quently among the top-scoring compounds; and (i) its phar-
macological effect (28).

Experimental Validation of Predicted Ligands. A LAT-1-overex-
pressing cell line was generated by stably transfecting HEK cells
with human LAT-1 cDNA. HEK-LAT]1 cells expressed 20-fold
higher levels of LAT-1 mRNA relative to HEK-EV cells and
demonstrated LAT-1-specific uptake of the established system L
substrates, gabapentin and L-leucine (Fig. S3 A-D). Twelve of the
top-scoring molecules were selected for experimental testing by
cis-inhibition assay (Table 1, Table S2, and Fig. 2). Each molecule
was tested as a LAT-1 ligand by determining its ability to inhibit
transport of a known LAT-1 substrate in HEK-LAT1 cells at
concentrations of 10 and 100 pM (Fig. 3 and Fig. S3E). The known
LAT-1 inhibitor 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid
(BCH) was also included as a positive control. At 100 pM, in-
hibition of intracellular gabapentin accumulation ranged from
88% (3,5-diiodo-L-tyrosine) to <10% (cystine, mebendazole, and
nocadezole), with the metabolites 3,5-diiodo-L-tyrosine and
3-iodo-L-tyrosine, as well as the tryptophan hydroxylase inhibitor
fenclonine and the anticancer agent acivicin, demonstrating sig-
nificant inhibition of gabapentin and L-leucine transport (Fig. 34
and Fig. S3E). Acivicin also obtained a dissimilarity score of 0.74
using the JCDissimilarityCFTanimoto score, which calculates
dissimilarities among molecules based on chemical fingerprints,

TMHa/L_‘r/

Fig. 2. Predicted binding modes for LAT-1 ligands. Predicted binding modes
of the known substrate tryptophan (green lines) and four ligands discovered
in the docking screen. Residues making polar interactions with the ligand
are illustrated with sticks; carbon atoms are colored in white, nitrogen atoms
in blue, and oxygen atoms in red; hydrogen bonds are represented by
dotted gray lines. The predicted pose of a known LAT-1 ligand, tryptophan,
is shown with green lines. The compounds depicted are 3-lodo-L-tyrosine
(A), 3,5-diiodo-L-tyrosine (B), fenclonine (C), and acivicin (D). Halogen
atoms in the discovered ligands are colored in purple (iodine) and green
(chlorine).
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Table 1. Small-molecule ligands confirmed experimentally

Name* Function Dissimilarity* Sketch®

3,5-I-diiodotyrosine Tyrosine metabolism; thyroid hormone deficiency 0.26 i b> J“‘

treatment; radioactive agent Q

3-lodo-I-tyrosine Tyrosine metabolism; radioactive agent 0.23 y @_/_"

Fenclonine Serotonin inhibitor 0.18 o™ <
O~

Acivicin Antineoplastic 0.74 ") (\

*Generic or chemical name of the molecule.

=

"Pharmacological function of the drug or the physiological function of the metabolites, when applicable.
*Dissimilarity measure calculated with the Chemaxon fingerprints. Dissimilarity values of >0.7 suggest that the molecule is

chemically different from all known LAT-1 ligands.
SA 2D sketch of the molecule is shown.

indicating that it is a chemically novel LAT-1 ligand (Table 1 and
Materials and Methods).

The potencies of selected active ligands were further estab-
lished by determining the ICs, values for inhibiting gabapentin
accumulation in the HEK-LAT1 cells. ICs, values ranged from
7.9 uM (3,5-diiodo-I-tyrosine; Fig. 3B) to 340 pM (acivicin; Fig.
3C). At 10 pM, inhibition of gabapentin accumulation ranged
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Fig. 3. Experimental validation of predicted LAT-1 ligands. Predicted LAT-1
ligands were validated by cis-inhibition of gabapentin uptake. (A) Cells were
coincubated with 12 predicted ligands and a positive control (BCH) at either
100 pM (filled bars) or 10 pM (open bars) concentrations and gabapentin
(1 pM unlabeled and 10 nM radiolabeled). Each bar depicts the mean of two
to four separate experiments; error bars represent SEM. (B and C) Dose-
dependent inhibition of gabapentin (1 uM unlabeled with 10 nM radio-
labeled) accumulation by 3,5-diiodo-L-tyrosine (ICsp = 7.9 pM) and acivicin
(ICso = 340 puM), respectively. Each point is the mean of two or three separate
experiments; error bars represent SEM. Statistical analysis in A was by one-way
ANOVA and Dunnett’s multiple comparison test. *P < 0.05.
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from 61% (3,5 diiodo-I-tyrosine) to <10%, with 3,5-diiodo-l-tyrosine
and 3-iodo-l-tyrosine significantly inhibiting gabapentin transport
(Fig. 3A4). Interestingly, 3,5-diiodo-I-tyrosine is a stronger inhibitor
than the positive control BCH. In summary, one-third (4 of 12)
of the top-scoring molecules selected for experimental testing
are LAT-1 ligands capable of inhibiting gabapentin and L-leucine
transport in HEK-LAT1 cells.

Identification of LAT-1 Substrates. The four molecules found to
significantly inhibit gabapentin accumulation in the HEK-LAT1
cells were further analyzed as putative substrates by frans-stimulation
assay. This assay takes advantage of LAT-1’s obligatory exchange
mechanism of transport by exchanging intracellular L-leucine
from preloaded HEK-LAT1 cells with an extracellular mole-
cule only if it is a LAT-1 substrate. Three known LAT-1 substrates
served as positive controls and were able to induce L-leucine
efflux from the HEK-LAT1 cells, including L-leucine (43%),
gabapentin (36%), and BCH (30%) (Fig. 44). In contrast, glycine
was used as a negative control because it is known not to be
a LAT-1 substrate and did not induce any L-leucine efflux. Two of
the four inhibitors confirmed in our cis-inhibition assay also in-
duced L-leucine efflux. Acivicin and fenclonine induced L-leucine
efflux by 27% and 29%, respectively, indicating that they are
transported by LAT-1. These results indicate that the drug-like
molecules acivicin and fenclonine, which both have pharmaco-
dynamic effects in the CNS, are likely LAT-1 substrates. Surpris-
ingly, both of the more potent LAT-1 inhibitors, the metabolites
3,5-diiodo-L-tyrosine and 3-iodo-L-tyrosine, were only able to
induce 7.9% and 5.4% L-leucine efflux, respectively, suggesting
that they are inhibitors that only bind to, but are not transported
by, LAT-1. Finally, guanfacine and rufinamide were also studied,
and neither induced significant L-leucine efflux.

Inhibition of LAT-1-Dependent Cell Proliferation. LAT-1 is highly
expressed in various cancer cells, providing them with nutrients
and signaling molecules for growth. Thus, a drug targeting LAT-1
in cancer can be an inhibitor that deprives the cancer cells from
nutrients or a cytotoxic substrate with an intracellular target. We
therefore investigated the antiproliferative effects of select vali-
dated LAT-1 ligands, including the LAT-1 substrate acivicin and
the inhibitor 3-iodo-L-tyrosine, by cell proliferation assay in the
high LAT-1-expressing GBM cell line, T98G (8). The LAT-1-
specific effects of each ligand on cell growth were determined in
control cells (T98G-EV) and cells with LAT-1 expression (Fig.
S44) and function (Fig. S4B) knocked down (T98G-KD). The
anticancer drug acivicin was a more potent growth inhibitor of
T98G-EV (75% growth reduction) than T98G-KD (51% growth
reduction) (Fig. 4B). Similarly, 3-iodo-L-tyrosine had a more po-
tent effect on T98G-EV cells, reducing their growth by 27%,
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Fig. 4. Substrate determination and cytotoxicity characterization of pre-
dicted ligands. Predicted LAT-1 ligands validated in cis-inhibition assays were
subjected to substrate determination by trans-stimulation of L-leucine efflux
(1 uM unlabeled and 10 nM radiolabeled). (A) Cells were preloaded with
L-leucine, and efflux was induced by subsequent addition of each test
compound at a concentration of 1 mM. Gabapentin, t-leucine, and BCH were
included as positive controls, and glycine and guanfacine were included as
negative controls. (B) The cytotoxic effects of acivicin (100 pM) and 3-iodo-L-
tyrosine (1 mM) against T98G glioblastoma cells stably expressing an shRNA
against LAT-1 (T98G-KD; filled bars) or EV (T98G-EV; open bars) are depicted.
Cell proliferation for both cell lines and treatment conditions were nor-
malized to cell density at treatment day 0 and then to the vehicle control
treatment at 48 h. Each bar represents the mean of three or four separate
experiments, and error bars represent the SEM. Statistical analysis in A was
by one-way ANOVA and Dunnett’s multiple comparison test and in B was by
two-way ANOVA and Bonferroni correction for multiple testing. *P < 0.05.

whereas having no effect on T98G-KD (Fig. 4B Right). These
results suggest that both 3-iodo-L-tyrosine and acivicin are capable
of inhibiting cancer cell proliferation in a LAT-1-dependent
manner by means of two distinct mechanisms, including nutrient
deprivation and cytotoxicity, respectively.

Discussion

Three key findings emerge from our study. First, two drug-like
molecules that interact with different proteins in the CNS are also
substrates of LAT-1. This finding may explain the mechanism by
which these drugs penetrate the BBB to reach their targets in the
CNS. It also provides a starting point for optimizing the two
drugs for better BBB permeability. Second, two of the discov-
ered LAT-1 ligands, including one inhibitor and one substrate,
inhibit proliferation of cancer cells. This result indicates that
LAT-1 can be targeted for cancer therapy by means of different
mechanisms and reveals chemical tools for further characteriz-
ing the role of LAT-1 in cancer. Third, the identified LAT-1
ligands achieve their pharmacological effect (positive or nega-
tive) on the CNS or cancer by interacting with multiple targets.
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This finding suggests that effective therapy can be obtained by
applying modeling and docking approaches to whole systems,
including pathways and networks. We take each of the three key
findings in turn.

LAT-1-Mediated BBB Drug Permeability. Passive diffusion has long
been thought of as the primary mechanism by which most drugs
cross the BBB to permeate the CNS (31). The contribution
of carrier-mediated transport to this process is assumed to be
minimal, even though different classes of membrane transporters
have been shown to restrict and/or facilitate access of drugs,
nutrients, and toxins to the CNS (32-34). LAT-1 is one such
influx transporter known to transport nutrients and xenobiotics
across the BBB. In this study, we identified two previously un-
known LAT-1 substrates, including acivicin and fenclonine,
which may also cross the BBB via LAT-1-mediated transport.
Both were found to be likely LAT-1 substrates in #rans-stimula-
tion studies (Fig. 4), and both are known to have pharmacody-
namic effects in the CNS. Even though previous studies have
used trans-stimulation to establish whether or not a specific
transporter can transport different compounds (35-37), this as-
say provides indirect evidence that a compound may be a sub-
strate for a specific transporter. Nevertheless, acivicin was
assessed in a clinical trial for treating various solid tumors that
did not involve the CNS but failed these trials due to CNS-re-
lated toxic side effects (e.g., lethargy and confusion) (38).
Furthermore, these side effects were reversed when acivicin was
concomitantly administered with a mixture of amino acids, in-
cluding the prototypical LAT-1 substrate, L-leucine. These
observations highly implicate LAT-1 in mediating acivicin’s CNS
permeability in humans. The second molecule, fenclonine, is an
irreversible tryptophan hydroxylase inhibitor used to deplete
CNS serotonin levels in animal models of human disease (39).
Together with our results, LAT-1 likely mediates the effects in the
CNS by transporting fenclonine across the BBB. Therefore, influx
transporters such as LAT-1 may be important mediators of drug
efficacy and toxicity in the CNS and have a greater contribution to
drug penetration across the BBB than previously thought.

Targeting LAT-1 for Cancer Therapy. Changes in cell metabolism are
strongly associated with cancer. Membrane transporters have
been shown to play a key role in such reprogrammed metabolic
networks by providing nutrients to transforming cells. For ex-
ample, the glucose transporter (GLUT1; SLC2A41) is up-regulated
in various cancers to provide glucose as a carbon source to ac-
commodate an increased rate of anabolic cellular reactions and
to maintain a microecosystem favorable for cancer cells (40).
Moreover, LAT-1 imports essential amino acids that serve as
nutrients and pro-proliferative signaling molecules by exporting
glutamine brought into cancer cells via the glutamine transporter
ASCT2 (10). Thus, therapeutics targeting LAT-1 can be (i)
inhibitors that selectively block transport by LAT-1 and/or
ASCT?2, depriving the cancer cell of nutrients required for pro-
liferation, or (ii) cytotoxic substrates that are delivered into the
cell via LAT-1 and/or ASCT?2 to act on an intracellular target.
LAT-1 ligands that act through each of these mechanisms were
discovered in our screen (Figs. 2-4 and Table 1).

First, 3-iodo-L-tyrosine is a thyroid hormone derivative typi-
cally used to treat hormone deficiencies and as a radioactive
agent. Here, cis-inhibition and cell-proliferation experiments
identified 3-iodo-L-tyrosine as a potent LAT-1 inhibitor (Fig. 34)
that reduces proliferation of T98G glioblastoma cells (Fig. 4B),
possibly by starving these cells of nutrients supplied by LAT-1.
Our results suggest that, in addition to its putative anticancer
applications, 3-iodo-L-tyrosine may be useful as a diagnostic imag-
ing agent to identify tumors and other disease states associated
with LAT-1 up-regulation (41).

Second, acivicin is a cytotoxic agent with antitumor activity
that targets glutamine-dependent amidotransferases in the bio-
synthesis of purines and pyrimidines (42). Trans-stimulation and
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cell-proliferation experiments indicated that acivicin is likely a
LAT-1 substrate (Fig. 4), suggesting that LAT-1 can be targeted
for acivicin delivery into tumor cells. Interestingly, acivicin failed
in various clinical trials (e.g., for advanced solid malignancies)
because of CNS-related toxic side effects (38) or insufficient
efficacy (43). Thus, targeting LAT-1 in a tumor with a drug that
is a LAT-1 substrate may not be a rational therapeutic strategy
because LAT-1 would also facilitate entry of the drug into the
CNS. However, design of other cytotoxic substrates of LAT-1,
which are not associated with deleterious CNS effects, may rep-
resent a viable drug development strategy for cancer. Although
cell proliferation experiments indicate that multiple transporters
may mediate acivicin accumulation in cells, the significant dif-
ference in sensitivity to acivicin between T98G-KD and -EV cells
clearly indicates a LAT-1-specific effect on cell proliferation, most
likely by mediating acivicin uptake.

Targeting Biological Systems Using a Combined Structural Pharmacology
Approach. Although polypharmacology can be exploited to im-
prove the treatment of various nervous system disorders and
cancers, it may also lead to toxicity. Virtual screening against the
LAT-1 model identifies ligands that likely achieve their phar-
macological effect by interacting with multiple proteins. Current
efforts to design reagents, including drugs or chemical tools, for
treating complex diseases include optimizing binding affinities of
one or more molecules against more than one target. Recent
advances in comparative modeling and molecular docking for
ligand discovery, coupled with the determination of a number of
membrane protein structures including transporters, enables us
to target multiple components of a single pathway (e.g., mTOR)
or organ (e.g., the BBB) by using structure-based ligand dis-
covery. Importantly, some of these newly determined structures
represent different protein conformations, allowing in silico
screens of small molecules against comparative models of dif-
ferent conformations to suggest chemically distinct ligands. For
example, a structure-based approach predicted that molecules
binding to a model for the outward-facing conformation of the
GABA transporter 2 were chemically distinct from those pre-
dicted to bind an occluded model (44). Thus, as more structures
of LAT-1 homologs are discovered, our results can be refined to
identify novel LAT-1 ligands for effective therapy and the study
of CNS diseases and cancer.

In summary, we constructed structural models for LAT-1 based
on atomic structures of distantly related prokaryotic homologs.
Two small organic molecule libraries containing endogenous
metabolites and prescription drugs were then virtually screened
against these models. Select top-ranked docking hits were tested
experimentally, and four previously unknown LAT-1 ligands were
identified: 3,5-diiodo-L-tyrosine, 3-iodo-L-tyrosine, fenclonine,
and acivicin. Furthermore, acivicin and 3-iodo-L-tyrosine were
found to have LAT-1-mediated antiproliferative effects ina GBM
cancer cell line. These findings provide chemical tools to elucidate
the role of membrane transporters as potential drug targets and in
mediating tissue permeability to small organic molecules. Future
studies are needed to further elucidate the mechanism by which
these ligands interact with LAT-1.

Materials and Methods

Comparative Model Construction. LAT-1 was modeled by using MODELLER-
9v11 based on the X-ray structure of the arginine/agmatine transporter AdiC
from E. coli in the outward-occluded arginine-bound conformation [Protein
Data Bank (PDB) ID code 3L1L] (17). We also modeled LAT-1 based on the
structure of ApcT from M. jannaschii in an inward-apo conformation (PDB ID
code 3GI9) (ref. 16; SI Materials and Methods). We relied on a published
alignment (15), as well as alignments obtained from the Promals3D server
(45), where gaps were present primarily, but not only, in the predicted ex-
tracellular loops and were manually refined (S/ Materials and Methods and
Fig. S1). For each template structure and alignment, 100 models were gen-
erated by using the standard “automodel” routine of MODELLER-9v11 (46).
The initial models were assessed by using Z-DOPE, a normalized atomic
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distance-dependent statistical potential based on known protein structures
(26). For selected LAT-1 models, the binding site was refined by repacking the
side chains on a fixed backbone using Scwrl4 (47). The final models for virtual
screening were selected based on their ability to discriminate known ligands
from decoy compounds using enrichment curves derived from ligand-dock-
ing calculations (S/ Materials and Methods) (28, 29, 48). These final models
were also evaluated based on residue hydrophobicity (49) and evolutionary
conservation profiles (S/ Materials and Methods and Fig. S5) (50).

Virtual Screening and Ligand Docking. Virtual screening against the LAT-1
models was performed by using a semiautomatic docking procedure (29)
relying on DOCK 3.5.54 (51). The docking poses of the database molecules
were ranked by DOCK score, which is a sum of van der Waals, Poisson—-
Boltzmann finite-difference electrostatics, and ligand desolvation penalty
terms. Poses of the 500 highest-ranked compounds from each of the docking
screens were inspected by eye to prioritize compounds for experimental
testing (S/ Materials and Methods) (28, 48).

Chemical Similarity Calculations. The chemical novelty of the top hits was first
evaluated by using Instant JChem (Version 5.7.0; ChemAxon). Specifically,
we calculated the chemical dissimilarity measure JCDissimilarityCFTanimoto
among the top small-molecule hits and the 44 known LAT-1 ligands from the
databases ChEMBL (52) and UniProt (53), as well as from the literature (1);
predicted ligands with values of >0.7 were classified as chemically novel.

Cell Lines. Stably transfected HEK 293 cells were created by transfecting
pcDNAS/FRT (Invitrogen) vector containing the full-length human LAT-1 cDNA
(HEK-LAT1) and the empty vector (HEK-EV) by using Lipofectamine 2000
(Invitrogen) per the manufacturer’s instructions. Transfected cells were main-
tained in DMEM-H21 containing 10% (vol/vol) FBS, 100 units/mL penicillin, 100
pg/mL streptomycin, and 200 pg/mL hygromycin B at 37 °Cand 5% CO,. Stable
LAT-1 knockdown cells were created by infecting 2 x 10° T98G GBM cells with
lentivirus produced by the University of California, San Francisco (UCSF) Len-
tiviral RNAi core (54) carrying a pSicoR vector expressing green fluorescent
protein (GFP) and either an anti-LAT-1 shRNA (T98G-KD; Table S3) or empty
vector (T98G-EV) at a multiplicity of infection equal to 10. One week after
infection, GFP+ cells were isolated by using fluorescence-activated cell sorting
(FACS) analysis by the Laboratory for Cell Analysis at the UCSF Comprehensive
Cancer Center. GFP+ T98G-KD and T98G-EV cells were validated for LAT-1 RNA
and functional knockdown as described in S/ Materials and Methods. T98G,
T98G-KD, and T98G-EV cells were maintained in DMEM-H21 containing 10%
FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5% CO,.

Inhibition of [°H]-Gabapentin Uptake. Uptake studies were performed as de-
scribed (55). Briefly, HEK-LAT1 cells were seeded at a density of 2 x 10° cells per
well in poly-p-lysine—coated 24-well (BD Falcon) plates and grown to 80-90%
confluence. Cells were rinsed with prewarmed, sodium-free choline buffer at
pH 7.4 (140 mM choline chloride, 2 mM KCl, 1 MgCl, mM, 1 CaCl, mM, 1 M Tris)
and then incubated in 0.3 mL of prewarmed choline buffer containing 1 pM
unlabeled gabapentin and 10 nM [3H]-gabapentin (American Radiolabeled
Chemicals) for 3 min at 37 °Ciin the presence of 10 and 100 pM test compound
(Sigma-Aldrich). The reaction was terminated by washing cells twice with
1.0 mL of ice-cold choline buffer, followed by addition of 700 pL of lysis buffer
(0.1% SDS vol/vol, 0.1 N NaOH). Intracellular radioactivity was determined by
scintillation counting and normalized per well of protein content as measured
by bicinchoninic acid protein assay (Pierce). Concentration-dependent in-
hibition was measured under the same conditions as for the single-point
measurements. Cells were incubated with 0.5, 1, 10.0, 50.0, 100.0, and 200.0
uM 3,5 diiodo-L-tyrosine or 10.0, 50.0, 100.0, 400.0, 800.0, and 1,600.0 pM
acivicin. The concentration at which 50% of [3H]—gabapentin accumulation
was inhibited (ICso) was computed by fitting the data using GraphPad Prism
(Version 5.0).

Trans-stimulation of [*H]-.-Leucine Efflux. Trans-stimulation studies were
performed by monitoring intracellular r-leucine efflux from HEK-LAT1 cells
stimulated by extracellular addition of known or putative LAT-1 substrates.
HEK-LAT1 cells were seeded under the same conditions described for in-
hibition experiments. Cells were rinsed with prewarmed choline buffer and
then preloaded with [*H]-.-Leucine (Perkin-Elmer) by incubating cells in
0.3 mL of prewarmed choline buffer containing 1 uM unlabeled and 10 nM
radiolabeled substrate for 5 min at 37 °C. Uptake was terminated by
washing cells twice with 1.0 mL of ice-cold choline buffer, and [3H]-.-Leucine
efflux was then induced by addition of 1 mM test compound (Sigma-Aldrich)
in prewarmed choline buffer for 1 min at 37 °C. Trans-stimulation was ter-
minated by washing cells twice with 1.0 mL of ice-cold choline buffer,
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followed by addition of 700 pL of lysis buffer (0.1% SDS vol/vol, 0.1 N NaOH).
Intracellular radioactivity was determined as described above.

Cell Proliferation Assay. T98G-KD and -EV cells were seeded at 2.5 x 10° cells per
well in 96-well plates (Corning Life Sciences), and on the following day cells
were exposed to growth medium containing either drug or vehicle (0.85%
saline solution) for 48 h. Cell density was measured on the treatment day and
48 h after treatment by using the CellTiter-Glo cell viability kit (Promega)
according to the manufacturer’s instructions. Cell lysates were transferred to
white opaque 96-well plates (Corning Life Sciences), and bioluminescence was
measured on a Glomax luminometer (Promega). Proliferation of each cell line
after 48 h was first normalized to the density measured on treatment day (0 h),
followed by normalization of drug to vehicle treatment.
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Statistical Analysis. Data were analyzed by one-way ANOVA followed by
Dunnett’s multiple comparison test, two-way ANOVA followed by Bonferroni
correction for multiple testing, or two-tailed unpaired t test. Probability
values of <0.05 were considered statistically significant.
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S| Materials and Methods

Template Selection. To identify potential templates for modeling
LAT-1,we used fold-recognition and modeling servers HHpred (1)
and I-Tasser (2), and we also analyzed the LAT-1 entries in the
database of comparative protein structure models ModBase (3)
and the Transporter Classification Database (4). These compu-
tational tools revealed that LAT-1 exhibits significant sequence
similarity to protein structures in the amino acid/polyamine/or-
ganocation (APC) superfamily of the Orientations of Proteins in
Membranes database (5). To select the optimal template for
structure-based ligand discovery, we used the following consid-
erations: (i) sequence similarity to LAT-1, (ii) structure quality,
and (iii) conformation, including whether it is ligand-bound or
not, and whether the structure is in an occluded, inward-facing, or
outward-facing conformation.

LAT-1-AdiC Alignment. We used a published alignment (6) and
alignments obtained from the Promals3D server (7). Briefly,
Promals3D relies on multiple protein sequences as well as pre-
dicted secondary structure and information derived from homo-
logs with 3D structures. Gaps were present mainly in the predicted
extracellular loops and were manually refined (Fig. S1). However,
in our final alignments, there were also gaps within the predicted
and observed transmembrane helices (TMHs) of LAT-1 and
AdiC, respectively. They included short insertions of one to three
residues within TMHs of LAT-1 (i.e., in TMHI1, TMH3, and
TMH4), which probably occurred because the TMHs of LAT-1
are predicted to be longer than those of the AdiC. One of these
insertions (i.e., Gln-145) is located near the predicted binding site
and might affect its conformation. In addition, two of the gaps
were longer deletions in TMH9 and TMHI10 of LAT-1. These
TMHs are more divergent in sequence between AdiC and LAT-1,
making the alignment in these regions unreliable; however, they
are relatively far away from the binding site (~15 A) and are
unlikely to have a significant effect on the binding site confor-
mation and docking results.

Residue Conservation and Hydrophobicity Analysis. Evolutionary
conservation was calculated by using the ConSurf server (http://
consurf.tau.ac.il/) (8). For the LAT-1 model, we used the default
parameters. The conservation values for the AdiC structure were
not assigned for all of the residues using a variety of similarity
cutoffs and databases, probably because prokaryotic proteins in
this family are highly divergent in sequence (9). Thus, for the
AdiC structure, we used the cutoff on sequence identity of 20%,
the cutoff on the E-value of 0.1, and the UniProt database. The
computed conservation values were mapped onto the LAT-1
model and the template structure by using Chimera (10), using
the scripts provided by the ConSurf server. The hydrophobicity
profile was computed by using Chimera, relying on the Kyte-
Doolitle hydrophobicity scale (11).

The conservation and hydrophobicity profiles are generally
similar in the LAT-1 model and the AdiC structure, further con-
firming the model. The minor differences in the hydrophobicity
profiles of LAT-1 and AdiC can be partially explained by the dif-
ferences in their binding partners. For example, LAT-1 binds the
single transmembrane protein SLC3A2, whereas AdiCis not known

1. Soding J, Biegert A, Lupas AN (2005) The HHpred interactive server for protein homology
detection and structure prediction. Nucleic Acids Res 33(Web Server issue):W244-\\V248.

2. Zhang Y (2008) I-TASSER server for protein 3D structure prediction. BMC Bioinfor-
matics 9:40.
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to be involved in a similar interaction. Finally, hydrophobic and
nonconserved positions are usually predicted to face the estimated
location of the lipid membrane, whereas conserved and hydrophilic
residues are modeled in the core, where they may be involved in
helix-helix interactions and ligand recognition (12, 13). In con-
trast, the conservation profile on the surface of the experimentally
determined AdiC structure does not give such a clear signal,
possibly because it is involved in protein—protein interactions.

Selection of Molecules for Experimental Testing. The 200 (3.1%)
KEGG DRUG and 500 (3.9%) KEGG COMPOUND highest-
ranking hits of the four computational screens (i.e., two datasets
against two models) were analyzed manually. In particular, we ex-
amined similarities of the docking poses of these ligands to those in
the predicted complexes of LAT-1 with known ligands. Additionally,
we discarded top-ranked hits for several reasons (14-16): (i) likely
false positives related to the limitation of the docking programs,
including docking poses with high internal energies or unbound
polar groups; (if) compounds that are not purchasable or too ex-
pensive; (iii) compounds that are not novel, because we tried to
balance between chemically novel molecules and those that are
pharmacologically interesting but might not exhibit novel chemistry.

LAT-1 mRNA Expression. LAT-1 expression was measured as de-
scribed (17). Briefly, total RNA was isolated from cells plated in
six-well plates (Corning Life Sciences) with the Qiagen RNeasy
RNA Isolation Kit per the manufacturer’s protocol and stored
at —80 °C until use. Reverse-transcriptase PCR was performed on
2 pg of total RNA by using the Invitrogen SuperScript VILO
cDNA Synthesis Kit per the manufacturer’s protocol to create
a cDNA library. The resulting cDNA was used as a template for
quantitative real-time PCR (qRT-PCR) using TagMan Gene
Expression Assays for human LAT-1 (Assay ID: Hs01001190_m1)
and human GAPDH (Assay ID: Hs99999905_m1). qRT-PCR
reactions were carried out in 96-well reaction plates in a volume of
10 pL by using the TagMan Fast Universal Master Mix (Applied
Biosystems). Reactions were run on the Applied Biosystems 7500
Fast Real-Time PCR System with the following profile: 95 °C for
20 s followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. The
relative expression of each mRNA was calculated by the com-
parative AACt method.

LAT-1 Kinetic Studies. The kinetics of L-leucine uptake in HEK-
LAT1 cells were determined as described (18). Briefly, varying
amounts of unlabeled L-leucine were added to the uptake sol-
utions to give increasing total ([*H] plus unlabeled L-leucine)
substrate concentrations, ranging from 1 to 300 pM at 37 °C.
Nonspecific cell-associated radioactivity was determined by mea-
suring substrate uptake at 4 °C at each substrate concentration,
and these values were then subtracted from the results at 37 °C
LAT-1-transfected cells to give the final kinetic data. The K, and
Vmax values were obtained by fitting the Michaelis-Menten equa-
tion V'= Vi X [S)/(Km + [S]) using GraphPad Prism (Version 5.0),
where I refers to the rate of substrate transport, V;,, refers to the
maximum rate of substrate transport, [S] refers to the concentra-
tion of substrate, and K, is defined as the concentration of sub-
strate at the half-maximal transport rate.

3. Pieper U, et al. (2011) ModBase, a database of annotated comparative protein structure
models, and associated resources. Nucleic Acids Res 39(Database issue):D465-D474.

4. Saier MH, Jr., Yen MR, Noto K, Tamang DG, Elkan C (2009) The Transporter Classification
Database: recent advances. Nucleic Acids Res 37(Database issue):D274-D278.
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LAT-1 51 -- - - TEENGYV VGT CGVFS[IVBAL GTTISK-SGGDJAN 119
3L1L I"AHKVG PVT SGA V TIIGALGL FLDPS -PGGS 76
ss TMH1
LAT-1 120 SLPAFL RPSSQ F LKP PTCPEPEEA KLV
3LIL P WIGN - c PILKDPW/LTIT
. TMH3 TMH4
LAT-1 GKBDVSN/N Hv !GGiN H TEEE HGS 281
3L1L RGE TMMA / ALQS TENVT ES G 231
s TMHG TMHT
LAT-1 282 EPIVIT NLABFTTESTEQ EA P GSL TSSRLEFVGS 354
3L1L 232 TT MIPNAA SP. GDT WTLLAGQTAKAAA 305
38 TMH8
LAT-1 355R HPQ TC T---LEYAES|- - -KDI ESVINF = R 421
3L1L 306 D MT | FQLSS NATKE SSV FT 378
ss TMHQ TMH10
LAT-1 422KPE P N PV 'S FWK TRVECGIG LSG ----------- 479
3L1L 379H- - TTIAFLYC IWAVVG- - - - - SBAKE N¥NRLHKNPYPLDA 440
35 TMH11 TMH12
Fig. S1. LAT-1-AdiC alignment. The sequence alignment was visualized by using Jalview (1). The aligned residues are colored based on their type using the

Clustlx color scheme. The template structure (Protein Data Bank ID code 3L1L) helical and strand segments are indicated with red rectangles and green arrows,
respectively. The transmembrane helices (TMHs) of 3L1L were defined by using the PPM server (2); the remainder of the secondary structure segments (SS) were
defined by the DSSP program (3). The residues that are important for LAT-1 ligand binding according to our model are highlighted with gray stars. The LAT-1
loop that was excluded from modeling is marked with /.

1. Clamp M, Cuff J, Searle SM, Barton GJ (2004) The Jalview Java alignment. Bioinformatics 20(3):426-427.

2. Lomize MA, Pogozheva ID, Joo H, Mosberg Hl, Lomize AL (2012) OPM database and PPM web server: Resources for positioning of proteins in membranes. Nucleic Acids Res 40(Database
issue):D370-D376.

3. Kabsch W, Sander C (1983) Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded and geometrical features. Biopolymers 22(12):2577-2637.
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Fig. S2. Binding sites of LAT-1 and AdiC. LAT-1 model (light gray) is superposed on the X-ray structure of AdiC (pink). All other protein atoms are illustrated by
sticks; oxygen, nitrogen, and sulfur atoms are colored in red, purple, and yellow, respectively. Phenylalanine, a substrate of LAT-1, is depicted in cyan sticks, and

its predicted hydrogen bonds with LAT-1 (involving residues T62, 163, 164, S66, G67, F252, A253, and G255) are shown as dotted gray lines.
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Fig. $3. Validation of LAT-1 function in HEK-LAT1 cells. (A) Overexpression of LAT-1 in transfected HEK-LAT1 cells relative to EV cells. (B) Validation of LAT-1
function in LAT-1-transfected cells. Gabapentin (1 pM unlabeled and 10 nM radiolabeled) uptake in HEK-LAT1 cells was approximately twofold higher than in
EV cells. (C) Kinetics of L-leucine uptake in HEK-LAT1 cells. -leucine uptake was measured at 1, 10, 20, 50, 75, 150, and 300 uM, and the curve was fit to the
Michaelis-Menten equation to obtain a K, value of 60.63 + 13.05 uM. (D) Distinguishing LAT-1 from LAT-2 uptake of gabapentin in HEK-LAT1 cells by cis-
inhibition with -alanine. Cells were coincubated with gabapentin and either 1 mM 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH; LAT-1 and LAT-2
inhibitor), L-alanine (LAT-2 inhibitor), or L-serine (negative control). BCH reduced intracellular gabapentin accumulation by ~83%, whereas L-alanine and -serine
were not able to inhibit intracellular gabapentin accumulation. (E) Predicted LAT-1 ligands were validated by cis-inhibition of L-leucine uptake in HEK-LAT1
cells. Cells were coincubated with L-leucine (1 uM unlabeled and 10 nM radiolabeled) and predicted ligands at 100 pM concentration. BCH is included as
a positive control. Each point is the mean of two or three separate experiments; error bars represent SEM. Statistical analysis was by one-way ANOVA and
Dunnett’s multiple comparison test in D and E and by two-tailed unpaired t test in B. *P < 0.05.
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Fig. S4. Validation of LAT-1 knockdown in T98G glioblastoma cells. (A) Reduced LAT-1 mRNA in T98G cells expressing three different anti—-LAT-1 shRNAs.
T98G-KD1 and -KD3 both showed ~85% reduction in LAT-1 mRNA. (B) Functional validation of LAT-1 knockdown was determined by measuring cellular
L-leucine and -proline (1 pM unlabeled and 10 nM radiolabeled) accumulation in T98G-KD1 (T98G-KD in main text; open bars) and T98G-EV (filled bars) cells
under the conditions described in Materials and Methods (uptake incubation time was 1 min). T98G-KD cells accumulated ~40% less L-leucine, a prototypical
LAT-1 substrate, than T98G-EV cells, whereas both cell lines accumulated similar amounts of the non-LAT-1 substrate L-proline.
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Fig. S5. Conservation and hydrophobicity profiles for the LAT-1 model and the AdiC structure. Side views of the LAT-1 model and the AdiC structure are
shown. (A and B) Evolutionary conservation grades (from 1 to 9) are mapped onto the surface of the LAT-1 model (A) and the AdiC structure (B); the residue
positions are colored in cyan for most variable, to white, and to maroon for most conserved; unassigned positions are colored yellow. (C and D) Hydrophobicity
values are mapped onto the surface of the LAT-1 model (C) and the AdiC structure (D); the residues are colored in blue for the most hydrophilic, to white, and
to orange for the most hydrophobic.
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Table S1. Assessment of the LAT-1 models

Model* Z-DOPE" logAUC*
Template structure -1.23 10.1
Initial model -0.3 210.5
Model 1 -0.23 31.3
Model 2 -0.12 31.9

*Model assessed by the two scores. Template structure, AdiC (1); initial
model represents the top-scoring model computed by MODELLER (2). Mod-
els 1 and 2 are the final models used for virtual screening.

'Z-DOPE is a normalized atomic distance-dependent statistical potential
based on known protein structures (3).

*IogAUC is the area under the enrichment curve (4). An enrichment curve is
obtained by plotting the percentage of actual ligands found (y axis) within the
top-ranked subset of all database compounds (x axis on logarithmic scale).

Table S2. Small molecules tested in uptake kinetic assays

1. Gao X, et al. (2010) Mechanism of substrate recognition and transport by an amino acid antiporter. Nature 463(7282):828-832.
2. Sali A, Blundell TL (1993) Comparative protein modelling by satisfaction of spatial restraints. J Mol Biol 234(3):779-815.

3. Shen MY, Sali A (2006) Statistical potential for assessment and prediction of protein structures. Protein Sci 15(11):2507-2524.
4. Schlessinger A, et al. (2011) Structure-based discovery of prescription drugs that interact with the norepinephrine transporter, NET. Proc Nat/ Acad Sci USA 108(38):15810-15815.

Name* Function Dissimilarity* Sketch®
3,5-L-Diiodotyrosine Tyrosine metabolism; thyroid hormone 0.26 - ;‘(—D)‘/—Q
deficiency treatment; radioactive agent ' Xﬁ
3-lodo-L-tyrosine Tyrosine metabolism; radioactive agent 0.23 . @} [ £
Fenclonine Serotonin inhibitor 0.18 <®_f v,
Acivicin Antineoplastic 0.74 ﬁ,: ‘ { g
N > }__ ¢
Rufinamide Antiepileptic 0.79 2o ]
o oL
Nocodazole Antineoplastic 0.74 ol
O
Guanfacine; Estulic Antihypertensive; treatment of attention 0.70 | '
deficit hyperactivity disorder (ADHD)
Cabagin U (Vitamin U) Gastrointestinal agent 0.13
Cystine Anti-inflammatory 0.66
Zonisamide Anticonvulsant 0.83
Mebendazole Interferes with carbohydrate metabolism and 0.69
inhibits polymerization of microtubules
Zileuton Anti-inflammatory 0.73

*Generic or chemical name of the molecule; names of experimentally confirmed hits are marked in bold font.

TPharmacological function of the drug or the physiological function of the metabolite, as applicable.
*Dissimilarity is calculated relying on the Chemaxon fingerprints. Dissimilarity values of >0.7 suggest that the molecule is

chemically different from all known LAT-1 ligands.

5The 2D sketch of the molecule.
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Table S3. Anti-LAT-1 shRNA sequences

Cell line* Position” Sequence®
T98G-KD1 3861 GAAAGTAGCTGCTAGTGAA
T98G-KD2 4294 GCTAACGTCTTACTAATTT
T98G-KD3 4512 GTTAATGGCTAACCTGTTA

*Name given to T98G glioblastoma cells stably expressing a given shRNA
construct.

TPosition indicates the first base pair within the human SLC7A5 mRNA se-
quence each shRNA targets.

*Sequence of each construct targeting LAT-1 mRNA.
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