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ABSTRACT: In humans, peptides derived from dietary proteins and
peptide-like drugs are transported via the proton-dependent
oligopeptide transporter hPepT1 (SLC1S5A1). hPepT1 is located
across the apical membranes of the small intestine and kidney, where
it serves as a high-capacity low-affinity transporter of a broad range of
di- and tripeptides. hPepT1 is also overexpressed in the colon of
inflammatory bowel disease (IBD) patients, where it mediates the
transport of harmful peptides of bacterial origin. Therefore, hPepT1 is
a drug target for prodrug substrates interacting with intracellular
proteins or inhibitors blocking the transport of toxic bacterial
products. In this study, we construct multiple structural models of
hPepT1 representing different conformational states that occur during
transport and inhibition. We then identify and characterize five ligands
of hPepT1 using computational methods, such as virtual screening

and QM-polarized ligand docking (QPLD), and experimental testing with uptake kinetic measurements and electrophysiological
assays. Our results improve our understanding of the substrate and inhibitor specificity of hPepT1. Furthermore, the newly
discovered ligands exhibit unique chemotypes, providing a framework for developing tool compounds with optimal intestinal
absorption as well as future IBD therapeutics against this emerging drug target.

KEYWORDS: solute carrier transporter, membrane protein, homology modeling, drug absorption, SLC1S, IBD

Bl INTRODUCTION

The human peptide transporter hPepT1 (SLC1SAL) is a
member of the proton-coupled oligopeptide transporter (POT)
family and is located in the small intestine, kidney, and
pancreas.'~ hPepT1 is a high capacity, low affinity transporter
of di- and tripeptides that are primarily derived from dietary
proteins.” hPepT1 also regulates the intestinal absorption of
peptide-like drugs, such as f-lactam antibiotics (cefadroxil) and
antiviral drugs (valacyclovir) across the cell membrane.>® Rare
polymorphisms in hPepT1 can affect therapeutic efficacy of
drugs absorbed by this transporter. For example, the hPepT1
mutation F28Y found exclusively in African-Americans leads to
reduced substrate uptake.”

Furthermore, hPepT1 was recently shown to be highly
expressed in the colon of patients with inflammatory bowel
disease (IBD), where it is thought to mediate the intracellular
accumulation of bacterial peptides that initiates the intestinal
inflammatory response in epithelial cells.® Potential drugs
interacting with hPepT1 can be substrates interacting with an
intracellular target or getting absorbed efficiently in the
intestines, or inhibitors blocking the transport of harmful
bacterial peptides in IBD patients.3 Thus, hPepTl is an
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emerging as a protein of the utmost pharmacological
importance.

Understanding cell permeability is essential in drug
discovery. Ligand-based approaches have been used to describe
the physicochemical properties of a ligand influencing its
interactions with membrane 'a'ansporters.lo’11 In contrast,
structure-based approaches focus on describing the transporters
substrate specificities at a molecular level. The structural
elements that determine specificity of hPepT1 transport and
inhibition are poorly described. hPepT1 contains two domains,
including the transmembrane transport domain as well as a
long extracellular region (~200 residues) located between
transmembrane helices 9 and 10 of the transport domain. The
structures of the extracellular region of hPepT1 and hPepT2
were recently solved providing a starting point to characterize
their function.'” Currently, there is no experimentally
determined atomic-resolution structure of the transmembrane
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Table 1. hPepT1 Homology Models
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“Model is the nomenclature used in this article. bBinding site shows surface representation of the binding site of the hPepT1 model calculated with
POVME 2.0.>" “Volume corresponds to the volume of the binding site calculated with the POVME 2.0. 97-DOPE Score is the normalized atomic-
distance dependent statistical potential based on known protein structures calculated by MODELLER. “PDB ID refers to the Protein Data Bank
identifier of the template structure with the resolution of the structure in parentheses.f Identity is the percentage sequence identity between hPepT1
and the template structure calculated by HHPred.>> €Organism refers to the organism of the template structure transporter: Shewanella oneidensis
(So), Streptococcus thermophilus (St), Geobacillus kaustophilus (Gk). hLigand corresponds to the small molecule bound to the binding site of the

template structure. ‘Conformation refers to the conformation of the model.

domain of hPepT1 or other mammalian members of the POT
family. However, structures of prokaryotic POT family
members have been recently determined in various con-
formations of the transport cycle."*”"® These structures show
that the POT family members adopt the major facilitator
superfamily (MFS) fold, consisting of two bundles of six
transmembrane helices organized in two inverted pseudor-
epeats.'” MFS transporters, including POT members, mediate
transport of substrates via the rocker-switch mechanism, in
which the transporter oscillates back and forth from an
outward-facing to an inward-facing V-shaped conformation,
passing through intermediate states, such as an occluded
conformation.” Moreover, POT structures in complex with
various ligands revealed distinct mode of binding. For example,
structures of the Streptococcus thermophiles homologue PepT,
in complex with di- and tripeptides show that substrates can
adopt distinct orientations within the binding site and that the
internal side of the binding site rearranges itself depending on
the substrate.'® The relevance of these discoveries to the
human homologue hPepT1 is not fully described. The majority
of previous models of hPepT1 transport domain relied on
distantly related template structures (e.g., of LacY)*" or focused
on describing its mode of interaction with the extracellular
region.'” The goal of this study is to improve our under-
standing of the structural basis for the hPepT1 interaction with
substrates and inhibitors, and to test our proposed specificity
determinants by identifying novel small molecule modulators
for this transporter. We first build homology models of hPepT1
transport domain to visualize conformational changes that
occur during the transport cycle, and develop hypotheses
regarding its ligand-binding and transport determinants. We
then perform virtual screening of small molecule libraries
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against our models, where top-scoring compounds are tested
experimentally using cell-based assays. Our experimentally
confirmed hits, coupled with calculations with QM-polarized
ligand docking (QPLD) and generalized born surface area
solvation (MM-GBSA) propose a model for small molecule
modulation of hPepT1. Finally, we discuss how the results of
this study provide new insights into the inhibition and transport
mechanisms of hPepT1, which can potentially guide the
development of future drugs targeting this transporter.

B MATERIALS AND METHODS

Homology Modeling and Molecular Docking. hPepT1
was modeled based on different template structures (Table 1,
Supporting Information).''>'*'®*>*3 Our initial alignment
was generated with Promals3D** and manually refined based
on structural considerations (Supporting Information). Overall,
100—500 models were built, based on the different templates,
using various versions of MODELLER*> (Supporting Informa-
tion). These models were assessed and ranked by the statistical
potential Z-DOPE.** AutoDock Vina®” and OpenEye FRED*®
were used to screen the FDA approved drug library and the
lead-like subset of the ZINC database,” respectively (Support-
ing Information). Although docking cannot accurately rank
molecules by binding affinity, it can predict whether a
compound is likely to bind the target.”” Therefore, to prioritize
molecules for experimental testing, we visually inspected the
docking poses of the 200 top-scoring compounds in the lead-
like computational screens, removing molecules with a
questionable pose and strained conformations. For the FDA
approved drugs screen we took a consensus based approach
and only analyzed compounds predicted to bind both Models 1
and 3 (Supporting Information). Overall, we selected 22
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compounds that interacted with key residues of the binding site
or those presenting new chemical scaffolds or exploring
putative subpockets of the binding.*' ~** Finally, the binding
poses of experimentally confirmed hits and four known ligands
were optimized with QM- polarlzed ligand docking imple-
mented in the Schrédinger suite®® (Supporting Information).

Cis Inhibition. The preparation of yeast Pichia pastoris
transformants expressing hPepT1 was described previously by
our group.” Uptake measurements were performed by rapidly
mixing 20 uL of yeast cell suspension and 30 uL of 100 mM
potassium phosphate buffer (pH 6.5, room temperature), which
contained 10 M [*H]glycylsarcosine in the absence and
presence of excess (mM) concentrations of potential inhibitors.
The reaction was terminated at 2 min, representative of linear
uptake, by adding 1 mL of ice-cold buffer. The cell suspension
was then passed through HATF filters using a rapid filtration
technique, and the filters washed several times with 1.5 mL of
ice-cold buffer. The filters were transferred to glass vials
containing 6 mL Cytoscint cocktail (MP Biomedicals, Solon,
OH) and then left to stand for 24 h at room temperature.
Radioactivity was measured on a dual-channel liquid
scintillation counter (Beckman LS 6000SC; Beckman Coulter,
Fullerton, CA).

Data Analysis. The dose-dependent inhibition of [*H]-
glycylsarcosine uptake was best fit to the equation:

100*IC,,’

0, —

%control uptake Cy + T
where ICq, represents the inhibitor concentration that results in
50% inhibition, I the inhibitor concentration, and s the slope
factor. The unknown parameters (ICs, and s) were estimated
by nonlinear regression (weighting of unity) using Prism
version 7.0 (GraphPad Software, Inc., La Jolla, CA). The
quality of fit was evaluated by the SE of parameters, by the
coefficient of determination (r*), and by inspection of the
residuals.

Electrophysiological Measurement in X. laevis Oo-
cytes. Capped cRNA from hPepT1 cDNA (cloned in pGH19
vector, kindly provided by Dr. Peter S. Aronson, Yale
University School of Medicine) was synthesized using Ampli-
Cap T7 High Yield Message Maker Kits (Eplcenter
Biotechnologies, Madison, WI) as previously described.”*™**
Mature oocytes (stage V—VI) from X. laevis were isolated by
treatment with 1.0 mg/mL collagenase A (Roche Diagnostics
GmbH, Mannheim, Germany), manually defolliculated and
incubated at 18 °C in modified Barth’s medium supplemented
with 50 ug/mL gentamicin as described previously.”® On the
following day, oocytes were injected with 50 ng cRNA of
hPepT1 (S0 nl). H,O injected oocytes served as controls. The
experimental protocol for the use of the animals was approved
by Toho University Animal Care and Use Committee
(approval number: 16—53—258). Electrophysiological studies
were performed with the two-electrode voltage clamp (TEVC)
technique as described previously. The membrane potential was
clamped at —50 mV. The oocyte was always superfused with
the perfusion buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl,, 1
mM CaCl,, 10 mM Hepes/Tris adjusted to pH 7.5). After the
current stabilized, the oocyte was superfused with NaCl buffer
(pH 6.0) (100 mM NaCl, 2 mM KCl, 1 mM MgCl,, 1 mM
CaCl,, 10 mM Hepes/Mes adjusted to pH 6.0), followed by
the same buffer containing test compound. After application of
the test compound, the current reached the maximum and
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steady state, and the test compound was washed out with the
perfusion buffer. The substrate-induced current at an applied
voltage was calculated as the difference between the steady-
state currents recorded in the absence and presence of
substrate.

B RESULTS

hPepT1 Homology Modeling. We built homology
models of hPepT1 based on prokaryotic POT structures
(sequence identities of 22—35%) (Table 1, Materials and
Methods Section). Prokaryotic and human POT members,
including hPepT1, have similar substrate specificity and
predicted transmembrane topology, as well as several highly
conserved functionally important regions. For example, three
sequence motifs have been identified as a signature of the POT
family, including ExxERFxYY (located in TMI1), PTR2 1
(TM2-3), and PTR2 2 (TMS). Functional studies using site-
directed mutagenesis indicate that these motifs are critical for
substrate and ion binding, confirming the evolutionary
relationships between the prokaryotic POTs and hPepT1.>”*’
Thus, despite sharing distant sequence similarities, the
prokaryotic POT members provide, at present, the most
suitable templates to model hPepT]1.

Currently, there are 16 POT structures in the protein data
bank (PDB) that can serve as potential templates for hPepT1
modelmgn16 ' Here we selected the template structures
based on their sequence similarity to hPepT1, quality of the
crystal structure, and uniqueness of the conformation, including
whether it is ligand-bound or -unbound (Materials and
Methods Section). We generated five models in three distinct
conformations (Table 1).

The models include: (i) an occluded conformation based on
a homologue from Shewanella oneidensis (PepTs,), which does
not have a ligand resolved in the blndlng site but might
represent a ligand-bound conformation'” (Model 1); (i) an
inward- open conformation based on a homologue from
Geobacillus kaustrogzhzlus (GKkPOT) bound to the dipeptide
analog alafosfalin'® (Model 3); and (iii) three models in
inward-open conformations based on structures of a homo-
logue from Streptococcus thermophiles (PepTs,), bound to the
dipeptide Ala-Phe and the tripeptide Ala-Ala-Ala'® (Models
4,5) (Figure 1A and C), as well as unbound PepTj, structure in
this conformation (Model 2)."®

All models show an MFS fold consisting of two bundles of 6
transmembrane (TM) helices (TM1-TM6 and TM7-TM12)
that are related by a pseudo 2-fold symmetry axis, as expected
from their template structures (Figure 1A). The location of
predicted key residues in the hPepT1 model is consistent with
multiple previous studies showing their relevance to hPepT1
function. For example, mutations in conserved tyrosine residues
(i.e, Y64, Y91, and Y167) induced alteration of the transport
rate or affinity of substrates in hPepT1 (Figure S1).*'

We compared the models in the different conformations to
identify structural features that might be associated with
peptide transport or inhibition. On the cytosolic side of
hPepT1, the tips of two hairpin loops (ie, TM4-TMS and
TM10-TM11) make up the intracellular gate. These loops can
bend or straighten, thereby modulating interactions with the
ligands (Figure 1A, B). Specifically, in the dipeptide substrate
Ala-Phe-bound conformation, the cytoplasmic ends of TM10
and TM11 bend to favor 7—x interactions between W622 and
the ligand (Model 4; Figure 1C, in cyan); alternatively, in the
tripeptide Ala-Ala-Ala-bound conformation the W622 side
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R27

Figure 1. hPepT1 models in the inward-open conformations. (A)
hPepT1 inward-open models bound to the dipeptide Ala-Phe (Model
4; cyan) the tripeptide Ala-Ala-Ala (Model S; purple) are shown in
cartoon. (B) Two conformations of the internal gate, constituted by
the hairpin loops TM4-5 and TM10-11 are shown in cartoon for
Models 4 (cyan) and S (purple). (C) The binding site residues of the
inward-open conformation of hPepT1 based on the Ala-Phe bound
template are shown in cyan lines. An alternative orientation of W622
from the Ala-Ala-Ala bound structure is shown in purple lines. The
closed gate, constituted by a salt bridge between R34 and D298 is
shown in pink lines, where the coordinates are derived from our model
based on the unbound inward-open conformation (Table 1; Model 2).
The coordinates of the peptide substrates Ala-Phe and Ala-Ala-Ala,
shown in sticks and surface representations, are derived from the
corresponding template structures. The hydrogen bonds established
between the ligands and hPepT1 binding site are represented in
dashed lines.

chain is flipped, thereby facing the opposite side far away from
the ligand (Model S; Figure 1C, in purple). As a result, the
hPepT1 binding site can vary in shape and size (Table 1, Figure
S1). The occluded conformation has the smallest binding site

(141 A® for Model 1), whereas the inward-open conformations
have larger binding sites (e.g,, 291 A’ for Model 3).

Interestingly, despite the variability in the binding site shape
and size, key hPepT1-ligand interactions are conserved among
the different conformations. R27, Y31, K140, and E59S form
interactions with the ligands that are maintained across all
ligand-bound hPepT1 models (Models 3—5; Table 1; Figure
S1). The negative charge of ES9S of hPepT1 has been
previously identified as essential for transport, in agreement
with our model.** Moreover, the conformations of ES9S and
K140 are almost identical to those of the corresponding
residues in their templates structures (Figure 1). For example,
K140, and ES9S likely form a dipole, enabling the interactions
with the carboxylic acid and amine moieties of the N-terminus
of the transported substrates, similarly to the corresponding
residues in PepTg, (E419 and K127)."

Another structural feature shown in our models is the
external gate, constituted by the conserved residues R34 and
D298 (Figure 1C). The external gate is also highly conserved,
with an acidic residue in the position of D298 observed across
the POT family. The corresponding residue in GKPOT (E310)
was shown to be involved in proton binding."* In the unbound
hPepT1 inward-open model, the external gate is closed through
a salt bridge between R34 and D298 (Model 2, in pink; Figure
1C), whereas in the ligand-bound conformations this salt bridge
is disrupted by the ligands (e.g., Model 4, in cyan; Figure 1C).

Structure-Based Ligand Discovery. We investigated
which interactions involving the binding site might be needed
for a molecule to serve as an hPepT1 inhibitor that binds the
transporter, or as a substrate that binds hPepT1 and also gets
transported. We conducted virtual screenings of the FDA-
approved drugs and lead-like libraries from the ZINC
database™ using three distinct models of hPepT1 (i.e., Models
1, 3, and 5; Table 1) (Materials and Methods Section). These
models consist of binding sites with unique features and, thus,
may cover different fractions of the chemical space in the
docking screen. For the FDA-approved drug screen we selected
compounds that bind multiple models (Materials and Methods

>
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Figure 2. Inhibition studies of five potential hPepT1 substrates on the uptake of GlySar. (A) 10 uM of *H-GlySar was incubated with a series
concentration of inhibitors at room temperature for 2 min, the percent uptake calculated (relative to control), and the results then fit to a dose-
dependent inhibition model using Prism version 7.0 (mean =+ SE, n = 3). (B) Experimentally confirmed ligands with (a) compound referring to the
name of the compound; (b) 2D Sketch representing the two-dimensional structure of the compound; (c) ICjj referring to the experimental IC, of
each compound. The ranking of these compounds in their respective screens is provided in Table SI.
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Figure 3. Determination of hPepT1-mediated substrate transport in Xenopus oocyte expression system. (A—C) Currents induced by compounds 3, 7,
10, and 39, glycylsarcosine and aspartame were monitored in hPepT1 cRNA-injected oocytes at pH6.0 using TEVC technique with varying
membrane potential. (D and E) Inward currents induced by compounds 3, 7, 10, and 39, aspartame and 4-amino phenyl acetic acid (4-amino PA)
were monitored at —S0 mV and were expressed as 100% of 1 mM or 250 uM glycylsarcosine induced currents. (F) Tracers of representative 250 uM
glycylsarcosine, 30 mM aspartame, and 10 mM 4-amino PA induced currents in hPepT1 cRNA-injected oocytes at pH6.0. Induced currents were

monitored at membrane potential clamped at —50 mV.

Section). For example, aspartame was tested because (i) it was
predicted to bind both Models 1 and 3, together with other
known drugs (ie, Cephadroxil); (ii) it has a peptide-like
structure; (iii) its binding pose was similar to those of other
peptide and peptide-like ligands. These observations suggested
that aspartame might be a hPepT1 substrate. Furthermore,
analysis of the literature revealed that a previous study
identified aspartame as a hPepT1 inhibitor.*® In addition, for
the lead-like screen, we visually inspected the top-ranked 200
molecules (Materials and Methods Section) and we prioritized
compounds that were predicted to interact with the conserved
binding site residues (i.e., R27, Y31, K140, or ES95), as well as
those compounds with unique chemotypes or mode of
interactions with hPepT1.

Yeast Uptake Studies. Twenty-three compounds were
tested to determine whether or not they would inhibit the
uptake of the model dipeptide hPepT1 substrate [*H]-
glycylsarcosine. Of these compounds, five compounds exhibited
substantial inhibitory effects (>25%) and, as a result, underwent
dose—response analyses (Figure 2A). Notably, aspartame, a
peptide-like compound was the most potent ligand inhibiting
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the [*H]glycylsarcosine uptake as judged by having the lowest
ICy, value (3.9 mM).

The other four inhibitors were less potent, having IC;, values
that were four-times larger (12.0 mM, on average) (Figure 2B).
hPepT1 is a low-affinity transporter, and thus, hPepT1 ligands
with ICs, values in the mM may still interact with hPepT1 at
clinically relevant concentrations.” Consequently, the ligands
discovered in this study have relevant IC, values. Notably,
these four inhibitors are chemically dissimilar from all other
known hPepT1 ligands, exhibiting Tanimoto coefficient (Tc) of
0.38—0.43 compared to known hPepT1 ligands, using the
Daylight fingerprints (Supporting Information). For example,
compounds 3, 7, and 10 consist of carboxylic acid moieties, but
lack an a-amino group, thus differing from known peptide-like
hPepT1 ligands. Furthermore, compound 39 includes a unique
triazole group that can potentially have improved bioavailability
compared to known peptide-like drugs (Figure 2B).

Xenopus Oocyte Transport Studies. The transport of
compounds 3, 7, 10, and 39 via hPepT1 was monitored directly
in hPepT1-expressing oocytes by studying inward currents
induced by these compounds under voltage-clamp conditions.
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This monitoring enables us to distinguish whether test
compounds are transportable substrates for hPepT1 or are
inhibitors that block the uptake of dipeptides by competing for
the substrate-binding site in hPepT1 without being transported
across the membrane. Unlabeled glycylsarcosine was used as a
positive control and 1 mM concentrations robustly induced
inward currents of 300—400 nA (buffer pH 6.0, clamped at —50
mV). In contrast, compounds 3, 7, 10, and 39 did not induce
any current (Figure 3B and C). The -V relationship induced
by these compounds exhibited a profile of a moderate negative
slope, suggesting that they might inhibit the leak proton
through hPepT1. This is because the proton inward leak
current flows constitutively through hPepT1, which is driven by
the intracellular negative membrane potential even in the
absence of a substrate. The feature implies that these
compounds are inhibitors (Figure 3B and C). Conversely,
aspartame and amino phenyl derivative, 4-amino phenyl acetic
acid (4-amino PA, used as positive control) induced significant
inward currents (Figure 3A, E, and F), indicating that
aspartame and 4-amino PA are transportable substrates via
hPepT1. This result confirmed our hypothesis based on the
structural models.

Mode of Interaction of Substrates and Inhibitors. To
rationalize the activities of the newly discovered hPepT1
ligands (i.e., four inhibitors and one substrate), we used QM-
polarized ligand docking (QPLD), which increases the accuracy
of docking by incorporating the partial charges of the ligands
with quantum mechanics calculations.** We then estimated the
binding energies of each compound with the molecular
mechanics generalized born surface area (MM-GBSA) solvation
method from the Schrédinger package®’ (Materials and
Methods Section), known to be more accurate than docking
scores.” We docked the five newly discovered ligands as well as
four known ligands (i.e.,, Ala-Phe, Ala-Ala-Ala, valacyclovir, and
cephalexin) to all our models and their corresponding
templates (representative ligands shown in Figure 4). As
expected, the absolute values of the experimental IC, estimates
are not reproduced by the MM-GBSA energy calculations for
any of the models. It is noted that computational methods
often fail in predicting absolute binding energy due to a variety
of approximations made in these calculations,"”*” and also,
even if accurate, binding energy does not necessarily translate
to being a substrate that get transported through hPepT1.*

However, the docking poses of Ala-Phe and Ala-Ala-Ala in
the hPepT1 ligand-bound inward-open models (Models 4 and
S) as well as the docking poses of these ligands in their
corresponding template PepTy, structures (with the ligands
removed) recapitulated the binding poses in the bound X-ray
structures. These ligand poses also resulted in the lowest
predicted binding energies (ie., Figure S2). Taken together,
these results suggest that using the QPLD and MM-GBSA is
appropriate to analyze the binding poses of the new ligands in
the inward-open models, Models 4 and S. Thus, we compared
the predicted binding energies of the newly discovered ligands
in these models. For the newly discovered ligands, the most
similar trends between the ICy, of the compound and the
predicted binding energies were observed for the inward-open,
Model S (Figure S2), suggesting that this conformation best
captures hPepT1-ligand interactions identified in this screen.

A comparison of this model in complex with the newly
identified and previously known hPepT1 ligands show
commonalities and differences among substrates and inhibitors.
All ligands including both substrates and inhibitors form
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Figure 4. Docking poses of confirmed hPepT1 ligands. The known
substrates (A) Ala-Phe and (B) the antiviral valacyclovir are
represented in cyan sticks, and (C) the newly characterized hPepT1
substrate (aspartame) and (D) inhibitor (compound 3) are
represented in purple sticks. The binding site residues of the dipeptide
bound inward-open conformation model (Model S) are shown in cyan
lines. The hydrogen bonds between the ligands and binding site
residues are represented in dashed lines.

hydrogen bonds with the side chains of R27, Y31, K140, and
Y167, and make m—r interactions with the indole group of
W622 (Figure 4). This suggests that interactions with these
residues are critical for small molecules to modulate the activity
of hPepT1.

Moreover, two key differences are observed between
substrates and inhibitors. First, substrates such as the peptide-
like compound aspartame and the larger prodrug valacyclovir
interact with ES9S (Figure 4C and B), similarly to natural
substrates (e.g., Ala-Phe; Figure 4A), while the newly
discovered inhibitors do not interact with this residue. This
suggests that the formation of a dipole moment is essential for
transport by hPepT1. Second, the four inhibitors also consisted
of aromatic rings predicted to interact with Y31 via 7-stacking
(Figure 4D). This interaction likely leads to improved
inhibition of these hPepT1 inhibitors.

B DISCUSSION

Despite the role and relevance of SLC transporters in disease
and drug absorption, these proteins have only been recently
acknowledged as the most understudied protein targets.”’
hPepT1 is the primary di- and tripeptide transporter in the
intestines, regulating the absorption of natural peptides and
peptide-like drugs.” The accumulation of structure—function
data on various POT members has enabled us to better
describe the transport mechanism of this important transporter.
Here we modeled the hPepT1 structure and dynamics, and its
mode of interaction with ligands, by combining computational
modeling with functional assays. The following three major
findings are presented in this study:

First, our models in distinct hPepT1 conformations visualize
the flexibility of its binding site providing a framework for
understanding hPepT1 ligand promiscuity. hPepT1 is a broad
specificity transporter, carrying a range of small dipeptides and
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Figure 5. hPepT1 binding site plasticity and ligand promiscuity. hPepT1 binding site is represented in blue and the key residues interacting with the
ligands in black lines. (A) When no ligand is bound to hPepT1, the salt bridge between R34 and D298 (i.e., the external gate) is formed. (B) When a
peptide binds, the N-terminus of the peptide, represented in red, disrupts the hydrogen bond to interact with R34 and other key residues such as
ES9S or N329. Additionally, D298 binds the cotransported proton. (C) Conversely, when an inhibitor binds to hPepT1, key interactions essential
for transport are lacking, such as the hydrogen bond between the ligand with ES9S. The flexibility of the internal side of the binding site permits to
accommodate the C-terminal side of the peptide or peptide-like substrates and drugs and inhibitors (represented in blue) of various sizes and shapes.

larger peptide-like drugs, ranging from 100 to 600 Da. Our
homology models show two structural features that are
associated with hPepT1 binding site’s flexibility: (i) the binding
site is enclosed by two dynamic gates and the extracellular gate
is constituted by a salt bridge between R34 and D298, with
D298 as the putative proton binding site; and the intracellular
gate is formed by two hairpin loops (i.e., TM4-TMS and TM7-
TM11) that are enriched with hydrophobic residues (Figure 1);
and (ii) hPepT1’s binding site shape and size can vary
substantially during transport and inhibition, depending on the
ligand bound and the conformation of the transporter (Table
1). For instance, the orientation of the indole group of W622
can alternate, to accommodate the bound substrate, as observed
in the inward-open Models 4 and §, resulting in binding sites
with distinct size (i.e, 154 A® and 239 A% respectively).

This visualization of the binding site flexibility of hPepT1
permitted us to develop hypotheses that better explain its
diverse ligand-binding modes and broad specificity. Previously,
using the prokaryotic POT structures and binding free-energy
calculations, Samsudin et al. suggested that the biophysical
features (e.g, charge) of the N-terminus of the transported
peptide-like ligand are conserved, whereas the C-terminus of
the ligand is more variable."” Complementarily, our results
show that the extracellular region of the binding site binds the
N-terminus of the hPepT1 ligands through conserved hydrogen
bonds with key residues (e.g, R27, Y31, K140, and Y167).
Further, the conformation of the intracellular region of the
binding site can vary to accommodate the variable C-terminus
of the peptide-like ligands, thereby facilitating the ligand
promiscuity of this transporter (Figure S). These results expand
on the previous analyses based on the prokaryotic homologues
structures.

Second, analysis of the hPepT1 models with newly
discovered and previously known ligands enable us to propose
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preliminary principles describing the chemical basis for
distinguishing between hPepT1 substrates and inhibitors. We
took a chemical biology approach that uses these proposed
guidelines to identify four inhibitors and one substrate. In brief,
all newly discovered ligands formed interactions with several
conserved residues (e.g., R27). However, unlike peptide-like
substrates, the newly discovered inhibitors lack an amine group,
thus eliminating the interaction with ES9S. This suggests that
the interaction of ligands with both K140 and E59S is essential
for a molecule to be transported, in agreement with previous
studies.'” Moreover, the newly discovered inhibitors make
additional van der Waals interactions with Y31, thereby
increasing their binding affinity. Interestingly, the new
hPepT1 ligands were discovered by screening against inward-
facing conformations, whereas in principle, outward-facing
conformations, which are still unknown, would be preferable
for designing inhibitors. Notably, it is possible that an inhibitor
binds an inward conformation, as for example, was shown in a
crystal structure of hGLUT]I, a different MFS transporter.>’
Based on the current data, we speculate on three potential
scenarios of the newly discovered inhibitors’ mechanisms of
inhibition: (i) the inhibitors bind to the outward-facing
conformation of the transporter, which then changes
conformation to the inward-conformation but then the
molecules do not unbind, and therefore remain “stuck” in the
transporter as it cycles between different conformation states;
(ii) the compounds first cross the membrane through diffusion
or a different transporter and then bind hPepT1 from the
cytosol; (iii) the binding site of an outward conformation is
similar to that of the inward conformation and the compounds
bind the outward conformation without triggering conforma-
tional change. Overall, the new ligands and predicted mode of
binding provide a starting point to build structure activity
relationship models, to optimize potential substrate-like drugs
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with optimal oral performance characteristics, or inhibitors
preventing the uptake of toxic peptides.

Third, we identified one substrate and four inhibitors at a
high hit-rate (22%) for a highly challenging target for structure-
based ligand discovery: (i) hPepT1 shares distant sequence
similarity to its template structures (sequence identities of 22—
34%); (ii) the template structures have been determined in low
resolution (2.4—3.62 A); and (iii) hPepT1 ligands include
peptides and peptide-like compounds which are polar
molecules with increased degrees of freedom and are, thus,
harder for docking programs to handle; (iv) the binding site of
hPepT1 is highly flexible and is thought to adopt different
conformations based on the ligands it binds (Table 1; Figure
1). Therefore, approaches optimizing the model binding site to
enrich for known hPepT1 ligands with docking failed for this
target.

Overall, the newly characterized inhibitors interact with
hPepT1 at physiologically relevant concentrations, exhibiting
unique chemotypes that deviate from the peptidic structure of
the known hPepT1 ligands (e.g, compound 39 contains a
triazole ring). This identification of new nonpeptide ligands
provides useful chemical tools to further characterize this
transporter and highlights the increased applicability of
structure-based drug design for human SLC transporters.
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