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Template selection. hPepT1 is a member of the proton-dependent oligopeptide transporter (POT)
family, which includes 16 atomic structures in the PDB. To identify the best templates for modeling
hPepT1, we used the HHpred server,! as well as analyzed the hPepT1 entry (2.A.17.4.9) in the
Transporter Classification Database (TCDB)? and the POT family structures Orientations of
Membrane Protein (OPM) database.® The most suitable templates were prioritized based on the
following considerations: (i) sequence similarity to hPepT1 (i) uniqueness of the conformation
including whether it binds a ligand, and (iii) quality of the x-ray structure. Therefore five structures of
three different proteins (PepTso,, GKPOT, and PepTs;), sharing sequence identity of 22%-34% with
hPepT1, were selected as modeling templates.*® In particular, the two structures in occluded and
unbound inward-open conformations (PDB IDs 2XUT and 4APS respectively) were solved at low
resolution (3.62 A and 3.3 A respectively). It is important to note that such resolution is not ideal for
structure based drug discovery studies. However, since our goal is to sample intermediate
conformations of the transport cycle, we chose to include them in our study. 2XUT in particular is the
only structure available in an occluded conformation and we hypothesized that could increase our
chances to discover substrates. This hypothesis was later confirmed since aspartame, shown to be a
substrate by experimental tests, was selected from the screening against 2XUT (Table S1).

PepTl-template alignment. The initial alignment between hPepT1, PepTs,, GKPOT, and PepTs; was
obtained using the Promals3D server,'® and was subsequently refined by based on previously
published alignments of SLC15 family members.** For example, PepTs, consists of 14 TMs with two
additional helices, HA and HB, that are localized in periphery of the transporter far away from the
binding site. Thus, HA and HB were removed from the alignment, as well as three loops distant from
the binding site (i.e., loops H3-H4, H5-H6, and H9-H10).

Homology modeling. We used MODELLER-9-v12 and 9-v14*? with the ‘automodel’ class of to build
100 initial homology models (Table 1; Models 2-4), which were ranked using the statistical potential
Z-DOPE.™ Due to the lower quality of the occluded conformation template (PDB: 2XUT), we
generated 500 models to sample more conformations (Table 1; Model 1). The inward-open
conformation models (Table 1; Models 3, 4 and 5) contained non-protein atoms from the substrate
alafosfalin, Ala-Phe and Ala-Ala-Ala derived from the corresponding coordinates in the templates.
The Z-DOPE score of ranged between -0.18 and -0.049 for the inward-open conformations (Models
2-4). The Z-DOPE score of the occluded model (Model 1) was +0.12; however, the corresponding
template structure exhibited similar Z-DOPE score (i.e., +0.024), which likely resulted from a lower
resolution structure (i.e., 3.6 A), and the model is unlikely to score better than the template it is based
on. It is worth noting that the enrichment of known ligands among decoy compounds that we
previously used to assess homology models for structure-based virtual screening**® did not give
satisfying results for this study. The enrichment values were not satisfactory likely because of two
main reasons: First, hPepT1’s ligands are particularly challenging for molecular docking. hPepT1
ligands are polar and flexible, and they form interactions with water molecules as well as with the
binding site residues. Second, as was shown in multiple studies of hPepT1 homologs, the binding site
of hPepT1 is likely to be highly flexible, adopting different conformations depending on the ligands it
binds. Therefore, during enrichment calculations, ligands are docked against a single conformation
that binds only a small subset of the ligands; however, the entire set of ligands is not expected to
score well compared to non-ligands, leading to poor enrichment scores.

Selecting relevant docking programs. We used different freely available docking methods for the
different virtual screenings. The usage of the methods has evolved throughout the project based on
the results of each screen. Our main considerations were: (i) Speed and efficiency. For example,
FRED is significantly faster than AutoDock Vina and is thus, more appropriate for screening large
datasets such as ZINC lead-like library; (ii) Flexibility in incorporating constraints. We have generated
hypotheses regarding the mechanism of binding and thus, added interaction constraints (with R27



and Y31) in the docking protocol. The incorporation of constraints was easier in FRED. (iii)) The
relevance of the computational method. It has been previously suggested that different methods can
be more accurate for different targets. Our docking studies on related targets (e.g., amino acid
transporters™ ') suggested that FRED accurately captures interactions involving chemically similar
ligands (i.e., di- and tri-peptides vs. amino acids) with transporters.

Docking with AutoDock Vina. Autodock Vina'® was used for the preliminary screenings of the FDA-
approved drug library (6,719 molecules) against the occluded and inward-open Models 1 and 3,
respectively. The box enclosing the binding site of the inward-facing model (Model 3) was generated
based on the coordinates of the ligand alafosfalin in the template structure. For Model 1 we first
structurally aligned to the ligand-bound models and the box enclosing the binding site was derived
from the aligned ligands.

We hypothesized that the occluded conformation and the alafosfalin-bound structure would increase
our chances to identify substrate-like compounds. However, because Model 1 was based on a
template structure of the lowest quality, we considered only compounds predicted to interact with
R27 and Y31 in both conformations for visual inspection (i.e., total of 276 compounds). Within this
subset, known transported drugs such as Cephadroxil were identified, which increased our
confidence in our strategy. We selected three compounds for experimental testing from this subset
(Table S1).

Docking with FRED. OpenEye FRED? was used for the following screenings against Models 3, and
5 to screen larger libraries. The models were prepared with the MAKE_RECEPTOR utility of FRED.
The box enclosing each binding site was generated based on the coordinates of the corresponding
ligand in the template structures (alafosfalin, Ala-Ala-Ala for Model 3 and Model 5, respectively).
Docking was run using hydrogen bonds constraints on the hydroxyl group of Y31. The docking poses
were ranked by the Chemgauss4 scoring function, which is defined by smoothed Gaussian potentials
describing the complementarity (by shape and chemical properties) between the ligands and the
binding site. The ZINC Leads-Now set® that contained 2,268,809 compounds of molecular weights
between 250 and 350 Dalton, 7 or fewer rotatable bonds, and xlogP value of 3.5 or lower was
screened against the two models of hPepT1. The top scoring ligands of each screen were visualized.

Chemical Similarity Calculations. The chemical novelty of the hits was evaluated with the Tanimoto
coefficient (Tc) calculated relying on Daylight fingerprints, compared to a known ligands from the
literature.?* 2 Tc values of < 0.5 suggest that the molecule is a chemically novel hPepT1 ligand.
Specifically, the Tc of compounds 3, 7 10 and 39 were Tc of 0.4, 0.43, 0.38 and 0.4 respectively.

Docking with QM-Polarized Ligand Docking (QPLD). The five newly confirmed hPepT1 ligands
(Fig. 3B) and four known ligands (i.e., the di-peptide Ala-Phe, the tri-peptide Ala-Ala-Ala, valacyclovir,
and cephalexin) were re-docked using the QM-Polarized Ligand Docking implemented in the
Schrodinger suite®* against Models 4 and 5. First, the ligands were prepared with the LigPrep.?® The
receptor was prepared with the Protein Preparation Wizard implemented in Maestro and an implicit
membrane was then set up with Prime. The docking grid of the receptor was generated with Glide, 2®
27 with the box enclosing the coordinates of the ligands bound to the prokaryotic templates used to
model hPepT1. The docking calculations were performed using hydrogen bonds constraints on the
hydroxyl group of Y31. After the initial Glide docking, performed in Single Precision mode, the partial
charges of the docked ligands were calculated with Jaguar. Finally, the ligands with the new charges
were redocked in Single Precision.

Free energy estimation with Molecular Mechanics Generalized Born Surface Area solvation
We estimated the binding energies of the four new inhibitors with the MMGBSA method, implemented
in the Schrodinger suite. We docked the new hits as well as known ligands (i.e. Ala-Phe, Ala-Ala-Ala,
valacyclovir, and cephalexin) in two ligand-bound x-ray structures of PepTs; in inward open



conformations (PDB IDs 4D2C and 4D2D) and the two models of hPepT1 based on those templates
(Models 4 and 5 in Table 1).



Supplemental Figures
Figure S1

Fig. S1. Binding sites of the hPepT1 models in various conformations. The binding sites of each
model are represented in white surface. The various conformation include: an occluded conformation
(Model 1, Table 1) (A), an unbound inward-open conformation (Model 2) (B), three inward-open
conformations bound to alafosfalin (Model 3), (C) and the di-peptides Ala-Phe (Model 4) (D), and Ala-
Ala-Ala (Model 5) (E). The ligands are shown in sticks and the key residues interacting with the
ligands are shown in lines.



Figure S2
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Fig. S2. MMGBSA calculations and experimental ICss values. Binding energies of our five hits and four
known ligands predicted by MMGBSA calculations (Kcal/mol) in two inward-open models (Models 4
and 5) and their corresponding templates, and experimental ICso values (mM).



Supplemental Table

Table S1
Compound name® Rank” Library® Peg;t;r:r?d Model®
Aspartame 1%13280 FDA Aua Eng é
Betamipron 1277107 FDA Aus)i E;Ck é
Mimosine ig‘;’g FDA AuaEQCk é
ZINC71817303 16 Lead-like OE;ES@ 3
ZINC65585007 232 Lead-like Oggl‘z%’e 3
ZINC71817322 2 Lead-like OE;%%'G 3
ZINC22242499 8 Lead-like OE‘;‘EES"? 3
ZINC72271520 23 Lead-like OE;%EB/e 3
ZINC00143440 26 Lead-like OE?EES’G" 3
ZINC30766047 210 Lead-like Opentye 3
ZINC00205111 15 Lead-like OE;TE%’e 3
ZINC0097001624 188 Lead-like Opencye 5
ZINC0084673463 132 Lead-like Opertye 5
ZINC0071281267 218 Lead-like Of__’g‘EEge 5
ZINC0064969323 201 Lead-like Opertye 5
ZINC0012296468 8 Lead-like OEE”EEge 5
ZINC00146165 43 Lead-like Opencye 5
ZINC0072307150 5 Lead-like OESEES’E’ 5
3 3 Lead-like Opencye 5
7 7 Lead-like Opertye 5
10 10 Lead-like Opencye 5
39 39 Lead-like Opencye 5

=

Table S1 : Compounds experimentally tested

#Compound name refers to the name or ID of the compounds tested

Rank defines the rank of the compound in the screen

‘Library refers to the virtual library screened; both the FDA and Lead-like libraries were downloaded from the
ZINC database

9Docking program refers to the program used to conduct the virtual screening



®Model refers to the Model used to conduct the virtual screening
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