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Abstract

The transient receptor potential vanilloid type 1 (TRPV1) is a heat-activated cation channel
protein, which contributes to inflammation, acute and persistent pain. Antagonists of human
TRPV1 (hTRPV1) represent a novel therapeutic approach for the treatment of pain. Developing
various antagonists of hTRPV1, however, has been hindered by the unavailability of a 3D
structure of hTRPV1. Recently, the 3D structures of rat TRPV1 (rTRPV1) in the presence and
absence of ligand have been reported as determined by cryo-EM. rTRPV1 shares 85.7% sequence
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prescreen. Figure S3 shows the correlation between the number of hit compounds identified and the number of compounds screened
for two other hnTRPV1 models. Figure S4 shows the overall model quality of hTRPV1 model constructed by rTRPV1. Figure S5
shows Ramachandran plots of the hTRPV1 model constructed by rTRPV1. Figure S6 shows the detailed binding modes of other six
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identity with hTRPV1. In the present work, we constructed and reported the 3D homology
tetramer model of hTRPV1 based on the cryo-EM structures of rTRPV1. Molecular dynamics
(MD) simulations, energy minimizations, and prescreen were applied to select and validate the
best model of hTRPV1. The predicted binding pocket of hTRPV1 consists of two adjacent
monomers subunits, which were congruent with the experimental rTRPV1 data and the cyro-EM
structures of rTRPV1. The detailed interactions between hTRPV1 and its antagonists or agonists
were characterized by molecular docking, which helped us to identify the important residues.
Conformational changes of hTRPV1 upon antagonist/agonist binding were also explored by MD
simulation. The different movements of compounds led to the different conformational changes of
monomers in hTRPV1, indicating that TRPV1 works in a concerted way, resembling some other
channel proteins such as aquaporins. We observed that the selective filter was open when hTRPV1
bound with an agonist during MD simulation. For the lower gate of hTRPV1, we observed large
similarities between hTRPV1 bound with antagonist and with agonist. A five-point
pharmacophore model based on several antagonists was established, and the structural model was
used to screen in silico for new antagonists for nTRPV1. By using the 3D TRPV1 structural model
above, the pilot in silico screening has begun to yield promising hits with activity as hTRPV1
antagonists, several of which showed substantial potency.

INTRODUCTION

Transient receptor potential (TRP) channels are among the largest families of ion
channels.2:2 There are 28 TRP cation channels in the TRP superfamily, which can be further
subdivided into six subfamilies: TRPA (“Ankyrin”: TRPA1), TRPML (“Mucolipin™:
TRPML1-TRPML3), TRPP (“Polycystin”: TRPP1-TRPP3), TRPM (“Melastatin”; TRPM1-
TRPMS8), TRPC (“Canonical”:TRPC1-TRPC7), and TRPV (“Vanilloid”: TRPV1-
TRPV6).2-4 Many of these ion channels mediate sensations, such as pain, heat, cold, or
warmth, different types of tastes, vision, and pressure.
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All 28 TRP channels are tetramers, assembled with 4-fold symmetric architecture.>8 Each
individual monomer (subunit) consists of six trans-membrane segments, ankyrin repeats,
linker domain, pre-S1 helix, TRP domain, and c-terminal domain. A pore loop and pore
helix are located between S5 and S6, forming the ion permeation pathway. Most TRP
channels are cation-selective, and some are highly selective for Ca2* or Mg2*-2

Transient receptor potential vanilloid type 1 (TRPV1) is a member of the TRPV
subfamily,’=2 which includes the six members TRPV1 to TRPV6. TRPV1 is a heat-activated
(at 52 °C) cation channel, which can be modulated by inflammatory agents.2 TRPV1 is
reported to contribute to acute and chronic pain,10 such as osteoarthritis, neuropathic pain,
migraine, inflammatory bowel disease, and bone cancer pain. It is also reported to be
involved in pain processing and modulation, thermoregulation, and neurogenesis, among
other functions.

Residues that affect the TRPV1 sensitivity of vanilloid ligands, such as RTX, capsaicin,
AMG9810, and capsazepine, have been identified mainly in trans-membrane segments 3 and
4 (S3-S4).7:11-13 These results suggest that several residues involved in S3-S4 contribute to
the binding pocket of vanilloid compounds, including Tyr511, Met547, and Thr550. Chou et
al.” proposed a hypothetical model of the RTX binding site in hTRPV1, according to the
crystal structure of the isolated voltage-sensor domain from K,AP (PDB: 10RQ).14 Gavva
et al.8 proposed structures of capsaicin, AMG9810, and RTX according to their model of the
putative vanilloid-binding pocket. Chou and colleagues’ and Wang et al.1> constructed
models according to the X-ray crystal structure of the voltage-dependent shaker family K*
channel (PDB: 2R9R).16 These tetrameric models were then used to perform docking to the
TRPV1 binding pocket for the agonists capsaicin and resiniferatoxin and for evodiamine,
respectively. These models, based on experimental data, visualized the interactions between
TRPV1 and their compounds. However, these models were mainly based on the structures
of non-TRP family channels. Moreover, their binding pockets were mainly formed by one
monomer (subunit) of TRPV1, although this depended somewhat on the ligand.

Recently, Julius and co-workers reported the structures of Rattus norvegicus apo-TRPV1
(rTRPV1), rTRPV1 bound with RTX/DkTx or with capsaicin, by using single particle
electron cryo-microscopy.>® Apo-rTRPV1 assembled with 4-fold symmetric monomers.
The central ion pathway was flanked by the voltage-sensor-like domains. Their apo-rTRPV1
structure exhibited a wide extracellular “mouth” with a short selectivity filter. For the
structures of rTRPV1 bound with RTX/DKTx or with capsaicin, Julius et al.6 found that the
voltage-sensor-like domains (consisting of trans-membrane segments S1-S4) remained
stationary, although these domains move during the activation of voltage-gated channels.
The authors thus suggested that TRPV1 and potentially other TRP family members differed
in their gating. Julius et al.® also found that during activation of TRPV/1 the major structural
rearrangements were in the outer pore, including the selectivity filter, the pore helix, and the
hydrophobic constriction at the lower gate. They suggested that a dual gating mechanism
can be found in TRPV1. Unfortunately, the resolution was insufficient to reveal in detail the
nature of the ligand binding interactions with TRPV1.5
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Human TRPV1 (hTRPV1) shares 85.7% sequence identity with rTRPV1. The 2690
compounds with selectivity for h\TRPV1, as reported in ChEMBL,1’ in general share large
similarities. Most of the antagonists of hTRPV1, which represent the predominant
therapeutic strategy for utilization of vanilloids in the treatment of pain, share a scaffold and
R-groups.18-20 Developing antagonists of hTRPV1 has been hindered by the unavailability
of the 3D structure of hTRPV1. The detailed interactions between hTRPV1/rTRPV1 and
their ligands cannot therefore be ascertained with certainty, although there has been
substantial work using modeled structures.21-24 Of particular interest are the differences
between TRPV1 bound with agonists and with antagonists.

We used the cyro-EM derived structure of rTRPV1 to construct the 3D homology tetramer
model of hTRPV1 exploiting this new level of structural understanding. Molecular
dynamics (MD) simulations, energy minimizations, and prescreen were applied to select and
validate the best model of hTRPV1. Our modeled binding pocket in hTRPV1 is formed by
segments S3, S4, the S4-S5 linker and S5 of one monomer (or subunit), as well as segments
S5 and S6 of the adjacent monomer (subunit), which were congruent with the experimental
data and the cyro-EM structures of rTRPV1. We analyzed the scaffold, linker, and R-group
for known agonists/antagonists of TRPV1, which may guide the synthesis of new
compounds. We explored and compared the detailed interactions between hTRPV1 and its
antagonists or agonists by using molecular docking. Conformational changes of hTRPV1,
antagonist, and agonist were explored by using MD simulation. Our results showed that
different movements of compounds in each monomer led to the different conformational
changes of the corresponding monomer in hTRPV1, indicating that TRPV1 may work in a
concerted way. An important observation was that the selective filter was open when
hTRPV1 bound with an agonist during MD simulation, due to different movements of both
compounds and monomers. This finding was congruent with the report by Julius and co-
workers.® The state of the lower gate of hTRPV1 bound with different compounds remained
similar. A five-point pharmacophore model based on several antagonists was used to
develop some new candidate structural antagonists for hTRPV1. Initial testing of these
compounds and our in-house compounds as hTRPV1 antagonists and as agonists was
performed. We hope these can help us to understand further the roles and functions of
TRPV1.

MATERIALS AND METHODS

Preparation of Cyro-EM Structure of rTRPV1 Proteins

No NMR/crystal structures were available for the human TRPV1 (hTRPV1). However, three
structures®® of Rattus norvegicus TRPV1 (rTRPV1) were reported in 2013, determined by
single particle electron cryo-microscopy. The whole sequence identity between hTRPV1 and
rTRPV1 was 85.7%. Detailed alignment is shown in Figure S1 in the Supporting
Information. We used the structure of rTRPV1-capsaicin (PDB entry: 3J5R, EM resolution:
4.2 A5 to construct the 3D structures of hTRPV1. The reasons for choosing this structure
were discussed in the section “Homology Models and Conformation Sampling of hTRPV1”.
For comparisons, we also built the apo hTRPV1 models by using the structure of apo-
rTRPV1 (PDB entry: 3J5P, EM resolution: 3.275 A).6
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The structure of rTRPV1-capsaicin was downloaded from the Protein Data Bank (http://
www.pdb.org/pdb/). SYBYL-X 1.3%5 was used to prepare the structure of rTRPV1-
capsaicin, including residual repair and energy minimization.

Homology Modeling

The intact sequence of hTRPV1 (Q8NER1, 839 residues for one monomer) was downloaded
from the UniProtKB/Swiss-Prot (http://www.uniprot.org/uniprot/).

We truncated some residues before Leul12 for the N terminus and some residues after
Lys719 for the C terminus. We also truncated 24 residues from Asn604 to Ser627. This
truncation was necessary because the corresponding residues were unsolved in the structures
of rTRPV1. Therefore, the generated sequence was from Leull2 to Lys603 and fromTyr628
to Lys719 (584 residues for one monomer). We connected Lys603 and Tyr628 to generate a
continuous polypeptide sequence. We then aligned the sequence and built the homology
model based on this hTRPV1 sequence by using our reported protocol.26

The structures of rTRPV1 show that TRPV1 is a tetramer (four monomers). The alignments
showed that the monomers were almost the same. In the present work, we used monomer
(subunit) A from rTRPV1 (four chains/monomers total) to construct ten models of hTRPV1,
by using Modeller9.12.27 Then we generated ten tetramer hTRPV1 models based on the
structure of rTRPV1-capsaicin. For further studies, we selected the best three with the
lowest root mean squared deviation (RMSD) and without structural crash.

Energy Minimization and Structural Validation

After obtaining the 3D structures, SYBYL-X 1.3 was used for the energy minimizations.
The detailed parameters were described in our previous publications.26:28 ProSA-web Z-
scores?? and ProCheck Ramachandran plots39-31 were used for structural stereochemical
evaluation of the hTRPV1 models.

Conformational Sampling and Secondary Energy Minimization for the hTRPV1 Model

For selecting the most reasonable structure of hTRPV1, we conducted 10 ns MD simulations
for the best three models of hTRPV1. The detailed parameters were described in our
previous publications.28:28 We first relaxed all the Ca atoms of hTRPV1 to perform a 5 ns
MD simulation. Then we performed another 5 ns MD simulation with flexible Ca atoms of
hTRPV1. Five conformations of each hTRPV1 model with the lowest energy were subjected
to secondary energy minimization by SYBYL. The detailed parameters can be found in the
previous section.

Training Data Set for the Validation of hnTRPV1 Models

The National Cancer Institute chemical library (NC12011) was filtered to eliminate metals or
mixtures of isotopes, as well as compounds with unsuitable molecular weights that were
<250 or >600. Out of 210,000 filtered compounds, 990 compounds were chosen randomly.
The 3D coordinates of these structures were generated using SYBYL 1.3. We used the same
procedure to prepare ten-known-active hTRPV1 compounds (Figure S2). Special caution
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was applied to the protonation state of the ionizable groups of all 1000 ligands assumed to
be ionized at a physiological pH of 7.4.

Data Set of Agonists and Antagonists for hTRPV1

2690 chemical structures and their bioactivities (K; value) for h\TRPV1 were retrieved from
ChEMBL (https://www.ebi.ac.uk/chembl/). We chose 74 hTRPV1 agonists (K; for TRPV1
lower than 10 pM) and 734 antagonist (all K; values for TRPV1 lower than 10 uM) for the
studies of scaffold, linkers, and R-groups. The analysis of scaffold used “Scaffold Hunter32
and “ChemAxon’s Fragmenter” (http://www.chemaxon.com/), that implemented the
RECAP33 algorithm. The analyses of linker and R-groups used “Fragmenter” and
“Similarity Search” in SYBYL 1.3. The structure and bioactivity information on these
compounds are listed in Tables S1 and S2 in the Supporting Information.

Molecular Docking for the Studies of Ligand/hTRPV1 Interaction

A series of dockings were conducted for the hTRPV1 model. The MOLCAD module in
SYBYL (version 1.3) was used to define the predicted binding pocket of hnTRPV1. Surflex-
Dock GeomX (SFXC), a docking program in SYBYL, was used to generate the detailed
ligand—receptor interactions, in which the docking score was expressed as —logso(Kq).34 The
residues involved in the binding pocket are described in the section “Key Residues in the
Potential Binding Pocket of hTRPV1”. The detailed parameters3® of docking can be found
in our recent publications.26:28

Molecular Dynamics Simulation

After finishing the dockings, we chose structures of hTRPV1 bound with antagonist/agonist
for performing the molecular dynamics (MD) simulations.

We paid special attention to the protonation states of His residues, in which His can be
ionized at pH 7.40. VEGA ZZ software (version 2.4.0)36 and PROPKA software (version
3.1)37 were used to calculate the pK values of the protein. In the hTRPV1 model, all
histidines were not protonated, due to the predicted pK values that were lower than 7.40
(from 2.52 to 6.85). Four residues were charged in the present work, including Asp~, Glu~,
Lys*, and Arg™.

The VMD?38 program was used for embedding the protein-ligand complexes into a periodic
and pre-equilibrated structure of 1-palmytoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC). We eliminated the lipid molecules that were within 3 A of the protein. Then we
inserted them into a TIP3P39 water box and eliminated the waters molecules within 3 A of
the protein.

The systems ("nTRPV1-RTX/hTRPV1-AMG9810, respectively) included the hTRPV1
model, 149/149 lipid molecules, 19434/19434 water molecules, 0/0 sodium ions, and 4/4
chloride ions for a total of 121513/121461 atoms per periodic cell. The sizes of the water—
lipid box were 110 x 110 x 110 A3/110 x 110 x 110 A3. Then two-step minimizations were
conducted, in which each minimization was run for 50,000 steps. The first one was run with
the fixed protein, while the second one was run with flexible protein.
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Treating the last frame of the second minimization as the starting point, we conducted 50 ns

MD simulations by using the NAMD package*© (version 2.9b1) with a CHARMM2741.42

force field within explicit water. Electrostatics were calculated by using the Particle Mesh

Ewald*3 (PME) method, which was with a 12 A nonbonded cutoff and a grid spacing of 1 A
per grid point in each dimension. The van der Waals energies were calculated by using two
cutoff values. The switching radius was set to 10 A. The cutoff radius was set to 12 A. The
temperature and pressure were maintained constant by a Langevin thermostat (310 K) and
Langevin barostat (1 atm), respectively. The time step of the MD simulations was set to 1 fs.
The data were saved every 10 ps for analysis. VMD software was used to analyze the
trajectory from the MD simulation.*4

Pharmacophoric Filtering and Virtual Screening for hnTRPV1

Structural details from known-active compounds of hTRPV1 were used to derive
pharmacophoric filters. The GALAHAD program in SYBYL was used to construct a five-
point pharmacophore model based on several antagonists including BCTC, AMG0347,
A-784168, and SB705498. We filtered the NCI database with compounds that satisfied
specific geometric or physicochemical constraints. The parameters used for the generation
of the pharmacophore models were described in our previous publications.26:28

When the pharmacophore model was constructed, we used it to filter the NCI database by
submitting a UNITY search in SYBYL. The detailed parameters were described in our
recent publications.26:28 After filtering the NCI database, we performed the virtual docking
screening for hTRPV1. The detailed docking parameters can be found in our other
publications.26:28

BINDING COMPETITION ASSAY AND CA%* UPTAKE ASSAY

Materials

[3H]Resiniferatoxin ([3H]RTX, 37 Ci/mmol) was provided by PerkinElmer Life Sciences
(Boston, MA). Radioactive calcium (Ca-45, specific activity 5-30 Ci/g) was obtained from
PerkinElmer. Nonradioactive RTX was obtained from LC laboratories (Waltham, MA).
Capsaicin was provided by Sigma-Aldrich (St. Louis, MO).

Stable hTRPV1 Expression Cell Line Subculture

Tet-On induced CHO-hTRPV1 cells were cultured in maintaining medium (F12
supplemented with 10% TET-free FBS [Atlanta Biologicals, GA], 25 mM HEPES, 10
ug/mL blasticidin and 250 pug/mL Geneticin (all from Invitrogen Life Sciences; Grand
Island, NY). TRPV1 protein was induced with induction medium (F12 supplemented with
10% FBS, 25 mM HEPES, and 1 pug/mL tetracycline) as described below for ligand binding
and Ca uptake measurements.*°

RTX Competition Binding Assay

Binding studies with [3H]RTX were carried out as follows. The binding assay mixtures were
prepared in 1.5 mL centrifuge tubes and consisted of a fixed concentration (approximately 2
nM) of [3H]RTX (37 Ci/mmol specific activity, PerkinElmer Life Sciences), various
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concentrations of competing ligands, and 100 pg protein of membranes from induced CHO-
hTRPV1 expressing cells (approximately 1-3 x 106 cells) in Dulbecco’s phosphate buffered
saline (DPBS, with Ca2* and Mg?2*) for a total volume of 350 uL. The assay mix contained
bovine serum albumin at a final concentration of 0.25 mg/mL (Cohn fraction V; Sigma-
Aldrich, St. Louis, MO). In each set of experiments, nonspecific binding was determined in
the presence of 200 nM nonradioactive RTX. The binding reaction was initiated by placing
the assay mixture in a 37 °C shaking water bath for 60 min (~30 rpm). The assay mixture
was then chilled on ice for 2-3 min before adding 100 pL of a;-acid glycoprotein (2
mg/mL; Sigma-Aldrich) and mixed thoroughly. The tubes were kept on ice for an additional
10 min. The bound and free ligands were then separated by centrifugation (12,200 rpm for
15 min) in a Beckman Coulter centrifuge Allegra 21R. 200 uL of supernatant was collected
for determination of free ligand. The remainder was removed by aspiration. The bottom
portion of the tubes containing the membranes was cut off and bound radioactivity
determined. Radioactivity was measured by scintillation counting. Data were analyzed using
GraphPad Prism. K; values for compounds were determined by competition for binding of
[3H]RTX to the hTRPV1 and represent the mean + SEM of triplicate binding curves. In each
curve, triplicate determinations were performed at each ligand concentration.

Calcium Uptake Assays.*®

CHO-hTRPV1 cells were plated in 24-well plates, reaching 40 to 60% confluence in
maintaining medium after 24 h. The cells were washed once with Dulbecco’s phosphate
buffered saline (DPBS; Invitrogen, Grand Island, NY) to remove antibiotics, and fresh
medium with tetracycline (inducing medium) was added to induce TRPV1 expression.
Experiments were done approximately 24 h after induction. The cells were at least 90%
confluent at the time of the assays.

For agonist Ca?* uptake assays,*® the inducing medium was aspirated and replaced by
DMEM (supplemented with bovine serum albumin (0.25 mg/mL), 45Ca2* (37 kBg/mL),
and 100 pL of increasing concentrations of the nonradioactive ligand for a total volume of
400 pL/well. The cells were incubated for 5 min in a water bath at 37 °C. For uptake
measurements by a full agonist, a saturating concentration of capsaicin (3000 nM) was used
as a positive control. Immediately after incubation, the assay medium was aspirated, and the
cells were washed twice with ice cold DPBS (no Ca2* and Mg2*). The cells were then lysed
in radioimmunoprecipitation assay buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1% SDS, and 1% sodium deoxycholate; 400 uL/well) for at least 40 min on a shaker.
Aliquots (300 pL) of the cell lysates were counted in a liquid scintillation counter.
Background uptake was determined in the absence of either compound or capsaicin. For the
antagonism assays, capsaicin (30 nM) was included along with increasing concentrations of
the ligand being evaluated. The cells were incubated for 5 min in a water bath at 37 °C.
Immediately after incubation, the assay medium was aspirated, and the cells were washed
twice with ice-cold DPBS (no Ca2* and Mg2*). The cells were then lysed in
radioimmunoprecipitation assay buffer for at least 40 min on a shaker. Aliquots of the cell
lysate were counted in a liquid scintillation counter. Triplicate points at each concentration
of ligand were determined in each experiment. Compounds were initially screened at a
concentration of 30 pM. Compounds showing greater than 10% agonism/antagonism were
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evaluated in triplicate experiments. As indicated, full dose response curves for compounds
showing activity were performed at least three times. Data was analyzed using GraphPad
Prism.

RESULTS

Homology Models and Conformation Sampling of hTRPV1

The homology models of hTRPV1 were constructed according to the structure of rTRPV1-
capsaicin (PDB entry: 3J5R, EM resolution: 4.2 A). The reasons for choosing this structure
as the template were as the following. First, Julius et al.® found that Tyr511 had two distinct
rotamers between apo-rTRPV1 and rTRPV1 bound with agonists, wherein the side chain of
Tyr511 pointed away from or into the binding pocket. They concluded that vanilloid binding
involved an “induced fit” mechanism. Second, they also compared three rTRPV16
structures. In the apo rTRPV1, the pathway was rigid at both the selectivity filter and the
lower gate. In the structure of rTRPV1-capsaicin, the selectivity filter remained stable, while
the lower gate was markedly expanded. In the structure of rTRPV1-RTX/DKTX, the channel
was fully open.

We selected the three best tetramer hTRPV1 models to perform 10 ns MD simulation for the
conformational sampling, choosing those models that had the lowest root mean squared
deviation (RMSD) and were without structural crash. The RMSDs between our models of
hTRPV1 and the rTRPV1 bound with capsaicin were 0.28 A, 0.36 A, and 0.39 A. Five
conformations of each model with the lowest energy after the MD simulation were selected
to perform the secondary energy minimization. After minimization, the top 3 conformations
of each model with the lowest energy were chosen for further validation (prescreen).

The hTRPV1 Ligand Data set for Validating the 3D hTRPV1 Model

We selected 3 hTRPV1 conformations of each model (9 conformations total) to perform the
prescreen with the data set of 1000-compounds, which included ten compounds that were
the known active compounds for hTRPV1. Then the hit rates (HR) as a given percentage of
the data set were calculated. Figure 1 and Figure S3 show the relationships between the
number of hit compounds identified and the number of compounds screened (here we
selected the best prediction for each model). Here, the x%, a given percentage of the
screened data set, was set to 2% (top 20 compounds), 5% (top 50 compounds), and 10% (top
100 compounds).

Figure 1 and Figure S3 show the prescreen results of all 3 hTRPV1 models. Although the
energies of these models after minimization were very similar (200 kcals/mol), the hit rates
of these models were very different. The 50% hit rates of these three models were within
1.8%, 2.1%, and 15.5% of the screened data set. The 80% hit rates of these models were
within 3.6%, 9.7%, and 17.3% of the screened data set (see Figure S3 for more details). We
compared these three structures and found the potential reason: the lower the conformational
changes for Try511/Thr550, the better the prediction of the data set.

Figure 1a and 1b show the best prediction for the ligand data set. All 10 known active
compounds were among the top 109 compounds. The hit rates for different percentages of
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the screened data set (2%, 5%, and 10%) were 50% (5 compounds), 80% (8 compounds),
and 90% (9 compounds), respectively. The 100% hit rate (10 compounds) of this model was
within 11% of the screened data set (in the top 109 compounds). This result was acceptable
because we selected compounds from the NCI database randomly. The screen data set may
include some potential active ligands or flexible ligands.

Furthermore, we conducted the structural evaluation and stereochemical analyses for all
three models, using proSA-web Z-scores?? and PROCHECK Ramachandran plots.30:31 The
model with the best prescreen results seemed most reasonable, as shown in Figures S4 and
S5. The Z-score of the model with the best predicted prescreen result was —6.57, as shown in
Figure S4. Ramachandran plots of this model showed that 95.5% (554/580) of all residues
were in favored regions; 99.1% (575/580) of all residues were in allowed regions, as shown
in Figure S5.

Additionally, we also performed the prescreen with a small data set of 20-compounds, which
included ten known active compounds (mentioned previously) and 10 known inactive
compounds. Our results showed that the docking scores of 8 known active compounds
(80%) were higher than 6.58 (a cutoff value we selected). Moreover, the docking scores of 7
known inactive compounds (70%) were lower than 6.58. These results indicated that our
model can distinguish the known active compounds from known inactive ones.

Based on these results, we selected the conformation with the best prediction1:20 as the
final 3D model for h\TRPV1. The monomer and tetramer structures of hTRPV1 are shown in
Figure 2. The 3D coordinates for our hTRPV1 model are in the Supporting Information.

Key Residues in the Potential Binding Pocket of hTRPV1

The structures of rTRPV1 bound with RTX/DKTx or with capsaicin lacked sufficient detail
to reveal precisely how vanilloids bound. However, from experimental data and electron
microscopy (EM) density of RTX/capsaicin, we predicted the potential binding pocket of
hTRPV1 by using the MOLCAD module implemented in SYBYL.

The pocket was formed by five trans-membrane domains from two adjacent monomers,
including S3, S4, the S4-S5 linker, S5, and S6. The first four domains (S3, S4, the S4-S5
linker, and S5) were in the same monomer (these trans-membrane domain labels are
indicated in red). S6 and another S5 domain were from the adjacent monomer (these trans-
membrane domain labels are indicated in blue), as shown in Figure 3. The important
residues involved in the binding pocket are shown in Figure 3, including Tyr511 (S3),
Met514 (S3), Leu518 (S3), Leu547 (S4), Thr550 (S4), Arg557 (S4-S5 linker), Glu570 (S5
of the first monomer), and Leu670 (S6 of the second monomer). These residues were
reported to be critical for both agonists and antagonists, including NADA, OLDA, RTX,
capsaicin, BCTC, A-425619, AMG9810, SB-366791, capsazepine, and others. An important
finding was that the side chain of Tyr511 pointed into the binding pocket in our nTRPV1
model, resembling the structures of rTRPV1- RTX/DkTx or rTRPV1-capsaicin. Our
predicted binding pocket and the residues involved in the hnTRPV1 pocket were congruent
with experimental data and the cyro-EM structures of rTRPV1. (1) Tyr511 was critical for
vanilloid sensitivity. Both rTRPV1-Y511A and hTRPV1-Y511A had lower vanilloid
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sensitivity. The mutation of Y511F was reported to have only a moderate effect for ligand
binding. However, the substitution of Cys (Y511C) eliminated the capsaicin sensitivity. (2)
Met547 was reported to be a key contributor to RTX binding of TRPV1. The mutation of
M547L accounted for the species difference in RTX binding. The M547A mutation in
rTRPV1 reduced RTX affinity to the same degree as M547L (30-fold). (3) Ca2*-uptake
experiments revealed a 10-fold loss in sensitivity to capsaicin of rTRPV1-T5501 and a 40-
fold loss in sensitivity of hnTRPV1-T5501. Moreover, the mutation of T5501 significantly
reduced the binding of [3H]RTX in transfected cells of rTRPV1. (4) Other residues
including Met514, Leu518, and Leu670 were also reported to contribute to the binding
pocket of TRPV1.

DISCUSSION

Structural Analysis of Known hTRPV1 Compounds

2690 chemical structures and their bioactivity (K; value) to TRPV1 were retrieved from
ChEMBL (https://www.ebi.ac.uk/chembl/). Multiple compounds have entered clinical
development as shown in Table 1, including agonists and antagonists. Almost all the
compounds related to pain, and the numbers of antagonists entered in clinical development
were more than those of agonists. From ChEMBL, the number of compounds with marked-
agonist-activities was 334, compared to 1489 with marked-antagonist-activities. In the
present work, we selected 74 TRPV1 agonists (K; for TRPV1 lower than 10 pM) and 734
antagonist (all with K; values for TRPV1 lower than 10 uM) for further studies, including
scaffolds, linkers, and R-groups of the compounds.

Figures 4 and 5 show the results of agonists and antagonists. The numbers represented the
counts of fragments that were found in agonists/antagonists. The modifications of the
benzene ring for antagonists were more varied than for agonists. Moreover, for agonists, the
lengths of linkers were 2-3 carbons. However, for antagonists, the lengths of linkers were
more than 3 carbons, and more than 327 structures had a 4-carbon-linker. The R-groups also
differed greatly between agonists and antagonists. We hope that the comparisons of
structural properties between agonists and antagonists will help us to understand more about
the structure activity relations for TRPV1 ligands and will suggest novel structural solutions
providing agonists/antagonists. In particular, a critical issue in the field is the development
of antagonists which can dissociate antagonism from generation of hyperthermia. A further
critical issue is that vanilloid structure activity relations can be modulated by the signaling
state of the cell.24 Design of ligands selective for a specific signaling environment may
provide the opportunity for establishing a local therapeutic response, e.g. at a site of
inflammation, upon systemic treatment.

Binding Modes of Agonists-RTX and Capsaicin

We docked two agonists, RTX and capsaicin, into our hTRPV1 model, as shown in Figure
6.

Comparing Figure 6a with 6b, we found many similarities of the binding between these two
compounds. First, the polar or charged groups of the agonists were in the bottom part of the
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binding pocket, facing the hydrophilic regions formed by Ser512 (not shown), Tyr554 (not
shown), Arg557, and Glu570. Second, several residues including Met514, Leu515 (not
shown), Tyr511, and Leu670 formed strong hydrophobic interactions with these two
compounds. Third, two residues including Tyr511 and Thr550 formed strong hydrogen
bonds with these two compounds in the middle of the binding pocket. Several hydrophobic
residues including Leu518, Leu547, and Ala666 (not shown) formed hydrophobic
interactions with them in the top of the binding pocket.

Our binding modes of these two agonists were congruent with the electron microscopy (EM)
map reported by Julius and co-workers.> Although they did not have enough detail to reveal
precisely how vanilloids bound, residues in close proximity can be observed. Their EM map
indicated the potential poses of RTX and capsaicin. The binding pose of these two agonists
in our hTRPV1 model matched with the EM map well. Our docking results were also
congruent with the docking results of Lee and co-workers,23 building their homology model
of rTRPV1 based on voltage-dependent shaker family K+ channel (PDB: 2R9R). The
capsaicin bound to their model shared a similar pose with our results.

Binding Modes of 8 Antagonists

We also selected 8 antagonists, including A-784168, A-425619, AMG2674, AMG0347,
AMG9810, BCTC, JNJ17203212, and SB705498, to dock into our hTRPV1 model. The
docking results are shown in Figure 7 and Figure S6.

According to our results, most residues involved in the binding pocket had similar roles for
the recognition of antagonists. (1) Ser512 (not shown), Arg557, and Glu570 formed a
hydrophilic pocket that interacted with the polar/charged groups of the antagonists. (2)
Thr550 and/or Tyr511 also formed strong hydrogen bonds with these 8 compounds. (3)
Several hydrophobic residues formed strong hydrophobic interactions with all these
antagonists, including Met514, Leu515 (not shown), Leu518, Leu547, Ala666 (not shown),
and Leu670. The agonists and antagonists therefore shared the same binding pocket and
similar binding interactions, which were congruent with the findings of GPCRs.#6:47 Qur
docking results were congruent with the findings by Kim and coworkers.21:22 They built a
human TRPV1 model based on their rat TRPV1 model and conducted the dockings with
their antagonist 3R (a chiral simplified resiniferatoxin analogue), compound 2, and 49S (2-
piperidinyl derivative). Their docking results with these antagonists shared large similarities
with the docking results of our hTRPV1 model. Our docking results were also supported by
the findings of the same group as reported by Thorat and co-workers.*® They docked their
compound 53S (antagonist, a 2-(3-fluoro-4-methylsulfonylaminophenyl)-propanamide
derivative) into their model, which shared a similar binding mode with our results.

RMSD and RMSF for hTRPV1 Bound with Antagonists/Agonists from MD Simulations

In order to compare the conformational changes of hnTRPV1 bound with different
compounds, we performed 50 ns MD simulations for " TRPV1-AMG9810 or hTRPV1-RTX.

The overall stability of the protein throughout the molecular dynamics simulations was
monitored by the root-mean-square deviation (RMSD) of Cq, as shown in Figure 8a. We
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found that these two systems remained stable during the 50 ns MD simulations. The RMSD
values reached plateau values of approximately 5 A after 20 ns. Therefore, 50 ns was a
reasonable time scale for our purpose of comparing the differences between hTRPV1 bound
with antagonist and hTRPV1 bound with agonist. To investigate the influence of compounds
on the overall flexibility of hTRPV1, the root-mean-square fluctuations (RMSF) of the Ca
were also calculated, as shown in Figure 8b. These two systems shared qualitatively similar
profiles of RMSF for the corresponding monomer. When we compared four monomers (or
four subunits) in each hTRPV1, the RMSF of each monomer was different, as shown in
Figure 8b. These results suggest that TRPV1 works with concerted movements (not in a
synchronous way), akin to some other proteins, including aquaporins#®-51 and FocA.52 The
following discussion elaborates in detail on these findings.

between hTRPV1 and Antagonists/Agonists from MD Simulations

We compared the changes of binding modes and interactions of AMG9810 and of RTX after
MD simulations.

Figures 9a, 9b, and S7 show the detailed interactions between hTRPV1 and these
compounds. Figures 9c¢ and 9d show the important hydrogen bonds between the receptor and
ligands. We selected the interactions of monomer D and its compounds for further
discussion. The deviations/fluctuations of monomer D were the most different. The four
AMG9810 molecules (antagonist, one monomer bound one antagonist) remained stable
during the MD simulations, which were shown in Figure S7a. When compared with the
original positions of AMG9810 in each monomer, the deviations (RMSD) of AMG9810
ranged from 0.2 to 0.4 A. Two residues formed strong hydrogen bonds with AMG9810,
including Tyr511 and Thr550, as shown in Figure 9c. Several hydrophobic residues,
including Met514, Leu515, Leu518, Leu547, and Leu670, formed strong hydrophobic
interactions with AMG9810. The interactions between the other three monomers (monomer
A, B, and C) are presented in Figure S7a in the Supporting Information.

RTX (agonist) fluctuated greatly during the MD simulation. Three RTX molecules (in
monomers A, B, and D) fluctuated more, with deviations (RMSD) of RTX that ranged from
0.8 to 1.3 A. Two residues, including Tyr511 and Thr550, also formed strong hydrogen
bonds with RTX during the MD simulations. Two additional residues, Tyr554 and Arg557,
also formed hydrophilic interactions with RTX, as shown in Figure 9d. Met514, Leu515,
Leu518, Leu547, and Leu670 also formed strong hydrophobic interactions with RTX.
Detailed interactions in the other monomers are in Figure S7b.

We found larger changes with agonists than with antagonists, similar to the findings with
GPCRs.28:44 \We suggest that the flexible structure of RTX may be the reason. First,
comparing the structure of RTX with AMG9810, we found that RTX seemed more flexible.
Second, comparing the binding pose of RTX with AMG9810, our results showed that RTX
was exposed to the lipids, while AMG9810 was “captured” in the binding pocket. So, RTX
can move against the central pore of hTRPV1, while AMG9810 cannot (see the discussion
in the following sections). This finding is reminiscent of the larger effect on structure
activity observed for agonists as compared to antagonists upon altering the state of TRPV1
phosphorylation.24 The strong conformational changes of agonists led to large movements
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of corresponding monomers. The pore profiles were thereby affected more for the agonist-
bound than for the antagonist-bound hTRPV1. More details are in the following discussion.

Conformational Changes of hTRPV1 and Residual Rearrangements of hTRPV1 Bound with
Agonists as Determined by the MD Simulations

We compared the conformational changes of hTRPV1 bound with different compounds. We
also compared the residual rearrangements of hTRPV1 bound with different compounds.

We first aligned each monomer with the monomer A of hTRPV1 before MD simulation, as
shown in Figure S8a (the alignments for antagonist-bound) and S8b (the alignments for
agonist-bound). The monomer highlighted in gray color was the monomer A before MD
simulation, while the colored monomers were the monomers after MD simulation. In Figure
S8a, the conformational changes of the four monomers bound with antagonists were stable.
The voltage-sensor-like domains (S1-S4) moved toward the central pore of hnTRPV1. The
pore helix between S5 and S6 did not show large conformational changes. However, in
Figure S8b, the conformational changes of the four monomers bound with agonists deviated
greatly. Important results were the outward movements of the four monomers and the strong
deviations of the pore helix, shown in Figure S8b.

We also calculated the RMSD of Ca from the four monomers (or subunits) in hTRPV1
bound with AMG9810 or with RTX, as listed in Tables S3 and S4 in the Supporting
Information. hTRPV1 bound with agonist showed large conformational changes. When
comparing the monomers in each of the two hTRPV1 complexes, a clear finding was that
the four monomers (or subunits) had different conformational changes either in the complex
with the bound antagonist or the bound agonist. Details are shown in Figure S8. These
results resembled those for some other channel proteins, such as aquaporins*®-51 and
FocA.52 The TRPV1 therefore may work in a concerted but not synchronous way.

Figure S9 shows the alignments of tetrameric hTRPV1 bound with different compounds,
Some monomers of hTRPV1 bound with agonists moved outward against the central pore,
in contrast to the behavior of hnTRPV1 bound with antagonists.

Figure 10 shows the clarified alignments of monomer D. Monomer D bound with RTX
(highlighted in red) moved against the central pore. Figure 10 also shows the residual
rearrangements. The segments of S1-S6 in the complex with agonist-bound moved outward,
causing the similar movements of residues (highlighted in red). A special finding was that
trans-membrane segments S1-S4 remained stationary, although they moved during the
activation (bound with agonist) of voltage-gated channels. Our results were congruent with
the report by Julius and co-workers.5

The hTRPV1 bound with different compounds had different conformational changes,
leading to different residual rearrangements, which further affected the profiles of the central
pore according to the following details.
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Pore Profiles for hTRPV1 Bound with Antagonist/Agonist from MD Simulations

We used the HOLE®3 program to visualize the solvent-accessible pathway along the pore,
shown in Figure 11. For comparisons, we also used the structure of apo-rTRPV1 (PDB
entry: 3J5P, EM resolution: 3.275 A)® to build the apo hTRPV1 model.

Figure 11a shows the solvent-accessible pathway along the channel for apo hTRPV1,
hTRPV1-AMG9810 (50th ns conformation), and hTRPV1-RTX (50th ns conformation).
Figure 11b shows the pore radius along the channel for these three structures. Two residues
for the selectivity filter and lower gate were shown as sticks, including Gly644 and 11e680.

In the structure of apo hTRPV1, the pathway was constricted at both the selective filter
(radius was ~0.85 A) and the lower gate (radius was ~0.82 A). This result was congruent
with the report of the apo rTRPV1 by Julius® and co-workers. Their radii for the selectivity
filter and the lower gate were ~0.75 A and ~1.0 A, respectively.

In the structure of hnTRPV1 bound with antagonist-AMG9810 (50th ns conformation), we
showed that the radius of the selectivity filter was ~1.3 A, a little bigger than that of apo
hTRPV1 (~0.85 A). The radius of the lower gate was (~2.1 A), markedly bigger than that of
the apo hTRPV1, which was also similar to that of rTRPV1-capsain (~2.0 A). According to
our results, the selectivity filter was still constricted with the antagonists bound.

In the structure of A TRPV1 bound with agonist-RTX (50th ns conformation), our results
showed that both the radii of the selectivity filter (~2.7 A) and the lower gate (~1.9 A) were
bigger than that of apo hTRPV1. The radius of our selectivity filter also agreed with the
finding of rTRPV1-RTX/DKTx by Julius and co-workers (~2.5 A).5 The radius of the lower
gate was smaller than that of rTRPV1-RTX/DKTx (~3.0 A) but similar to that of rTRPV1-
capsaicin (~2.0 A), both of which were reported by Julius and co-workers.> We suggest that
the gating of the selectivity filter and lower gate were not synchronous, and the selectivity
filter was first gated in the agonist-bound state, revealing a dual gating mechanism.

Comparing hTRPV1 bound with the antagonist AMG9810 and that bound with the agonist
RTX, we showed that the main difference was at the selective filter. The selective filter was
open when hTRPV1 was bound with agonist. Figure 12 shows the conformational changes
of the pore profile at different times of simulation. We selected the results from 30 to 50 ns
(after equilibration). We showed that the selective filter gradually opened during the MD
simulation upon binding RTX. Figure 12b shows the details. The selective filter did not
change much when hTRPV1 bound with AMG9810, as shown in Figure 12a.

Due to different conformational changes of compounds and residual rearrangements in the
segments, the profiles of the central pore and the gating phenomenon differed for nTRPV1
bound with different compounds.

Allosteric Binding Pocket for hTRPV1

As we discussed in the previous section, four predicted pockets were in the tetramer
hTRPV1 model, as shown in Figure S10 in the Supporting Information. Each predicted
binding pocket was formed by five trans-membrane domains from two adjacent monomers,
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including S3, S4, S4-S5 linker, S5, and S6. An important observation was that the binding
pockets of hnTRPV1 differed from the traditional orthosteric binding site because they were
exposed to the lipids, as shown in Figure S10. Our MD simulation showed that both
AMG9810 (antagonist) and RTX (agonist) were close to the lipid molecules (~5.4 and 5.7 A
for these two compounds, respectively). All the results showed that these were allosteric
binding pockets. Our findings were congruent with the reports by Julius and co-workers.>6
In their apo structure of rTRPV1, they observed some density in the same site as the
agonists, possibly corresponding to a detergent molecule or lipid. They suggested that this
binding site of ligands was in exchange with lipid molecules. This hypothesis was supported
by experimental data, suggesting that TRPV1 can be activated by lipophilic or lipid
molecules, such as diacylglycerols and anandamide. Consistently, some studies already
showed a shared binding site for RTX and anandamide and partial activation of TRPV1 by
diacylglycerol.54:55

Pharmacophore Model and Virtual Screen For hTRPV1

The GALAHAD program in SYBYL was used to construct a five-point pharmacophore
model based on several antagonists, including BCTC, AMG0347, A-784168, and
SB705498. For clarity we chose BCTC as the example, as shown in Figure 13.

In our pharmacophore model, we defined two H-bond acceptors (A) and three hydrophobic
or hydrophobic aromatic centers (H). The distance restrictions of pharmacophore model are
shown in Table 2. The pharmacophore model agreed with the interactions of both agonists
and antagonists. More details were described in the previous sections. This model was
applied to filter the NCI database. A set of 210,000 NCI compounds was thereby narrowed
down to 15,672 compounds.

A virtual docking screen was carried out on the optimized 3D chemical compound library
(15,672 compounds). We selected some compounds with higher docking score (>8.0) from
NCI for testing. See the results in the following section.

Potential Inhibitors from in Silico Screening Validated our TRPV1 Model

For an initial evaluation of the utility of the model for identifying novel structures with
hTRPV1 activity, we examined a panel of 6 in-house compounds and 32 others from NCI or
from commercial sources. Our in-house compounds were selected on the basis of the
docking score (higher than 8.0). 32 others were selected on the basis of our pharmacophore
model and the virtual docking screening. Of the six in-house compounds, one (Figure 14a,
XIE1-203Y) antagonized capsaicin stimulation of hTRPV1 by 12.7 £ 1.0% at 30 uM.
Among the other compounds, 2 gave 98.2 + 2.7% (Figure 14b, compound 1) and 79.9 +
4.9% (Figure 14c compound 2) inhibition at 30 uM. These compounds yielded K;j values for
capsaicin antagonism of 2.60 + 0.62 (Figure 14d, compound 1) and 4.50 + 0.88 (Figure 14e,
compound 2) uM, respectively. They likewise inhibited [3H]JRTX binding to hTRPV1 with
Kj values of 1.11 + 0.21 and 5.20 + 0.32 uM, respectively. We also presented the detailed
interactions between hTRPV1 and these two compounds, as shown in Figure 14f and 14g.
Compared with the known agonists and antagonists, these two compounds shared large
similarities. Our results showed that both Tyr511 and Thr550 formed strong hydrogen bonds
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with these two compounds. Two residues, in particular Met514 and Leu547, formed strong
hydrophobic interactions with compounds 1 and 2. Different from the results with the
known compounds, our results showed that Arg557 also formed strong hydrogen bonds with
compounds 1 and 2. Additionally, our results showed that our in-house compound
(X1E1-203Y) did not show good inhibition and binding affinity. We docked the in-house
compound XIE1-203Y into our model, and we found that XIE1-203Y cannot form a
hydrogen bond (>5.8 A) with Thr550, although Thr550 plays a key role for the recognition
of compounds for TRPV1. These compounds from in silico screening further validated our
model.

CONCLUSIONS

The capsaicin receptor (TRPV1) is one member of the TRPV family of nonselective cation
channels. TRPV1 is reported to play a key role in many sensory functions and represents an
attractive therapeutic target for numerous indications.

In this work, we constructed and reported the 3D homology tetramer model of hTRPV1
derived from the cryo-EM structures of rTRPV1 reported by Julius and co-workers (~2.5
A).> Several computational techniques were applied to select and validate the best model of
hTRPV1, including MD simulation and molecular docking. The predicted binding pocket of
hTRPV1 consisted of two adjacent monomers (subunit), including S3, S4, S4-S5 linker, S5,
and S6, which were congruent with the experimental data and the cyro-EM structures of
rTRPV1. We analyzed the scaffolds, linkers, and R-groups for known agonists/antagonists
of hTRPV1 to learn more about the active compounds of TRPV1. We further explored the
detailed interactions between hTRPV1 and its antagonists/agonists by using molecular
docking. We then performed MD simulations to assess the conformational changes of
hTRPV1 upon antagonist/agonist binding. Our results showed that different compounds led
to the different conformational changes of the monomers in hTRPV1. TRPV1 therefore
worked in a concerted way, resembling some other channel proteins such as aquaporins. Due
to different movements of both compounds and monomers, we made the important
observation that the selective filter was open when hTRPV1 bound with an agonist, while
the selective filter was constricted when hTRPV1 bound with an antagonist. Our results of
hTRPV1 bound with agonists were congruent with the report of cyro-EM structures of
rTRPV1 and also showed differences for hTRPV1 bound with different compounds. For the
lower gate of hTRPV1 bound with different compounds, we observed that they were similar
to each other. A five-point pharmacophore model based on several reported antagonists and
virtual docking screening was successfully used to identify and experimentally confirmed
several novel antagonists for h\TRPV1. In return, the results also confirm the 3D structural
model of hTRPV1. Furthermore, our new 3D hTRPV1 structural model based on recent
rTRPV1 data provides better understanding of the structural and functional roles of TRPV1
and should also facilitate the future structure-based design of novel TRPV1 antagonists with
therapeutic potential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Correlation between the number of hit compounds identified and the number of compounds
screened in (a) 1000-compound-data set and (b) top-150-compound-data set (top 15%).
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Figure 2.
Structural details of (a) monomer or (b) tetramer of hTRPV1, showing views from the sides.

A monomer consisted of 584 residues.
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S4-S5 linker

Figure 3.
Predicted binding pocket of hTRPV1. The pocket was formed by four trans-membrane

domains from two monomers. The pocket was highlighted in red color, while the trans-
membrane domains from different monomers were indicated by lettering in two different
colors (red and blue). The important residues were shown in sticks, including Tyr511,
Met514, Leu518, Leu547, Thr550, Arg557, Glu570, and Leu670.
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Figurebs.
Analysis of scaffolds, linkers, and R-groups for 734 antagonists. The numbers represented

the counts that were involved in 734 antagonists.
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Figure6.
Detailed binding modes of (a) RTX and (b) capsaicin with hTRPV1. Two residues, Tyr511

and Thr550, formed strong hydrogen bonds with the agonists.
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AMG9810 P P AMG2678

Figure7.
Detailed binding modes of 2 antagonists with hTRPV1, including (a) AMG9810 and (b)

AMG2674. Two residues, Tyr511 and Thr550, formed strong hydrogen bonds with the
antagonists. The binding modes of other six antagonists with hTRPV1 can be found in S6.
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(a) Time evolutions for the deviation of hTRPV1 bound with AMG9810 (antagonist,
highlighted in black color) and bound with RTX (agonist, highlighted in red color) during 50
ns MD simulations, (b) calculated RMSF of Ca atoms vs protein residue number for
hTRPV1 bound with AMG9810 (antagonist, highlighted in black color) and bound with
RTX (agonist, highlighted in red color).
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(a) The detailed interactions between hTRPV1 and AMG9810 after 50 ns MD simulation,
(b) the detailed interactions between hTRPV1 and RTX after 50 ns MD simulation, (c) the
hydrogen bonds between hTRPV1 and AMG9810 during MD, and (d) the hydrogen bonds
between hTRPV1 and RTX during MD. We selected the monomer D for clarity. The
deviations/fluctuations of monomer D showed the most differences.
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Outward movements and residual rearrangements for monomer D bound with RTX from
MD simulations. Monomer D bound with RTX was highlighted in red, while monomer D
bound with AMG9810 was highlighted in green. Important residues were shown as sticks.

J Chem Inf Model. Author manuscript; available in PMC 2016 March 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Feng et al.

Page 32

apo-hTRPV1 hTRPV1-AMG9810 hTRPVI-RTX
(a)
Glysad &
NE » {f" T ~"Gly644 Selectivity Filter
-GI36¢4 \“‘/f:’:"‘ b2
g {K \{“-.,_____‘ Central Cavity
é 30 llebso “:::, s -
2 ._ w *
. R ||L-usn-'<§::'__’_”wm Lower Gate
< a1 X
- =N
5 20 o
<
-2 Mer e
a %
0| Ths, =
apo hTRPVI e P
hTRPV1 bound with AMG9810 -
hTRPV1 bound with RTX
1] " 1 L 1 L 1 " 1 4 1 " 1 " 1 L l

0 I 2 3 4. 5
Pore radius

Figure 11.
Comparisons of (a) the solvent-accessible pathway and (b) the pore radius along the channel

for apo hTRPV1, hTRPV1-AMG9810 (50th ns conformation), and hTRPV1-RTX (50th ns
conformation). Two residues for the selectivity filter (Gly644) and the lower gate (11e680)
were shown as sticks. The HOLE program was applied to calculate the radius, while VMD
was used for visualization. The red color represents highly constricted regions. The magenta
color represents the open regions. The green color represents regions intermediate between
constricted and open.
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Figure 12.
Comparisons of the solvent-accessible pathway for (2) hTRPV1-AMG9810 and (b)

hTRPV1-RTX at different simulation times.
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Figure 13.
Two-dimensional pharmacophore model H3A2 showed three hydrophobic or hydrophobic

aromatic centers (H) and two H-bond acceptors (A). The model was based on several
antagonists, including BCTC, AMGO0347, A-784168, and SB705498. Distance restrictions
of this pharmacophore model are listed in Table 2.
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Figure14.

Chemical structures of potential inhibitors from in silico screening. Of the six in-house
compounds, one (part a, XIE1-203Y) antagonized capsaicin stimulation of hTRPV1 by 12.7
+ 1.0% at 30 pM. Among the other compounds, 2 gave 98.2 + 2.7% (part b, compound 1)
and 79.9 * 4.9% (part c compound 2) inhibition at 30 uM. These compounds yielded K;
values for capsaicin antagonism of 2.60 + 0.62 (part d, compound 1) and 4.50 + 0.88 (part e,
compound 2) UM, respectively. They likewise inhibited [BH]RTX binding to hTRPV1 with
Kj values of 1.11 + 0.21 and 5.20 + 0.32 UM, respectively. Curves are from representative
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experiments. Values represent the mean + SEM of triplicate experiments. The detailed
interactions between hTRPV1 and these two compounds are shown in parts f and g.
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Table 1

Reported Compounds Currently in Development or Being Marketed?

Page 37

drug effect on TRPV1 condition phase
capsaicin agonist dysphagia, aspiration, swallow response, videofluoroscopy, sensorial phase 2
neurostimulation

resiniferatoxin agonist pain/cancer phase 1
intrathecal resiniferatoxin agonist pain, intractable phase 2
civamide nasal spray agonist dry eye phase 2
civamide nasal solution agonist episodic cluster headache phase 3
30% mannitol in vehicle cream  antagonist pain efficacy study
JINJ-39439335 antagonist pain phase 1
SYL1001 antagonist ocular pain phase 1
AZD1386 antagonist pain phase 2
DWP05195 antagonist postherpetic neuralgia phase 2
SB-705498 antagonist migraine, acute phase 2
SB-705498 antagonist toothache phase 2
SB-705498 antagonist nonallergic rhinitis phase 2
SB-705498 antagonist dermatitis, atopic phase 1
SB-705498 antagonist irritable colon, fecal urgency, irritable bowel syndrome phase 2
XEN-D0501 antagonist chronic obstructive pulmonary disease phase 2
XEN-D0501 antagonist chronic idiopathic cough phase 2

aThese data are from ClinicalTrials.gov, a service of the U.S. National Institutes of Health.
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Table 2

Distance Restrictions of the Pharmacophore Model Presented in Our Work

H1-H22digance1? H2-Aldistance2 Al-H3distance3 H3-A2distance4 A2-Hldistance5

2.9 4.0 3.9 3.4 12.6

aA, hydrogen bond acceptor, H, hydrophobic or hydrophobic aromatic center.

bThe distances were depicted in A with an error range of +1 A,
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