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Abstract

As a key cellular sensor, the TRPV1 channel undergoes a gating transition from a closed state to an open state in
response to many physical and chemical stimuli. This transition is regulated by small-molecule ligands including
lipids and various agonists/antagonists, but the underlying molecular mechanisms remain obscure. Thanks to
recent revolution in cryo-electron microscopy, a growing list of new structures of TRPV1 and other TRPV
channels have been solved in complex with various ligands including lipids. Toward elucidating how ligand
binding correlates with TRPV1 gating, we have performed extensive molecular dynamics simulations (with
cumulative time of 20 us), starting from high-resolution structures of TRPV1 in both the closed and open states.
By comparing between the open and closed state ensembles, we have identified state-dependent binding sites for
small-molecule ligands in general and lipids in particular. We further use machine learning to predict top ligand-
binding sites as important features to classify the closed vs open states. The predicted binding sites are thoroughly
validated by matching homologous sites in all structures of TRPV channels bound to lipids and other ligands, and
with previous functional/mutational studies of ligand binding in TRPV1. Taken together, this study has integrated
rich structural, dynamic, and functional data to inform future design of small-molecular drugs targeting TRPV1.
Key words: closed state, gating, ligand binding, lipid binding, machine learning, molecular dynamics, open state,

random forest, TRPV1 channel



Introduction

The transient receptor potential (TRP) channels are a superfamily of cation channels, which are activated
by various physical and chemical stimuli such as heat 12, cold **, voltage ®, acid "8, force ®**, and small-molecule
agonists (e.g., capsaicin 2). The TRP channels make promising drug targets >3 because of their involvements in
many signaling pathways linked to various diseases 4. As a prototype TRP channel, TRPV1 forms a homo-
tetramer, with each subunit comprised of a six-helix (§1-S6) transmembrane domain (TMD) and an intracellular
domain (ICD) (see Fig 1). Like canonical voltage-gated ion channels 7, the TMD of TRPV1 consists of two
structural domains — the S1-S4 domain on the channel periphery and the S5-S6 pore domain enclosing a central
pore (see Fig 1). However, TRPV1 lacks a charged S4 helix so its S1-S4 domain serves a different function than
a voltage sensor. The pore domain features a channel pore with two constrictions/gates at G643 and 1679 (see Fig
1). The N-terminal portion of ICD forms an ankyrin repeats domain (ARD) which can bind various proteins and
ligands 8. The C-terminal domain (CTD) of ICD contains a highly conserved alpha helix known as the TRP helix
19 which is implicated in the coupling of stimulus sensing to channel gating ?° and interactions with other proteins
and ligands 21?2, At the TMD-ICD interface is a membrane proximal domain (MPD, including a linker of residues
400-415, see Fig 1), which may serve as a mediator between ARD and TMD and a heat sensor 2°. The above
functional domains are connected by several flexible linkers (see Fig 1), including the S2-S3 linker involved in
vanilloid binding 2, and the S4-S5 linker which may mechanically control the channel gate in voltage-gated ion

channels 2° and TRPV1 24,

High-resolution structures of full-length TRP channels are required to understand their gating and

regulation mechanisms at the molecular level. In 2013, the labs of Julius and Cheng used cryo-EM to determine



the first structures of a minimal functional construct of the rat TRPV1 in three distinct forms at 3-4 A resolutions
2426 __ a closed apo structure, an open structure bound with double-knot toxin (DKTX, a peptide toxin) and
resiniferatoxin (RTX, a vanilloid agonist), and a partially open structure bound with capsaicin (a vanilloid
agonist). Improved TRPV1 structures were later solved in lipid nanodiscs, revealing details of protein-lipid/ligand
interactions 2 . Recently, a growing list of high-resolution structures have been solved for TRPV2, V3, V4, V5,

and V6 247 paving the way for quantitative structure-driven studies of the TRP-channel gating mechanism.

Molecular Dynamics (MD) simulation is the method of choice for investigating protein dynamics and
energetics under physiological conditions (e.g. in the presence of water, lipids, and ions) with atomic details ¢,
which has been applied to various ion channels “*°4, However, MD simulation is highly expensive, demanding
the use of a massively parallelized or special-purpose supercomputer (such as Anton °2). Thanks to recent
developments in computing hardware and software (e.g., the use of graphics processing units to accelerate MD
simulation °°), one can now routinely simulate a large biomolecular system (with >10° atoms) at a speed of 1-10
ns/day on a single computer node. However, it remains challenging for MD to access the ps - ms time scales
relevant to many biomolecular transitions (including the gating transition in TRPV1). Among alternative
strategies to overcome the time-scale limit of MD simulation, coarse-grained modeling (e.g., the elastic network
model >6-°8) has been developed using reduced protein representations and simplified force fields 5%, and applied

to dynamic analysis of ion channels 6164,

In our recent studies %2657 we utilized all-atom MD simulation to probe the heat activation mechanism
of TRPVL1. To this end, we have accumulated extensive MD trajectories starting from both the closed and open

structures of TRPV1 at different temperatures. Using standard structural and energetic analysis tools for MD data



646769 \we have identified key residues involved in heat activation, but other activation mechanisms (e.g., by

ligand binding) remain unexplored.

In the present study, we perform longer (microseconds) MD simulation of TRPV1 in the closed (C) and
the open (O) state, and use machine learning to identify residue-specific features that distinguish the C-state and
the O-state ensembles. We focus on specific sites accessible to binding of small-molecule ligands in a state-
dependent manner to regulate the thermodynamic equilibrium of TRPV1 gating. The underlying hypothesis is:
those binding pockets specifically formed in the C (O) state make promising targets for ligand antagonists
(agonists) to decrease (increase) TRPV1 activity. We first focus on lipid-binding sites in TRPV1, and then extend
to ligand-binding sites in general. We thoroughly validate the predicted ligand- and lipid-binding sites in
comparison with a growing list of new cryo-EM structures of TRPV channels, and with functional/mutational

data from the literature.



Materials and Methods

MD simulation setup

We downloaded pre-oriented PDB files of the closed and open structures of TRPV1 (PDB ids: 5irz and
5irx) from the OPM database . Following ref %, we completed these structures by adding the ARD residues
(residues 110-334) of the full-length structures of TRPV1 (PDB ids: 3j5p and 3j5q) after superimposing along
residues 335-384. We used the Membrane Builder function % of the CHARMM-GUI webserver " to embed
TRPV1 in a bilayer of 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) lipids surrounded by a box of water and
ions (with a buffer distance of 15 A). K* and CI- ions were added to ensure 0.15 M ionic concentration and zero
net charge. The entire system contains ~265,000 atoms. Following our previous study ®’, to maintain the key inter-
subunit contacts between each ARD and the MPD of an adjacent subunit, we added inter-subunit harmonic
restraints between the C.. atoms of residue pairs 376-245 and 375-210 with a spring constant of 500 kJ/mol/nm?.
After energy minimization, six steps of equilibration were performed (with gradually reduced harmonic restraints
applied to protein, lipids, water, and ions). Finally we conducted five independent production runs of 2000 ns in
the NPT ensemble. The Nose—Hoover method "* was used with temperature T = 30°C. The Parrinello-Rahman
method 72 was used for pressure coupling. A 10-A switching distance and a 12-A cutoff distance were used for
nonbonded interactions. The particle mesh Ewald method " was used for electrostatics calculations. The LINCS
algorithm " was used to constrain the hydrogen-containing bond lengths, which allowed a 2-fs time step for MD
simulation. The energy minimization and MD simulation were carried out with the GROMACS program '

version 5.0.3 using the CHARMM36 force field '® and the TIP3P water model 7.

Lipid-binding residues detection and scoring



For a given residue position n and an MD trajectory, we calculate the fraction fam of time when it forms
polar atomic contacts (with minimal oxygen/nitrogen atomic distance < 5 A) with a lipid m. The sum of f, = Ym
fam IS then averaged over all five trajectories of the C/O-state ensemble, and added up for four symmetrically
related residues of the tetramer. By focusing on polar atomic contacts, we aim to detect specific electrostatic
interactions between each residue and the lipid head groups, while excluding nonspecific hydrophobic contacts
with lipid tails. Electrostatic interactions are particularly relevant to anionic phospholipids like PIP2 8. By
computing differences in average f, between the C and O state ensembles, we identify lipid-binding sites that

differ most in lipid accessibility between the two states.

Ligand-binding pocket detection and scoring
The TRPV1 conformations generated by MD are pooled into a C/O-state ensemble for binding pocket
detection by two state-of-the-art programs (fpocket and concavity, downloaded from:

http://fpocket.sourceforge.net/ and http://compbio.cs.princeton.edu/concavity/). Both programs "*2° combine

physical, chemical, and geometrical features to identify potential ligand-binding pockets in a given protein
conformation. Following Cimermancic et al. 8, we define the fpocket score for a given residue position as the
maximum druggability score among the alpha spheres within 5 A of that residue, and the concavity score is
generated by concavity directly on a per-residue basis. Each per-residue pocket score s» (ranging between 0 and
1) is then averaged over the conformational ensemble, and then added up for four symmetrically related residues

of the tetramer.

Machine learning by the random forest algorithm


http://fpocket.sourceforge.net/
http://compbio.cs.princeton.edu/concavity/

Random forest (RF) is an ensemble learning method for classification that operates by constructing a
multitude of decision trees at training time and outputting the class that is the mode of the classes of the individual
trees 82, Using the RandomForest package of R (https://cran.r-

project.org/web/packages/randomForest/randomForest.pdf ), we set the hyper-parameters as follows: ntree =

1000, mtry ~ sqrt(p), where p = number of residue-specific features. The training set for ML consists of 500
snapshots of MD simulations from the C/O-state ensemble, each represented by a feature vector of p dimensions.
Each vector element stores the number of lipids in polar atomic contact with a given residue position in a snapshot.
Five-fold cross-validation was used to ensure no over-fitting. Then all training-set data was used to generate a
final RF classifier. The relative importance scores of all features were computed by the Mean Decrease in Gini.

We chose RF owning to its robustness in selecting important features based on noisy MD data.

Results and discussion

Microseconds MD simulation of TRPV1 in the C and O state

In our previous studies ®®’, we explored the conformational dynamics of TRPV1 in the C/O state by
conducting multiple 200-ns MD simulations of TRPV1 in the presence of a lipid bilayer, water, and ions. The
MD trajectories were then combined to form a structural ensemble of the C/O state for comparative analysis.
These simulations were relatively short compared to the sub-millisecond gating dynamics of TRPV1, and the C
and O states were simulated at different temperature (30°C for C and 60°C for O), making it not straightforward
to compare their dynamics. To address these caveats, we have performed longer MD simulations of TRPV1 in
the C/O state at the same temperature (30°C) using the latest cryo-EM TRPV1 structures 27 (see Methods). Five
2000-ns trajectories were produced in each state, giving significantly more extensive conformational sampling

than our previous studies 667,


https://cran.r-project.org/web/packages/randomForest/randomForest.pdf
https://cran.r-project.org/web/packages/randomForest/randomForest.pdf

To assess the conformational stability of TRPV1 in MD simulation, we calculated the root mean square
deviation (RMSD) of Ca atoms relative to the initial structure for each state (see Fig S1). In our earlier study ©7,
we found high RMSD in the TRPV1 tetramer in both states owning to its highly flexible ARD 24, which is
consistent with the notion that the heat-sensitive TRPV1 channel possesses high entropy (particularly in the O
state) 8. However, such high flexibility in ARD obscures the dynamics of TMD. Therefore, we limit RMSD
calculation to the core TRPV1 structure (denoted the expanded TMD, including residues 400-710 comprising the
MPD linker, S1-S6 helices, and the TRP helix, see Fig 1a). We observed relatively low RMSD in the C state
(2.1+0.1 A, see Fig S1) and higher RMSD in the O state (2.7+0.2 A, see Fig S1), which are comparable to our

previous shorter MD simulations ¢

The higher RMSD in the O-state simulation could be attributed to the following two causes: 1. The
removal of DkTx and RTX could cause TRPV1 to undergo further structural relaxation during the simulation.
2. TRPV1 could undergo a transition toward the C state because the O state is thermostatically less stable than
the C state at 30°C &. We measured RMSD for the O-state trajectories relative to the closed structure (PDB id:
5irz), which does not decrease as a function of time (see Fig S1). Therefore, the larger structural changes in the
O-state simulation are likely due to relaxation in the absence of DkTx and RTX instead of the backward O-to-C

transition.

The O state ensemble exhibits greater flexibility than the C state ensemble

The thermodynamics of heat activation requires TRPV1 to have higher enthalpy and entropy in the O state

than the C state 8. To see this, we assess the conformational flexibility at individual residue positions in the



expanded TMD by calculating the root mean square fluctuation (RMSF) of Ca atoms in the C/O-state ensemble
%7, For the C-state ensemble at 30°C, the RMSF profile exhibits pronounced peaks at the MPD linker, the S1-S2
linker, the S2-S3 linker, the outer pore, and the C-terminus of the TRP helix (see Fig 2a). For the O-state ensemble
at 30°C, the RMSF profile features higher peaks in the above regions (see Fig 2a and 2b). This confirms our
previous finding of a more flexible O-state ensemble than the C-state ensemble at different temperatures 6. This
finding provides a dynamic explanation for high entropy in the O state of TRPV1 essential to its heat activation.
Additionally, the above flexible regions may also be targeted by ligand binding to modulate TRPV1 gating (see

below).

TRPV1 undergoes modest conformational changes under physiological conditions

A high-quality MD simulation is expected to both maintain the global integrity of the initial experimental
structure and explore conformational changes in response to a change of environmental conditions (e.g., removal
of ligands, higher temperature, etc). To show this for our MD simulation, we calculated the average structures for
the C-state and O-state ensembles, and superimposed them onto the initial cryo-EM structures (see Fig 3). The
averaged structures of the TRPV1 expanded TMD showed modest changes both relative to the initial structures
(RMSD = 1.4 A and 1.9 A for C state and O state, respectively) and between the two states (RMSD = 1.9 A).

In the C state, we observed the following structural changes relative to the initial structure (see Fig 3a):
the outer-pore region moving inward, the S2-S3 linkers also moving inward (toward the S4-S5 linkers), and the
MPD linkers moving toward the TRP helices. In contrast, the rest of S1-S4 domain and pore domain showed little
changes. Taken together, these small changes support the overall stability of the closed structure captured by cryo-
EM 27, and hint for increasing couplings between the above functional domains under physiological conditions.

In the O state, we observed greater changes from the initial structure (see Fig 3b): the outer-pore region

undergoing local restructuring (in response to removal of DkTXx), the S2 C-terminus and S2-S3 linkers moving

10



inward (toward the S4-S5 linkers), and the MPD linkers moving closer to the TRP helices. Some of these changes
resemble the C state (see Fig 3a), which may result from the change of environmental conditions from cryo-EM
sample to MD system with water/membrane/ions.

Between the C and O states (see Fig 3c), we observed coupled inward motions of the MPD linkers, S2-S3
linkers, and TRP helices, along with small outward motions of S5/S6 helices as expected from pore opening.
Surprisingly, instead of pulling the TRP helices (and the adjoined lower S6 helices) outward to open the lower

gate, these motions cause a narrowing of the channel at the intracellular side of TMD 7,

In sum, our structural comparison of C/O-state ensembles revealed new modest conformational changes
that deviate from the cryo-EM structures, supporting the value of MD simulation in exploring functional motions
of proteins under physiological conditions. It is natural to ask if the above small C-to-O conformational changes
are functionally significant in modulating the relative stability of C vs O state. To partially address this issue, we

focus on their impact on the binding accessibility of small-molecule ligands (and lipids in particular).

State-specific lipid-binding sites distinguish between the C and O states

TRPV1 gating is regulated by various lipids "® including Cholesterol 8 and Phosphatidylinositol 4,5-
bisphosphate (PIP2) &%, Although bound lipids have been resolved by cryo-EM in recent structures of TRPV1?
and other TRPV channels 23246 the functional roles of these lipid-binding sites remain obscure. Our extensive
MD simulations of TRPV1 explore dynamic interactions between TRPV1 and surrounding lipids in both the C
and O states. This rich MD data allows us to identify key sites involved in lipid binding & in a state-dependent
fashion. To probe specific protein-lipid interactions relevant to lipid regulation, we calculated the fraction of time
fn when a given residue n forms polar atomic contacts with lipids (see Methods) in the C or O state ensembles
(see Fig 4a, 4b).

11



We found numerous lipid-binding residues (with average f, >0.5 in C or O state) in the following regions
(see Fig 4a, 4b): 405 (in the MPD linker), 427-437, 453-472 (in the S1-S2 linker), 487-508 (in the S2-S3 linker),
530-536 (in the S3-S4 linker), 559-579 (in the S4-S5 linker), 628-632 and 652-657 (in the outer pore), 707 and
710 (in the TRP helix). Most of these regions (e.g. the MPD linker, the S2-S3 linker, the S4-S5 linker, the outer
pore, and the TRP helix) are involved in the C-to-O conformational changes (see Fig 3c) and state-dependent
interactions observed in our previous MD studies ®%¢7, allowing lipid binding to modulate the gating transition.
For validation of the predicted lipid-binding residues, we compare them with the lipid-binding sites observed in
TRPV structures (Table S1) which were identified using the same criterion of polar atomic contacts (see Methods).
The lipid-binding sites in non-TRPV1 structures were mapped back to TRPV1 by sequence alignment (Table S1).
Among 64 known lipid-binding residues, 50% exactly match the predicted lipid-binding residues (see Fig 4a, 4b).

To functionally annotate the above lipid-binding sites, we next focus on a small subset of them distinctly
formed in the C and O states. To this end, we subtract the average fn between the C and O states (see Fig 4c), and
select top 10 residues with the most positive / negative differences (E405, R455, L465, N467, Y472, P501, L506,
Y530, K535, R575, see Fig 4e):

E405 (in the MPD linker) and R575 (in the S4-S5 linker) have lower f, in the O state than the C state,
which is consistent with our previous finding that E405 forms hydrogen bond with R575 in the O state °’. If the
coupling between MPD linker and S4-S5 linker via E405 and R575 is essential to gating, then lipid binding to
these residues can potentially inhibit gating. In several earlier studies, R575 was proposed to mediate PIP2 binding
and associated TRPV1 activation 81, However, R575 was also observed to bind lipid in a closed structure of
TRPV3 (PDB id: 6uw4)?°. Our finding favors its role in allowing lipid binding to stabilize the C state.

P501 and L506 (in the S2-S3 linker) have higher f, in the O state than the C state, thus allowing lipid

binding to stabilize the O state. The C-to-O transition features the S2-S3 linker moving inward (toward the S4-

12



S5 linker, see Fig 3c). Therefore, lipid binding to the S2-S3 linker can enable activation via this motion. In support
of this idea, a recent cryo-EM study of TRPV5 (PDB id: 6dmu)** observed a PIP2-binding site at residues 416-
419 (corresponding to residues 503-506 of TRPV1).

The remaining six lipid-binding residues are located in the S1-S2 linker (R455, L465, N467, Y472) and
the S3-S4 linker (Y530, K535) at the extracellular side of TMD. They may explain the extracellular PIP2-binding
sites ®. Interestingly, these residues are also involved in non-lipid ligand binding: R455 and Y530 correspond to
a 2-APB binding site in a TRPV3 structure (PDB id: 6dvz)*; K535 was implicated in vanilloid binding by a

mutational study *2.

The above analysis of ensemble-averaged f, differences does not take into account the dynamics of lipid
binding (i.e. residue-lipid contacts forming and breaking during MD simulation) in the C/O state. To remedy this
caveat, we employ machine learning (ML) to train a classifier to distinguish the C and O state ensembles based
on their differences in residue-lipid contacts. We choose the random forest algorithm for ML to select key residue-
specific features for classification (see Methods). After training, we evaluate the importance of all residues (see
Fig 4d) and select top 10 features corresponding to key residues where lipid binding changes significantly between
the C and O states (see Fig 4e).

The ML-identified residues (W426, V457, P461, N467, P501, L506, Y530, K535, K571, R575) mostly
overlap with the residues found by the analysis of average f, differences (see Fig 4e). Additional sites like K571
and W426 were uncovered by ML: the K571 site was found to bind lipid in three cryo-EM structures of TRPV1
(PDB id: 5irz)?’, TRPV5 (PDB id: 6dmu)*, and TRPV6 (PDB id: 6b08)*; W426 is critically positioned to
interact with the TRP helix, so lipid binding at this site may modulate gating by moving the TRP helix (see Fig

3c).
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In sum, by comparing lipid-binding residues between the C and O state ensembles, we identified a
promising list of lipid-binding residues linked to lipid regulation of the equilibrium between the C and O states.
The predicted residues are located in well-known functional domains including the MPD linker, the S2-S3 linker,
and the S4-S5 linker, and less studied regions like S1-S2 and S3-S4 linkers (see Fig 4e). Future

functional/mutational studies targeting these sites will test their roles in lipid regulation of TRPV1 gating.

State-dependent ligand-binding pockets differentiate between the C and O states

Going beyond lipid-binding sites, we next search for possible binding pockets for any small-molecule
ligands in TRPV1. A key requirement for successful drug design is to identify potential binding sites for small-
molecule ligands to modulate target protein functions. These sites are often located in exposed and concave
pockets with certain structural, dynamical, and physiochemical characteristics that favor molecular interactions.
When such pockets are already formed in a ligand-unbound protein structure, various computational methods are
available to detect them with reasonable accuracy (such as fpocket and concavity) "°°. However, in many cases,
such pockets are cryptic in the absence of ligands 3, and extensive conformational sampling is needed to capture
the conformation with the desired pocket properly formed and detectable 8. Our extensive MD simulations of
TRPV1 explore conformational changes in protein surface affecting its accessibility to ligand binding in both the
C and O states. This rich MD data may allow us to identify key sites for ligand binding in a state-dependent
fashion which can tune the C-to-O thermodynamic equilibrium to regulate channel activity. To accurately find
possible ligand-binding pockets, we have applied two state-of-the-art pocket-finding methods (fpocket and
concavity "*2) to individual MD snapshots in the C or O state. The two methods are based on distinct algorithms
with fpocket favoring nonpolar sites while concavity considering both polar and nonpolar sites *2°. So their

combination allows different types of binding pockets to be discovered. Either method generates a summary
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pocket score between 0 and 1 at each residue position (see Methods), which is then averaged over the C/O-state
ensemble, and added for four symmetric residue positions of the tetramer. A cutoff average score of 0.5 is used

to select pocket residues.

Consistent with the observation of small C-to-O conformational changes (see Fig 3c), the predicted pocket
residues are similarly distributed in the C and O states (see Fig 5 and Fig 6). The fpocket-predicted pocket residues
are concentrated at the extracellular side of S1-S4 domain (see Fig 5a, 5b), including F448, A451, A452, R455,
V475, G477, E4T8, 1479, S481, V482, M523, S526, V527, Y530, F531, Y537, M541. They are dominated by
nonpolar residues as favored by the fpocket algorithm. In contrast, the concavity-predicted pocket residues are
more widely distributed at the intracellular side of TMD, involving the following regions (see Fig 6a, 6b): the
ARD (E293, A295, D296, N297, T298, V299, S343, G344, K345, 1346), the MPD linker (S402, S403, S404,
E405, T406, P407, N408, R409, D411, L414, E416), the S2-S3 linker (V508, D509), the S4-S5 linker (Q561,
K571, R575), the TRP helix (E684, N687, K688, 1689, A690, Q691, E692, S693, K694, N695, L699), and the
CTD (N748, W749, T750, T751). Notably, most concavity-predicted pocket residues are near the central
intracellular cavity (see Fig 1a) where water, lipids, and other ligands can readily access to modulate the energetics

of gating.

To functionally characterize the above pocket residues, we focus on a subset of them preferably formed
for ligand binding in the C or O state. To this end, we first calculate the C-to-O differences in average pocket
scores and select top 10 residues with the most positive or negative differences, then we use ML to identify top
10 residue-specific features that distinguish between the C and O states. To validate the predicted pocket residues’

role in ligand binding, we analyze all TRPV structures bound with various biologically relevant ligands (see Table
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S2) and check if the observed ligand-binding residues overlap with our predicted pocket residues (based on
sequence alignment between TRPV1 and other TRPV channels).

We first discuss the results of fpocket. The top 10 residues with maximal C-to-O change in pocket score
are F448, A451, A452, R455, 1479, S481, M523, S526, F531, M541, all of which exhibit negative change in
pocket score (see Fig 5c), suggesting that they are more accessible to ligand binding in the C state than the O
state. To incorporate dynamic fluctuations in pocket score, we have performed ML using the RF algorithm to
select top 10 features to distinguish the C state from the O state (see Methods). The top 10 residues with maximal
feature importance are F448, A451, A452, P461, S481, V482, M523, V527, Y537, M541 (see Fig 5d). They
mostly overlap with the residues identified based on the C-to-O change in pocket score, confirming the importance
of the extracellular S1-S4 site in state-dependent ligand binding. In support of the functional importance of this
site, a new TRPV3 structure (PDB id: 6dvz) *! was solved with 2-APB bound to this site (contacting residues
corresponding to A451, R455, 1479, S481, V482, V527, M541 of TRPV1). In TRPV3, this site (site 4 in ref 4%
was bound to 2-APB in the O state but not the C state, which suggests that ligand binding at this site may stabilize
the O state. Further supporting the involvement of these residues in ligand binding, mutations F522L, M523L,
K535E, and E536L/W ablated the vanilloid sensitivity *; mutations VV538A/G/I/L/T and A539P ablated proton

activation/response %.

We next discuss the results of concavity. The top 10 residues with maximal C-to-O change in pocket score
are S402, S403, S404, E405, T406, R409, D411, E416, K571, S693 (see Fig 6¢), most of which (except D411
and E416) show negative change in pocket score, suggesting that they are more accessible to ligand binding in
the C state than the O state. A majority of them are in the MPD linker, while K571 is in the S4-S5 linker and S693
is in the TRP helix (see Fig 6e). To incorporate dynamic fluctuations in pocket score, we performed ML using

RF to select top 10 residues with maximal feature importance (see Fig 6d, 6e): K238, S403, T406, R409, L503,
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F507, V567, A680, M682, S693, which are more widely distributed in the ARD (K238), the MPD linker (S403,
T406, R409), the S2-S3 linker (L503, F507), the S4-S5 linker (V567), the S6 helix (A680, M682), and the TRP
helix (S693). The above predicted pocket residues are supported by evidence from ligand-bound TRPV structures
and other functional studies (see Table S2) summarized as follows:

In the MPD linker, A400 corresponds to V297 which is bound with an inhibitor in a TRPV5 structure
(PDB id: 6pbe) *2; P407 and H410 correspond to R302 and R305 which are bound with PIP2 in a TRPV5 structure
(PDB id: 6dmu) 34 H410, L413, and V415 correspond to H417, L420, and L422 which are bound with 2-APB

in two TRPV3 structures (PDB ids: 6dvz and 60t5) 4.

In the S2-S3 linker, L503 corresponds to F416 bound with PIP2 in a TRPVS5 structure (PDB id: 6dmu) 3*;
F507 is at a site bound with multiple ligands (including lipid, RTX, inhibitor, 2-APB) in several TRPV structures
(PDB ids: 6lgp of TRPV3 *° | 5irx of TRPV1 ?/, 6pbe of TRPV5 %, 6d7x of TRPV6 #?). Additionally, S502 is a
key phosphorylation site for TRPV1 regulation %2 .

In the S4-S5 linker, V567 corresponds to V577 bound with lipid in a TRPV3 structure (PDB id: 6lgp) *,
and V525 bound with RTX in a TRPV2 structure (PDB id: 6bwj) #7; K571 is at a site bound with lipid in three
structures of TRPV1 (PDB id: 5irz) 2, TRPV5 (PDB id: 6dmu) ** and TRPV6 (PDB id: 6b08) *. Additionally,
the K571E mutation was found to disrupt specific binding for 2-APB 2,

In the channel pore are A680 and M682 which are adjacent to the lower gate at 1679, and may serve as a
binding site for channel blockers. From functional studies, the M682A mutation caused impaired capsaicin and
heat activation % , the E684G/V mutations caused gain of function and strong toxicity when expressed in yeast

97

In the TRP helix, K694 was implicated in PIP2 binding in several computational and functional studies

88-91
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In sum, by predicting pocket residues that differ between the C and O state ensembles, we identified
possible ligand-binding sites potentially involved in the regulation of the C-to-O equilibrium of TRPV1. The
predicted pocket residues are located in key functional domains including the MPD linker, the S2-S3 linker, the
S4-S5 linker, the pore, the TRP helix, and the extracellular site of S1-S4 domain (see Fig 5e and 6e). These
predictions will inform future efforts for drug design by targeting these sites for positive/negative regulation of

TRPV1 gating.
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Conclusion

In conclusion, we have performed, to our knowledge, the most extensive MD simulations (with cumulative
time of 20 us) of TRPV1 in both the closed and open states. Detailed comparison between the closed and open
state ensembles confirmed our previous findings of distinct structure and dynamics between the two states based
on shorter simulations 62567 Furthermore, by comparing ligand binding accessibility between the two ensembles,
we identified state-dependent binding sites for small-molecule ligands in general and lipids in particular. We
further used machine learning to predict top ligand-binding sites as important features to classify the closed vs
open states. The predicted binding sites are thoroughly validated by matching corresponding sites in all structures
of TRPV channels bound to lipids and other ligands 2’ and with previous functional/mutational studies of
ligand binding in TRPV1 %2, Taken together, this comprehensive study has integrated structural, dynamic, and

functional data to inform future design of small-molecular drugs targeting TRPV1.

Figure Legends
Figure 1. Structural architecture of TRPV1.:
(a) Side view of TRPV1 structure: a representative subunit is colored by domains as follows — the ARD (red),
the MPD (green), the MPD linker (light green), the S1-S4 helices (cyan), the S2-S3 linker (light cyan), the S4-S5
linker (light purple), the pore domain (purple, including the outer pore, the S5 helix, and the S6 helix), the TRP
helix (blue). The remaining subunits are colored in silver. Residues G643 and 1679 at the upper and the lower
gate are shown as spheres colored in orange and yellow, respectively. The expanded TMD is boxed. (b) Top

view of TRPV1 structure with the same color coding as (a).
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Figure 2. RMSF analysis of TRPV1 flexibility: (a) RMSF of the expanded TMD of TRPV1 in the C state (blue)
and the O state (red); (b) Two diagonally opposite subunits of TRPV1 colored by RMSF of the O state (blue/red
for low/high RMSF). In (a), the following key regions are marked by horizontal bars and colored as follows: the
MPD linker (green), the S1-S2 linker (yellow), the S2-S3 linker (cyan), the S4-S5 linker (magenta), the outer pore
(red), and the TRP helix (blue). RMSF is averaged over four symmetrically related residue positions of the TRPV1

tetramer.

Figure 3. State-dependent conformational changes in the expanded TMD of TRPV1: (a) Average structure of the
C-state ensemble (blue) superimposed with the initial closed structure from cryo-EM (cyan); (b) Average structure
of the O-state ensemble (red) superimposed with the initial open structure from cryo-EM (yellow); (c) Average
structure of the C-state ensemble (blue) superimposed with the average structure of the O-state ensemble (red).
Major domain motions are marked by arrows. For clarity, only two diagonally opposite subunits of TRPV1 are

shown.

Figure 4. Lipid-binding residues predicted by analysis of lipid-binding fraction fi: (a) Average f, as a function of
the residue position in the C state; (b) Average fn as a function of the residue position in the O state; (¢) C-to-O
change in average fn as a function of the residue position; (d) feature importance of ML (random forest); (e) Top
10 lipid-binding residues shown as spheres on the average structures of C state (blue) and O state (red). The black

dots in (a) and (b) mark the positions of known lipid-binding sites in all TRPV structures (see Table S1).

Figure 5. Pocket residues predicted by fpocket: (a) Average pocket score sn as a function of the residue position
in the C state; (b) Average sn as a function of the residue position in the O state; (c) C-to-O change in average sn

as a function of the residue position; (d) feature importance of ML (random forest); (e) Top 10 pocket residues
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shown as spheres on the average structures of C state (blue) and O state (red). The black dots in (a) and (b) mark

the positions of known ligand-binding residues in all TRPV structures (see Table S2).

Figure 6. Pocket residues predicted by concavity: (a) Average pocket score s, as a function of the residue position
in the C state; (b) Average sn as a function of the residue position in the O state; (c) C-to-O change in average sn
as a function of the residue position; (d) feature importance of ML (random forest); (e) Top 10 pocket residues
shown as spheres on the average structures of C state (blue) and O state (red). The black dots in (a) and (b) mark

the positions of known ligand-binding residues in all TRPV structures (see Table S2).
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