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ABSTRACT As a prototype cellular sensor, the TRPV1 cation channel undergoes a closed-to-open gating transition in
response to various physical and chemical stimuli including noxious heat. Despite recent progress, the molecular mechanism
of heat activation of TRPV1 gating remains enigmatic. Toward decrypting the structural basis of TRPV1 heat activation, we
performed extensive molecular dynamics simulations (with cumulative simulation time of ~11 us) for the wild-type channel
and a constitutively active double mutant at different temperatures (30, 60, and 72°C), starting from a high-resolution closed-
channel structure of TRPV1 solved by cryo-electron microscopy. In the wild-type simulations, we observed heat-activated
conformational changes (e.g., expansion or contraction) in various key domains of TRPV1 (e.g., the S2-S3 and S4-S5 linkers)
to prime the channel for gating. These conformational changes involve a number of dynamic hydrogen-bond interactions that
were validated with previous mutational studies. Next, our mutant simulations observed channel opening after a series of confor-
mational changes that propagate from the channel periphery to the channel pore via key intermediate domains (including the
S2-S3 and S4-S5 linkers). The gating transition is accompanied by a large increase in the protein-water electrostatic interaction
energy, which supports the contribution of desolvation of polar/charged residues to the temperature-sensitive TRPV1 gating.
Taken together, our molecular dynamics simulations and analyses offered, to our knowledge, new structural, dynamic, and
energetic information to guide future mutagenesis and functional studies of the TRPV1 channels and development of

TRPV1-targeting drugs.

INTRODUCTION

The transient receptor potential (TRP) channels comprise a
superfamily of cation channels (1,2) activated by various
physical and chemical stimuli such as heat (3,4), cold
(5-7), voltage (8), acid (9,10), force (11-13), and exogenous
ligands (such as capsaicin (4)). The TRP channels make
promising drug targets (14,15) owning to their key roles in
various signaling pathways linked to diseases (16,17). As
a prototype TRP channel, TRPV1 forms a homo-tetramer,
with each subunit comprised of a six-helix (S1-S6) trans-
membrane domain (TMD) and an intracellular domain
(ICD) (see Fig. 1). Similar to the voltage-gated ion channels
(18,19), the TMD of TRPV1 consists of two structural mod-
ules—the S1-S4 module on the channel periphery and the
S5-S6 pore module enclosing a central pore (see Fig. 1).
Unlike the voltage-gated ion channels, the TRP channels
lack a charged S4 helix and their gating features weak
voltage dependence (20). The N-terminal portion of ICD
forms an ankyrin repeats domain (ARD) (21). The C-termi-
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nal domain (CTD) of ICD contains a stretch of highly
conserved residues forming a so-called TRP helix (22),
which interacts with other proteins and ligands (23,24). At
the TMD-ICD interface is a membrane proximal domain
(MPD), which was found to contribute to heat activation
in the TRPV subfamily (25). Alternative heat-sensing
regions were proposed, including the CTD (26-28), the
outer pore, and the pore domain (29-32). It remains contro-
versial what specific roles are played by these sites in heat
activation (e.g., whether they directly sense heat or indi-
rectly mediate gating events downstream of heat sensing
(33)). Additionally, several linker domains contribute to
the allosteric couplings underlying the heat/agonist activa-
tion of TRPVI, including the MPD linker (residues
400-415), the S2-S3 linker (residues 498-512), and the
S4-S5 linker (residues 559-576) (see Fig. 1).
High-resolution structures of full-length TRP channels
are required to elucidate the TRP-channel activation mech-
anism. Electron microscopy and x-ray crystallography
methods were previously used to solve low-resolution struc-
tures of TRP channels (34—40) and high-resolution struc-
tures of their truncated domains (41-55). Recently, the
labs of Cheng and Julius solved and later refined the first
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FIGURE 1 Structural architecture of TRPV tetramer («) in the side view
and (b) in the top view. A representative subunit is colored by domain: the
ARD (pink), the MPD linker (green), the S1-S2 linker (yellow), the S2-S3
linker (cyan), the S4-S5 linker (purple), the outer pore (including pore loop
and pore helix, red), and the TRP helix (blue). Residues G643 and 1679 at
the upper and the lower gate are shown as spheres colored in light and dark
gray, respectively. In (b), the heat-activated motions of the MPD linker, the
S1-S2 linker, the S2-S3 linker, and the S4-S5 linker are marked by arrows
colored by domain. To see this figure in color, go online.

high-resolution (~3.3 A) structures of a minimal functional
construct of rat TRPV1 in detergents (56,57) and in lipid
nanodisk (58) by cryo-electron microscopy (cryo-EM),
capturing distinct conformations of TRPV1 with a closed
or open channel. Two TRPV2 and one TRPV6 structures
were later solved at 3-5 A resolutions (59-61). These struc-
tures revealed a dual-gate channel pore with two constric-
tions (see Fig. 1)—an upper gate (selectivity filter) near
the outer pore (residues G643 and M644) and a lower gate
in the lower S6 helix (residue 1679). Both gates are closed
(open) in the closed (open) structures (56-58). These
detailed structures have paved the way for quantitative
structure-driven studies of the TRPV1 gating mechanism.
However, because these structures were solved at low tem-

MD Simulation of TRPV1 Heat Activation

perature under nonphysiological conditions, they did not
directly illuminate the heat activation mechanism of
TRPV 1. Therefore, it remains unclear what is the structural
and energetic basis for the large enthalpy change that
dictates the high temperature sensitivity of TRPV1 gating
(62), although various models were proposed (e.g., solva-
tion/desolvation of nonpolat/polar residues (63,64), or dena-
turation of a specific heat-sensing domain (65)).

Molecular dynamics (MD) simulation is the method of
choice for investigating protein dynamics and energetics
under physiological conditions with atomic details (66).
MD has been widely used to simulate various ion channels
(67-70), including truncated domains (12,71-74) and
homology models (26,71,75) of the TRP channels. How-
ever, MD simulation is highly expensive, demanding the
use of a massively parallelized or special-purpose super-
computer (70) in the past. Thanks to recent developments
in computing hardware and software, 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 microsecond-to-
millisecond timescales relevant to many biomolecular
transitions (including the gating transition in TRPV1). To
overcome the timescale limit of MD simulation, coarse-
grained modeling (e.g., the elastic network model
(76-78)) has been developed using reduced protein repre-
sentations (e.g., one bead per amino acid) and simplified
force fields (e.g., harmonic potential) (79,80). The coarse-
grained modeling was applied to TRPV1 to explore its
key motional modes and gating transition pathway (74),
although the energetics of TRPV1 gating transition cannot
be accurately analyzed by such modeling.

Inarecent study (81), we performed extensive MD simula-
tions (with cumulative simulation time of 3 us), starting from
the high-resolution closed and open structures of TRPV1
solved by cryo-EM (56,57). In the closed (C)-state simula-
tions at 30°C, we observed a stably closed channel constricted
at the lower gate (near residue 1679), whereas the upper gate
(near residues G643 and M644) is dynamic and undergoes
flickery opening/closing. In the open (O)-state simulations
at 60°C, we found higher conformational variation consistent
with a large entropy increase required for the heat activation,
and both the lower and upper gates are dynamic with transient
opening/closing. Through ensemble-based structural ana-
lyses of the C-state versus the O-state, we revealed pro-
nounced closed-to-open conformational changes involving
the MPD linker, the outer pore, and the TRP helix, which
are accompanied by breaking/forming of a network of
C/O-state specific hydrogen bonds. By comparing the C-state
simulations at 30 and 60°C, we observed heat-activated
conformational changes in the MPD linker, the outer pore,
and the TRP helix that resemble the closed-to-open
conformational changes, along with partial formation of the
O-state specific hydrogen bonds. However, owing to the
shortness of simulation time, we did not directly observe
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the closed-to-open transition of TRPV 1. Following the recent
publication of improved TRPV1 structures in nanodisk (with
some key domains better resolved, including the S2-S3 linker
and the CTD) (58), it is necessary to extend our MD simula-
tions using the new structures and an effective simulation
strategy to accelerate the TRPV1 gating transition.

In this study, we have conducted more extensive MD
simulations (with cumulative simulation time of ~11 us),
starting from the new closed structure of WT TRPV1 (58)
at different temperatures (30, 60, and 72°C), and then using
a constitutively active TRPV1 double mutant. Our goal is
twofold: first, elucidate the heat-activated conformational
changes in various domains of the WT channel at the residue
level of details. Second, directly observe the closed-to-open
gating transition in the TRPV1 mutant within limited simu-
lation time (~200 ns). Encouragingly, the mutant simula-
tions revealed a series of domain motions that lead to the
lower-gate opening, which agree well with the heat-acti-
vated conformational changes observed in the WT simula-
tions. Our MD simulations also supported the contribution
of protein-water electrostatic interaction to the high temper-
ature sensitivity of TRPV1 gating.

MATERIALS AND METHODS
MD simulation setup

We downloaded preoriented PDB files of the closed structures of TRPV1
(PDB: 5IRZ and 3J5P) from the OPM database (82). We completed PDB:
SIRZ by adding the ARD residues (residues 110-334) of PDB: 3J5P onto
PDB: 5IRZ after superimposing along residues 335-384. We introduced
F640L/T641S double mutations to PDB: 3J5P using the Mutator module of
the VMD program (83). We used the MODLOOP webserver (84) to model
the missing S2-S3 linker (residues 503-507) in PDB: 3J5P. We used the Mem-
brane Builder function (85) of the CHARMM-GUI webserver (86) to embed
TRPVI in a bilayer of 1-palmitoyl-2-oleoyl phosphatidylcholine lipids sur-
rounded by a box of water and ions (with a buffer distance of 15 x&). To ensure
0.15 M ionic concentration and zero net charge, 174 K" and 199 C1™ ions were
added. The entire system contains ~265,000 atoms. Following our previous
study (81), to maintain the key intersubunit contacts between each ARD and
the MPD of an adjacent subunit, we added intersubunit harmonic restraints
between the C, atoms of residue pairs 376245 and 375-210 with a spring
constant of 500 kJ/mol/nm?. After energy minimization, six steps of equilibra-
tion were performed (with gradually reduced harmonic restraints applied to
protein, lipids, water, and ions). Finally, we conducted production MD runs
in the NPT ensemble. The Nosé-Hoover method (87) was used with tempera-
ture 7= 30 or 60 or 72°C. The Parrinello-Rahman method (88) 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 (89) was
used for electrostatics calculations. The LINCS algorithm (90) 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 (91, version 5.0.3, using the
CHARMM36 force field (92) and TIP3P water model (93).

Root mean square fluctuation analysis of
flexibility

To assess the flexibility of TRPV1 at individual residue positions during
our MD simulation, we calculated the root mean square fluctuation
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(RMSF) as follows: first, we saved 1500 snapshots from ten 200-ns MD
trajectories (with the first 50 ns of each trajectory discarded) to build
the C-state ensemble at a given temperature (named C30, C60, or C72);
second, we superimposed the C, coordinates of residues 400-710 onto
the initial structure with a minimal root mean square deviation
(RMSD); finally, we calculated the following RMSF at residue position

n within the range [400, 710]: RMSF, = \/I/MZIZ:]F”M ETAYE
where 7,, is the C, position of residue n in snapshot m,

(Fu) = l/MZ':Z:l?,,m is the average C, position of residue n, and M is
the total number of snapshots in the C-state ensemble. We then calculated
the average RMSF, and its SE for four equivalent residue positions n
of the TRPV1 tetramer.

R, analysis of inward/outward domain motions

To probe inward/outward domain motions in TRPV1 at the residue level of
detail, we used the measure command of the VMD program (83) to calcu-
late the radius of gyration R, (n, ¢, T) based on the C,, coordinates of a set of
four equivalent residue positions n at time ¢ and temperature 7.

Based on the equilibrium MD simulations of the C-state at 7 = 30, 60, or
72°C, we averaged R, (n, t, T) over ten 200-ns MD trajectories with 50 ns <
t < 200 ns, and then computed the change of average R, (n) from 7= 30 to
60 or 72°C to quantify the heat-activated expansion/contraction at residue
position n.

To monitor the progress of gating transition in the TRPV1 mutant, we
averaged R, (n, t, T) over six 200-ns MD trajectories that exhibited channel
opening. Then we calculated the Pearson correlation (PC) between the
average R, (n, t, T) and the average R, (679, t, T) at the lower gate to assess
the temporal correlation between the inward/outward motions at residue
position n and the lower gate.

Pairwise distance matrix analysis of interdomain
motions

To assess interdomain motions at the residue level of detail, we calculated
the pairwise C,-C, distance between residues i and j within 20 A fora MD
snapshot at time ¢ and temperature 7 (denoted D (i, j, t, 7)). Based on the
equilibrium MD simulations of the C-state at 7= 30, 60, or 72°C, we aver-
aged D (i, j, t, T) over ten 200-ns MD trajectories with 50 ns < ¢ < 200 ns,
and then computed the change of average D (i, j, #, T) from 30 to 60 or 72°C
to quantify the heat-activated opening/closing motion between residues
i and j. Here we focused on residue pairs within the same subunit, and aver-
aged the change of average D (i, j, t, T) over four subunits.

Hydrogen bond analysis of dynamic interdomain
interactions

We used the following geometric criteria to identify a hydrogen bond
(HB) between two polar nonhydrogen atoms (i.e., acceptor and donor):
the donor-acceptor distance is <3.5 A, and the deviation of the donor-
hydrogen-acceptor angle from 180° is <60°. The above criteria may
also be satisfied by some salt bridges between oppositely charged resi-
dues (as identified using the criteria of 4 A maximal distance between
two charged atoms like oxygen or nitrogen). We used the Hbonds plugin
of the VMD program (83) to identify and calculate the occupancy of
each HB, and summed up the occupancies of all HBs between each
pair of residues (see Table 1). For intraprotein HBs, we only considered
those HBs that dynamically form/break between key TRPV1 domains
with occupancy >30%. To count the number of protein-water HBs
at residue position n, we summed up occupancies of all HBs between
water molecules and four equivalent residues at position n and divided
it by 4.



TABLE 1 HB-Forming Residue Pairs in the WT and Mutant Simulations

MD Simulation of TRPV1 Heat Activation

HB-Forming Residue Pair and Occupancy

WT at 30°C

GLU326 ARG367 0.30"
ARG355 ARG367 0.96
ARG355 LYS368 0.58
GLU356 LYS368 0.76"
GLU356 THR370 0.35
ILE357 SER366 0.85
GLU397 LYS710 0.80"
GLU405 LYS504 0.37*
ARG409 ASP509 2.86"
GLN423 ARG701 0.54
LYS425 GLU709 1.09*
ARG499 ASP707 1.11°
TYR511 GLUS570 0.30
PHES559 TRP697 0.58
GLN560 ARG701 0.51°
ARGS575 GLU692 2.02°
ASP576 THR685 0.59°
TYR584 THR641 0.82
TYR584 TYR666 0.37
LEU637 TYR666 0.68
THR641 THR670 0.33

WT at 60°C

GLU326 ARG367 0.61*°

ARG355 LEU365 0.55"
ARG355 ARG367 0.94
ARG355 LYS368 0.61
GLU356 LYS368 0.74%
GLU356 THR370 0.60"
ILE357 SER366 0.81
GLU397 LYS710 0.78"
GLU405 LYS504 0.32°
ARG409 ASP509 2.66"
GLN423 ARG701 0.64
LYS425 GLU709 1.01°
ARG499 ASP707 1.29*
SER510 GLU570 0.69"
TYR511 GLU570 0.50°
SER512 GLU570 0.75°
PHE559 TRP697 0.47
GLN560 ARG701 0.30°
ARGS575 GLU692 2.09*
ASP576 THR685 0.42°
TYR584 THR641 0.77
TYR584 TYR666 0.32
LEU637 TYR666 0.59
THR641 TYR666 0.43°
THR641 THR670 0.41

WT at 72°C
GLU326 ARG367 0.97*°
GLU327 ARG367 0.30°
ARG355 LEU365 0.80"
ARG355 ARG367 1.00
ARG355 LYS368 0.59
GLU356 LYS368 0.79"
GLU356 THR370 0.73°
ILE357 SER366 0.86
GLU397 LYS710 0.82°
GLU405 LYS504 0.34"
ARG409 ASP509 2.65°
GLN423 ARG701 0.68
LYS425 GLU709 1.11°
ARG499 ASP707 1.23°
ASP509 LYS571 0.32°
SER510 GLU570 1.30°
TYR511 GLU570 0.76"
SER512 GLU570 1.74°
PHE559 TRP697 0.44
ARG575 GLU692 2.27°
TYR584 THR641 0.71
TYR584 TYR666 0.34
LEU637 TYR666 0.54
THR641 TYR666 0.51°

Mutant at 60°C
LYS318 GLU359 0.47*

GLU326 ARG367 1.20"
GLU327 ARG367 0.96"

ARG355 LEU365 1.01
ARG355 ARG367 0.83
ARG355 LYS368 0.43
GLU356 LYS368 0.64"
GLU356 THR370 0.46
ILE357 SER366 0.69
GLU397 ARG500 0.52*
GLU397 LYS710 0.56"
ARG409 ASP509 1.17*

ARG409 GLU692 0.49"

ASN419 LYS698 0.41
GLN423 ARG701 0.55
LYS425 GLU709 0.59"
ARG499 ASP707 0.74"
ASP509 LYS571 0.39"
ASP509 ARG575 0.33*
SER510 GLUS570 0.97
TYR511 GLU570 0.57
SER512 GLUS70 1.24
PHES559 TRP697 0.37

ARGS575 GLU684 0.34"

ARG575 GLU692 1.28"
TYR584 SER641 0.80
LEU637 TYR666 0.44
SER641 TYR666 0.35

The O-state-specific HB-forming residue pairs are underlined (see Table 1 of (81)). For each pair of residues, the sum of occupancies of all HBs formed

between them is listed.

“These residue pairs also form salt bridges.

*These HB-forming residue pairs are heat-activated.
“These HB-forming residue pairs are heat-deactivated.

Energetic analysis of honbonded interaction
energy

We used the NAMD Energy plugin of the VMD program (83) to calculate
nonbonded energy (including van der Waals (vdW) and electrostatic en-
ergy) in the TRPV1-water-membrane system. A 10 A switching distance
and a 12 A cutoff distance were used for the nonbonded interactions. The
CHARMM36 force field was used for the nonbonded parameters.

RESULTS AND DISCUSSION

Equilibrium MD simulations show temperature-
dependent dynamics in TRPV1

To explore the temperature-dependent conformational dy-
namics of TRPV1 in the C-state, we conducted three sets
of ten 200-ns MD simulations based on the new closed-
channel structure (PDB: 5IRZ) at 30, 60, and 72°C (named
C30, C60, and C72), in the presence of a lipid bilayer
and a box of water and ions (see Materials and Methods).
For comparison, we also included ten 200-ns MD simula-
tions based on the old closed-channel structure (PDB:
3J5P) at 30 and 60 (named c¢30 and c60) that were taken

from our previous study (81). Ten MD trajectories of
each system were combined to form a structural ensemble
of the C-state at a specific temperature (excluding the
beginning 50 ns when the initial structure undergoes relax-
ation and equilibration; see Fig. SI). As in our previous
study (81), we did not observe channel opening at 60 and
72°C, which could be attributed to limited simulation
time. However, these simulations are still useful for eluci-
dating the heat-activated conformational dynamics of
TRPV1 in the C-state, which may hint for early structural
and dynamic events toward the gating transition (see
below).

To assess the conformational stability of TRPV1 in MD
simulations, we calculated the RMSD of C, atoms in the
core TRPV1 structure (residues 400-710, which encompass
the MPD linker, the TMD, and the TRP helix) for each MD
trajectory. Overall, we observed relatively low RMSD in
the C-state (average RMSD is 1.9 A at 30°C, 2.1 A at
60°C, and 2.4 A at 72°C; see Fig. S1), which slightly in-
creases with temperature. These RMSD values are compa-
rable to previous MD simulations of the voltage-gated
channels (3—4 A) (94-96) and the old TRPV1 structure
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(2.3-2.5 A) (81), supporting the stability and quality of our
simulations.

To further assess the conformational flexibility at individ-
ual residue positions, we calculated the RMSF for three
C-state ensembles (see Materials and Methods). The RMSF
profiles exhibit several pronounced peaks (see Fig. S2 a) in
the MPD linker (at residue S404), the S1-S2 linker (at residue
N467), the S2-S3 linker (at residue K504), the outer pore
(near residues K603 and T650), and the C terminus of the
TRP helix (at residue K710). Most peaks become more
pronounced as the temperature increases, hinting for heat
sensitivity in these flexible regions. To further quantify the
temperature-dependence of RMSF, we calculated the frac-
tional change in RMSF from 30 to 60/72°C (denoted
ARMSF/RMSEF, see Fig. S2 b). For control, a temperature in-
crease from 30 to 60-72°C would increase RMSF by 5-7%
due to an unspecific thermal effect. Therefore, we deem an
RMSF difference to be significant if ARMSF/RMSF >>
7%. Using the above criterion, we found significant RMSF
increases in the MPD linker and pre-S1 helix, the S1-S2
linker, the S2-S3 linker, the outer pore, the lower S6 helix,
and the TRP helix (see Fig. S2 b), which were previously
found to increase significantly from the C-state to the
O-state (81). Previous studies supported the functional
significance of the above flexible regions, including the
MPD linker (25), the S2-S3 linker (97), the outer pore
(9,29-32,98), and the TRP helix (99). Our results further sug-
gest their specific role in dynamically sensing temperature
change.

Channel pore analysis indicates a more dynamic
upper gate than the lower gate

Following our previous study (81), we analyzed the channel
pore dynamics by using the HOLE program (100) to calcu-
late the pore radius for snapshots of each C-state ensemble.
We plotted the pore radius at the upper and lower gate (de-
noted R,, and R,,, which are defined as the minimal pore
radius of the upper and lower half of the channel pore,
respectively; see Fig. S3).

The pore radius (recorded as mean * SD) at the lower
gate is 0.72 + 0.14 A at 30°C, 0.81 + 0.22 A at 60°C,
and 0.80 + 0.17 A at 72°C, with 0-10% of snapshots being
water permeable (i.e., with pore radius > 1.15 A). This sug-
gests the lower gate is largely closed in the C-state at all
three temperatures (see Fig. S3 a), which agrees with our
previous study (81). At the upper gate, the pore radius is
0.86 = 0.25 A at 30°C, 0.80 + 0.27 A at 60°C, and
1.06 + 0.33 A at 72°C, with 7-28% of snapshots being
water permeable. This finding suggests that the upper gate
is more dynamic than the lower gate, particularly at 72°C
(with larger SDs in pore radius; see Fig. S3, a and b),
which agrees with our previous study (81). Given that the
lower gate impedes water permeation more than the
upper gate, we infer the lower gate is likely the activation

44 Biophysical Journal 114, 40-52, January 9, 2018

gate of TRPV1 allosterically controlled by various stimuli
including heat.

R, analysis reveals heat-activated expansion/
contraction of TRPV1 domains

By comparing the various cryo-EM structures (56,58) and
MD-averaged structures of TRPV1 in the C/O state (81),
we have observed extensive conformational changes
involving various key domains (e.g., inward motions of
the outer pore, the MPD linkers, and the TRP helices; see
Fig. S4 and Fig. 1 of (81)), which could drive the channel
activation. However, because the open-channel structures
of TRPV1 were obtained in complex with agonist/toxin un-
der the cryogenic condition (56,58), it is uncertain if any of
these cryo-EM-observed conformational changes are rele-
vant to the heat activation of TRPV 1. Therefore, it is critical
to directly observe heat-activated conformational changes in
TRPV1 upon temperature increase under physiological con-
ditions. To this end, we have analyzed conformational
changes from 30 to 60/72°C as observed by our MD simu-
lations. For simplicity, we focused on those symmetric
inward/outward domain motions potentially relevant to
gating (e.g., channel pore contraction/expansion). We calcu-
lated R, at every residue position of the core TRPV1 struc-
ture (see Materials and Methods). Although insensitive to
some motional modes (e.g., perpendicular to the membrane
or in the tangential direction parallel to the membrane), the
R, analysis offers a simple and intuitive way to probe those
symmetric contraction/expansion motions that could effec-
tively couple the channel periphery to the channel pore at
the residue-level of detail. We focused our R, analysis on
the following key domains of TRPV1 (see Fig. 2).

In the MPD linker, we observed a heat-activated inward
motion in the C-terminal region at 60°C, while the entire
MPD linker moves inward at 72°C (with a negative peak
at E405; see Fig. 2, a and b). The contraction of MPD linker
was also apparent between the closed and open structures of
TRPV1 (see Fig. 2 a; Fig. S4), suggesting its involvement in
TRPV1 gating as noted in our previous study (81).

In the S1-S2 linker, we observed a larger heat-activated
expansion at 72°C than at 60°C (with a sharp peak at
V469; see Fig. 2, a and b). The expansion of S1-S2 linker
was also visible between the closed and open structures of
TRPV1 (see Fig. 2 a; Fig. S4), whereas the S1-S4 module
changes little (56).

In the S2-S3 linker, we observed a more pronounced heat-
activated contraction at 72°C than at 60°C near the N-/C-ter-
mini (with two negative peaks at Q498 and S510; see Fig. 2,
a and b). The inward motion of the S2-S3 linker (fully
resolved in the new TRPV1 structures (58)) was also
observed between the closed and open structures of
TRPVI1 (see Fig. 2 a; Fig. S4).

In the S4-S5 linker, we observed a larger heat-activated
expansion at 72°C than at 60°C (with a broad peak at
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FIGURE 2 The R, analysis of heat-activated conformational changes in
TRPVI. (a) Shown here is the temperature-dependent change in position-
specific R, (cyan, c30-to-c60; green, C30-to-C60; red, C30-to-C72; blue,
SEs of R, change due to averaging over MD trajectories), in comparison
with the R, change from the closed structure to the open structure of
TRPV1 (C-to-O, colored in black). Marker positions (E405, V469, Q498,
S510, A566, E651, and N687) for key domains are marked by vertical lines.
The residue positions corresponding to the MPD linker, the S1-S2 linker
(S12L), the S2-S3 linker (S23L), the S4-S5 linker (S45L), the outer pore,
the TRP helix, and the upper/lower gate are marked by horizontal bars
colored in green, yellow, cyan, purple, red, blue, and black, respectively.
(b) Shown here is a TRPV1 subunit colored by the C30-to-C72 R, change
(with positive/negative change corresponding to red/blue). Outward/inward
motions are indicated by arrows colored in red/blue. Marker positions for
key domains are shown as spheres and labeled. To see this figure in color,
go online.

A566; see Fig. 2, a and b), which is diminished toward the
C-terminus. Such expansion was also detected between the
closed and open structures of TRPV1 (see Fig. 2 a; Fig. S4),
supporting its putative role in TRPV1 gating (56,58).

In the outer pore, we observed a larger heat-activated
expansion at 72°C than at 60°C (with a sharp peak at
E651; see Fig. 2, a and b). However, such expansion does
not propagate to the nearby upper-gate residue G643, which
remains closed. This expansion is in contrast to the observed
contraction of the outer pore between the closed and open
structures of TRPV1 (see Fig. 2 a; Fig. S4), which may be
attributed to toxin binding in the open structures (56,58)
but not in our MD simulations.

In the S6 helix, we found no heat-activated change in R,
near the lower-gate residue 1679, which is in contrast to the
observed S6 expansion between the closed and open struc-
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tures of TRPV1 (see Fig. 2 a; Fig. S4). Nevertheless, we
did observe a significant peak at N687 near the junction
between S6 and the TRP helix (see Fig. 2, a and b), suggest-
ing heat-activated dilation in the pore just below the lower
gate.

In the TRP helix, we observed little heat-activated
change in R, (see Fig. 2 a). This is in contrast to the
observed rotation and inward motion of TRP helix between
the closed and open structures near the N-terminus (see
Fig. 2 a; Fig. S4). Therefore, our finding does not support
a functional role of TRP helix in pulling S6 outward upon
heat activation.

In sum, our MD simulations have observed significant
heat-activated expansion/contraction in a number of key
domains that exceed the equilibrium fluctuations in R,
(see Fig. 2 a). These domain motions could allosterically
couple the channel periphery to the channel pore (see
Figs. 1 b and 2 b) via intermediate domains (e.g., S2-S3
linker and S4-S5 linker). Reassuringly, these heat-activated
motions qualitatively resemble some of the observed
conformational changes between the closed and open struc-
tures (see Fig. 2 a), supporting their relevance to channel
gating. Notably, the largest heat-activated expansion and
contraction was found in the S1-S2 linker and the S2-S3
linker, respectively. Therefore, we postulate that these
heat-activated domain motions, especially in the S1-S2
linker and the S2-S3 linker, represent early structural events
that prime the channel for subsequent gate opening. There
are also some discrepancies between the MD-observed
heat-activated changes and the cryo-EM-observed closed-
to-open changes in some regions (e.g., the pre-S1, S1, S5,
outer pore, S6, and TRP helix; see Fig. 2 a), which could
be attributed to slow heat-activated changes not observed
by our MD simulations, or differences between heat- and
agonist-activated changes in TRPV1.

Analysis of the pairwise distance matrix uncovers
heat-activated interdomain motions

To complement the R, analysis of inward/outward domain
motions, we further probed the relative motions (opening
or closing) between the various TRPV1 domains upon
heat activation. To this end, we calculated from MD simula-
tions the temperature-dependent changes in the pairwise
distance matrix (see Materials and Methods) from 30 to
60/72°C. We focused our discussion on the following key
domains of TRPV1 (see Fig. 3).

The MPD linker moves away from and closer to the
N-terminus of S2-S3 linker at 60 and 72°C, respectively
(see Fig. 3, a and b). Similarly, the N-terminal region of
the MPD linker moves away from and closer to the S4-S5
linker at 60 and 72°C, respectively (see Fig. 3, a and b).
These findings are consistent with the observation of partial
and full heat-activated contraction of the MPD linker at 60
and 72°C, respectively (see Fig. 2 a).
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FIGURE 3 The heat-activated changes in pair-
wise distance matrix of TRPV1. (a) C30-to-C60;
(b) C30-to-C72. Distance change clamped at
+1 A is colored using the blue-green-red color-

‘ map. Selected regions of the distance matrix dis-

| cussed in the main text are circled. The residue
positions corresponding to the MPD linker, the
S1-S2 linker, the S2-S3 linker, the S4-S5 linker,
the outer pore, and the TRP helix are marked by
horizontal/vertical bars colored in green, yellow,
cyan, purple, red, and blue, respectively. Only pair-

wise distance changes that exceed the SEs (due to
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At 60 and 72°C, the C-terminus and N-terminus of S1-S2
linker move away from S1 and S3/S4, respectively (see
Fig. 3, a and b), which is consistent with its heat-activated
outward expansion (see Fig. 2 a).

The S2-S3 linker moves away from and closer to the
S4-S5 linker at 60 and 72°C, respectively (see Fig. 3, a
and b). This is consistent with the observation of larger
heat-activated contraction of the S2-S3 linker at 72°C than
at 60°C (see Fig. 2 a).

The S4-S5 linker moves away from the lower S6 helix
and closer to the S4 helix, which is more pronounced at
72°C than at 60°C (see Fig. 3, a and b). This is consistent
with its heat-activated expansion revealed by the R, analysis
(see Fig. 2 a).

The N-terminus and C-terminus of the outer pore move
apart at 60 and 72°C (see Fig. 3, a and b), which is consis-
tent with its heat-activated expansion (see Fig. 2 a). Addi-
tionally, the upper-gate region (near G643) moves away
from the upper S6 helix at 60 and 72°C (see Fig. 3, a and b).

In sum, we observed heat-activated interdomain motions
(see Fig. 3), which are consistent with the heat-activated
domain expansions/contractions (see Fig. 2). Together, these
motions suggest the following heat activation pathway in
TRPV1: upon temperature increase, the MPD linker and
S2-S3 linker move inward to interact with the S4-S5 linker,
causing the latter to move outward and away from the pore-
forming S6 helix, which subsequently expands for gating.
Additional expansions in the S1-S2 linker and the outer
pore may further contribute to gating. This putative pathway
overlaps with a previously proposed vanilloid-activated
pathway involving the S2-S3 linker (97) and the S4-S5
linker (56), which is consistent with the notion that vanilloid
and heat activation of TRPV1 can cross-fertilize each other.

Dynamic hydrogen bonds form and break to
enable heat-activated conformational changes

In our previous study (81), we identified hydrogen bonds
(HB) specifically formed in the C/O-state ensembles as
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.1 averaging over MD trajectories) are colored in
blue/red. To see this figure in color, go online.

critical to the gating transition of TRPV1. However, it is
uncertain if these O-state-specific HBs are relevant to the
heat-activated O-state. In this study, to probe dynamic inter-
actions that enable the heat-activated conformational
changes in TRPV1, we have analyzed HBs (with occupancy
>0.3; see Table 1) specifically formed in three C-state
ensembles at 30, 60, and 72°C. Some of those HB-forming
residue pairs are oppositely charged and can form salt
bridges that could further enhance these key interactions
(see Table 1). Following our previous study (81), we focused
on those intrasubunit HBs that couple between key domains
of TRPV1 (including the ARD, the MPD, the S2-S3 linker,
the S4-S5 linker, the S5 helix, the outer pore, the S6 helix,
and the TRP helix; see Fig. 1).

We found heat-activated HBs (i.e., with higher occupancy
at 60/72°C than at 30°C; see Fig. 4; Table 1) between the
following residue pairs: E326-R367, R355-L365, E356-
T370, S510-E570, Y511-E570, S512-E570, and T641-
Y666. Three of them couple the S2-S3 linker (S510,
Y511, and S512) to the S4-S5 linker (E570), which is
consistent with the observed heat-activated motions be-
tween these linkers (see Figs. 2 and 3). The above three
HBs also had higher occupancy in the c60 and O-state en-
sembles than in the c30 ensemble in our previous study (81).

We found two heat-deactivated HBs (i.e., with higher
occupancy at 30°C than at 60/72°C; see Fig. 4; Table 1)
between the following residue pairs: Q560-R701 and
D576-T685. These HBs serve to anchor the N-/C-termini
of S4-S5 linker (Q560 and D576) on the TRP helix
(R701) and the lower S6 helix (T685) in the C state, so their
weakening could allow the heat-activated outward motion
of the S4-S5 linker relative to the TRP helix and the S6 helix
(see Figs. 2 and 3).

For validation, many of the above HB-forming residues
were shown to be functionally important according to previ-
ous mutational studies. The Q560H/R mutations caused
gain of function to TRPV1 and weak toxicity when
expressed in Saccharomyces cerevisiae (101), which is
consistent with its predicted role in stabilizing the C-state.



a b
S§510-E570 (1.30)

Y511-E570 (0.76)
S§512-E570 (1.74)
T641-Y666 (0.51)

D576-T685 (0.59)

Mutations in E570 and D576 compromised heat activation
by greatly reducing the temperature coefficients Qo (102).
The T641S mutant displayed large constitutive channel
activation and caused toxicity when expressed in S. cerevi-
siae (101). The Y666A mutation resulted in a nonfunctional
channel (71). The R701A mutation resulted in strongly
reduced PIP2-dependent activation (26), suggesting that
this residue may bind with PIP2 to destabilize the R701-
Q560 interaction. The mutations Y511A and S512Y re-
sulted in wild-type heat response (97), which is consistent
with our finding that the observed HBs between Y511/
S512 and ES570 involve their backbone amide nitrogen
(see Fig. 4). Other mutations that change the charge of
Y511, S512, or E570 will be desirable to test the functional
importance of the above interactions.

By coupling between functionally critical residues, the
above dynamic HBs break and form to facilitate heat-acti-
vated motions of the S2-S3 linker and the S4-S5 linker,
thereby mediating the heat activation pathway in TRPV1.
Additionally, we also found some high-occupancy HBs
that are temperature-insensitive (including R409-D509,
K425-E709, R499-D707, and R575-E692; see Table 1),
and they may serve to stabilize an allosteric network for
transmitting activation signals. Besides the above intrasubu-
nit HBs, other intraprotein, protein-water, or protein-mem-
brane interactions may also be involved in the heat
activation of TRPV1 gating (see below).

MD simulation of fast gating transition in a TRPV1
double mutant

To test the prediction that the above-observed heat-activated
conformational changes (see Fig. 2) actually occur during
TRPV1 gating, we must directly observe the gating transi-
tion of TRPV1 within limited simulation time (e.g., hun-

Q560-R701 (0.51)
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B \ O~ FIGURE 4 Temperature-dependent HB-forming

(" 4 o residues in a representative snapshot of a TRPV1
'BY I subunit at (@) 72°C and (b) 30°C. The HB-forming

w P ’ & residues are labeled, connected by dotted lines, and
r ..YQSG colored by atom type (carbon, green; nitrogen,

“ ;’ blue; oxygen, red). Key domains are colored as
é T64’1 ’ follows: S2-S3 linker (cyan), S4-S5 linker (pur-
/ ple), outer pore (red), and TRP helix (blue). The

5?6 K679 S2-S3 linker interacts more closely with the
.',o.. Y S4-S5 linker in (@) than in (b). Key HB-forming
“1‘685 residue pairs are shown along with their occu-

pancies (see also Table 1). To see this figure in
color, go online.

dreds of nanoseconds). To this end, we conducted MD
simulations of a F640L/T641S double mutant of TRPV1
(see Materials and Methods). The F640L mutant of
TRPV1 is known to be constitutively active and hypersensi-
tive to thermal stimulus while preserving an intact gating
machinery (101). Similarly, the T641S mutant also ex-
hibited constitutive channel activation (101). These muta-
tions likely shift the thermodynamic equilibrium from the
C-state toward the O-state without altering the gating transi-
tion mechanism (101). Indeed, in another ion channel (i.e.,
ligand-gated acetylcholine receptor), gain-of-function mu-
tations were successfully introduced to directly investigate
the slow unliganded gating transition, which was found to
occur by the same reaction mechanism as the fast diliganded
gating of the WT channel (103). Therefore, we expect the
double mutant of TRPV1 to undergo a similar gating transi-
tion more readily and rapidly than the WT TRPV1, making
it feasible for MD simulation to directly probe this gating
conformational transition. Here we assume the above two
mutations favor channel opening with a similar mechanism
and their effects are additive. Indeed, we tried MD simula-
tion for the single mutant F640L and did not observe chan-
nel opening, suggesting that a single mutation is not enough
to drive channel opening within the time frame of 200-ns
MD simulation.

We conducted 27 replicates of 200-ns MD simulations of
the double mutant at 60°C. Encouragingly, we observed
channel opening at the lower gate in six mutant simulations,
with the pore radius increasing to ~2 A at the lower gate
(see Fig. S3 ¢), which is comparable to the O-state MD sim-
ulations (81). We then plotted a cumulative density map of
K™ ions within the channel pore as sampled by these mutant
simulations (see Fig. 5 a). Reassuringly, the entire channel
pore is accessible by K™ ions without any gap, which is
consistent with a conducting channel. Additionally, we
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FIGURE 5 The results of TRPV1 mutant simu-
lations. (a) Shown here is a cumulative density
map of K* ions (blue dots) based on six mutant
MD trajectories that exhibited channel opening.
(b) Shown here is an open-channel conformation
(opaque) superimposed on the closed structure of
TRPV1 (transparent), where key domains are
colored as follows: MPD linkers (green), S2-S3

linkers (cyan), S4-S5 linkers (purple), and S6 heli-
ces (gray). Marker residues of these domains
(E405, S510, and A566) and the lower-gate residue
1679 are shown as spheres and labeled. Motions of
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Ry shift(A)
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these domains are indicated with arrows colored by
domain. (c—f) Shown here is the time-dependent
shift of R, during the mutant MD simulations at
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eight marker residue positions (E405 of the MPD
linker, V469 of the S1-S2 linker, S510 of the S2-
S3 linker, A566 of the S4-S5 linker, 1679 and
N687 of the S6 helix, G643 and E651 of the outer
pore). The vertical impulses indicate the SEs of
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1

R, shift due to averaging over MD trajectories.
To see this figure in color, go online.
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observed water and ion permeation events in our mutant
simulation (see Movies S1 and S2). In a representative snap-
shot of the open-channel mutant, we observed asymmetric
outward motions of 1679 and the S4-S5 linkers accompanied
by inward motions of the MPD linkers and the S2-S3 linkers
relative to the initial closed structure (see Fig. 5 b). These
gating motions agree well with the heat-activated expan-
sions/contractions of these domains observed in the WT
MD simulations (see Fig. 2). This agreement strongly sup-
ports the relevance of the heat-activated domain motions
to the gating transition. As revealed by the analysis of inter-
domain HBs formed in the mutant simulations, most of the
O-state-specific HBs identified previously (81) were
partially formed in the mutant (see Table 1), suggesting
the mutant indeed undergoes a gating transition toward the
O-state ensemble of the WT channel.

To decrypt a sequence of domain motions leading to
channel opening, we temporally correlate the expansion/
contraction motions of various domains as observed during
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the mutant simulations. To this end, we plotted R,(?) (aver-
aged over the six mutant trajectories at the same time 7) at
selected residue positions in the MPD linker, S1-S2 linker,
S2-S3 linker, S4-S5 linker, outer pore, lower S6 helix, and
lower gate (see Fig. 5, c—f).

The lower-gate residues 1679, along with nearby residues
N687, undergo a gradual opening from 0 to 100 ns, suggest-
ing that the heat-activated expansion at N687 (see Fig. 2) is
likely coupled to the lower-gate opening in the mutant sim-
ulations. The upper-gate residues G643 undergo a rapid
opening accompanied by an equally rapid contraction at res-
idues E651 of the outer pore. This agrees with the outer-pore
contraction observed between the closed and open structures
of TRPV1 (see Fig. S4), but differs from the heat-activated
expansion of the outer pore observed in the WT simulations
(see Fig. 2). Notably, the upper-gate R, at G643 increases
more than the lower-gate R, at 1679 (see Fig. 5, ¢ and d),
suggesting a more open and accessible upper gate than
lower gate (see Fig. 5 a).



Outside the channel pore, residues A566 of the S4-S5
linkers undergo a gradual opening from 0 to 100 ns in
accord with the lower-gate opening, supporting a strong
coupling between the S4-S5 linker and the lower S6 helix.
In contrast, residues S510 of the S2-S3 linkers undergo
fast contraction from O to 30 ns, which is consistent with
our proposal that an early inward motion of the S2-S3
linker subsequently causes the S4-S5 linker to move
outward.

At the TMD periphery, residues E405 of the MPD linkers
undergo a fast contraction from 0 to 30 ns, which is similar
to the S2-S3 linkers. Similarly, residues V469 of the S1-S2
linkers undergo a fast expansion from O to 30 ns.

To quantitatively compare the correlations between the
above domain motions and the lower-gate opening, we
calculated the PC values between R, (n, t) and R, (679, 1)
(n = 405, 510, 469, 566, and 687; see Materials and
Methods). As expected, residues E405 (PC = —0.57) and
S510 (PC = —0.72) correlate negatively with the lower-
gate opening, whereas residues V469 (PC = 0.59), A566
(PC = 0.81), and N687 (PC = 0.78) correlate positively
with the lower-gate opening. By ordering the PC values
from low to high (assuming higher PC implies smaller tem-
poral distance to the 1679 opening event), we can infer the
following signaling pathway: E405 and V469 — S510 —
A566 and N687 — 1679. This is consistent with our pro-
posed heat-activation pathway from the MPD linkers to
the lower gate via the S2-S3 and S4-S5 linkers.

To further probe the energetic basis of the TRPV1 gating
transition featuring high temperature sensitivity (62), we
calculated gating-associated changes in nonbonded energy
in the protein-membrane-water system based on the six
mutant simulations that observed channel opening (see
Materials and Methods; Table S1). We focused on those
nonbonded energy terms that increase upon the gating tran-
sition, which may contribute to the large enthalpy increase
(~100 kcal/mol) in TRPV1 gating (62). Notably, we
observed a large increase in the protein-water electrostatic
interaction energy (5978 = 509 kcal/mol), which hints for
significant desolvation of polar/charged residues during
the gating transition. We found a similar large increase in
the protein-water electrostatic interaction energy from 30
to 60/72°C in the WT simulations (see Table S1), supporting
its role in heat-activated TRPV1 gating. The net contribu-
tion of such a large electrostatic energy to thermodynamics
should be vastly reduced due to solvent screening (roughly
by a factor of € = 80 to ~75 kcal/mol). To identify those res-
idues that undergo large desolvation, we counted protein-
water HBs, which decrease by 111 = 24 after the gating
transition. Most of these lost HBs involve polar/charged res-
idues of key domains, including the MPD and the S4-S5
linker (see Table S2). We observed a similar loss of pro-
tein-water HBs involving these domains from 30 to 60/
72°C in the WT simulations (see Table S2). Additionally,
we found an increase in the intraprotein vdW energy
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(157 %= 64 kcal/mol), which is mainly contributed by the
ICD (150 £ 38 kcal/mol) in agreement with our previous
finding of 35 kcal/mol increase in the vdW energy of an iso-
lated ICD (74). A positive change in the intraprotein vdW
energy was also observed from 30 to 60/72°C in the WT
simulations (see Table S1). In contrast to the above two en-
ergy terms, all the other nonbonded energy terms (e.g., pro-
tein-water vdW energy, protein-membrane electrostatic/
vdW energy, and intraprotein electrostatic energy; see Table
S1) decrease after the gating transition, so they do not make
positive contributions to the observed enthalpy change.
Furthermore, we analyzed temperature-dependent changes
in protein-membrane and protein-water nonbonded interac-
tions involving several key TRPV1 domains (see Table S3).
We did not observe robust/significant temperature-depen-
dent changes (for both C30-to-C60 and C30-to-C72) in pro-
tein-membrane interactions (except for the electrostatic
energy involving the S2-S3 linker; see Table S3). However,
we did observe significant C30-to-C60 and C30-to-C72 in-
crease in protein-water electrostatic energy involving the
MPD, S2-S3 linker, S4-S5 linker, and TRP helix (see Table
S3). This finding suggests that the heat activation of TRPV1
depends more on the protein-water interactions than the pro-
tein-membrane interactions.

In sum, our mutant simulations observed gating transi-
tions involving two sets of temporally distinct domain
motions: 1) fast (~30 ns) inward motions of the MPD
linkers and the S2-S3 linkers, and outward motion of the
S1-S2 linkers; and 2) slow (~100 ns) outward motion of
the S4-S5 linkers and the lower S6 helices. Meanwhile,
the upper gate opens rapidly along with the outer-pore
contraction, which may be facilitated by the gain-of-func-
tion mutations in the outer pore. Additionally, our energetic
analysis revealed a large increase in the protein-water elec-
trostatic interaction energy, along with an increase in the
intraprotein vdW energy, which may contribute to the large
enthalpy change responsible for the high temperature sensi-
tivity of TRPV1 gating.

CONCLUSIONS

Based on the improved cryo-EM structure of TRPV1 in the
C-state (58), we have conducted extensive MD simulations
(total ~11 us) at 30, 60, and 72°C. Besides confirming the
findings of a previous MD study of the older TRPV1 struc-
tures in the C/O states (56,57) (e.g., temperature-sensitive
domain flexibility, distinct upper/lower-gate dynamics,
etc.; see (81)), the present MD simulations focused on eluci-
dating the heat-activated conformational changes in terms of
expansion/contraction of key domains (see Fig. 2) and inter-
domain motions (see Fig. 3) at the residue-level of detail.
Although these WT simulations did not observe channel
opening, they did reveal extensive heat-activated domain
motions that couple the channel periphery to the channel
pore via intermediate domains (e.g., the MPD linker, the
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S2-S3 linker, and the S4-S5 linker; see Fig. 2), which may
prime the channel for subsequent pore opening. These
heat-activated domain motions only partially resemble the
observed conformational changes from the closed structures
to the agonist/toxin-bound open structures (with marked
differences in the S2-S3 linker, the outer pore, and the
TRP helix; see Fig. 2 a), thus supporting the importance
of using MD simulations to probe the heat activation of
TRPV1 under physiological conditions. The predicted
heat-activated domain motions are accompanied by dy-
namic HBs forming/breaking between key residues on the
S2-S3 linker and the S4-S5 linker (see Fig. 4), which were
validated against past mutational studies and offered prom-
ising targets for future experiments.

To directly observe the TRPV1 gating transition by MD
simulation, we exploited a gain-of-function F640L/T641S
double mutant expected to open faster than the WT channel
(101). Indeed, our mutant simulations observed asymmetric
channel opening involving fast and slow domain motions that
resemble the heat-activated domain motions observed in the
WT simulations (see Fig. 2), hinting for a heat-evoked
pathway propagating from the MPD linkers and the S2-S3
linkers to the S4-S5 linkers and then the lower gate. Notably,
the gating transition results in a large increase in the protein-
water electrostatic interaction energy, which may contribute
to a large enthalpy increase associated with TRPV1 gating
(62), and support the proposal that desolvation of polar/
charged residues accounts for the temperature-sensitive
TRPV1 gating. We have identified a small set of polar/
charged residues critically involved in such desolvation
(see Table S2), which will be tested in future mutational
and functional studies. The gating transition also led to an in-
crease in the intraprotein vdW energy as found previously
(74). Future studies will test if both of these energy contribu-
tions are important to the gating thermodynamics of TRPV1.

Whereas our previous study (81) emphasized the impor-
tance of the MPD linkers and the TRP helices in the C-to-
O gating transition, this study highlighted the key roles of
the MPD linkers, the S2-S3 linkers, and the S4-S5 linkers
in heat activation, with additional contributions from the
S1-S2 linkers and the outer pore. Future longer simulations
of the gating transition in the WT channel, although highly
challenging, will be needed to ultimately validate the struc-
tural, dynamic, and energetic changes observed in the
mutant simulations.
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Figure S1. RMSD (relative to the initial TRPV1 core structure) for three representative MD trajectories in the C
state at 30°C (C30), 60°C (C60), and 72°C (C72). All three RMSD curves stabilize within 50 ns.



RMSF (A)

0 == - E L i —— +———
400 450 500 550 600 650 700
residue number

c30 —— C60 —— C72 ——

ARMSF/RMSF

- +
400 450 500 550 600 650 700
residue number

C60-C30 —— C72-C30 ——

b

Figure S2 (a) RMSF profiles at 30°C, 60°C, and 72°C which are labeled C30, C60, and C72. (b) The fractional
change in RMSF from C30 to C60, and from C30 to C72, where a gray horizontal line corresponds to an
increase of RMSF by 7% due to an unspecific thermal effect. Average RMSF for four equivalent residue
positions of the TRPV1 tetramer is shown in (a). Error bars for C30 and C72 are also shown in (a). Most of the
observed C30-to-C72 RMSF differences are significant with the blue and red error bars not overlapping. The
residue positions corresponding to the MPD linker, the S1-S2 linker, the S2-S3 linker, the S4-S5 linker, the
outer pore, the TRP helix, and the upper/lower gate are marked by horizontal bars colored in green, yellow, cyan,
purple, red, blue, and black, respectively.
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Figure S3 Channel pore analysis for (a) the lower gate, (b) the upper gate in a representative WT trajectory
(blue: 30°C, green: 60°C, and red: 72°C), and (c) both lower gate (red) and upper gate (green) in a
representative mutant trajectory. (d) shows the water occupancy near the lower gate (within 2 A of 1679 in z
coordinate) for the representative mutant trajectory.
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Figure S4. Conformational changes from the closed structure (blue) to the open structure (red) of core TRPV1
(residues 400-710) in the bottom view. For clarity, only the MPD linker, the S1-S2 linker, the S2-S3 linker, the
S4-S5 linker, the S6 helix, and the TRP helix of a representative subunit are colored while the rest is in gray.
Marker residues for key domains (E405, V469, S510, E651, and N687) are labeled and shown as balls. Domain
motions are indicated by black arrows.



Table S1. Gating-associated changes in nonbonded energy

within protein, and between protein and

membrane/water.
interacting electrostatic energy change vdW energy change
components (kcal/mol) (kcal/mol)
protein-water 5978+5091! 4350+4462 545244293 -98+611
protein-membrane | -1347+118 -528120
intra-protein -3706%219 157+64 294+30? 4724343
intra-ICD -2253£197 150£38
intra-TMD -721+£81 -8+33

! Energy change from 0 ns to 200 ns in the mutant simulations.
2, Energy change from 30°C to 60°C in the WT simulations.
3, Energy change from 30°C to 72°C in the WT simulations.

Table S2. Top-5% residue positions with the most loss of protein-water HBs.

residue name and id change in protein-water HB count
WT mutant
from 30°C to 60°C from 30°C to 72°C from 0 ns to 200 ns
GLU391 -1.6%0.8 GLU570 -2.5%0.5 GLU570 -3.940.6
ARG428 -1.340.6 GLU405 -2.0£0.8 ASP388 -3.6%0.7
GLU405 -1.2%0.8 ARG428 -1.540.6 GLU692 -2.9%0.7
GLU570 -1.2%0.5 SER403 -1.5%0.5 ARG500 -2.6+0.6
THR389 -1.2+0.5 GLU692 -1.4%0.6 ASP427 -2.4%£0.7
GLU371 -1.1+0.7 ARG367 -1.3%+0.6 GLU536 -2.410.6
GLU648 -1.1+0.8 GLU397 -1.2%0.6 GLU371 -2.3+0.8
GLU709 -1.0£0.6 LYS392 -1.1+0.6 ASN467 -2.2%0.6
ASP383 -1.040.6 ASN419 -1.140.5 GLU405 -2.2+0.8
ARG363 -0.940.6 ARG575 -1.1+0.5 ARG363 -2.2%0.6
ASN419 -0.940.5 GLU391 -1.1+40.8 GLU391 -2.1+0.7
GLU651 -0.9+0.8 ASP427 -1.1£0.7 ALA719 -2.140.7
ASN467 -0.940.6 GLU709 -1.040.6 GLU600 -2.1+0.7
SER403 -0.9+0.5 THR389 -1.0+£0.5 ARG575 -2.1+0.5
ASP427 -0.940.7 SER512 -1.0+0.3 ARG557 -2.0+0.5

Residues on the MPD linker, the S2-S3 linker,

Table S3. Heat-activated changes in nonbonded energy between membrane/water and specific TRPV1 domains.

and the S4-S5 linker are in bold font.

interacting electrostatic energy change vdW energy change
components (kcal/mol) (kcal/mol)
C30-to-C60 C30-to-C72 C30-to-C60 C30-to-C72

membrane &

MPD 34+37 35+36 -3x4 6+4

S2-S3 linker 63159 200+55 -5+7 20+7

S4-S5 linker -112+37 -28+29 -7+5 1045

outer pore -28%33 2+32 -816 0x6

TRP helix 4126 32425 2+3 10+3

water &

MPD 691+148 554+163 41421 45421

S2-S3 linker 81166 191467 -3+8 -6+8

S4-35 linker 202£69 373+61 1+7 -8+7

outer pore 285x126 71+£128 -5%13 -18+13

TRP helix 214485 342486 619 319




Movie S1. Permeation of a water molecule (colored by atom type: red for oxygen and white for hydrogen)
through the channel pore.

Movie S2. Permeation of a K* ion (shown as a blue sphere) through the channel pore.
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