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ABSTRACT

As a key cellular sensor, the TRPV1 cation channel undergoes a gating transition from a closed state to an open state in
response to various physical and chemical stimuli including noxious heat. Despite years of study, the heat activation mecha-
nism of TRPV1 gating remains enigmatic at the molecular level. Toward elucidating the structural and energetic basis of
TRPV1 gating, we have performed molecular dynamics (MD) simulations (with cumulative simulation time of 3 ps), starting
from the high-resolution closed and open structures of TRPV1 solved by cryo-electron microscopy. In the closed-state simu-
lations at 30°C, we observed a stably closed channel constricted at the lower gate (near residue 1679), while the upper gate
(near residues G643 and M644) is dynamic and undergoes flickery opening/closing. In the open-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 analyses of
the closed state versus the open state, we revealed pronounced closed-to-open conformational changes involving the mem-
brane proximal domain (MPD) linker, the outer pore, and the TRP helix, which are accompanied by breaking/forming of a
network of closed/open-state specific hydrogen bonds. By comparing the closed-state simulations at 30°C 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 open-state specific hydrogen bonds. Some of the
residues involved in the above key hydrogen bonds were validated by previous mutational studies. Taken together, our MD
simulations have offered rich structural and dynamic details beyond the static structures of TRPV1, and promising targets
for future mutagenesis and functional studies of the TRPV1 channel.
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INTRODUCTION periphery and the S5-S6 pore domain enclosing a central
pore [see Fig. 1(a)]. Unlike the voltage-gated ion chan-
nels, the TRP channels lack a charged S4 helix although
their gating has a weak voltage dependence.20 The
N-terminal portion of ICD forms an ankyrin repeats

domain (ARD).2! The C-terminal domain (CTD) of

The transient receptor potential (TRP) channels are a
superfamily of cation channels,1>2 which can be activated
by various physical and chemical stimuli such as heat,34
cold,>~7 voltage,8 acid,?>10 force,11=13 and exogenous
ligands (e.g., capsaicin?). The TRP channels make prom-

ising drug targetsl4>15 because of their involvements in
various signaling pathways linked to diseases.!®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(a)]. Similar to the voltage-gated ion
channels,18’19 the TMD of TRPV1 consists of two struc-
tural domains—the S1-S4 domain on the channel
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Figure 1

Structural architecture and changes in TRPV1: (a) side view of TRPV1 structure: the following color scheme is used for a representative subunit—
the ARD (red), the MPD (green), the MPD linker (light green), the S1-54 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), and 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. (b)
Bottom view of TRPV1 structure: a representative subunit of the closed TRPV1 structure is colored with the same color coding as (a) (part of the
ARD and the S1-54 helices are omitted for clarity), while the rest is in silver. A subunit of the open TRPV1 structure is superimposed in the pore
domain and colored in gray. A clockwise rotation of the ARD, an inward motion of the MPD linker, and an outward motion of 1679 are shown by
arrows. The inter-subunit contacts between the ARD and the MPD are circled. (c) and (d) show the average structures of the C-state (blue), the
heated-C-state (green), and the O-state (red) ensembles in the bottom view and the side view, respectively. These average structures are superim-
posed in the pore domain. In (c), only part of the ARDs, the MPD linkers, the S2-S3 linkers, the lower S6 helices, and the TRP helices are shown
with key motions marked by gray arrows. In (d), only the MPD linkers, the S2-S3 linkers, the pore domain, and the TRP helices are shown in two
diagonally opposing subunits, with key motions marked by gray arrows. Residues R409, E692, G643, and 1679 (as markers for the MPD linker, the
TRP helix, the upper gate, and the lower gate, respectively) are shown as spheres. Four subunits of the TRPV1 tetramer (A, B, C, and D) are
labeled.

ICD contains a stretch of highly conserved residues proteins and ligands.2425 At the TMD-ICD interface is
forming an alpha helix known as the TRP helix,22 which a membrane proximal domain [MPD, including linker
has been implicated in the coupling of stimulus sensing residues 400-415, see Fig. 1(a)], which was found to
to the TRPVI gating?3 and interactions with other contribute to heat activation in the TRPV subfamily.26
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Alternative heat-activation sites were proposed within the
CTD,27_29 the outer pore, and the pore domain.30-33
The specific functions of these sites in heat activation
remain unclear as to whether they mediate temperature
sensing or other gating events downstream of tempera-
ture sensing such as allosteric coupling.34 The above
functional domains are connected by several flexible link-
ers, including the S2-S3 linker involved in vanilloid
binding,3> and the $4-S5 linker which is thought to
push/pull the S6 helix to open the channel gate in
voltage-gated ion channels3 and TRPV1.35

Structural studies by cryo-electron microscopy (cryo-
EM) resulted in low-resolution (>13 10\) structures of
several TRP channels.37—43 X-ray crystallography was
also used to determine high-resolution structures for var-
ious fragments of the TRP channels, including the ARD
of the TRPV channels.44-50 But high-resolution struc-
tures of full-length TRP channels remained unavailable
until recently. In 2013, the labs of Julius and Cheng used
cryo-EM to determine the structures of a minimal func-
tional construct of the rat TRPV1 in three distinct forms
at 3-4 A resolutions32°1—a closed apo structure, an
open structure bound with double-knot toxin (DkTx, a
peptide toxin) and resiniferatoxin (RTX, a vanilloid ago-
nist), and a partially open structure bound with capsai-
cin (a vanilloid agonist). These structures revealed a
dual-gate channel pore with two constrictions [see Fig.
1(a)]—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) structure, while the upper
gate is closed and the lower gate is partially open in the
capsaicin-bound structure.3>°1 These and other subse-
quently solved high-resolution structures?2—>4 have paved
the way for quantitative structure-driven studies of the
TRP-channel gating mechanism. However, because these
structures were solved at very low temperature, they do
not offer direct insights to the heat activation mechanism.

Molecular dynamics (MD) simulation is the method
of choice for investigating protein dynamics and energet-
ics under physiological conditions with atomic details,>>
which has been applied to various ion channels.26—59
However, MD simulation is highly expensive, demanding
the use of a massively parallelized or special-purpose
supercomputer (such as Anton®?). Thanks to recent
developments in computing hardware and software (such
as the use of graphics processing units to accelerate MD
simulation®0), 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 (includ-
ing the gating transition in TRPVI1). Among various
strategies to overcome the time-scale limit of MD simu-
lation, coarse-grained modeling (e.g., the elastic network
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model®1-63) has been developed using reduced protein
representations and simplified force fields.0%63

In a recent study,%0 we performed a combined coarse-
grained modeling and all-atom MD simulation starting
from the new TRPV1 structures.3>>1 Our normal mode
analysis captured two key modes of collective motions
involved in the TRPVI gating transition, featuring a
global twist motion of the ICD relative to the TMD as
observed between the closed and open structure [see Fig.
1(b)]. Our transition pathway modeling predicted a
sequence of structural movements that propagate from
the ARD to the TMD via the MPDs and the CTDs, lead-
ing to an eventual opening of the channel pore. Addi-
tionally, our MD simulation of the ICD fragment
identified key residues in the MPD and the CTD that
contribute differently to the nonpolar energy of the open
and closed state, and these residues were predicted to
control the temperature sensitivity of TRPV1 gating.

In this study, we have conducted MD simulations of
the TRPV1 tetramer in the closed (C) and the open (O)
state at 30°C and 60°C, respectively. Our goal is to probe
the structural and dynamic changes between the C-state
and the O-state ensembles underlying the thermodynam-
ics of TRPV1 gating. To further probe heat-activated con-
formational changes, we have performed additional MD
simulations at 60°C starting from the closed structure.

MATERIALS AND VIETHODS
MD simulation setup

We downloaded pre-oriented PDB files of the closed
(PDB id: 3j5p) and the open structure (PDB id: 3j5q) of
TRPVI from the OPM database.67 We used the MOD-
LOOP webserver®8 to model the missing residues 503—
507 of the S2-S3 linker. We used the Membrane Builder
function®9=71 of the CHARMM-GUI webserver’273 to
embed TRPV1 in a bilayer of 1-palmitoyl-2-oleoyl phos-
phatidylcholine (POPC) lipids surrounded by a box of
water and ions (with 15-A buffer of water/lipids extend-
ing from the protein in each direction). The closed-state
(open-state) system contains total 261,443 (252,560)
atoms, including 53,589 (51,972) water molecules and
464 (434) POPC molecules. To ensure 0.15M ionic con-
centration and zero net charge, 170 (164) K* and 194
(188) Cl™ ions were added in the closed-state (open-
state) system. To maintain the key inter-subunit contacts
between each ARD and the MPD of an adjacent subunit
[see Fig. 1(b)], we added inter-subunit harmonic
restraints between the Ca 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 production MD runs in the
NPT ensemble. The Nose-Hoover method’4 was used
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with temperature T'=30°C or 60°C. The Parrinello-Rah-
man method”> 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 algorithm77 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 performed with the GROMACS pro-
gram’8 version 5.0.3 using the CHARMMS36 force
field’9>80 and TIP3P water model.8!

Root mean square fluctuation analysis

To quantify the flexibility of TRPV1 at individual resi-
due positions during our MD simulations, we calculated
the root mean square fluctuation (RMSF) as follows:
first, we saved 1500 snapshots from all 200-ns MD tra-
jectories of the C state at 30°C, the heated C state at
60°C, or the O state at 60°C (with the first 50 ns of each
trajectory discarded) to build a structural ensemble; sec-
ond, we superimposed the Ca 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:

RMSE, =/ (1/M) Y0, [Fn— (7, where 7, is the
Ca position of residue # in snapshot m, (7,)=(1/M)

Zi\f:l 7mn 1s the average Ca position of residue n, and
M =1500 is the total number of snapshots. We calculat-
ed the average of RMSF, for four equivalent residue
positions #n of the TRPV1 tetramer. We assessed the over-
all flexibility of TRPV1 using the following root mean
square average of RMSF over residues 400-710:

(RMSF>=\/ (1/N) S0, RMSF2, where N = 288 is the

number of residues between 400 and 710.

PCA analysis

To identify dominant modes of motions involved in the
TRPVI1 gating, we performed the principal component
analysis (PCA) as follows: first, we combined the C-state
and O-state ensembles; second, we superimposed the Ca
coordinates of each snapshot onto the initial structure 3j5p
with a minimal RMSD; third, we calculated a co-variance
matrix comprised of the following 3 X 3 block matrices
Co=(1/M) M (Fr— (F))@(Fow — (F)) (see above
for definitions of symbols); fourth, we diagonalized the co-
variance matrix and kept top two PCA modes (denoted
PC1 and PC2) with the highest eigenvalues.

Hydrogen bond analysis

We used the following geometric criteria to identify a
hydrogen bond (HB) between two polar non-hydrogen
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°. We used the
VMD program®2 to identify and calculate the occupancy
of each HB within a structural ensemble. For each HB-
forming residue pair, we calculated its occupancy by
summing up the occupancy of HBs between them for all
four subunits and then dividing it by 4. We only consid-
ered those HB-forming residue pairs with occupancy >0.3.

RESULTS

Equilibrium MD simulations of TRPV 1 in the
C state and the O state

To explore the conformational dynamics of TRPV1 in
the C state, we conducted five 200-ns MD simulations at
30°C (with different initial random seeds), starting from
a system of a closed TRPV1 structure (PDB id: 3j5p)
surrounded by a lipid bilayer and a box of water and
ions (see Materials and Methods section). The TRPV1
channel is known to be stably closed at 30°C according
to previous studies.®83 The five MD trajectories were
combined to form a structural ensemble of the C state
(excluding the beginning 50 ns when the initial structure
undergoes relaxation and equilibration, see Supporting
Information Fig. S1). Then we performed various analy-
ses for this combined structural ensemble (see below).
The goal of this simulation is to elucidate the equilibri-
um dynamics of TRPV1 in the C state (see below).

To further explore the O-state ensemble of TRPV1, we
conducted five 200-ns MD simulations at 60°C, starting
from the open structure of TRPV1 (PDB id: 3j5q). The
TRPV1 channel is activated by heat and stably open at
60°C.4:83 Therefore, we did not include DkTx and RTX to
stabilize the open channel in our simulations. We have
ensured that TRPV1 is adequately relaxed and equilibrated
after the removal of these ligands within 50 ns of the simu-
lations (see Supporting Information Fig. S1). The five MD
trajectories were combined to form a structural ensemble of
the O state (excluding the beginning 50 ns). This simulation
aims to characterize the equilibrium dynamics of TRPV1 in
the O state in comparison with the C state (see below).

In an attempt to simulate the heat activation of
TRPV1, we conducted five 200-ns MD simulations at
60°C, starting from the closed structure, which were then
combined to generate a structural ensemble of the heated
C state. Although 60°C is high enough to thermally acti-
vate the TRPV1 gating,83 we did not observe channel
opening owning to limited simulation time. Nevertheless,
we did observe significant structural and dynamic
changes in TRPV1 evoked by heat activation (see below).

TRPV 1 exhibits greater conformational
variation in the O state than in the C state

To assess the conformational stability of TRPV1 in
simulation, we calculated the root mean square deviation
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(RMSD) of Ca atoms relative to the initial structure for
each of the three ensembles (for the C state, the O state,
and the heated C state, respectively). Overall, the TRPV1
tetramer shows relatively high RMSD in the C state at
30°C (5.0 +0.9 A, see Supporting Information Fig. S1)
and the heated C state at 60°C (5.5+ 1.0 A), and even
higher RMSD in the O state at 60°C (7.6 + 1.5 A, see
Supporting Information Fig. S1). This could be attribut-
ed to the lack of extensive contacts between the ICDs of
neighboring subunits [see Fig. 1(b)],35 and may be an
inherent feature of the TRPV1 channel known to possess
high entropy (particularly in the O state).83 We note
that this large RMSD is unlikely caused by missing resi-
dues in the CTD because our preliminary simulation of
the new closed TRPV1 structure®? (with the missing
CTD residues added) still show similarly high RMSD
(data not shown).

We then calculated RMSD for the core TRPV1 struc-
ture [denoted the expanded TMD, including residues
400-710 comprising the MPD linker, the TMD, and the
TRP helix, see Fig. 1(a)]. It shows relatively low RMSD
in the C state at 30°C (2.3 = 0.2 A, see Supporting Infor-
mation Fig. S1), the heated C state at 60°C (2.5 £ 0.2 A),
and the O state at 60°C (3.2+0.3 A, see Supporting
Information Fig. S1), which is comparable to previous
MD simulations based on high-resolution X-ray struc-
tures of voltage-gated channels (with RMSD =3—4
A).84-86 This supports the stability of our TRPV1 simu-
lations despite using cryo-EM structures with only 3-4 A
resolutions.

To further explore the conformational variation in the
C state and the O state, we calculated all-to-all RMSD for
the expanded TMD in each of the three ensembles. In the
C state at 30°C, the distribution of all-to-all RMSD peaks
at 2.8 A (see Supporting Information Fig. $2). In the O
state at 60°C, the distribution peaks at 3.8 A (see Support-
ing Information Fig. S2). Therefore, the O-state ensemble
is conformationally more diverse than the C-state ensem-
ble, which is consistent with a higher entropy in the O
state than in the C state33 as required for the heat activa-
tion of TRPV1 gating. For the heated C-state ensemble at
60°C, the distribution of all-to-all RMSD also peaks at 2.8
A (see Supporting Information Fig. S2) with a minor peak
at 3.2 A. So it is intermediate between the C-state and the
O-state distributions, suggesting that heat may increase
the conformational diversity of the C-state ensemble. This
increase cannot be attributed to an unspecific thermal
effect caused by higher temperature (see below).

The O state shows greater flexibility than
the C state in specific heat-sensitive regions

To assess the conformational flexibility at individual
residue positions in the expanded TMD, we calculated
the RMSF in each of the three ensembles (see Materials
and Methods). For the C-state ensemble at 30°C, the
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Results of RMSF analysis for TRPV1: (a) RMSF at individual residue
positions in the expanded TMD (blue: the C state at 30°C, green: the
heated C state at 60°C, red: the O state at 60°C). (b) The fractional
RMSF changes (purple: from the C state to the O state, cyan: from the
C state to the heated C state). The average RMSF,, for four equivalent
residue positions 7 of the TRPV1 tetramer is shown. The residue posi-
tions corresponding to the MPD linker, the S2-S3 linker, the S5 and S6
helices, the outer pore, and the TRP helix are marked by horizontal
bars [same color coding as Fig. 1(a)].

RMSF profile exhibits pronounced peaks at E405 of the
MPD linker, N467 of the S1-S2 linker, S502 of the S2-S3
linker, K603 and N652 of the outer pore, and the C ter-
minus of the TRP helix [see Fig. 2(a)]. For the O-state
ensemble at 60°C, the RMSF profile shows higher peaks
in the above regions [see Fig. 2(a)]. The above flexible
regions are known to be functionally important (e.g., the
MPD linker in heat activation,26 the S2-S3 linker in cap-
saicin binding,87 the outer pore in proton regulation?>88
and heat activa‘(ion,30_33 and the TRP helix in allosteric
coupling??). Our finding of a flexible outer pore supports
the notion that TRPV1 features a structurally dynamic
outer pore critical to the TRPV1 activity.9’33>88_90

To further assess the RMSF differences between the C
and the O state, we calculated the fractional change in
RMSF from the C state to the O state [denoted ARMSF/
RMSE, see Fig. 2(b)]. For control, a temperature increase
from 30 to 60°C would increase RMSF by /333/303—1
~ 5% due to an unspecific thermal effect. So we deem a
C-to-O RMSF difference to be significant if ARMSF/
RMSF > 5%. Using the above criterion, we found pro-
nounced RMSF increases in the MPD linker, the S1-S2
linker, the S2-S3 linker, the S5 helix, the S6 helix, and
the TRP helix [see Fig. 2(b)]. Overall, the O state at
60°C has higher RMSF ((RMSF), =1.70 A) than the C
state at 30°C ((RMSF). = 1.25 A), which is much higher
than 5% as expected for an unspecific thermal effect.
This RMSF increase is due to more diverse conforma-
tions sampled in the O state, which is consistent with
the finding of larger all-to-all RMSD in the O state (see
Supporting Information Fig. S2).
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Results of channel pore analysis for TRPV1: (a) pore radius at the upper gate (green) and the lower gate (purple) as a function of time for a repre-
sentative trajectory in the C state at 30°C; (b) pore radius for a representative trajectory in the O state at 60°C; (c) a density map of K™ ions for
the C-state ensemble; (d) a density map of K™ ions for the O-state ensemble. In (a) and (b), two snapshots with transient upper gate opening and
lower gate closing are marked by vertical arrows. In (c) and (d), two diagonally opposing subunits are shown with gate residues G643, M644, and
1679 labeled, and K™ ions are depicted as blue points. [Color figure can be viewed at wileyonlinelibrary.com]

To probe the effect of heat on flexibility, we compared
RMSF between the C-state ensembles of 30°C and 60°C.
As shown by the ARMSF/RMSF profile, the most pro-
nounced increases are in the MPD linker, the S1-S2 link-
er, the outer pore, and the lower S6 helix [see Fig. 2(b)],
which partially overlap with the regions of large C-to-O
RMSF differences [see Fig. 2(b)]. This encouraging find-
ing suggests that the above heat-sensitive regions (partic-
ularly the MPD linker2® and the outer pore30-33) may
be involved in the heat activation of TRPV1 gating.

A back-of-the-envelope estimation of the C-to-O
entropy change for the expanded TMD (total 4 X 288
residues) gave AS ~ kg ln((RMSF)O/<RMSF>°C) X4 X
288 ~ 500 cal/mol/K, where (RMSF), =1.70 A at 60°C
and (RMSF). =1.35 A at 60°C. This estimation is com-
parable to the large entropy change (310 cal/mol/K)
from a previous electrophysiology study,33 supporting
the relevance of our MD simulations to the gating ther-
modynamics of TRPV1.

Channel pore analysis reveals a dynamic
upper gate in the C state and dynamic upper/
lower gates in the O state

To assess the open/closed state of the TRPV1 channel
pore and quantify its dynamics during the MD simula-
tions, we used the HOLE program91 to calculate the
pore radius along the pore axis for snapshots of each of
the three ensembles. We focused on the pore radius at

the upper gate and the lower gate (defined as the minimal
pore radius of the upper and lower half of the channel
pore, respectively). Based on the pore radius calculations
for 5 X 150 snapshots from each of the three ensembles,
we estimated the probability of the upper/lower gate being
water permeable (i.e., with radius >1.15 A) with a maxi-
mal standard error of 1/0.5%/750= ~1.8%.

In the C state at 30°C, the pore radius at the lower
gate is 0.75 = 0.14 A [see Fig. 3(a)] with 0% of snapshots
being water permeable, suggesting the lower gate is stably
closed and impermeable to water/ions. The minimal-
radius position of the lower gate is predominantly at
1679 in 96% of snapshots, supporting the proposed role
of 1679 as the lower gate3> instead of Y671 identified by
a previous cysteine accessibility measurement.?? At the
upper gate, the pore radius is 0.83 £ 0.31 A [see Fig.
3(a)] with 15% of snapshots being water permeable,
which indicates a more dynamic upper gate than the
lower gate featuring transient opening [see Fig. 3(a)].
The minimal-radius position of the upper gate fluctuates
between G643 (in 54% of snapshots) and M644 (in 34%
of snapshots).

In the heated C state at 60°C, the pore radius at the
lower gate is 0.81 = 0.16 A with 3% of snapshots being
water permeable. At the upper gate, the pore radius is
0.91 +0.30 A with 16% of snapshots being water perme-
able. Therefore, heat only slightly opens the lower and
upper gates while the channel remains largely imperme-
able to water/ions within the 200-ns simulation time.
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In the O state at 60°C, the pore radius at the lower
gate is 1.75%£0.43 A [see Fig. 3(b)], and 90% of snap-
shots are water permeable, suggesting the lower gate is
more open than in the C state. At the upper gate, the
pore radius is 1.25 = 0.32 A [see Fig. 3(b)], and 51% of
snapshots are water permeable. Therefore, while the low-
er gate is more open than the upper gate on average,
both gates are fairly dynamic with large fluctuations in
pore radius indicative of transient opening/closing [see
Fig. 3(b)]. This elevated lower gate dynamics is consis-
tent with our finding of large RMSF increase in the low-
er S6 helix from the C state to the O state [see Fig.
2(b)]. Such dynamic behaviors of the lower/upper gates
may be related to the experimental observations that the
opening of TRPVI involves flickery openings/closings
that occur in bursts!0:93.94 despite differences in time
scale between simulations and experiments.

We further plotted a density map of K* ions within
the channel pore as sampled by our simulations (at a
rate of 0.25 ns per frame) in the C state and the O state
[see Fig. 3(c,d)]. In the C state at 30°C, we observed K"
ions distributing continuously (discontinuously) through
the upper (lower) gate, suggesting a non-conducting
channel constricted at the lower gate [see Fig. 3(c)]. In
contrast, in the O state at 60°C, the entire channel pore
is accessible to K™ ions, which is consistent with a con-
ducting channel [see Fig. 3(d)]. Indeed, we observed
three K permeation events in two 200-ns MD trajecto-
ries of the O state at 60°C (see Supporting Information
Fig. S3).

State-dependent conformational changes in
the outer pore, the MPD linker, and the TRP
helix are involved in heat activation of
TRPV 1 gating

To explore conformational changes involved in
heat-activated TRPV1 gating, we calculated the average
structures for the C-state, heated-C-state, and O-state
ensembles, and superimposed them along the TMD [see
Fig. 1(c,d)]. Unlike the symmetric cryo-EM structures,
the ensemble-averaged structures of the TRPVI1 tetramer
undergo asymmetric changes in the four subunits
[labeled A-D, see Fig. 1(c,d)] between the above states.
We have verified that the observed changes between the
average structures are robust and insensitive to how the
ensembles are constructed (e.g., using different segments/
subsets of the MD trajectories).

At the lower gate, the 1679 square opens asymmetrically
in the O state relative to the C state [with RMSD = 1.3 A,
more open in subunit A/B than in subunit C/D, see Fig.
1(c)]. The 1679 square in the heated C state is essentially
as closed as in the C state (with RMSD = 0.2 A) except in
subunit A where 1679 is intermediate between the C state
and the O state [see Fig. 1(c)].

At the upper gate, residues G643 move vertically (i.e.,
parallel to the channel axis) downward from the C state
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to the O state [with RMSD = 2.1 A, see Fig. 1(d)], which
are accompanied by inward motions of the outer pore
region [with RMSD = 2.3 A, see Fig. 1(d)]. Interestingly,
G643 and other outer pore residues adopt intermediate
positions in the heated C state [with RMSD = 1.3 JOX, see
Fig. 1(d)].

Outside the channel pore, we observed large structural
changes from the C state to the O state in the ARDs, the
MPD linkers, the S2-S3 linkers, and the TRP helices
[with RMSD =7.1, 5.0, 3.1, and 3.3 A, respectively, see
Fig. 1(c,d)], while the S4-S5 linkers undergo little change
(with RMSD = 1.1 A). The ARDs undergo a ~9° clock-
wise rotation as observed in c1ryo-EM.35’51’54 The MPD
linkers move inward to engage with the TRP helices that
bend at their junctions with the adjoined S6 helices. The
S2-S3 linkers undergo more complex motions distinct
from the MPD linkers. Interestingly, similar yet smaller
changes were observed from the C state to the heated C
state in the ARDs, the MPD linkers, and the TRP helices
of some subunits [with RMSD =0.9, 2.0, and 1.3 A,
respectively, see Fig. 1(c,d)].

Among the above C-to-O conformational changes, the
coupled motions of the MPD linkers and the TRP helices
suggest a possible heat-activation pathway from the heat-
sensing MPD20 to the TRP helix and subsequently to the
lower gate. Instead of pulling the TRP helix (and the
adjoined lower S6 helix) outward to open the lower gate,
these motions cause a narrowing of the channel on the
intra-cellular side [see Fig. 1(d)], which is in contrast to
the widening of the channel at the lower gate. Additional-
ly, on the extra-cellular side of the channel, the outer pore
also shows a narrowing from the C state to the O state
[see Fig. 1(d)]. Therefore, the gating of TRPV1 seems to
involve simultaneous narrowing and widening in different
parts of the channel pore. In agreement with our finding,
similar inward motions on the intra-cellular and extra-
cellular sides of the channel were observed in past FRET
studies of gating in TRPV131 and potassium channel.?>

PCA reveals heat-activated and gating-
related changes in structural ensembles

To further analyze how the structural ensembles
change from the C state to the heated C state and the O
state, we applied the principal component analysis (PCA)
to the joint C/O-state ensemble (see Materials and Meth-
ods section).

The first (second) PCA mode accounts for 22% (14%)
of the total conformational variations. To visualize the
distributions of the C-state, the heated-C-state, and the
O-state ensembles in the conformational space, we
projected snapshots of these ensembles onto a two-
dimensional plane spanned by the eigenvectors of the first
and the second PCA mode (see Fig. 4). The ensembles of
the C state and the O state are well separated into two
main clusters along the first PCA mode (see Fig. 4),
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Figure 4

Results of PCA for the joint C/O-state ensembles: projections of the C-
state (blue), the heated-C-state (green), and the O-state (red) ensembles
onto a plane spanned by the first and the second PCA modes (denoted
PC1 and PC2). The two black dots correspond to the closed and open
cryo-EM structures of TRPV1. See Supporting Information Movies S1
and S2 for the detailed conformational changes predicted by PC1.

supporting the relevance of this mode to the C-to-O gat-
ing transition. The C-state cluster is centered around the
closed structure of cryo-EM, while the open structure of
cryo-EM is intermediate between the C-state and the O-
state cluster (see Fig. 4). This could be attributed to
reduced C-to-O conformational changes under the cryo-
EM conditions (e.g., due to restraints of detergents around
the TMD). Interestingly, the heated-C-state ensemble is
shifted away from the C-state cluster toward the O-state
cluster by ~0.5 A along the first PCA mode (see Fig. 4),
suggesting that this key mode can be partially activated by
heat. Compared with the C-state cluster, the O-state

cluster is more widely distributed by separating into two
sub-clusters along the second PCA mode. Therefore, the
O-state ensemble is structurally more diverse than the C-
state ensemble, which is in agreement with our analyses of
all-to-all RMSD (see Supporting Information Fig. S2) and
RMSF (see Fig. 2).

The first PCA mode describes inward motions of the
outer pore, the MPD linkers, and the TRP helices, along
with a bending at the junctions between the TRP helices
and the S6 helices (see Supporting Information Movies
S1 and S2). Additionally, the lower gate at 1679 slightly
expands, while the upper gate residues G643 move
downward (see Supporting Information Movie S2). As
expected, the above motions resemble the observed
changes between the average structures of the C-state
and the O-state ensembles [see Fig. 1(c, d)]. Based on
these observations, we propose that upon heat activation
the MPD linkers move inward and cause a bending at
the S6-TRP helix junctions, thus enabling the lower S6
helices to bulge outward to open the lower gate (see
Supporting Information Movie S2). This putative path-
way is distinct from a previously proposed vanilloid-
activated pathway involving the $2-S3 linker8” and the
$4-85 linker.3> Consistent with our proposal, a loose S6-
TRP helix coupling in a TRPV2 structure resulted in a
non-conductive state.”%

Distinct hydrogen bonds form in the C/0
state and partially form upon heat activation

To probe dynamic interactions underlying the C-to-O
conformational changes in TRPVI1, we identified a
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Representative snapshots of HB-forming residue pairs which are specific to (a) the C state and (b) the O state. For clarity, the MPD linker, the S2—
S3 linker, the S4-S5 linker, and the TRP helix are shown as transparent. Sidechains of key HB-forming residues are shown and colored by atom:
nitrogen (blue), carbon (cyan), and oxygen (red). Same color coding as Figure 1(a) is used for the various domains. See Table I for further details.
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HB-Forming Residue Pairs and Occupancy in the C State, the Heated C

State, and the O State

HB-forming residue pair and occupancy

C state at 30°C

Heated C state at 60°C

0 state at 60°C

GLU327 LYS392 0.42°
ARG355 ARG367 0.91
ARG355 LYS368 0.37
GLU356 LYS368 0.75
GLU356 THR370 0.34
ILE357 SER366 0.78

GLU397 LYS710 0.64
ARG409 ASP509 1.10
GLN423 ARG701 0.56
LYS425 GLU709 1.01

ARG499 ASP707 0.58
SER510 GLU570 0.41
TYR511 GLU570 0.38
SER512 GLU570 0.55
PHE559 TRP697 0.41
ARG575 GLU692 1.63
ASP576 THR685 0.38
TYR584 THR641 0.62
TYR584 TYR666 0.40

LEUG37 TYR666 0.58

THR641 TYR666 0.49

LYS318 GLU359 0.33°
GLU326 ARG367 0.43
ILE352 ARG367 0.33
ARG355 LEU365 0.87
ARG355 ARG367 0.91
ARG355 LYS368 0.41
GLU356 LYS368 0.72
GLU356 THR370 0.78
ILE357 SER366 0.84
GLU397 LYS710 0.55
ARG409 ASP509 0.78
ARGA409 GLU692 0.31
GLN423 ARG701 0.80
LYS425 GLU709 0.58
ARG499 ASP707 0.92
SER510 GLU570 0.82
TYR511 GLU570 0.51
SER512 GLU570 1.14
PHE559 TRP697 0.46
ARG575 GLU692 1.73
ASP576 THR685 0.41
TYR584 THR641 0.76
TYR584 TYR666 0.38
LEUG37 TYR666 0.66
THR641 TYR666 0.46
THR641 THR670 0.30

LYS318 GLU359 0.36°
GLU326 ARG367 1.46
GLU327 ARG367 0.95
ARG355 LEU365 0.99
ARG355 ARG367 0.70
ARG355 LYS368 0.44
GLU356 LYS368 0.62

GLU356 THR370 0.32
ILE357 SER366 0.55

GLU397 ARG499 0.45
GLU397 LYS710 0.86

GLU405 ARG575 0.76
ARG409 GLU692 1.49
GLN423 ARG701 0.59
LYS425 GLU709 0.55

ARG499 ASP707 0.83
ASP509 LYS571 0.64
ASP509 ARG575 0.62
SER510 GLU570 0.72
TYR511 GLU570 0.51

SER512 GLU570 0.73
ARG575 GLU684 0.39
TYR584 THR641 0.75
TYR584 TYR666 0.31

LEU637 TYR666 0.34

THR641 THR670 0.56

“The C-state and O-state specific HB-forming residue pairs are in italic and bold

font, respectively.

network of hydrogen bonds (HB) specific to the C state
or the O state (with occupancy >0.3, see Materials and
Methods section). We focus on those 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. 5).
We found the following C-state-specific HB-forming
residue pairs (i.e., with HB forming in the C state at
30°C but not in the O state at 60°C, see Table I and Fig.

Table Il
State-Dependent Occupancy for the HB-Forming Residue Pairs Specific

to the O State

0-state-specific HB-forming residue pair and occupancy

C state Heated C state 0 state
Residue pair at 30°C at 60°C at 60°C
LYS318 GLU359 0.17 0.33 0.36
GLU326 ARG367 0.06 0.43 1.46
GLU327 ARG367 0.02 0.20 0.95
ARG355 LEU365 0.10 0.87 0.99
GLU397 ARG499 0.00 0.19 0.45
GLU405 ARG575 0.00 0.02 0.76
ARG409 GLU692 0.05 0.31 1.49
ASP509 LYS571 0.20 0.26 0.64
ASP509 ARG575 0.02 0.05 0.62
ARG575 GLUG84 0.00 017 0.39
THR641 THR670 0.10 0.30 0.56
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5): (E327, K392), (R409, D509), (F559, W697), (R575,
E692), (D576, T685), and (T641, Y666). Similarly, we
identified the following O-state-specific HB-forming resi-
due pairs (see Table I and Fig. 5): (K318, E359), (E326,
R367), (E327, R367), (R355, L365), (E397, R499), (E405,
R575), (R409, E692), (D509, K571), (D509, R575),
(R575, E684), and (T641, T670). In the heated-C-state
ensemble, we observed a mixture of C/O-state-specific
HBs (see Table I), and most O-state-specific HBs are par-
tially formed with intermediate occupancy (see Table II).
In particular, the O-state-specific HB between R409 of
the MPD linker and E692 of the TRP helix forms partial-
ly in the heated C state, which is associated with the
heat-activated motions of the MPD linker and the TRP
helix [see Fig. 1(c,d)].

Taken together, the above HB interactions dynamically
couple the ARD (K318, E326, E327, and R355), the
MPD (E359, L365, R367, K392, E397, E405, and R409),
the S2-S3 linker (R499 and D509), the S4-S5 linker
(F559, K571, R575, and D576), the outer pore (T641),
the S6 helix (Y666, T670, E684, and T685), and the TRP
helix (E692 and W697), which may underlie the putative
heat-evoked pathway from the ARD/MPD to the lower
gate via the TRP helix, the S2-S3 linker, and the S4-S5
linker. In support of this proposal, our previous MD
simulation found R409 among the three top-contributing
residues to the C-to-O van der Waals energy difference
(T406, R409, and M412).66 Some of the above key resi-
dues can be validated by previous mutational studies.
The mutations of R575,96 E692,97 and W69798:99 were
found to impair TRPV1’s responses to various stimu-
1i.100 The T406D mutation caused higher heat sensitivi-
ty,101 supporting the role of T406 (and the neighboring
E405) in stabilizing the O state. K571 is involved in volt-
age sensing and in TRPVI1-lipid/ligand interactions.100
D576 is involved in voltage/capsaicin-dependent gating
of TRPV1.100 The mutations in T641 and E684 resulted
in gain-of-function TRPV1 variants.89 Future mutational
studies of those HB-forming residues will validate their
roles in tuning the C-to-O thermodynamic equilibrium
of TRPV1 gating.

DISCUSSION AND CONCLUSION

Our MD simulations of the C state at 30°C revealed a
stably closed channel constricted at the lower gate (near
residue 1679), while the upper gate (near residues G643
and M644) is more dynamic and undergoes transient
opening/closing [see Fig. 3(a)]. This finding is consistent
with our previous coarse-grained modeling of TRPV1
which found G643 is more flexible than 1679, and therefore
the upper gate may open more readily than the lower gate
during the gating transition.%¢ Our MD simulations of the
O state at 60°C showed that the channel pore is dynamic
at both the lower and the upper gate [see Fig. 3(b)]. The O
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state exhibits greater structural variation than the C state,
which is consistent with a higher entropy in the O state
required for the heat activation. Specifically, we observed
pronounced C-to-O increases in flexibility in key regions
including the MPD linker, the S5 helix, the S6 helix, and
the TRP helix (see Fig. 2). Some of these regions (including
the MPD linker and the lower S6 helix) also exhibit heat-
activated flexibility increases in the C state (see Fig. 2). By
comparing the ensemble-averaged structures and the first
PCA mode, we found large gating-related motions in the
outer pore, the MPD linker, and the TRP helix [see Fig.
1(c,d), Supporting Information Movies S1 and S2], and the
forming/breaking of the O/C-state specific HBs (see Fig. 5).
Interestingly, these motions and the O-state-specific HBs
were partially observed in the heated C-state ensemble, sug-
gesting that they are likely involved in the heat activation
of TRPV1. We note the first PCA mode reveals similar
large motions of key domains (see Supporting Information
Movies S1 and S2) as found in our previous coarse-grained
transition pathway modeling,66 although these domain
motions are highly concerted and do not exhibit any
motional sequence as observed in our coarse-grained
modeling.66

Despite our encouraging observations of those fast
heat-activated changes in dynamics and interactions, we
did not observe a complete gating transition within the
200-ns simulation time. In future studies, more extensive
MD simulation and its accelerated!02 or targetedlo3
variants will be performed to directly observe the heat-
activated gating transition in TRPV1 and analyze its
kinetic behaviors. We are in the process of conducting
more MD simulations using the newly solved higher res-
olution structure of TRPV1.52 Preliminary analysis
revealed very similar dynamic behaviors (e.g., flexible
CTD, dynamic upper gate, etc.) as observed in the MD
simulations of the old structure.’! Detailed results will
be reported in a future publication.
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