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Transient receptor potential vanilloid subtype 1 (TRPV1) is a polymodel sensory receptor and can be activated by
moderate temperature (> 43 °C). Though extensive researches on the heat-activation mechanism revealed some key el-
ements that participate in the heat-sensation pathway, the detailed thermal-gating mechanism of TRPV1 is still unclear.
We investigate the heat-activation process of TRPV1 channel using the molecular dynamics simulation method at different
temperatures. It is found that the favored state of the supposed upper gate of TRPV1 cannot form constriction to ion per-
meation. Oscillation of S5 helix originated from thermal fluctuation and forming/breaking of two key hydrogen bonds can
transmit to S6 helix through the hydrophobic contact between S5 and S6 helix. We propose that this is the pathway from
heat sensor of TRPV1 to the opening of the lower gate. The heat-activation mechanism of TRPV1 presented in this work

can help further functional study of TRPV1 channel.
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1. Introduction

Transient receptor potential (TRP) ion channels exist
in excitable and non-excitable cells and respond to vari-
ous stimuli, e.g., capsaicin, toxins, heat and pH changes.!!!
Mammal TRP channels can be divided into 6 subfamilies,
TRPA, TRPC, TRPM, TRPML, TRPP, and TRPV.[?! These
TRP channels constitute the key sensory elements of hu-
Mutations of TRP channels
can cause lots of human diseases such as autosomal domi-

man to ambient environment.

nant segmental glomerulosclerosis,>* hypomagnesemia and
hypocalcemia.>®! Similar to the Ky channel, TRP channel
forms tetramer and has six-transmembrane helixes (S1-S6).[!
TRP channels also have some unique structural elements such
as TRP box which adjuncts to S6 helix and a large ankyrin
repeats at the intracellular N terminus.®°! Among the TRP
family channels, a group of TRP channels can be activated by
heat and form the fundamental sensors of mammals to ambient
temperature. These TRP channels include TRPV1-4, TRPMS,
TRPM3-5, TRPCS, and TRPA1.110-12]

TRPV1 channel (the founding member of TRPV subfam-
ily) is an important member of the thermal-activation chan-
nels and mainly exists in dorsal root ganglia neurons and
skin cells.l'*!*l TRPV1 has very high Qjo value (~26),[13]

which reflects its high thermal sensitivity.
17,18

Other chemical
stimuli, such as capsaicin,'3'0! toxin,!!7-!81 H* endocannabi-

noid lipid, and even divalent cation,'>?°! can also activate
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TRPV1 channels.!”) Because TRPV 1 channels play an impor-

21-231'jt attracts extensive inves-

tant role in pathological pain,!
tigations in the past 20 years. However, the activating mech-
anism of TRPV1 channels is still controversial, especially the
heat-activation mechanism.

TRPV1 channels can be activated by moderate heat (>
43 °C).!31 Considering that heat can affect the whole pro-
tein and lipid system, it is difficult to identify a specific site
for temperature to influence. However, great efforts are taken
to verification of the structural basis of the thermal sensitiv-
ity from experimental works. From mutagenesis study, the
outer and inner pore regions of TRPV1 are confirmed to be
important for heat activation.?*->’1 The C-terminal domain is
also considered to be important for heat activation because
exchanging this part between TRPV1 and TRPMS (which is
a cold-activation channel™8]) can reverse their hot and cold

1428] The turret region which is highly variant

sensitivity.|
among TRP family is mentioned to be part of the temperature-
activation pathway.!®! Chimeric analysis from Yao et al.*)
revealed that the thermal sensitivity of TRPV1 may arise from
a specific protein domain rather than integration of global ther-
mal effects and they confirmed that part of the N-terminal re-
gion is crucial for temperature sensing.

Due to the difficulties of direct measurement of the energy
for TRPV1’s temperature gating in experiments,*%3!1 differ-

ent theoretical methods are used to investigate the conforma-
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tional changes of the secondary structures in heat-activation
process and to explain the experimental data. By fitting the
experimental data to the two-state model, Voets er al. (321
showed that the opening rate of TRPV 1 is steeply temperature-
dependent, whereas the closing rate shows shallow tempera-
ture dependence. The kinetic and energetic analyses of Yao et
al.B3% on their direct, time-resolved measurements of TRPV1
showed the energy landscape of gating by heat. The emer-
gence of the high resolution cryo-EM structures of TRPV1
in different states is the milestone of the research of TRPV1
channel.3334! Based on these structures, extensive molecular
dynamics (MD) simulations are performed to investigate the
activation mechanism by heat or by agonist. Zheng et al.,!®!
using a coarse-grained model, showed a twist motion of the
transmembrane domains relative to the intracellular domains
in the open process of TRPV1. Their all-atomic simulations
of different structures at different temperatures revealed more
details of conformational changes in TRPV1’s activation by
heat.[3%37) Simulations with truncated structures of TRPV1
revealed that the large temperature-dependent conformational
transition of TRPV1 in the pore domain is asymmetric, only
one monomer with large movement can open the pore. 38!
MD simulations are also used to investigate the access of cap-
saicin to its binding pocket through membrane.**! Although
the mechanism of TRPV1 gating by heat is much clearer now,
a full description of the mechanical pathway from initial con-
formational change of temperature sensor to the opening of
channel gate is still lacking.

We utilized the high resolution cryo-EM structures of
TRPV1 to investigate its heat-activation mechanism by using
molecular dynamics simulations. By changing the simulation
temperatures, we obtained the temperature-dependent opening
of the channel pore. The upper gate (G643) suggested in the
cryo-EM structures is in the open state in all the simulations
(even at 310 K which is under the threshold of heat-activation
temperature). M644 has multi-state conformations. Its side
chain can occasionally bend to the pore region and block the
ion permeation. Opening of the lower gate is temperature-
dependent. The temperature sensor of TRPV1 is near the
capsaicin-binding site. The temperature-dependent forming
and breaking of two hydrogen bonds (HBs) between E570
and S510/S512 induce the oscillation of S5 helix. Through
the hydrophobic contact between S5 and S6 helix, the oscilla-
tion movement of S5 can transmit to S6 and induces the same
movement of S6. Outward movement of S6 finally opens the
lower gate. We propose that this is the mechanical pathway

from temperature sensor of TRPV1 to the channel opening.

2. Methods

2.1. Model construction

The atomic model of TRPV1 (PDB ID: 3J5PB#) which
represents a minimal functional construct of rat TRPV1 in the
closed state obtained from electron cryo-microscopy experi-
ment is used for modeling. The missing residues (L503-F507)
of the original structure are added in the modeling. The highly
divergent pore turret (N604-S626) is also added in the cal-
culation model since it is believed to be part of the temper-
ature activation pathway.!8! The membrane building tool of
VMD0! is used to generate the bilayer of palmitoyloleoyl-
phosphatidylcholine (POPC) and the tetrameric structure of
TRPV1 is embedded in this POPC bilayer.
bilayer system is immersed into a box of water molecules with
size 98 A x 98 A x 96 A. TIP3P*!l is used to model water
molecules. Na™ and CIT ions are added to ensure an ionic

The protein-

concentration of 150 mM and zero net charge. The entire
model has ~350000 atoms. During the simulation run, the
a-carbons of residues in S1, S2, S3 and S4 helixes (V430-
R455, R474-R499, S512-S532 and V538-Y554) are harmoni-
cally constrained because they maintain stationary in channel-
activation process.[*! The software used for modeling and

)' [40

data analysis is VMD (version 1.9.3).140) The figures are pro-

duced by VMD and Origin.

2.2. Molecular dynamics simulation

The MD simulations are performed using NAMD (ver-
sion 2.12 with CUDA)* with force field CHARMM3643-40]
at constant temperatures of 310 K, 340 K, 360 K, and 410 K,
respectively. The integration time step is 2 fs. The Particle
Mesh Ewald (PME) method is used to calculate full electro-
statics. Constant pressure control is achieved using Nosé—
Hoover Langevin piston at 1 atm. The van der Waals inter-
actions are calculated with a cutoff using a switch function
starting at distance of 10 A and reaching 0 at 12 A. Langevin
dynamics and Langevin piston are performed to maintain the
constant temperature and pressure. We performed 10000 steps
of energy minimization prior to MD run to remove bad con-
tact. Before the production run, 750 ps simulations with every-
thing except lipid tails is fixed, 750 ps simulations with protein
constrained and 750 ps simulations with protein released are
performed to equilibrium the system. Simulations in different
temperatures are all performed three times with durations of
30 ns, 30 ns and 100 ns. All trajectories are recorded every
2 ps.

2.3. Calculation of the open events

To elucidate the open event of TRPV1’s upper and lower
gate, the states of the two gates of each simulation frame are
calculated. The van der Waals radius of Ca®* is used as the
criterion in the calculation because the radius of Ca”* is larger
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than Cl—, and Na™, KT, and Ca%* can cross the TRPV1 chan-
nel. In the CHARMM36[43-41 force field, the van der Walls
radius of Ca?* is 1.367 A. For the upper gate, the constriction
is formed by two O atoms (the radius is 1.7 A) of G643 at the
opposite side. Thus, if the distances between both O-O pairs
of opposite G643 are larger than 6.134 A (1.7 x 24 1.367 x 2),
we output 1 to denote that this gate is in the open state. For
the lower gate, if the distances between the two methyl groups
of 1679 and that of the opposite 1679 are larger than 6.854 A
(2.06 x 2+1.367 x 2), the lower gate denotes being in the open
state.

2.4. Principle component analysis

The principle component analysis (PCA) of S5 he-
lix is performed using the VMD plugin “Normal Mode
Wizard”, 14748

2.5. Formation rates of hydrogen bonds between E570 and
S510/8512

Because E570 is a polar residue with a charged side chain,
the criterion for the formation of the hydrogen bond is that the
maximum distance between acceptor and donor atoms of the
hydrogen bond is 3 A.[*] The formation rates of both the hy-
drogen bonds are indicated by the ratio of the formation time
versus the total simulation time (including one 100 ns simula-
tion trajectory and two 30 ns simulation trajectories).

2.6. Calculation of pearson correlation coefficient

The correlation of outward movement of S5 and S6 he-
lixes is represented by the movement of two C,, atoms of D576
(S5 helix) and 1679 (S6 helix). Because we only consider the
outward movement of the two C, atoms which contribute to
the lower-gate opening, the displacement vector of the two Cy,
atoms was projected to the outward movement vector in our
simulation. Then the two projected displacements of D576
and 1679 are used to calculate the Pearson Correlation Coeffi-
cient using the equation

o ILKG-X)(-T)
VEL (- 07X, (- 7Y

where X and Y represent the projected movements of D576

and 1679, respectively.

3. Results and discussion

3.1. High resolution cryo-EM structures reveal existence
of two gates in the channel pore

Julius er al.333% obtained three atomic models of the
TRPV1 channel in different states (closed, half-open and open
state) using high-resolution single-particle cryo-EM. Analy-
sis of these structures reveals that there are two constrictions

in the ion permeation pathway, which locate in the selectiv-
ity filter (denoted as the upper gate) and the lower gate re-
gion (Figs. 1(a) and 1(b)).33°0-52] The upper gate is formed
by G643 at selectivity filter and the lower gate is formed by
1679 at S6 helix.

20 . . .
(c) — RMSD-310 K

16} — RMSD-340 K

— RMSD-360 K

— RMSD-410 K

0 20 40 60 80 100
Time/ns

Fig. 1. The transmembrane domain (S1-S6 helixes) and the pore re-
gion of cryo-EM TRPV1 structures in (a) closed state (PDB ID: 3J5P)
and (b) open state (PDB ID: 3J5Q). The pore is drawn using the HOLE
program.!331 The two gates (upper and lower gates) and the correspond-
ing residues, G643 (upper gate) and 1679 (lower gate), are shown. (c)
The root-mean-square deviations of four 100 ns molecular dynamics
simulations at 310 K, 340 K, 360 K and 410 K. (d) A presentative open
conformation of the pore obtained from molecular dynamic simulations.

To investigate the conformational changes of TRPV1 at
different ambient temperatures that lead to the opening of
the channel, we performed MD simulations at different tem-
peratures based on the closed-state atomic model of TRPV1
(see Methods). The root mean square deviations (RMSDs)
of the simulations (100 ns) are shown in Fig. 1(c). It is
predictable that the RMSD becomes larger with the incre-
ment of temperature, especially in 410 K. Analysis using the
HOLE program>3! shows that the open-state conformations
of TRPV1 are captured in the MD simulations at all tempera-
tures calculated (Fig. 1(d) depicts a representative structure of
open-state TRPV1 channel obtained from MD simulations).
Inspection of the MD simulation trajectories shows that the
open events of the upper and lower gate are independent of
each other.

3.2. Upper gate is in the stable open-state conformation at
all temperatures calculated

To show the state of the upper gate with time evolution,
the time course of the channel open events of the upper gate at
G643 is exported with 1 denoting the open state and 0 denot-
ing the closed state (Fig. 2 and Fig. S1, see Methods). From
Fig. 2, it is obvious that, after the equilibrium run, the con-
striction of the upper gate opens and maintains in the open
state in most of the simulation time. This characteristic even
appears at 310 K, which is considered to be unable to activate
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the channel. This result indicates that the opening of the upper
gate is temperature-independent and the open state is a favored
conformation for G643.

310 K-G643, open probability ~99.49%

340 K-G643, open probability ~70.27%

Ok

360 K-G643, open probability ~99.99%

1 S—
410 K-G643, open probability ~16.72%

Open events
—

0

0 20 40 60 80 100
Time/ns

Fig. 2. Time course of upper gate’s open events in the calculated tem-
peratures. The points with the value of 1 (denoted in red) represent the
open state, and those with the value of 0 (denoted in blue) represent the
closed state. Because of the size of the drawing points, at some moment
it appears that the upper gate is in both closed and open state, which in-
dicates the oscillation of the upper gate between closed and open states.

It is worth noting that, at temperature of 410 K, the upper
gate is in the closed state in most of the simulation time (83%).
Inspection of the simulation trajectory shows that a sodium ion
occupies the pore at the G643 position and interacts with all
the four G643s’ oxygen atoms of the tetramer (Fig. 3). The
interactions pull the four G643s together and close the upper
gate. We speculate that this phenomenon of ion blocking the
pore is an occasional event because it is absent in other sim-
ulations in which cations only interact with one or two G643
residues. This result is consistent with that reported in the
literature, 52! which revealed that the carbonyl oxygen atom of
G643 is the cation-binding region of the inner entrance. The
interactions of cations with carbonyl oxygen atom of G643
may be important to the ion selectivity by attracting cations
and repulsing anions. Inspection of the trajectory shows that
after occupying this location ~40 ns (from 10 ns to 50 ns),
the sodium ion detaches from G643 and another sodium ion
occupies this position (Fig. 3).

140

Distance/A

—
o ® o
S 5 3

IS
o

[\~
[en]

0 20 40 60 80 100
Time/ns

Fig. 3. Sodium ion blocks the pore at the upper gate and interacts
with the carbonyl oxygen atoms of G643s. The distances between the
sodium ion and the oxygens of G643s of the tetramer in the simulation
at 410 K temperature are shown. The inner figure shows the blocking
conformation of the sodium ion.

3.3. M644 can occasionally block the pore

The cryo-EM structures illustrate that the residue M644
adjacent to G643 in the pore region has two different confor-
mations in channel’s closed (PDB ID: 3J5P) and open state
(PDB ID: 3J5Q). Both the states of M644 cannot form con-
striction to ion permeation. Statistical analysis of the simula-
tion results reveals that the side chain of M644 prefers to locate
in a hydrophobic pocket formed by 1642, the hydrophobic por-
tion of side chain of K639, and F640, Y671, V667, L647 of ad-
jacent chain (Fig. 4(a)). This conformation is consistent with
that shown in the cryo-EM structure (3J5P) considered in the
open state. We chose the distance between the methyl group
of M644 and C,, of Y671 as the marker to calculate the prob-
ability distribution of M644’s side chain (Fig. 4(b)). From the
distributions in different temperatures, simulations in 310 K
and 340 K clearly show the two states of M644. With higher
temperatures, this two-state distribution becomes not obvious.
The side chains of M644 s in the simulation at 360 K tem-
perature stay outside of the hydrophobic pocket in all the sim-
ulation time. The initial conformation of all the simulations
has the side chain of M644 being outside the hydrophobic
pocket, therefore the entrance of M644 to the pocket is a spon-
taneous event in our simulations and seems to be temperature-
independent.

In the simulations with temperatures 310 K and 360 K,
Mo644 appears to have another conformation with the distance
between M644 and Y671 in the range of 16-18 A. In this state,
the side chain of M644 bends to and blocks the pore. Inspec-
tion of the corresponding conformation reveals that bending
of only one of four monomers’ long side chain of M644 can
totally block the pore (Fig. S2). It appears that blocking of
the pore by M644 is occasional and temperature-independent.
In these three states of M644, the states with side chain of
M644 buried in the hydrophobic pocket and bent to the pore
region are relatively stable. Within the limited simulation time
(100 ns), the conformational change between these two states
is not observed.

From the above two sections, although G643 and M644
may occasionally block the pore, the blocking events are
temperature-independent. In most of the simulation times,
G643 is in the open state and cannot form a gate to restrict
the permeation of ions. Considering that this position can form
strong interactions with positive charges, maybe it is the origin
of the permeation of cations for this kind of channels. M644
tends to be stably located in the hydrophobic pocket. In this
state, it cannot form a gate to the ion permeation. However,
the existence of a third state with side chain of M644 bend-
ing to the pore reveals that M644 can also influence the open

probability of the channel.
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Fig. 4. Location of M644’s side chain. (a) Conformation of side chain of
M644 locates in the hydrophobic pocket formed by 1642, K639 of the same
monomer and F640, Y671, V667, L647 of the adjacent chain. (b) Distribu-
tions of side chain of M644 at different temperatures. The abscissa is the
distance between the methyl group of M644 and Cy, of Y671. The green ar-
rows shown in the abscissa are the distances between M644 and Y671 in the
closed (~14 A) and open (~8 A) state of cryo-EM structures.

3.4. The lower gate open probability is temperature-
dependent

The constriction of the pore at the “lower gate” portion is
formed by 1679. We also calculated the time course of open
events at 1679 (see Methods, Fig. 5 and Fig. S3). From Fig. 5,
the open events of the lower gate at 310 K exist but rare. This is
consistent with the experimental results that TRPV1 can occa-
sionally open below the activation temperature. The amounts
of open events increase with the increasing temperatures.

1F = —
310 K-1679
0
0 20 40 60 80 100
a 11— g D —
= 340 K-1679
>
© 0 20 40 60 80 100
g 1F ————
a
e 360 K-1679
1O 20 40 60 80 100
410 K-1679
0 20 40 60 80 100

Time/ns

Fig. 5. Time course of lower gate’s open events in the calculated tem-
peratures. The open probability of the lower gate shows temperature-
dependent character.

This result indicates that the open of the lower gate is
temperature-dependent. Figure 6 quantitatively shows the re-
lationship between open probability of the lower gate and the
temperatures. Calculations of the open probability are based
on all the simulation trajectories (one 100 ns trajectory and
two 30 ns trajectories). It is worthy to note that even up to
410 K, the open probability of the lower gate is 39.4% and
cannot maintain in the open state (Fig. 5).

45 T T T T T T T T T T T
401 1
35 1
X L i
E 30
Z 25f 1
=N ]
= 20
£ 15f 1
10F —=— lowe gate open
—— HB (S510-E570)
5r —— HB (S512-E570) ]
0 PR R P S S ST S S S
300 320 340 360 380 400 420
Temperature/K

Fig. 6. Temperature dependency of lower-gate opening (back line), for-
mation probability of HB between E570 and S510 (red line) and that of
HB between E570 and S512 (blue line).

3.5. Oscillation of S5 helix opens the constriction of the
lower-gate portion

We investigate the mechanism underlying the
temperature-dependent opening of the lower gate. Because
the thermal effect is a factor impact the whole system, includ-
ing the protein tetramer, the lipids and the surrounding water
and ion molecules and small temperature difference (less than
10 °C) is sufficient to activate the protein, TRPV1 should not
need very large conformational changes to open the pore. This
can be seen from the comparison of the experimental cryo-EM
structures in the apo and agent-binding state that opening of
both upper and lower gate only needs the gating residue having
a displacement of only 2—4 A.[33]

Opening of the lower gate needs 1679 having an out-
ward movement. Comparison of the lower gate’s closed and
open state conformations obtained from the simulation trajec-
tories shows that the major conformational change occurs at
the N-terminal half (the lower half, from L577 to G590) of the
S5 helix and the S4-S5 linker portion (from Q560 to R575)
which moves toward the S4 helix when the lower gate opens
(Fig. 7(a)). Inspection of the trajectories shows that the move-
ment of S5 helix originates from formation of two hydrogen
bonds (HBs) between ES70 and S510/S512 (Fig. 7(d)). This
result is consistent with the results of Wen ez al.37! that for-
mation of these two HBs is temperature-dependent.

Formations of these two HBs can dramatically torsion the
S5 helix and the S4-S5 linker, which is unfavorable to the con-

formational energy. Therefore, both the HBs between ES70
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and S510/S512 are unstable and S5 and S4-S5 linker can re-
turn to the initial state and break the two HBs. In this way,
the HBs between E570 and S510/S512 are in the dynamical
switching between forming and breaking state. The dynami-
cal switching between two states of the two HBs causes the S5
helix and S4-S5 linker have an outward oscillation. Principle
component analysis (PCA) performed on S5 helix conformed
that this oscillation movement dominates the movement pat-
terns of S5 helix at all temperatures (Fig. 7(c) and Movies S1,
S2). This result indicates that the outward oscillation of S5 is
an inherent characteristic of TRPV 1, which is consistent with
the experimental result that TRPV1 channel can occasionally
open below the threshold temperature.

Fig. 7. (a) Outward movement of the N-terminal half of S5 helix. S6
helix at the position of 1679 has the same outward movement. (b)
Hydrophobic contact between S5 and S6 helixes. The hydrophobic
residues are shown in licorice mode. 1679 and D576 are explicitly
shown using the VDW mode. The hydrogen atoms of the hydropho-
bic residues are omitted. (c) Principle component analysis shows that
S5 helixes of the tetramer show the oscillation movement of S5 helixes.
(d) Hydrogen bonds between E570 of S5 helix and S512/S510 of S3
helix.

It is proper to speculate that the oscillation of S5 helix
should be influenced by temperature since temperature affects
both the thermal movement of S5 and the formation probabil-
ities of HBs between E570 and S510/S512. Since the oscilla-
tion movement is caused by the dynamical forming and break-
ing of the two hydrogen bonds, we calculate the formation
rates of both the HBs (see Methods and Fig. 6). The formation
rates of both the HBs show temperature-dependent character
except for HB between E5S70 and S512 at 410 K. Temperature
of 410 K is far beyond the endurable temperature of protein
and can cause large thermal movement of protein’s secondary
structure which replaces the effect of formation of the HBs in
this instance.

We next investigated the relationship between the move-

ment of S5 helix and the opening of the lower gate. Inspection

of the structure shows that S5 and S6 helixes form tight hy-
drophobic contact within the same monomer (Fig. 7(b)). This
hydrophobic contact ensures that outward movement of S5 can
transmit to the S6 helix and cause same outward movement
of S6 helix. To quantitatively show this correlation, we cal-
culated the Pearson Correlation Coefficient of movements of
the S5 and S6 helixes, which are represented by the outward
motion of D576 and 1679 respectively (see Methods and the
locations of these two residues are shown in Fig. 7(b)). The
calculated coefficients are 0.96, 0.92, 0.60 and 0.47 at temper-
ature 310 K, 340 K, 360 K and 410 K, respectively. This result
shows that the correlations between movement of S5 and S6
helixes are strong at 310-360 K, and that becomes relatively
weak at 410 K. The simulation trajectory confirmed that, at
temperature 410 K, the lower portion of the interface between
S5 and S6 helixex cannot maintain the hydrophobic contact
and water molecules entered this region due to strong thermal
movements.

The above analysis shows a mechanical pathway that
the temperature-dependent formation of two HBs between N-
terminal portion of S5 and S6 helixes induces outward oscil-
lation of S5 helix. Through the hydrophobic contact between
S5 and S6 helixes, outward movement of S5 helix can trans-
mit to S6 helix and open the lower gate. It is worth noting that
the site of the formations of these two HBs is similar to the
binding site of ligand (e.g., capsaicin and RTX) to TRPV1, in
which the key residue is considered to be Y511.126:33:39-54.35]
Our results indicate that the activation of TRPV1 by thermal
and part of chemical ligand may originate from the same posi-
tion which locates in the S3 helix.

Though our simulation results show a temperature-
dependent opening of the channel pore, the exact open prob-
ability is not consistent with the experimental data (in which
temperature of 340 K should fully open the channel). This is
may be caused by the truncated structure used in this work. We
added the missing residues in the pore turret part, but still lack
of the C-terminal part of the TRPV1 channel. This part is con-
sidered to be the binding site of CaM and PIP,, and can modu-
late the temperature sensitivity of TRPV1.5%571 We hope that
the further work with the whole protein structure can show us
the consistent data from theoretical calculations and experi-
ments.

4. Conclusion

How heat activates TRPV1 channel is an important as-
pect of the gating mechanism of TRPV1 or even other heat-
activation TRPV subfamily. Using molecular dynamics sim-
ulations, we investigate the channel-open process of closed-
state TRPV1 at different temperatures (310 K, 340 K, 360 K
and 410 K). The state of the proposed upper gate (G643) is
temperature-independent and prefers to maintain in the open
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state. This site has the function to selective cation to pass the

channel and is a main cation-binding site. M644 can occa-

sionally block the pore through bend its side chain to the pore

region. Oscillation of S5 helix originates from temperature-

dependent forming, and breaking of two hydrogen bonds

(E570-S510/S512) can induce the corresponding movement of

S6 due to the hydrophobic contact between them. Outward

movement of S6 helix releases the constriction of the lower

gate to ion permeation. Clarification of the temperature sensor

and heat-activation pathway of TRPV1 channel can help fur-

ther drug discovery and functional study of TRPV1 channel.

References

(1]
(2]

(3]

[4]

[5]

(6]

(71
(8]

[91
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]
[19]
[20]

[21]

Venkatachalam K and Montell C 2007 Annu. Rev. Biochem. 76 387
Ramsey I S, Delling M and Clapham D E 2006 Annu. Rev. Physiol. 68
619

Winn W P, Conlon P J, Lynn K L, Farrington M K, Creazzo T, Hawkins
A F, Daskalakis N, Kwan S Y, Ebersviller S, Burchette J L, Pericak-
Vance M A, Howell D N, Vance J] M and Rosenberg P B 2005 Science
308 1801

Reiser J, Polu K R, Moller C C, Kenlan P, Altintas M M, Wei C, Faul C,
Herbert S, Villegas I, Avila-Casado C, McGee M, Sugimoto H, Brown
D, Kalluri R, Mundel P, Smith P L, Clapham D E and Pollak M R 2005
Nat. Genet. 37 739

Walder R Y, Landau D, Meyer P, Shalev H, Tsolia M, Borochowitz Z,
Boettger M B, Beck G E, Englehardt R K, Carmi R and Sheffied V C
2002 Nat. Genet. 31 171

Schlingmann K P, Weber S, Peters M, Nejsum L N, Vitzthum H, Klin-
gel K, Kratz M, Haddad E, Ristoff E, Dinour D, Syrrou M, Nielsen S,
Sassen M, Waldegger S, Seyberth HW and Konrad M 2002 Nat. Genet.
31 166

Myers B R, Bohlen C J and Julius D 2008 Neuron 58 362

Yang F, Cui Y, Wang K and Zheng J 2010 Proc. Natl. Acad. Sci. USA
107 7083

Lishko PV, Procko E, Jin X, Phelps C B and Gaudet R 2007 Neuron
54 905

Clapham D E 2003 Nature 426 517

Zheng J 2013 Compr: Physiol. 3 221

Yang F and Zheng J 2014 ELife 3 03255

Caterina M J, Schumacher M A, Tominaga M, Rosen T A, Levine J D
and Julius D 1997 Nature 389 816

Brauchi S, Orta G, Salazar M, Rosenmann E and Latorre R 2006 J.
Neurosci. 26 4835

Liu B, Hui K and Qin F 2003 Biophys. J. 85 2988

Steinberg X, Lespay-Rebolledo C and Brauchi S 2014 Front. Physiol.
5171

Bohlen C J, Priel A, Zhou S, King D, Siemens J and Julius D 2010 Cell
141 834

Yang S, Yang F, Wei N, Hong J, Li B, Luo L, Rong M, Yarov-Yarovoy
V, Zheng J, Wang K and Lai R 2015 Nat. Commun. 6 8297

Cao X, Ma L, Yang F, Wang K and Zheng J 2014 J. Gen. Physiol. 143
75

Yang F, Ma L, Cao X, Wang K and Zheng J 2014 J. Gen. Physiol. 143
91

Caterina M J, Leffler A, Malmberg A B, Martin W J, Trafton J,
Petersen-Zeitz K R, Koltzenburg M, Basbaum A I and Julius D 2000
Science 288 306

[22]

(23]
[24]

[25]
[26]
[27]
(28]
[29]
[30]
[31]
(32]
[33]
[34]
(35]
[36]
[37]
(38]
(39]

[40]
[41]

[42]

[43]
[44]
[45]
[46]

[47]
(48]

[49]

[50]

[51]

[52]
[53]

[54]
[55]

[56]

(571

098701-7

Davis J B, Gray J, Gunthorpe M J, Hatcher J P, Davey P T, Overend P,
Harries M H, Latcham J, Clapham C, Atkinson K, Hughes S A, Rance
K, Grau E, Harper A J, Pugh P L, Rogers D C, Bingham S, Randall A
and Sheardown S A 2000 Nature 405 183

Julius D 2013 Annu. Rev. Cell Dev. Biol. 29 355

Grandl J, Kim S E, Uzzell V, Bursulaya B, Petrus M, Bandell M and
Patapoutian A 2010 Nat. Neurosci. 13 708

Susankova K, Ettrich R, Vyklicky L, Teisinger J and Vlachova V 2007
J. Neurosci. 27 7578

Papakosta M, Dalle C, Haythornthwaite A, Cao L, Stevens E B,
Burgess G, Russell R, Cox S C, Phillips S C and Grimm C 2011 J.
Biol. Chem. 286 39663

Kim S E, Patapoutian A and Grandl J 2013 PLoS ONE 8 59593
Brauchi S, Orio P and Latorre R 2004 Proc. Natl. Acad. Sci. USA 101
15494

Yao J, Liu B and Qin F 2011 Proc. Natl. Acad. Sci. USA 108 11109
Yao J, Liu B and Qin F 2010 Biophys. J. 99 1743

Chowdhury S, Jarecki B W and Chanda B 2014 Cell 158 1148

Voets T, Droogmans G, Wissenbach U, Janssens A, Flockerzi V and
Nilius B 2004 Nature 430 748

Cao E, Liao M, Cheng Y and Julius D 2013 Nature 504 113

Liao M, Cao E, Julius D and Cheng Y 2013 Nature 504 107

Zheng W and Qin F 2015 J. Gen. Physiol. 145 443

Wen H, Qing F and Zheng W 2016 Proteins 84 1938

Wen H and Zheng W 2018 Biophys. J. 114 40

Chugunov A O, Volynsky P E, Krylov N A, Nolde D E and Efremov R
G 2016 Sci. Rep. 6 33112

Hanson S M, Newstead S, Swartz K J and Sansom S P 2015 Biophys.
J. 108 1425

Humphrey W, Dalke A and Schulten K 1996 J. Mol. Graph. 14 33
Jorgensen W L, Chandrasekhar J, Madura J D, Impey R W and Klein
M L 1983 J. Chem. Phys. 79 926

Phillips J C, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E,
Chipot C, Skeel R D, Kalé L and Schulten K 2005 J. Comput. Chem.
26 1781

BestR B, Zhu X, Shim J, Lopes P E M, Mittal J, Feig M and MacKerell
A D 2012 J. Chem. Theory Comput. 8 3257

MacKerell A D, Bashford D, Bellott M et al. 1998 J. Phys. Chem. B
102 3586

MacKerell A D, Feig M and Brooks C L 2004 J. Am. Chem. Soc. 126
698

Pavelites J J, Gao J, Bash P A and MacKerell A D 1997 J. Comput.
Chem. 18 221

Bakan A, Meireles L M and Bahar 1 2011 Bioinformatics 27 1575
Bakan A, Dutta A, Mao W, Liu Y, Chennubhotla C, Lezon T R and
Bahar I 2014 Bioinformatics 30 2681

Pan Z, Chen J, Lii G, Geng Y, Zhang H and Ji Q 2012 J. Chem. Phys.
136 164313

Salazar H, Jara-Oseguera A, Herndndez-Garcia E, Llorente I, Arias-
Olguin I I, Soriano-Garcia, Islas L D and Rosenbaum T 2009 Nat.
Struct. Mol. Biol. 16 704

Gregorio-Teruel L, Valente P, Gonzélez-Ros J M, Fernandez-Ballester
G and Ferrer-Montiel A 2014 J. Gen. Physiol. 143 361

Darré L, Furini S and Domene C 2015 J. Mol. Biol. 427 537

Smart O S, Neduvelil J G, Wang X, Wallace B A and Sansom M S 1996
J. Mol. Graph. 14 354

Jordt S E and Julius D 2002 Cell 108 421

Yang F, Xiao X, Cheng W, Yang W, Yu P, Song Z, Yarov-Yarovoy V
and Zheng J 2015 Nat. Chem. Biol. 11 518

Vlachovd V, Teisinger J, Su§dnkovd K, Lyfenko A, Ettrich R and Vyk-
licky L 2003 J. Neurosci. 23 1340

Liu B, Ma W, Ryu S and Qin F 2004 J. Physiol. 560 627


https://doi.org/10.1146/annurev.biochem.75.103004.142819
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.1126/science.1106215
https://doi.org/10.1126/science.1106215
https://doi.org/10.1038/ng1592
https://doi.org/10.1038/ng1592
https://doi.org/10.1038/ng901
https://doi.org/10.1038/ng889
https://doi.org/10.1038/ng889
https://doi.org/10.1016/j.neuron.2008.04.012
https://doi.org/10.1073/pnas.1000357107
https://doi.org/10.1073/pnas.1000357107
https://doi.org/10.1016/j.neuron.2007.05.027
https://doi.org/10.1016/j.neuron.2007.05.027
https://doi.org/10.1038/nature02196
https://doi.org/10.1002/cphy.c120001
https://doi.org/10.7554/eLife.03255
https://doi.org/10.1038/39807
https://doi.org/10.1523/JNEUROSCI.5080-05.2006
https://doi.org/10.1523/JNEUROSCI.5080-05.2006
https://doi.org/10.1016/S0006-3495(03)74719-5
https://doi.org/10.3389/fphys.2014.00171
https://doi.org/10.3389/fphys.2014.00171
https://doi.org/10.1016/j.cell.2010.03.052
https://doi.org/10.1016/j.cell.2010.03.052
https://doi.org/10.1038/ncomms9297
https://doi.org/10.1085/jgp.201311025
https://doi.org/10.1085/jgp.201311025
https://doi.org/10.1085/jgp.201311024
https://doi.org/10.1085/jgp.201311024
https://doi.org/10.1126/science.288.5464.306
https://doi.org/10.1126/science.288.5464.306
https://doi.org/10.1038/35012076
https://doi.org/10.1146/annurev-cellbio-101011-155833
https://doi.org/10.1038/nn.2552
https://doi.org/10.1523/JNEUROSCI.1956-07.2007
https://doi.org/10.1523/JNEUROSCI.1956-07.2007
https://doi.org/10.1074/jbc.M111.273581
https://doi.org/10.1074/jbc.M111.273581
https://doi.org/10.1371/journal.pone.0059593
https://doi.org/10.1073/pnas.0406773101
https://doi.org/10.1073/pnas.0406773101
https://doi.org/10.1073/pnas.1105196108
https://doi.org/10.1016/j.bpj.2010.07.022
https://doi.org/10.1016/j.cell.2014.07.026
https://doi.org/10.1038/nature02732
https://doi.org/10.1038/nature12823
https://doi.org/10.1038/nature12822
https://doi.org/10.1085/jgp.201411335
https://doi.org/10.1002/prot.25177
https://doi.org/10.1016/j.bpj.2017.10.034
https://doi.org/10.1038/srep33112
https://doi.org/10.1016/j.bpj.2015.02.013
https://doi.org/10.1016/j.bpj.2015.02.013
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1063/1.445869
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1021/ct300400x
https://doi.org/10.1021/jp973084f
https://doi.org/10.1021/jp973084f
https://doi.org/10.1021/ja036959e
https://doi.org/10.1021/ja036959e
https://doi.org/10.1002/(SICI)1096-987X(19970130)18:2<221::AID-JCC7>3.0.CO;2-X
https://doi.org/10.1002/(SICI)1096-987X(19970130)18:2<221::AID-JCC7>3.0.CO;2-X
https://doi.org/10.1093/bioinformatics/btr168
https://doi.org/10.1093/bioinformatics/btu336
https://doi.org/10.1063/1.4705371
https://doi.org/10.1063/1.4705371
https://doi.org/10.1038/nsmb.1633
https://doi.org/10.1038/nsmb.1633
https://doi.org/10.1085/jgp.201311070
https://doi.org/10.1016/j.jmb.2014.11.016
https://doi.org/10.1016/S0263-7855(97)00009-X
https://doi.org/10.1016/S0263-7855(97)00009-X
https://doi.org/10.1016/S0092-8674(02)00637-2
https://doi.org/10.1038/nchembio.1835
https://doi.org/10.1523/JNEUROSCI.23-04-01340.2003
https://doi.org/10.1113/jphysiol.2004.069054

	1. Introduction
	2. Methods
	2.1. Model construction
	2.2. Molecular dynamics simulation
	2.3. Calculation of the open events
	2.4. Principle component analysis
	2.5. Formation rates of hydrogen bonds between E570 and S510/S512
	2.6. Calculation of pearson correlation coefficient

	3. Results and discussion
	3.1. High resolution cryo-EM structures reveal existence of two gates in the channel pore
	3.2. Upper gate is in the stable open-state conformation at all temperatures calculated
	3.3. M644 can occasionally block the pore
	3.4. The lower gate open probability is temperature-dependent
	3.5. Oscillation of S5 helix opens the constriction of the lower-gate portion

	4. Conclusion
	References

