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a b s t r a c t 

The transient response potential cation channel TRPV1 responds to high temperature, but many of the 

mechanisms driving its thermal actuation remain unclear. Its recently resolved structure has enabled a 

number of molecular dynamics (MD) studies focused on illuminating these mechanisms. We add to these 

effort s by performing the first all-atom MD simulations of its most recently resolved structure at different 

temperatures. While the complete, thermally induced transition of TRPV1 from its closed to open config- 

uration remains elusive, our analysis of the hydrogen bonding networks, thermodynamics, hydration, and 

principal components of motion provide a wealth of information on the mechanisms which initiate or 

influence the thermal opening in TRPV1. In particular, we (i) support the previously proposed mechanism 

driving thermal actuation in the extracellular pore of TRPV1, (ii) present new hypotheses regarding the 

thermal actuation in the C-terminal and adjacent linker domains, and (iii) support and build upon the 

existing hypothesis regarding the role of the vanilloid binding pocket and lipids embedded therein. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The transient receptor potential (TRP) ion channels are known

for their ability to sense a variety of stimuli ( Clapham, 2003; Voets

et al., 2005 ), including hot ( Caterina et al., 1999, 1997 ) or cold

( Karashima et al., 2009; Nilius et al., 2012; Story et al., 2003 ) tem-

peratures, voltage ( Jensen et al., 2012; Voets et al., 2004 ), pH ( Jordt

et al., 20 0 0; Tominaga et al., 1998 ), sodium ( Jara-Oseguera et al.,

2016 ), and ligands like capsaicin ( Cao et al., 2013; Caterina et al.,

1997; Gao et al., 2016 ) or the spider double-knot toxin (DkTx)

( Bae et al., 2016; Cao et al., 2013; Gao et al., 2016 ). They are

studied for their role in disease signaling ( Nilius, 2007; Nilius

et al., 2005 ), nociception ( Story et al., 2003 ), as targets for drug

delivery ( Gunthhorpe and Szallasi, 2008; Nilius, 2013 ), and for

their remarkable ability to sense temperature ( Chugunov et al.,

2016; Wen et al., 2016; Zheng and Qin, 2015 ). Indeed, the fol-

lowing TRP channels are responsible for temperature sensation

and thermal regulation in humans: cold sensors TRPA1 ( T < 17 °C)

and TRPM8 ( T < 25 °C), moderating sensor TRPV4 (27 < T < 42 °C),

and heat sensors TRPV3 ( T > 33 °C), TRPV1 ( T > 42 °C), and TRPV2

( T > 52 °C) ( Dhaka et al., 2006 ), where A, M, and V denote mem-

bers of the ankyrin repeat, melastin-related, and vanilloid-binding
TRP sub-families. 
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Recently, researchers have resolved the structure of TRPV1 in its

pen and closed configurations ( Gao et al., 2016; Liao et al., 2013 ),

hich has led to a proliferation of research into the channel and

ts functionality ( Bae et al., 2016; Cao et al., 2013; Jara-Oseguera

t al., 2016; Jendryke et al., 2016; Zheng and Qin, 2015 ). The re-

olved TRPV1 structure is a homo-tetramer with its four monomers

urrounding a central ion channel, as shown in Fig. 1 (a) and (b).

he monomers are further divided into the domains ( Liao et al.,

013 ) shown in Fig. 1 (c), i.e., the C-terminal (CT) domain, a rel-

tively unstructured region which shares a role in thermosensa-

ion and ligand sensation ( Brauchi et al., 20 07; 20 06; Raymond

t al., 2014 ); the TRP domain, which mediates many interactions

etween the transmembrane and intracellular domains ( Wen et al.,

016 ); the transmembrane domain, which resembles the trans-

embrane structure of voltage-sensing ion channels ( Catterall,

012, 2010 ); the extracellular pore domain, which controls dila-

ion of the extracellular gate (Met644) ( Grandl et al., 2010; Myers

t al., 2008; Ryu et al., 2007 ) (a selectivity filter preventing anion

assage); and the intracellular linker and ankyrin repeat domains,

here the linker domain has been linked to thermosensation ( Wen

t al., 2016; Yao et al., 2011; Zheng and Qin, 2015 ) and the ankyrin

epeats respond to myriad ligands ( Gaudet, 2008 ). 

The S6, S5, and pore helices create a channel between the

ntracellular and extracellular solutions which regulates ion pas-

age and thus the ultimate sensation of an agonist. This ion chan-

el is gated at both the intracellular and extracellular sides, with
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Fig. 1. The structure of TRPV1. (a),(c) One of four sub-units which comprise the rotationally symmetric assembly shown in (b). Together, these units form a thermally 

activated ion channel with two gates, Ile679 on the intracellular side and Met644 on the extracellular side. Between these gates resides a hydrated central cavity. Met644 

primarily serves as a selectivity filter which excludes anions, while Ile679 forms a hydrophobic seal in the closed TRPV1 configuration shown here. Experimentally, lipids 

have been found to be embedded in the vanilloid binding pockets, and it is hypothesized that heat ejects them. Heat is also known to affect the pore, C-terminal, and linker 

domains. TRPV1 is shown here ( Video 1 ). 
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 hydrated ( Chugunov et al., 2016; Kasimova et al., 2017; Wen

t al., 2016 ), central cavity between the two gates. The intracel-

ular gate is formed by the four Ile679 residues on the S6 helix

hile the extracellular gate is formed by multiple residues near

he pore helix (6 43—6 46; GMGD) ( Liao et al., 2013 ). It is thought

hat the extracellular gate acts primarily as a selectivity filter, al-

owing the passage of cations but preventing the passage of anions

 Liao et al., 2013 ); while the intracellular gate acts as a hydropho-

ic barrier which separates the intracellular and extracellular so-

utions ( Chugunov et al., 2016 ), preventing ion passage unless it is

pened. 

The first structural study revealed two allosterically coupled ac-

uation pathways which open these gates: one on the intracellular

ide and one on the extracellular side ( Liao et al., 2013 ). Indeed,

hile the closed TRPV1 structure was resolved by cryo-EM imag-

ng a TRPV1 channel with no ligands, the open TRPV1 required two

igands: one (double knot toxin, DkTx) bound to the extracellu-

ar pore domain, and one (resiniferatoxin, RTX) bound in the in-

racellular vanilloid binding pocket. Individually, these ligands di-

ated the extracellular selectivity filter and intracellular gate, re-

pectively, but they did not open both gates. However, when both

igands were incorporated into the solution, both gates opened

ider than they did when a single ligand was present ( Cao et al.,

013; Liao et al., 2013 ). 

In addition to structural studies, researchers have used muta-

enesis studies to explore the function of the ion channel. These

tudies have uncovered many residues involved in the sensation of
eat, most of which reside in the pore domain ( Grandl et al., 2010;

yers et al., 2008; Ryu et al., 2007; Yang et al., 2010a, 2010b; Yao

t al., 2010 ) and some of which reside in the CT domain ( Brauchi

t al., 20 07, 20 06 ) and around the vanilloid binding pocket ( Hu

t al., 2009; Yang et al., 2015 ). Because the vanilloid binding pocket

nd pore contain residues that affect both the thermal and also the

anilloid/DkTx sensitivity of TRPV1, researchers hypothesize that

hese vanilloids/DkTx activate TRPV1 through the same pathways

hat heat does. Thus, molecular dynamics (MD) studies have been

erformed on the TRPV1-DkTx ( Bae et al., 2016 ) and TRPV1-RTX

 Cao et al., 2013 ) complexes in an attempt not only to explain the

igand sensation pathways but also to explore the thermal activa-

ion pathways. 

Researchers have also simulated the channel at various temper-

tures in order to directly explore the thermal activation pathways

 Chugunov et al., 2016; Kasimova et al., 2017; Wen et al., 2016;

en and Zheng, 2018 ). In combination, the structural, mutagenesis,

nd MD studies support the following hypotheses: (i) Increasing

he temperature destabilizes the hydrophobic cluster in the pore

nd this ultimately leads to dilation and hydration of the extracel-

ular selectivity filter; and (ii) a number of residues surrounding

he vanilloid binding pocket respond to heat. However, the mecha-

ism driving the latter response remains relatively unclear, and the

ole of the CT remains almost completely unexplored. For exam-

le, a few simulations suggest that the linker domain plays a cru-

ial role in the intracellular activation pathway ( Wen et al., 2016;

en and Zheng, 2018; Zheng and Qin, 2015 ), undergoing a sub-

https://doi.org/10.1016/j.jtbi.2018.02.004
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Table 1 

Molecular dynamics simulations. 

Name Temperature (K) Elapsed time (ns) 

HA 350 1250 

CA 290 300 

HB 350 10 0 0 

CB 290 500 
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stantial enthalpy change upon heating due to the rearrangement

of the hydrogen bonding network. Another recent simulation sup-

ports that the CT is, indeed, thermally activated ( Raymond et al.,

2014 ), but the connection of this domain to the activation pathway

was not addressed. Furthermore, the most recent cryo-EM study

of TRPV1 in a lipid nanodisk ( Gao et al., 2016 ) shows that phos-

phatidylinositol lipids are embedded in the cold vanilloid pocket

and that these lipids are displaced by RTX and other vanilloid ag-

onists. Thus, the study hypothesizes that heat ejects these lipids

much like the vanilloids do; however, there have been no simu-

lations which attempt to support this hypothesis. Connecting and

supporting the various hypotheses and creating a comprehensive

hypothesis for the intracellular actuation pathway remains an im-

portant and major challenge in understanding the thermal actua-

tion of TRPV1. 

Here we present the first all-atom molecular dynamics sim-

ulations of the most recently reported structure, as shown in

Fig. 1 and Video 1 , so that we can address this challenge. Addi-

tionally, we incorporate the embedded lipids in order to test the

recent hypothesis surrounding their role in thermal actuation. In

the following sections, we discuss our methodology, present re-

sults replicating the current understanding of the extracellular ac-

tuation in the pore domain, explore the CT and linker domains and

discuss their connection to the actuation of the vanilloid binding

pocket, and investigate the role of the embedded lipids. While the

complete thermal actuation of TRPV1 remains elusive, a number

of structural changes are recorded which support our hypotheses

and connect strongly to those discussed in the literature. Finally,

mutagenesis experiments are suggested to test the proposed con-

nection between the response of the CT and linker domains with

that of the vanilloid binding pocket and displacement of the lipids

embedded within them. 

2. Molecular dynamics simulations, analysis methodology, and 

overarching results 

This study is based on the all-atom MD simulation of TRPV1. A

few methods of quantitative analysis are employed to digest the

data produced from those simulations. In particular, we employ

principal component, RMSD/RMSF, hydration, hydrogen bonding,

and thermodynamic analyses. In the following sections, we discuss

the details of these analyses and present results quantifying the

response of the entire protein channel to heat. 

2.1. Molecular dynamics simulations 

This study uses the MD simulation code nanoscale MD (NAMD)

( Phillips et al., 2005 ) with CHARMM36 ( Huang and MacKerell,

2013; Klauda et al., 2010 ) force fields to simulate TRPV1. We use

the most recent TRPV1 structure in the closed configuration (PDB

accession number 5IRZ) ( Gao et al., 2016 ) from the orientations

of proteins in membranes (OPM) ( Lomize et al., 2006 ) database

for the C-terminal to linker domains. To this structure, we add

the ankyrin repeat domain resolved and published in the pre-

vious TRPV1 structure (PDB accession number 3J5P) ( Liao et al.,

2013 ). The structure is protonated using PROPKA ( Dolinsky et al.,

2004 ), hydrated using DOWSER ( Zhang and Hermans, 1996 ), and

the missing pore loop is added and refined using the Rosetta

loop modeling procedure ( Kaufmann et al., 2010 ). The embedded

lipids are taken from the 5IRZ structure. (In particular, we take

the lipids with designations 6ES and 6O8.) Then, the protein and

embedded lipids are embedded in a 170 × 170 Å POPC lipid bi-

layer membrane. We build this membrane using the visual molec-

ular dynamics (VMD) ( Humphrey et al., 1996 ) membrane builder

and align it with the TRPV1 according to the specifications of the

OPM database ( Lomize et al., 2006 ). Any POPC lipids within 2 Å
f the protein or embedded lipids are removed (619 remain). Fi-

ally, it is surrounded by the solvent: water with a 150 mM con-

entration of NaCl. We leave 25 Å of space between the periodic

mages of TRPV1, which requires 87,782 water molecules and a box

f 170 × 170 × 150 Å. 

We model the water using the TIP3P model ( Jorgensen et al.,

983 ). All hydrogen bonds kept rigid in order to enables a 2 fs

imestep. The nonbonded forces (van der Waals and electrostat-

cs) are evaluated within a cutoff distance of 12 Å. The electro-

tatic problem is solved using the particle mesh ewald (PME) algo-

ithm ( Darden et al., 1993 ) every ten steps in order to update the

ong-range electrostatic forces. Temperature and pressure control

re achieved using a Langevin thermostat with a friction coefficient

f 2 ps −1 and a Nosé-Hoover Langevin piston at 1 atm ( Feller et al.,

995; Martyna et al., 1994 ). 

Two replicas of this structure are created by using the follow-

ng relaxation procedure with different initial velocities and posi-

ions. A brief minimization is carried out in order to remove steric

ollisions. Then, we relax the lipid bilayer and solvent systems by

estraining the embedded lipids and protein and during a 25 ns

imulation of the system at 290 K. We restrain the protein and

mbedded lipids by applying a harmonic force based on the dif-

erence between the current and initial atomic positions. We then

elax the entire system over an additional 125 ns, slowly reduc-

ng the harmonic force constants from the initial value of 0.5 to

.001 kcal/(mol- ̊A 

2 ). Following relaxation, the x and y dimensions

f the box are fixed and the z dimension is allowed to fluctuate. 

The resulting positions are used as a starting point for the pro-

uction runs at 290 and 350 K. During production runs, the atomic

ositions (frames) are recorded every 10 ps for further analysis.

he elapsed simulation times and the temperatures of runs con-

ucted using these replicas are presented in Table 1 . Note that we

o not have production simulations of the experimentally resolved

pen configuration (5IRX). Instead, we focus our computational re-

ources on the changes which occur to the closed configuration

nd avoid the issues surrounding the open structure (i.e., that it

s resolved by using ligands and thus may differ from the heat ac-

ivated open configuration). As simulating even 100 ns of this ap-

roximately 350,0 0 0 atom system requires massive computational

ffort, this f ocus is necessary to create relatively long trajectories.

ndeed, while we would prefer to create additional replicas; simu-

ate TRPV1 on the μs scale, simulate TRPV1 at additional, moderate

emperatures, and include long, replicated simulations of the open

onfiguration, doing so is not feasible at this time. 

With the MD methodology established, let us quantify the sta-

ility of our simulations following relaxation and also examine

he flexibility of the resulting, relaxed structure using root-mean-

quare displacement (RMSD) and fluctuation (RMSF) analyses. Here

e calculate the RMSD and RMSF for each monomer using only

he backbone C α atoms. To do so, the C α atoms of an individual

onomer is fit to their initial, experimental positions (by mini-

izing the RMSD between them). The RMSF values are averaged

n time for each residue (C α atom) and across the monomers in

rder to quantify the flexibility of each residue, while the RMSD

alues are calculated for the entire monomer and then averaged

cross the four monomers in order to quantify the divergence of

https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 2. (a) RMSD between the simulations and the initial, experimental structure 

(solid lines) over time and (b) RMSF of the TRPV1 monomers throughout the pro- 

tein. TRPV1 is particularly flexible within the long pore loop which is missing from 

the experimental structure and the unstructured CT domain which was only re- 

cently resolved. The stable residues within the CT form a β-sheet with the Linker 

domain. 
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Fig. 3. Progress of simulations along primary component separating open and 

closed TRPV1. The eigenvector νpc,1 is normalized such that the open and closed 

experimental structures take values of ± 1. TRPV1 does not open in these simula- 

tions, although it does respond to heat. 
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he simulations from their initial states over time. The results are

resented in Fig. 2 . 

As shown, the simulated TRPV1 structure differs notably from

he experimental structure following the relaxation procedure. For

xample, the charged Sulfur group on residue Met644, which con-

ributes to the selectivity filter at the extracellular pore of the ion

hannel, rotates out of the channel. Following this change, water

olecules gradually pass through the filter and into the central

avity of the ion channel, hydrating it but not the intracellular gate

Ile679), which forms a hydrophobic seal ( Chugunov et al., 2016 ).

hen, an ion enters the cavity and a second ion slots into the se-

ectivity filter between Met644 and Gly643, re-sealing the selec-

ivity filter, as shown in Fig. 1 and the Video 2 . (This behavior is

iscussed in more detail in Section 2.3 .) 

Additionally, the large degree of flexibility in the ankyrin repeat

omain (as a whole), the unstructured CT domain, and long pore

oop contribute substantially to the large RMSD. The pore loop and

T, in particular, change substantially during and following relax-

tion. Indeed, the RMSF plot, Fig. 2 (b), shows RMSF values in these

omains which exceedis 8 Å at 350 K or 6 Å at 290 K. This large

egree of flexibility and instability in the CT and long pore loop

s expected, as it explains the difficulty of resolving the structures

xperimentally and as these structures lack secondary structures.

ost importantly, we do not record RMSD values which continue

o diverge, i.e., the protein structures we are simulating are stable.

ext, we apply a principle component analysis to the simulations

n order to examine the differences between the hot and cold sim-

lations and in order to quantify the openess of the hot simula-

ions. 

.2. Principal component analysis 

A principal component analysis (PCA) computes the axes upon

hich the data varies the most and thereby reduces the relevant
imensions of the problem ( Jolliffe, 2002 ). The PCA uses the co-

ariance matrix, C , of an ensemble of C α atomic positions, which

s given by the 3 × 3 block matrices 

 ii ′ = 

1 

M 

∑ 

m 

(x im 

− 〈 x i 〉 ) � (x i ′ m 

− 〈 x i ′ 〉 ) , (1)

here m is the index of the frame in the ensemble of M frames

nd 〈 x i 〉 is the average position of the C α atom in residue i across

he ensemble ( Wen et al., 2016 ). The eigenvalues of this matrix

ive the variance of the data when projected along the correspond-

ng eigenvector ( v pc, α). Thus, the eigenvector corresponding to the

argest eigenvalue ( v pc ,1 ) provides a direction of motion which sep-

rates the data most notably. 

Here we use the PCA to examine the openness of the hot simu-

ations, the closedness of the cold simulations, the thermal actua-

ion, and the similarity between replicas at the same temperature.

n particular, we are interested in the principal component which

aptures the difference between the hot and the cold structure. To

alculate this component, we apply the PCA to all frames of all

eplicas. In order to weight the hot and cold simulations equally,

e normalize the variance in the cold (hot) frames by the frac-

ion of hot (cold) frames in the full ensemble. Then we compute

he covariance matrix of this normalized ensemble of frames and

alculate eigenvectors. Finally, we project the simulations upon the

rincipal eigenvector ( x m 

· v pc ,1 ). That is, we calculate the principal

omponent. We also project the closed and open, experimentally

esolved structures onto v pc ,1 in order to examine the similarity of

hese structures to our simulations. 

The results are shown in Fig. 3 . As expected, v pc ,1 separates

he hot and cold replicas. Moreover, simulations at the same tem-

erature behave the same when projected upon v pc ,1 . Thus, the

rincipal component indicates a consistent response to tempera-

ure. Moreover, the open and closed experimental structures are

eparated in a qualitatively similar manner to the hot and cold

tructures, indicating that heat leads towards opening while the

old simulations remain quite similar to the initial closed struc-

ure. However, the hot simulations differ notably from the open,

xperimental structure when projected upon v pc ,1 . 

The differences between the heated simulations and the open,

xperimental structure may arise for a number of reasons. These

https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 4. Hydration of and ion incursion into the central ion channel of TRPV1 in the 

cold replicas (a) CA and (b) CB and hot replicas (c) HA and (d) HB. After relaxation, 

the intracellular gate forms a hydrophobic seal, while the extracellular selectivity 

filter forms a hydrophobic seal with the addition of a cation (Gly643 - cation - 

Met644). In hot simulations, this complex is occasionally perturbed, with the cation 

moving into the central channel. A water molecule tends to replace it and hydrate 

the filter. This is shown in Video 2 . 
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include the computationally limited simulation time, issues with

the experimentally closed structure, or the manner with which the

open structure is resolved. That is, trajectories which extend well

into the μs domain may be required to open TRPV1. Alternatively,

a very recent MD study suggests that non-polar cavities in the ex-

tracellular side must by hydrated for thermally induced opening

to occur ( Kasimova et al., 2017 ), but DOWSER does not find these

cavities. Thus, they are not hydrated in our structure and this could

be preventing the complete, thermal actuation of TRPV1. Addition-

ally, there are regions of the structure which are not completely

resolved. The long pore loop is missing, for example, and it is mod-

eled here using a Rosetta protocol that cannot consistently predict

the structure of such a long loop. Additionally, the Ankyrin repeat

domain is truncated in order to limit the computational demand,

and the C-terminal domain is also truncated (as the final 100

residues have not been experimentally resolved). While neither the

ankyrin repeat domain nor the final 100 residues of the C-terminal

are expected to contribute to thermal sensation, the pore loop is

expected to be central to it ( Cao et al., 2013; Gao et al., 2016; Liao

et al., 2013 ). Finally, the open structure is experimentally resolved

using toxins rather than heat, which may lead to some structural

difference. For any of these reasons, or a combination of them, our

simulations do not capture the elusive opening of TRPV1 or show

that the experimentally open structure is reached during the hot

simulations. This is a common problem in MD simulations of ther-

mal actuation in TRPV1 ( Chugunov et al., 2016; Zheng and Qin,

2015 ). 

2.3. Hydration and ion occupancy analyses 

It has been proposed that hydration of the ion channel in

TRPV1 controls its permeability and that the intracellular gate

forms a hydrophobic seal ( Chugunov et al., 2016 ). Thus, in addi-

tion to tracking the progress of TRPV1 along the primary compo-

nents, we quantify the hydration of the ion channel. To do this, we

align each snapshot of the protein and its nearby water molecules

with the initial protein positions. Then we count the number of

water molecules (oxygen atoms) within the ion channel as a func-

tion of the distance along the channel, z , and simulation time, t .

Here the ion channel is defined as the central core of the simula-

tion, i.e., r < 5.5 Å, where r is the radius from the center of TRPV1

on the x − y plane. The resulting number distribution, N H 2 O 
(z, t) , is

normalized into an occupation function, f H 2 O (z, t) , as follows. First,

the simulation is divided into spatial (horizontal slices of the ion

channel with thickness �z ) and temporal bins. Then we calculate

the total number of water molecules found within each bin and di-

vide by the total number of frames within each temporal bin to get

a raw occupancy value. Here, we use 200 frames per bin ( �t = 1

ns) and spatial bins of height 0.35 Å. Due to the fluctuation of wa-

ter molecules within the cavity and the small spatial bin size, it

can be difficult to visualize the resulting occupation function. Thus,

we renormalize this raw occupation function in order to examine

the occupations between 0 and 0.25. That is, multiply our raw oc-

cupation function by four and set any value greater than one to

one. The ion occupancy is calculated in the same manner, only we

renormalize to the range between 0 and 0.1. Again, this renormal-

ization is performed in order to produce illustrative figures. 

The results are shown in Fig. 4 . Three distinct regions are im-

mediately apparent, particularly for replica CA ( Fig 4 (a)): The in-

tracellular gate, which forms a hydrophobic seal ( Chugunov et al.,

2016 ) that allows neither water nor ions into or through it; the

cavity, which is typically filled with many water molecules and

a single sodium cation; and the selectivity filter, which typically

holds a single cation and is bracketed by two spaces inhabitted by

water molecules. No anion is found in the channel at any frame.

We call these the typical conditions in our following discussion.
hile the intracellular gate remains closed in all of our simula-

ions, notable deviations from this typical behavior arise. Let us

iscuss these differences. 

First, let us examine the other cold replica, CB. In the first

00 ns of this simulation, there is no ion in the central cavity, and

he selectivity filter does not have a water molecule immediately

elow it. Between 200 and 300 ns, the first ion enters the cen-

ral cavity, additional water molecules follow it, and a new ion

nters the selectivity filter. After 300 ns, the ion channel behaves

n the typical manner. We believe that the initial phase describes

he continued relaxation of this replica towards its ground state.

uring this relaxation (and the initial relaxation of replica A) the

ulfur group on residue Met644 rotates away from the selectivity

on channel. This allows water to fill the now vacant space below

he filter and potentially encourages or allows the first ion to enter

he central cavity. 

In contrast, the hot simulations show continued and consistent

eviation from the typical behavior. Primarily, we see that the ion

odged in the selectivity filter occasionally escapes, briefly enters

he central cavity (2nd ion penetration), and then returns to the

electivity filter. When the ion leaves the selectivity filter, water

olecules can fill the selectivity filter. Indeed, a contiguously hy-

rated path forms from the extracellular solution to the intracel-

ular gate, as shown in Video 2 . This contrasts with the filter-ion

omplex which does not allow water to pass between the extra-

ellular solution and central cavity. Thus, we consider the selec-

https://doi.org/10.1016/j.jtbi.2018.02.004
https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 5. (a) The difference in hydrogen bonding occupation ( �f HB ) throughout TRPV1 

and (b) in the pore domain after heating, from a combined data set of all replicas. 

Figs. 7 (b) and 8 (b) zoom in on other important domains. Only hydrogen bonds with 

an occupation difference exceeding 0.5 are shown. A substantial number of hydro- 

gen bonds are broken in the pore domain, supporting its role in thermal actuation. 

Additionally, a number of bonds form and break within and between the CT and 

linker domains. Finally, there are few major cross-domain bonds within the vanil- 

loid binding pocket which respond to heat. 
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ivity filter without (with) a cation lodged between Gly643 and

et644 to be open (closed). With this perspective, the selectivity

lter is seen to flicker between the open and closed states at 350 K

ut remains closed at 290 K. This flickering of the selectivity filter

rom the closed to open state has been observed experimentally

 Cao et al., 2013; Hui et al., 2003 ) and within other simulations

 Wen et al., 2016 ) at high temperatures. Before we investigate the

ocal structures in TRPV1 which explain its thermal sensitivity, let

s first examine the overall hydrogen bonding picture and the ther-

odynamic behavior of TRPV1 when subjected to heat. 

.4. Hydrogen bonding and thermodynamic analyses 

Examining changes in the hydrogen bonding network should in-

icate which domains and residues are important in thermal sen-

ation. Indeed, hydrogen bonding networks have been proposed as

 crucial component in the response of molecules, supramolecules

 Ware et al., 2012 ) and liquid crystals ( Jiang et al., 2013 ) to temper-

ture changes. Consider that the temperature sensation in TRPV1

and the cold sensor TRPM8) can be explained thermodynami-

ally by the large increase (decrease) in energy and entropy as

he molecule shifts from its open to closed configuration ( Clapham

nd Miller, 2011; Voets et al., 2004 ), and consider that breaking a

ydrogen bond will tend to increase both thermodynamic quan-

ities. Therefore, the rearrangement of the hydrogen bonding net-

orks in TRPV1 is expected to be central to its ability to sense

emperature ( Zheng and Qin, 2015 ). However, hydrogen bonding

s not the sole contributor to the thermal sensitivity of proteins.

ndeed, the enthalpy of a protein primarily changes through the

xposure of hydrophobic residues to the solution ( Clapham and

iller, 2011 ). While we focus on hydrogen bonding as indicators of

he local mechanisms through which thermal actuation is accom-

lished, the hydrophobic surfaces exposed during actuation largely

nable this actuation to occur from a thermodynamic perspective.

et us first evaluate the overall hydrogen bonding picture in order

o determine on which regions of the TRPV1 we should focus our

nalysis. 

Here we compare the occupation of the hydrogen bonds in

he cold and hot simulations in order to discover the bonds and

egions which are most crucial to thermal sensation in TRPV1.

 hydrogen bond (HB) is quantified as a pair of polar atoms

ithin 4 Å of each other and with a donor-hydrogen-acceptor an-

le deviating from a straight line by less than 60 °, and the VMD

 Humphrey et al., 1996 ) program is used to find these HB’s in all

f our simulations. From this data, we calculate the average HB oc-

upation between two residues i and j ( f HB, ij ) and the difference

n the average HB occupation between the hot and cold trajecto-

ies ( �f HB, ij ). Here all replicas are considered, and the first 250 ns

f the hot trajectories is discarded to capture the difference be-

ween the hot and cold trajectories more accurately. (That is, we

iscard the “cold” portion of the hot trajectories. In general, �f HB, ij 

rows as we discard more of the hot trajectory.) We note that

f a pair of residues form multiple hydrogen bonds, the occupa-

ion of these bonds are summed together. We also calculate confi-

ence intervals for f HB, ij and the standard deviation in the hydrogen

onding occupation groups of 50 frames, the results of which are

resented in the supplementary materials for selected hydrogen

onds. The total occupation of each hydrogen bond in the cold and

ot simulations are also shown in Fig. S1. Finally, the supplemen-

ary materials presents the distance between residue pairs which

orm notable hydrogen bonds and the correlation in the distance

etween selected residue pairs. Despite these analyses, some cau-

ion must be applied to the hydrogen bonding analyses: We have

ot conducted simulations at additional, more moderate tempera-

ures. Thus, meta-stable hydrogen bonds may remain in the 290 K

imulations which would break at 310 K. Conversely, stable hy-
rogen bonds may break in the 350 K simulations which would

ot break at 335 K. If it were not for our computational limits,

e would conduct simulations at additional temperatures in or-

er to validate our analysis. Instead, we use the literature to sup-

ort our analysis and note where no such support exists. Moreover,

e try not to integrate unsupported mechanisms into our final

ypothesis. 

A number of hydrogen bonds form and break after subjecting

RPV1 to the 60 K change in temperature, as shown in Fig. 5 .

he highest concentration of these changes occur in the pore,

here a substantial number of hydrogen bonds break. The sec-

nd highest concentration of these changes occur in the region

here the linker and CT domains are enmeshed (CTL domain).

inally, the hydrogen bonding network surrounding the embed-

ed lipids in the vanilloid binding pocket (VBP) changes substan-

ially upon heating. These three areas will remain the focus of

ur investigation as we proceed. Before delving into the hydro-

en bonding networks within these domains, let us examine the

verall thermodynamics of TRPV1, particularly in the pore and

TL domains where hydrophobic residues may be exposed to the

olution. 

The potential energy of TRPV1 and its subdomains are evalu-

ted in the following manner. For a given frame, we calculate the

nternal energy (all bond and non-bonded energy contributions) of

 selection (e.g., a single monomer or a subdomain within that

onomer) and the energy between that selection and the sur-

ounding solution, lipids, and protein systems using NAMD. Then

e find the total energy by summing across these four contribu-

ions. For a single time, we average the results across the nearest

0 frames. In this manner, we sample the potential energy of a

iven selection in time steps of 125 ns. The overall energy of a se-

ection is then found by averaging across the monomers and all

old and all t > 250 ns hot data points. The entropy is calculated

sing the MD analysis code carma Glykos (2006) using the Schlit-
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Table 2 

The potential energy due to interactions with the solution ( U H 2 O ), 

the total potential energy ( U ), and the entropy ( S ) of a TRPV1 

monomer, its pore, CT, and CTL domain ± the standard deviation. 

Domain U H 2 O (meV) U (meV) S (meV/K) 

TRPV1 (350 K) -612.1 ± 24.4 -686.2 ± 12.6 104.7 ± 1.8 

TRPV1 (290 K) -695.0 ± 14.1 -804.3 ± 8.5 91.8 ± 2.2 

TRPV1 ( �) 82.9 ± 38.5 118.1 ± 21.08 12.9 ± 4.0 

Pore (350 K) -66.2 ± 8.7 -73.1 ± 7.2 31.6 ± 2.1 

Pore (290 K) -86.4 ± 9.3 -86.4 ± 3.1 25.2 ± 1.5 

Pore ( �) 20.2 ± 18.0 13.3 ± 10.27 6.4 ± 3.7 

CT (350 K) -183.3 ± 10.3 -256.5 ± 6.0 - 

CT (290 K) -207.6 ± 10.3 -280.7 ± 5.3 - 

CT ( �) 13.1 ± 15.7 7.1 ± 8.4 - 

CTL (350 K) -183.3 ± 10.3 -256.5 ± 6.0 62.1 ± 1.9 

CTL (290 K) -207.6 ± 10.3 -280.7 ± 5.3 53.7 ± 2.0 

CTL ( �) 24.3 ± 20.6 24.3 ± 11.3 8.4 ± 3.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The pore domain in (a,c) cold and (b,d) hot TRPV1. A hydrophobic cluster 

in the pore domain dissolves after heating from 290 to 350 K, shown by (a,b) the 

rotation of the long (Asn605, Asn604) and short (Phe649) pore loops away from the 

pore helix (Ser632,Thr633), and (c,d) the incursion of water into the pore structure. 

This hydrophobic destabilization frees the selectivity filter to occasionally flicker 

into the open, hydrated state, as shown in Fig 2(b). This pore transition is shown in 

Video 3 . 
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ter method ( Schlitter, 1993 ), i.e., by quantifying the variation of a

selection across an ensemble of frames using a PCA. Here we re-

strict our analysis to the C α atoms of a given selection, which gives

more consistent results and helps to avoid the creation of negative

eigenvalues of the PCA matrix. We perform this analysis on en-

sembles of 500 frames spanning 250 ns with a starting time incre-

mented by 125 ns. The overall entropy of a selection is then found

by averaging the entropy across the monomers and all cold and

the t > 250 ns hot frames. The results are presented in Table 2 for

the entire protein, the pore domain, CT domain, and the combined

CT and Linker (CTL) domains. Note that the ankyrin repeat do-

main is not included in the TRPV1 evaluation, as the harmonic ap-

proximation does not appear to be reasonable within this domain.

That is, a large number of negative eigenvalues are generated,

and the Schlitter method predicts unreliable or undefined entropy

values. 

As shown, both entropy and energy increase in TRPV1 after

it is subjected to heat. Moreover, much of the energy change is

due to the interactions between the pore and CTL domains with

the solvent, i.e., due to the exposure of hydrophobic residues to

water. These trends fit well with the current understanding of

TRPV1 and other heat (or cold) sensors. That is, the free energy

change between the closed and open configurations becomes neg-

ative only when the temperature rises (or drops) below a thresh-

old value. Thus, this thermodynamics analysis supports the role

of the CTL and pore domains in driving the thermal actuation of

TRPV1. Moreover, the protein-solution interactions dominate the

energy change, indicating that hydrophobic exposure drives their

thermal response. However, the enthalpy and entropy of a given

configuration are not generally independent of the temperature

( Clapham and Miller, 2011 ), which prevents us from using these

parameters to model the thermal activation curve of TRPV1 as in

Ref. Voets et al. (2004) . In the remainder of this study, we do not

focus on this sort of thermodynamic quantification. However, we

do note that the total energy change is comparable with the en-

thalpy changes used successfully in such modeling effort s. Instead,

we focus on the mechanisms through which the initial exposure

of hydrophobic residues leads towards the ultimate opening of the

TRPV1 ion channel. 

3. Results and discussion 

First, let us examine the most well-studied structure that is

responsible for the thermal actuation of TRPV1: the hydrophobic

clusters in the extracellular pore domain. Then we will focus on

the rearrangement of the CT and linker domains. Finally, we will

investigate the vanilloid binding pocket and discuss the role of the

embedded lipids. 
.1. Hydrophobic destabilization in the extracellular pore 

The pore structure contains a short helix and two loops which

onnect the pore helix to the S5 and S6 helices. The prominent

heory regarding its thermal actuation is as follows: a number a

ydrophobic residues in these loops form a hydrophobic cluster

hat is stable at low temperatures but disassociates at high tem-

eratures. This disassociation allows water to infiltrate between

he pore loops, which reorganize in response, reducing the stiff-

ess of the selectivity filter and encouraging the flickering of

he filter into an open state ( Bae et al., 2016; Chugunov et al.,

016; Wen et al., 2016 ). Our results, presented below, support this

ypothesis. 

In addition to finding that the enthalpy of the pore increases

rastically due to the pore-solvent interactions ( Table 2 ), we find

hat a large number of hydrogen bonds break within the pore do-

ain, as shown in Fig. 5 . In particular, we find a cluster of cru-

ial hydrogen bonds between residues Ser632 and Thr633 on the

ore helix, residues Asn604 and Asn605 on the S5-side loop, and

he649 on the on the S6-side loop. These bonds break upon heat-

ng, allowing the pore loops to unfold, as shown in Fig. 6 (a) and

b) and in the Video 3 . The behavior of these hydrogen bonds is

hown quantitatively in the supplemental materials Figs. S2 (time-

omain) and S10 (correlations). Of these residues, mutagenesis ex-

eriments ( Grandl et al., 2010; Myers et al., 2008; Ryu et al., 2007 )

nd molecular dynamics ( Chugunov et al., 2016 ) simulations have

ighlighted the importance of Thr633 and Phe649 in tempera-

ure sensation. We must note that these hydrogen bonds do in-

lude residues from the long pore loop (Asn604, Asn605), and that

his loop is modeled within Rosetta. As Rosetta is cannot con-

istently predict such a long protein loop, we must question re-

ults which involve its thermal response. For example, the hydro-

en bonds formed by this loop may simply be unstable and break

ore quickly in the hot trajectories than in the cold ones. However,

https://doi.org/10.1016/j.jtbi.2018.02.004
https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 7. Representative CT and linker structure before (a,c,e) and after (d,f) heating of 

TRPV1. (b) Hydrogen bonding changes in the CT-linker (CTL) complex. (a) The cold 

TRPV1 CT forms a cluster in the long loop between the TRP helix and linker-CT β- 

sheet, (c) with water penetrating between the two domains. After heating, the CT 

cluster dissolves and new cluster forms between CT and linker domains (d). There 

is further, weaker evidence that this new cluster pulls an important linker helix 

away from the vanilloid binding pocket due to a hydrogen bond between Asp388 - 

Ser394. The cluster transition is shown in Video 4 . 
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he thermally active hydrogen bonds involving these loops occa-

ionally and briefly break and then reform in the cold simulations.

hus, they appear to be stable within the structure predicted by

osetta. 

Following the destabilization of the hydrophobic cluster, water

enetrates into the structure as shown in Fig. 6 (c) and (d). The

ore loops simultaneously reorganize, as quantified by the addi-

ion of a few hydrogen bonds within the long pore-loop (Glu600

 Lys603 and Asn628 - Ser626). Mutagenesis experiments sup-

ort these observations, as altering residues at Glu600, Lys603,

nd Asn628 reduce the thermal sensitivity of TRPV1 ( Grandl et al.,

010; Myers et al., 2008; Ryu et al., 2007 ). 

These changes increase the permeability of the extracellular se-

ectivity filter and should allosterically encourage the dilation of

he distal intracellular gate. However, we record a negligible num-

er of frames depicting TRPV1 with an open intracellular gate.

hus, we can only suggest the following, weakly supported hypoth-

sis. We find two thermally responsive hydrogen bond connecting

he pore domain and the S5 helix: Asn628 - Val596 and Thr641 -

yr584. Noting that residue Thr641 have been identified in previ-

us simulations as coupling the pore and S6 helices ( Wen et al.,

016 ), and as Asn628 has been identified in mutagenesis exper-

ments, we hypothesize that the allosteric coupling is mediated

hrough these residues. Indeed, following the hydrophobic desta-

ilization, Thr641 moves away from Lys584 and repositions along

he S6 helix, which should encourage the dilation of the intracel-

ular gate. However, the correlation of these hydrogen bonds with

he temperature and the other hydrogen bonding changes in the

ore are weak, as shown in Figs. S2, S3 and S10, and the supple-

entary Table S1. 

.2. Intracellular rearrangement surrounding the C-terminal 

Substantially less is known about the intracellular than the ex-

racellular mechanisms, particularly those in the CT domain. Ray-

ond et al. were the first to simulate the CT, but they did so with-

ut a resolved experimental structure or a representative environ-

ent ( Raymond et al., 2014 ) (e.g., the lipid membrane or neighbor-

ng linker domain). Similarly, the role of the linker domain has only

ecently been explored ( Wen et al., 2016; Zheng and Qin, 2015 ).

ere we present our findings on these domains in order to sup-

ort or expand upon these studies. 

Following heating, there is a substantial change to the hydrogen

onding network between the linker and CT domains, as shown in

igs. 5 (a) and 7 (b). Nearby, we also record consistent changes to

he hydrogen bonding network between the first few residues in

he CT and the last few residues on the TRP helix. However, cre-

ting a consistent description of the changing hydrogen bonds in

he CT domain is challenging: As with the long pore loop, the CT

acks substantial secondary structure. Therefore, it has the freedom

o move around substantially, even at 290 K, limiting deterministic

bservations. For example, Figs S4, S5, and S6 show the large varia-

ion in the distance the between important residue pairs discussed

elow. 

Two secondary structures provide the majority of the CT sta-

ility: a β-sheet formed between the CT and linker domains (CT

esidues 741 to 750 and linker residues 368 to 383) and the TRP

elix. The long CT loop between these structures holds the ther-

ally responsive clusters. In particular, we find two distinct areas

hich react to heat: (CTL.i) The N-terminal of the CT domain (713–

20), which forms various, short α-helices next to the TRP helix

fter heating (in some cases, it joins and extends the TRP helix,

s shown in Fig. 7 ); (CTL.ii) the middle of the loop, which forms a

luster with itself under low temperatures (CT cluster) and (CTL.iii)

ith the linker domain under high temperatures (CT-linker, or CTL,
luster), as shown in Figs. 7 (a), (c), and (d). A representative tran-

ition is also shown in the Video 4 . 

We hypothesize that (CTL.i) precedes and encourages (CTL.ii), by

hortening the CT loop, displacing key residues in the cold CT clus-

er, and forming hydrogen bonds with the CT cluster. Additionally,

CTL.i) may directly influence the linker residues (CTL.iii) through

ydrogen bonds. New hydrogen bonds are rare between CTL.i and

he CT or CTL clusters, however, and do not correlate notably to the

hanges occurring throughout the CTL domain as shown in Figs. S4

nd S5. Furthermore, no mutagenesis experiments nor molecular

ynamics simulations have identified the CT residues in this region

713–720) as important to the thermal actuation of TRPV1. Thus, it

s possible that the thermal response of this region does not affect

he rest of the CT or the surrounding structures. In contrast, a key

esidue in the CT and CTL clusters, Ala739, was previously identi-

ed by Raymond et al. (2014) , as well as other residues involved

n the CT cluster, Trp740 and Cys741, and CTL cluster, Arg743 and

sp745. Furthermore, the thermal response and correlations are

uch more evident in the CT and CTL clusters than in the CT-TRP

omplex, as shown in Figs. S6, S11, and S12(a) and (b). Thus, we

an more reasonably expect that (CTL.ii/CTL.iii) influences thermal

ctuation. Additional mutagenesis studies focused on the CTL do-

ain are required to support the role of either mechanism, how-

ver. 

https://doi.org/10.1016/j.jtbi.2018.02.004
https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 8. (a,c) The vanilloid binding pocket and key residues within it, (d,e,f,g,h) the 

sub-regions within, and (b) the major hydrogen bonding shifts. Central to these 

changes is the loss of the Arg409 - Asp509 hydrogen bond and subsequent forma- 

tion of the Arg409 - Glu692 and Asp509 - Tyr495 hydrogen bonds. In combination, 

these changes open up the vanilloid binding pocket, such that the embedded lipid 

is exposed to the environment and can be displaced or ejected. Additionally, we ob- 

serve the TRP and and S6 helices hybridize after heating. This transition is shown 

in Video 5 . 
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There is little evidence for the mechanism through which this

change influences the intracellular gate. However, the hydrogen

bonding analysis provides a possible pathway: (CTL.ii) the CT clus-

ter breaks and (CT.iii) the CTL cluster forms, re-positioning the

short linker helix, 384 to 389; (CTL.iv) this pulls on the linker he-

lix above the vanilloid binding pocket, 405 to 394, quantified by

the increase in hydrogen bond Thr389 - Ser394 and decrease in

hydrogen bond Asn393 - Gly333, as shown in Figs. S7 and S12(c);

and (CTL.v) this in turn pulls on the linker loop above the vanilloid

binding pocket. 

From the literature, Zheng and Qin also found thermally re-

sponsive residues in these regions using limited simulations of the

experimental open and closed structures ( Zheng and Qin, 2015 ). In

particular, they noted large enthalpy changes around the short he-

lix central to (CTL.iii) and (CTL.iv) and the linker loop central to

(CTL.v). In a later article ( Wen et al., 2016 ), longer simulations did

not reveal that hydrogen bonds involved in (CTL.ii-iv) were ther-

mally active; however, these simulations did not involve the CT

domain. This supports the crucial role of the CT domain in activat-

ing the linker domain. Indeed, the thermodynamic analysis shows

that the interactions between the CT domain and the solvent dom-

inate the enthalpy gain of the CTL region, as shown in Table 2 . All

other simulated and experimental evidence of linker domain in-

volvement is limited to the vanilloid binding pocket. In the next

section we discuss how (CTL.v) affects the vanilloid binding pocket

and lead to the thermal actuation of TRPV1. In the conclusions, we

will discuss experiments that could test the hypothesized mecha-

nisms (CTL.ii-v). 

3.3. Displacement of embedded lipids in the vanilloid binding pocket 

The vanilloid binding pocket created by the S5-S4 linker, TRP

helix, a linker domain loop, and the S1-S4 helices has been ex-

tensively investigated ( Cao et al., 2013; Kasimova et al., 2017; Wen

et al., 2016 ), as it was used to resolve the open structures of TRPV1

( Gao et al., 2016; Liao et al., 2013 ). While its thermal actuation is

debated, a recent hypothesis posits that heat displaces lipids em-

bedded in the vanilloid binding pocket (VBP), that a new hydrogen

bond forms between the S5 helix and the S4-S5 linker (Arg557 -

Glu570), and that this ultimately leads to the dilation of the intra-

cellular gate ( Gao et al., 2016 ). 

In general, we support this hypothesis. Nearly all of the em-

bedded lipids are displaced from the VBP when subjected heat.

Furthermore, lipid displacement correlates strongly with the for-

mation of the Arg557 - Glu570 HB, as shown in Figs. S9 and

S13. However, while the Arg557 - Glu570 HB almost always and

quickly forms after the lipid is displaced, the hydrogen bond

can form without lipid displacement. Moreover, of the eight

lipids embedded in the vanilloid binding pocket (two hot repli-

cas with four monomers), only one was completely ejected from

the VBP. This ejection occurs around 600 ns into the simula-

tion, suggesting that this process is slow and further ejection

will occur as the simulation domain extends into the microsec-

ond range. Despite these caveats, the Arg557 - Glu570 HB is

clearly encouraged by and correlated with the heat activated lipid

displacement. 

Before the lipid displacement occurs, the VBP tends to change.

This is quantified here through the changes in the hydrogen bond-

ing network, as shown in Figs. S9 and S13. (These changes also

correlate with the formation of the Arg557 - Glu570 HB, as shown

in Figs. S9 and S14.) Thus, we hypothesize that the structural rear-

rangements shown in Fig. 8 (a) and (c) precede and encourage lipid

ejection, the formation of the Arg557 - Glu570 HB, and the open-

ing of the intracellular gate. Let us discuss the changes which occur

after heating and (typically) before the lipid displacement. Three

regions rearrange consistently upon heating: (VBP.i) the nearby
inker loop, (VBP.ii) the S6 and TRP helices, and (VBP.iii) the loop

inking the S3 and S2 helices, as shown in Figs. 8 (e,f), (d), and

g,h), respectively. We discuss these in order before describing the

hanges which follow lipid displacement. 

(VBP.i): In the cold TRPV1 replicas, residue Arg409 on the

earby linker loop forms hydrogen bonds with residue Asp509 in

oop connecting the S2 and S3 helices. This bond breaks after heat-

ng, as shown in Figs. 8 (e) and (f) and S9. Then, Arg409 rotates to

oin a cluster of residues which forms in the linker loop (399 to

05) and/or forms hydrogen bonds with Glu692, as shown in Fig.

13. Both of these temperature dependent hydrogen bonds were

oted in previous simulations of TRPV1 ( Wen et al., 2016 ), but not

n previous mutagenesis studies. Additionally, it has been noted

hat this linker loop experiences a substantial change in enthalpy

s it shifts from the closed to open configurations ( Zheng and

in, 2015 ). Here we posit that the Arg409 - Asp509 hydrogen bond

s the lock which ultimately restrains the embedded lipid, prevent-

ng its ejection. However, the lipid displacement can occur without

he Arg409 - Asp509 HB breaking, as shown in Fig. S13(c). Further-

ore, we suggest that this rearrangement is a result of the distal

T and linker domain rearrangement, as discussed in the previous

ection (CTL.v). However, correlations with distant hydrogen bond-

ng changes are weak. 

https://doi.org/10.1016/j.jtbi.2018.02.004
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Fig. 9. (a,c) Cold and (b,d) hot snapshots of the embedded lipid. Before heating, 

the lipid forms hydrogen bonds with residues Glu570 and Arg557. After heating, the 

lipid is displaced (d) or ejected (b), allowing residues Arg557 and Glu570 form a hy- 

drogen bond. This new bond pulls the S4-S5 linker away from the central axis and 

encourages dilation of the intracellular gate. The lipid ejection is shown in Video 5 . 

Fig. 10. Overview of the proposed intracellular activation pathway. (a) The stable, 

cold structure. (b) A hydrophobic cluster in the CT domain is destabilized by heat. 

(c) This allows a new cluster to form between the CT and Linker domains. This 
(VBP.ii): The most consistent hydrogen bonding change occurs

etween the S6 (Asn6 87, Lys6 88) and TRP helices (Gln691, Glu692),

s shown in Fig. 8 (b) and S8. These helices are distinct in cold

RPV1 but occasionally hybridize in hot TRPV1. That is, the C-

erminal turn of the S6 helix and N-terminal turn of the TRP helix

end toward each other and form hydrogen bonds like those in

 single α-helix. This change is shown in Fig. 8 . This hybridiza-

ion is connected to (VBP.i) through the Glu692 - Arg409 hy-

rogen bond. (VBP.i) tends to occur first, as shown in Figs. S9

nd S8, and we hypothesize that it helps to stabilize (VBP.i) by

e-positioning Glu692 nearer to Arg409. (VBP.i) can occur with-

ut the Arg409 - Glu692 hydrogen bond forming. Thus, (VBP.ii)

ay be relatively independent of the other changes occurring the

BP and CTL domains, and it may not affect dilation of intra-

ellular gate. However, it is prominent in our simulations and

ext to the gate itself, and the Glu692 - Arg409 HB has been

dentified as a thermally active hydrogen bond which forms in

he hot, open structure ( Wen and Zheng, 2018 ). Thus, we hy-

othesize that it does play a role in the thermal actuation of

RPV1. 

(VBP.iii) The loop between S2 and S3 helices changes substan-

ially after heating. This change occurs after the Arg409 - Asp509

ydrogen bond breaks, which enables Asp509 and Tyr495 to form

 new hydrogen bond. Additional rearrangement occurs as the

esidues around Ser505 and Ser502 form a cluster, with Ser505 -

er502 forming a new hydrogen bond to stabilize it. These changes

orrelate strongly to both lipid displacement and the Glu570 -

rg557 HB, as shown in Fig. S13 and S14. Thus, we hypothesize

hat changes in this loop further expose the embedded lipid to the

ilayer and intracellular solution, encouraging its ejection. How-

ver, the S1 to S4 helices are generally believed to be a static do-

ain responsible for voltage sensation, and the Arg409 - Asp509

ydrogen bond represents the sole appearance of this loop in the

iterature ( Wen et al., 2016 ). 

To summarize, the Arg557 - Glu570 hydrogen bond also forms

hen RTX is embedded in the VBP of TRPV1 ( Gao et al., 2016 ),

nd it was suggested that this hydrogen bond pulls the S4-S5

inker (which contains Glu570) away from the ion channel, lead-

ng to or encouraging the dilation of the intracellular gate. Thus,

ur results support their hypothesis that heat displaces the embed-

ed lipid and this leads to gate dilation through a similar mecha-

ism to the RTX agonist. We add to this hypothesis by suggest-

ng that the distal CT - linker complex initiates lipid ejection by

ulling on the proximal linker loop (CTL.v) and ultimately break-

ng the Arg409 - Asp509 hydrogen bond (VBP.i). However, our re-

ults do not indicate that the formation of the Arg557 - Glu570

ydrogen bond requires the ejection of the embedded lipid. As

hown in Fig. 9 (d), the bond can still form when the inositol

ing of the lipid is displaced away from the elbow of the S4-S5

inker, but it is not completely ejected from the VBP. Still, this

oes not modify the hypotheses significantly: (VBP.i) Heat breaks

he Arg409 - Asp509 hydrogen bond, (VBP.iii) leading to rear-

angement around the vanilloid, and (VBP.iv) enabling the embed-

ed lipid inositol ring to move slightly or completely out of the

ocket. (VBP.v) Then the S4-S5 linker is pulled away from the

entral axis of TRPV1 by the Arg557 - Glu570 hydrogen bond,

ncouraging the dilation of the intracellular gate. The lipid ejec-

ion and vanilloid binding pocket transition are shown in Video 5 ,

hile the overall intracellular activation pathway hypothesis is il-

ustrated in Fig. 10 . Furthermore, statistical analysis of the hydro-

en bonds discussed and other surrounding bonds are presented in
able 2 . pulls the Linker domain away from the VBP, (d) breaking hydrogen bonds between 

the Linker and S2-S3 link, and opening the VBP. (e) The lipid is free to move around 

in the VBP and it eventually leaves. (f) A new HB forms between S4 and S5, pulling 

S6 away from the ion channel and opening the gate. 

https://doi.org/10.1016/j.jtbi.2018.02.004
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4. Conclusions 

In this study, all-atom simulations of TRPV1 are conducted at

290 and 350 K in an attempt to uncover the mechanisms and

structures granting it its remarkable thermal sensitivity. The previ-

ously suggested mechanisms in the extracellular pore domain, i.e.,

the destabilization of the hydrophobic cluster and the subsequent

release of the extracellular selectivity filter, are reproduced. Then,

we investigate the interactions between the CT and linker domains

as well as the role of the lipids embedded in the vanilloid binding

pocket. While the long, relatively unstructured CT loop precludes

strong, deterministic conclusions, we integrate our findings in or-

der to propose the intracellular thermal sensation pathway shown

in Fig. 10 and summarized below. 

[CTL.ii, Fig. 10 (b)] A cluster of residues in the long CT loop is

destabilized by heat. [CTL.iii, Fig. 10 (c)] This allows key residues

(Arg739, Arg743) to form a new, hydrogen bound cluster with the

adjacent one-turn helix in the linker domain (383 to 389). [CTL.iv,

Fig. 10 (c)] the new cluster pulls this small helix away from the

central axis of TRPV1, [CTL.v, Fig. 10 (c)] which in turn pulls on a

linker helix above the vanilloid binding pocket through the Ser394

- Thr389 hydrogen bond. [VBP.i, Fig. 10 (d)] As the linker helix is

displaced, a key residue in its attached loop, Arg409, is pulled

away from the S1-S4 structure, breaking the Arg409 - Asp509

hydrogen bond and allowing the linker loop to reposition away

from the vanilloid binding pocket and form a new bond with

Glu692 or a cluster with other residues in the linker loop. (VBP.iii,

Fig. 10 (d)) This allows Asp509 to reposition, forming a new hydro-

gen bond with Tyr495, which moves the S2-S3 linking loop away

from the vanilloid binding pocket as well. In combination, (VBP.i)

and (VBP.iii) open up the vanilloid binding pocket which frees

the phosphatidylinositol lipid embedded therein. (VBP.iv, Fig. 10 (e))

Once free, the lipid is displaced or completely ejected, breaking

the hydrogen bonds between the lipid and Arg557/Glu570. (VBP.v,

Fig. 10 (f)) Afterwards, these residues form a new hydrogen bond

with each other, pulling the S4-S5 linker away from the central

axis and encouraging the dilation of the intracellular gate. 

We must note, however, that the correlation between the

changes in the CTL region and the changes in the VBP are very

weak. Indeed, the large flexibility of the CTL region precludes

strong correlations, even for the intra CTL changes. Additionally,

the linker loops above the VBP form a number of different hy-

drogen bound structures, creating large variance to the statistical

analysis of changes therein. Indeed, its possible that multiple con-

figurational pathways exist which integrate, e.g., the configuration

changes noted at the N-terminal of the CT domain (CTL.i) and the

hybridization of the TRP and S6 helices (VBP.ii). Finally, the lack of

simulations at physiological temperatures, e.g., at 310 and 330 K,

which complement our low (290 K) and high (350 K) tempera-

ture simulations means that we cannot analyze the role of tem-

perature in preventing the escape of TRPV1 at low temperatures

from its initial meta-stable structures and hydrogen bonds which

should not exist or form stable ones at high temperatures which

should exist. While we have tried to tie our results to the liter-

ature, thermodynamic considerations, and physically in order to

focus on those hydrogen bonds and structures which actually re-

spond to heat, some caution should be applied when analyzing our

results, particularly the hydrogen bonding analyses. Indeed, while

the literature and our own results strongly support many of the

steps along this pathway, the evidence for some of them is limited.

For these reasons the intracellular thermosensation pathway re-

quires further examination. For example, experimental researchers

could mutate key residues in the CT-linker cluster (e.g., Arg739 and

Arg743) or connecting helices (e.g., Asp388 and Thr393). Within

our model of the pathway, this should influence temperature sen-

sitivity without affecting vanilloid sensitivity. 
Regardless, we have still supported and explored novel hy-

otheses surrounding the intracellular pathway. Primarily, we sup-

ort the recent hypothesis that heat ejects lipids from the vanil-

oid binding pockets ( Gao et al., 2016 ). Additionally, we support

he existence of thermally sensing residues in the CT (Arg739 to

rg743) ( Raymond et al., 2014 ) and throughout the linker domain

 Wen et al., 2016; Zheng and Qin, 2015 ). 

Unfortunately, the complete opening of TRPV1 is not achieved

n our simulations, and the intracellular gate remains closed. This

akes it impossible to definitively connect the intracellular or ex-

racellular pathways to the dilation of the intracellular gate. With

rajectories in the microsecond domain, thermally induced open-

ng may be achieved, which would allow researchers to extend

rounded hypothesis connecting changes in the vanilloid binding

ocket, CT, and linker domains to the thermally induced opening of

he intracellular gate. However, current computational limits pre-

ent this goal from being achieved within a reasonable time frame.

lternatively, the TRPV1 structure may still require modification.

or example, recent simulations suggest that non-polar cavities in

RPV1 must be hydrated for thermally induced opening to occur

 Kasimova et al., 2017 ). Future simulations should address these is-

ues for more a comprehensive analysis. 
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