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Vanilloids activation of TRPV1 represents an excellent model system of
ligand-gated ion channels. Recent studies using cryo-electron micro-
copy (cryo-EM), computational analysis, and functional quantification
revealed the location of capsaicin-binding site and critical residues
mediating ligand-binding and channel activation. Based on these new
findings, here we have successfully introduced high-affinity binding of
capsaicin and resiniferatoxin to the vanilloid-insensitive TRPV2 chan-
nel, using a rationally designed minimal set of four point mutations
(F467S–S498F–L505T–Q525E, termed TRPV2_Quad). We found that
binding of resiniferatoxin activates TRPV2_Quad but the ligand-induced
open state is relatively unstable, whereas binding of capsaicin to
TRPV2_Quad antagonizes resiniferatoxin-induced activation likely
through competition for the same binding sites. Using Rosetta-
based molecular docking, we observed a common structural mech-
anism underlying vanilloids activation of TRPV1 and TRPV2_Quad,
where the ligand serves as molecular “glue” that bridges the S4–S5
linker to the S1–S4 domain to open these channels. Our analysis
revealed that capsaicin failed to activate TRPV2_Quad likely due to
structural constraints preventing such bridge formation. These re-
sults not only validate our current working model for capsaicin
activation of TRPV1 but also should help guide the design of drug
candidate compounds for this important pain sensor.
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Ion channels constitute the second largest family of drug targets
for therapeutics (1–3); therefore, understanding their gating

mechanisms by small-molecule ligands is critical for both basic and
translational research. Capsaicin activation of the pain-sensing
transient receptor potential vanilloid 1 (TRPV1) ion channel rep-
resents an outstanding model system for understanding ligand-
dependent gating process (4), because capsaicin not only potently
activates the channel with a submicromolar EC50 (5) but also ef-
fectively stabilizes the channel at high open probability (6–8).
Moreover, capsaicin activation is highly selective for TRPV1
channel (5). Previous mutagenesis (9, 10) and cryo-EM studies (11,
12) have shown that capsaicin binds near the third (S3) and fourth
(S4) transmembrane segments of TRPV1 (Fig. 1A). Based on the
high-resolution cryo-EM structures, we have used a combination of
computational and functional assays to reveal that capsaicin takes a
“tail-up, head-down” configuration in the ligand-binding pocket (6)
(Fig. 1B). The aliphatic tail forms extensive but nonspecific van der
Waals (VDW) interactions with residues lining the binding pocket,
whereas the vanillyl group (head) and the amide group (neck) of
capsaicin form a hydrogen bond with E571 on S4–S5 linker and
T551 on S4, respectively. To activate TRPV1, VDW interactions
first secure capsaicin in the pocket and the neck of capsaicin forms a
hydrogen bond with T551. This is followed by the formation of
another hydrogen bond between the head and E571, which stabi-
lizes the outward conformation of S4–S5 linker to open the channel.
Although this framework of ligand-gating mechanism is widely
supported by the latest computational studies (13–15), further
functional tests are needed.
One of the best approaches to validate mechanistic understand-

ings is to experimentally test predictions of the working model.
Therefore, we decided to try introducing vanilloid sensitivity to other
TRP channels by rationally designed point mutations based on the

understanding of how capsaicin activates TRPV1. TRPV2 was
chosen as our target because it is the closest homolog to TRPV1
(16), with 43% amino acid sequence identity in the transmembrane
domains where the capsaicin-binding pocket is located. Similar to
TRPV1, TRPV2 is a polymodal receptor activated by noxious heat,
membrane depolarization, and ligands (16). TRPV2 is insensitive to
capsaicin. Transplanting the entire S2–S4 domains of TRPV1 into
TRPV2 yielded a chimeric channel capable of binding radioactive
resiniferatoxin (RTX) (9), another vanilloid molecule produced
by the plant euphorbia (Fig. 1C) (17). This finding confirmed the
overall structural similarity between TRPV1 and TRPV2 (11, 18,
19), which would permit introduction of capsaicin binding to
TRPV2. Rather than transferring the entire capsaicin-binding
pocket as in the previous study (9), here, we aim to convey vanilloid
sensitivity to TRPV2 with minimal structural perturbations by ra-
tionally mutating critical residues we identified to be essential for
ligand gating of TRPV1 (6).

Results
Rational Design of Point Mutations in TRPV2. Previous studies identi-
fied several residues important for capsaicin activation of TRPV1
(6, 9, 10). To first test whether these residues are conserved, we
analyzed the amino acid sequence of experimentally confirmed
capsaicin-sensitive TRPV1 channels and functional TRPV2 chan-
nels from multiple species. We identified four amino acids in
TRPV2 that exhibit a dramatic switch in physical properties at
critical sites for capsaicin activation (Fig. 1D and Figs. S1 and S2).
The small polar residue S513 in TRPV1, which is in close prox-
imity to the head of bound capsaicin (6), corresponds to a bulky
hydrophobic phenylalanine (F467) in TRPV2 that would most
likely impair capsaicin binding due to steric hindrance (6, 9). The
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hydrophobic F544 in TRPV1 participates in VDW interactions
with the hydrophobic tail of capsaicin (6), whereas the corre-
sponding residue in TRPV2 is a hydrophilic serine. T551 in
TRPV1 forms a hydrogen bond with the neck of capsaicin to
stabilize its binding (6), but in TRPV2, the corresponding residue
is a hydrophobic leucine incapable of forming a hydrogen bond.
The negatively charged E571 in TRPV1 also forms a hydrogen
bond with the head of capsaicin to both stabilize the binding and
the open state of TRPV1 (6); however, in TRPV2 the corre-
sponding residue is an uncharged glutamine. The remaining resi-
dues lining the ligand-binding pocket are either identical or
similar. Therefore, differences in the four key residues may explain
capsaicin insensitivity in TRPV2.
Not only are the above differences in critical residues drastic

in terms of their physical properties, but also such changes occur
in a binary manner: residues critical for capsaicin sensitivity in
TRPV1 are conserved throughout species, whereas the residues
disfavoring capsaicin activation are highly conserved throughout
species in TRPV2 (Fig. 1D and Fig. S1). Such a binary distri-
bution of the relative frequency of residues allowed substitution
of all four sites in TRPV2 with corresponding favoring residues
simultaneously. Moreover, during this study, a high-resolution
cryo-EM structure model of TRPV2 was reported (18). To fur-
ther validate our design of point mutations, we compared the

structures of TRPV1 and TRPV2. We observed that the four
disfavoring residues in TRPV2 identified by multiple sequence
alignment (Fig. 1D) indeed overlap reasonably well with the crit-
ical sites in TRPV1 when these two channel structures are aligned,
whereas the overall structure of capsaicin-binding pocket of
TRPV1 is similar to the corresponding region of TRPV2 (Fig.
2A). Based on our rational design, we generated a TRPV2_Quad
mutant containing four point mutations (F467S–S498F–L505T–
Q525E), which was then experimentally tested as below.

TRPV2_Quad Is Activated by Resiniferatoxin but Antagonized by
Capsaicin. We tested whether TRPV2_Quad could be activated
by capsaicin as we designed above. With patch-clamp recording
in both whole-cell and inside-out configurations, we first con-
firmed that TRPV2_Quad channels were activated by a non-
selective agonist, 2-aminoethoxydiphenyl borate (2-APB), for
TRP channels including the wild-type TRPV2 (20) (Fig. 2 B and
C), indicating that the quadruple mutant channel was functional.
However, TRPV2_Quad was not activated by up to 10 μM
capsaicin (Fig. 2B). Concentrations higher than 10 μM were not
attempted because capsaicin and other lipophilic molecules at
higher concentrations will nonspecifically alter the activity of ion
channels through perturbation of the membrane (21).

BA

D S3 S4 S4-S5 linker

T551
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Q525

TRPV1: S513
TRPV2: F467

F544
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C Head TailNeck

CAP

RTX

Fig. 1. Rational design of point mutations in TRPV2 to introduce vanilloid sensitivity. (A) Cryo-EM structure of TRPV1 (model 3J5R in PDB; electron density
map, 5777 in EMD) shows that capsaicin (electron density colored in orange) binds to the transmembrane domains. Lipid membrane boundaries are indicated
by cyan disks. (B) Binding configuration of capsaicin. Two residues (in orange), T551 on S4 and E571 on the S4–S5 linker, form a hydrogen bond with the neck
and head of capsaicin, respectively. Another two key residues, S513 and F544, are shown in yellow. (C) Comparison of chemical structures of capsaicin and
resiniferatoxin. The vanillyl head and tail groups are shades in yellow and green, respectively. The =O and –OH groups predicted to form a hydrogen bond
with TRPV1 are shown in red. (D) Sequence logo of the alignment between TRPV1 and TRPV2 channels. The height of a letter is proportional to the relative
frequency of that residue at a particular site. Polar residues are colored in green, hydrophobic residues in black, positively charged residues in blue, and
negatively charged residues in red. Four key residues designated for mutagenesis are marked by an arrow, with the corresponding residues in TRPV1 and
TRPV2 shown in red and blue, respectively.
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Resiniferatoxin is an extremely potent agonist of TRPV1 (5,
17) and similar to capsaicin in many aspects. Chemically, resin-
iferatoxin has the same vanillyl “head” group as capsaicin, but
with a much larger daphnane tail (Fig. 1C). A cryo-EM study
revealed that resiniferatoxin binds to the similar pocket in
TRPV1 as capsaicin (12). Within this binding pocket, a previous
study suggested that resiniferatoxin also takes a tail-up, head-
down configuration similar to that of capsaicin (13). Given the
ultrahigh potency of resiniferatoxin (EC50 < 1 nM, about two to
three orders of magnitude lower than capsaicin) (22) and its
similar binding mode as capsaicin, we decided to test whether
TRPV2_Quad, originally designed for capsaicin activation, could
be instead activated by resiniferatoxin.
Indeed, we found that resiniferatoxin activates TRPV2_Quad

channels. Although wild-type TRPV2 was not activated by res-

iniferatoxin at up to 10 μM concentration (Fig. S3), 1 μM res-
iniferatoxin could clearly activate TRPV2_Quad (Fig. 2C).
Although TRPV1 is activated by resiniferatoxin at much lower
concentrations, resiniferatoxin irreversibly binds to TRPV1 and
could not be washed off (Fig. S3), which largely limits its utility as
a tool to investigate the biophysical properties of the channel. In
contrast, resiniferatoxin activation of TRPV2_Quad could be
rapidly and completely reversed by wash-off (Fig. 2C), allowing
channel activation to be examined under equilibrium conditions.
TRPV2_Quad activation by resiniferatoxin occurred in a con-
centration-dependent manner (Fig. 2 C and D). By fitting the
data to a Hill equation, the EC50 was determined to be 1.4 ±
0.2 μM (n = 9). The Hill coefficient for channel activation was
1.5 ± 0.1 (n = 9), suggesting that likely more than one resin-
iferatoxin molecule binds to activate the channel. At near-saturating

Fig. 2. TRPV2_Quad is sensitive to resiniferatoxin. (A) The capsaicin-binding pocket of TRPV1 (gray; PDB ID code 3J5R) is structurally aligned with that of
TRPV2 (blue; PDB ID code 5AN8), with the side chain of the four key residues shown in red and orange, respectively. (B) An example whole-cell recording
demonstrates that TRPV2_Quad was not activated by capsaicin up to 10 μM, whereas 2-APB activated the channels in the same membrane patch. (C) Res-
iniferatoxin activates TRPV2_Quad in a concentration-dependent manner in an inside-out patch. (D) Averaged concentration dependence of resiniferatoxin
activation (n = 9) is fitted to a Hill equation with the following parameters: EC50, 1.4 ± 0.2 μM; Hill coefficient, 1.5 ± 0.1. The resiniferatoxin responses are
normalized to the 2-APB response of the same membrane patch. (E) Capsaicin antagonizes resiniferatoxin activation of TRPV2_Quad in a concentration-
dependent manner in an inside-out patch. (F) Averaged concentration dependence of capsaicin inhibition (n = 5) is fitted to a Hill equation with the following
parameters: IC50, 146.7 ± 15.2 nM; Hill coefficient, 0.7 ± 0.1. Note that, with increasing concentration of capsaicin, resiniferatoxin activation takes a longer
time to reach equilibrium, which may lead to underestimation of the value of IC50.
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concentrations, current amplitude attained by resiniferatoxin was
about one-fourth of that by 2-APB (Fig. 2D), indicating that res-
iniferatoxin is a partial agonist of TRPV2_Quad. Therefore, we
successfully introduced resiniferatoxin sensitivity to TRPV2 channel
by only four point mutations.
As capsaicin and resiniferatoxin share similar chemical struc-

ture in the head and neck region, we wondered whether capsa-
icin could bind to TRPV2_Quad like resiniferatoxin but failed to
activate the channel. To test this possibility, we coapplied res-
iniferatoxin and capsaicin on TRPV2_Quad (Fig. 2E). Indeed,
we observed that current induced by 10 μM resiniferatoxin was
antagonized by capsaicin in a concentration-dependent manner,
with an IC50 value of 146.7 ± 15.2 nM (n = 5). At saturating
concentration (10 μM), capsaicin was able to inhibit 83.4 ± 3.9%
of resiniferatoxin-induced current from TRPV2_Quad (n = 4)
(Fig. 2 E and F), while having no significant effect on 2-APB–
induced current from wild-type TRPV2 or TRPV3 channels
(Fig. S4). These observations revealed that capsaicin serves as an
antagonist of TRPV2_Quad by competing with resiniferatoxin
for the same introduced vanilloid-binding sites.

TRPV2_Quad Behaves as an OFF Switch. Not only was TRPV2_Quad
directly activated by resiniferatoxin, but also we observed a peculiar
current response from the channel: when the ligand was rapidly
washed off after reaching steady state, the current exhibited a rapid
surge before declining back to the background level (Fig. 3A). We
called such current response an OFF response. This OFF response
in TRPV2_Quad was observed when 2-APB was first applied to
activate the channel (n = 6). Although the 2-APB–induced current

completely reversed upon wash-off before resiniferatoxin was ap-
plied to the same channels, apparently 2-APB may have tuned the
channels into a different state to allow an OFF response. Unlike the
steady-state current induced by resiniferatoxin, which was much
smaller than the 2-APB–induced response (Fig. 2 C and D, and Fig.
3A), the OFF response from 1 μM resiniferatoxin had a peak am-
plitude similar to that of 2-APB. Applying resiniferatoxin to mutant
TRPV2 channels containing only two (F467S_L505T) or three
(F467S_S498F_L505T) of the quadruple mutants yielded very weak
current responses in steady state, but detectable OFF response
similar to TRPV2_Quad (Fig. S5). These observations suggest that
resiniferatoxin can indeed effectively open TRPV2_Quad, although
such an open state is unstable.
We investigated the mechanism underlying the OFF response of

TRPV2_Quad. Previously, we observed that when proton was used
to activate TRPV1 and then was quickly washed off, a similar OFF
response occurred (23). We found that this TRPV1 OFF response
was caused by rapid removal of proton block of the channel pore
during wash-off when proton-induced channel activation had not
deactivated (23). Therefore, we first tested whether a pore blockade
mechanism is also applicable to resiniferatoxin-induced OFF re-
sponse in TRPV2_Quad. We found that the single-channel con-
ductance values of TRPV2_Quad activated by either resiniferatoxin
(120.9 ± 1.4 pS; n = 4) or 2-APB (119.9 ± 3.7 pS; n = 4) were similar
(P = 0.82) (Fig. S6). Therefore, the OFF response of TRPV2_Quad
is unlikely due to removal of pore blockage by resiniferatoxin.
Noticeably, the OFF response behavior of TRPV2_Quad closely

resembles the repolarizing Ikr current through human ether-à-go-go–
related gene (hERG) channels in heart (24, 25). The Ikr current of
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Fig. 3. Resiniferatoxin-induced TRPV2_Quad activation exhibits a large OFF response. (A) TRPV2_Quad pretreated with 2-APB yielded a large transient
current surge (marked with a red dashed box) upon removal of resiniferatoxin. Representative current traces at labeled time points are shown in Inset. (B) A
three-state gating model is sufficient to recapitulate the time course of the resiniferatoxin-induced TRPV2_Quad response. A double-exponential function
dictated by such a gating model with two similar time constants such as 1.1 and 0.9 s was able to recapitulate the OFF response (dashed red trace). (C) Based
on the three-state gating model shown in B, the concentration dependence of steady-state open probability (Po) before wash-off is fitted to determine K and
L, the resiniferatoxin binding affinity, and the equilibrium constant for the O←→I transition, respectively (see Materials and Methods for details). K = 203.7 ±
36.1 nM−1; L = 4.9 ± 1.3. (D) Averaged concentration dependence of the peak OFF response (red symbols; n = 6) is fitted to a Hill equation with an EC50 value
of 222.9 ± 44.3 nM (n = 6). The concentration–response curve without pretreatment of 2-APB (Fig. 2D) is reproduced here as the black dashed curve. Open
probability is calculated by normalizing resiniferatoxin responses to the 2-APB response of the same membrane patch as the open probability achieved by
2-APB was determined by noise analysis (Fig. S7).
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hERG channels is critical for controlling heart rate and rhythm;
disrupting Ikr by either hERG mutations or drugs leads to severe
diseases such as long QT syndromes (26). Upon activation by de-
polarization (equivalent to agonist activation of TRPV2_Quad),
hERG channels quickly inactivate, yielding a low steady-state open
probability. However, when the membrane potential is repolarized
(equivalent to resiniferatoxin wash-off for TRPV2_Quad), hERG
channels transit from the inactivated state back to the open state to
give rise to a large current spike similar to the OFF response from
TRPV2_Quad. Indeed, a three-state gating model (seeMaterials and
Methods for details) nicely recapitulated both the kinetic properties
(Fig. 3B) and the equilibrium properties (Fig. 3C) of TRPV2_Quad.
The analysis further suggested that the highest open probability
TRPV2_Quad can attain at saturating ligand concentrations is lim-
ited because the I state is more stable than the O state (L being
about 5). To measure such an open probability, the maximum open
probability of TRPV2_Quad activated by 2-APB was determined by
noise analysis (83.7 ± 2.7%; n = 6) (Fig. S7). To calculate resin-
iferatoxin-induced open probability, its current amplitude in the
steady state was then normalized to the 2-APB response. In addition,
the ligand-binding affinity (K) estimated using the three-state model
is 203.7 ± 36.1 nM−1 (n = 8) (Fig. 3C, inverse of the slope of fitted
linear function), whereas the EC50 value measured from the con-
centration dependence of peak OFF response is 222.9 ± 44.3 nM
(n = 6) (Fig. 3D). Our data thus revealed that TRPV2_Quad could
bind resiniferatoxin with at least a low micromolar affinity but failed
to yield a stable open state due to the existence of a more stable
nonconducting state. Therefore, the quadruple mutation successfully
introduced high-affinity vanilloid binding into TRPV2.

Resiniferatoxin Serves as Molecular “Glue” Between the S4–S5 Linker
and S1–S4 Domain to Activate TRPV2_Quad and TRPV1 Channels. As
TRPV2_Quad, which was originally designed to be capsaicin
sensitive, is activated only by resiniferatoxin but antagonized by
capsaicin, we investigated the underlying structural mechanism.

We first analyzed the physical properties of the capsaicin-binding
pocket in TRPV1, as well as the corresponding regions in TRPV2
and TRPV2_Quad. In all three channels, we observed that this
pocket exhibited generally similar electrostatics and hydropho-
bicity distributions, with uncharged and hydrophobic residues lo-
cated within the membrane region while charged and hydrophilic
residues concentrated at the interface with aqueous environment
(Fig. 4). Particularly, Q525E and S498F in TRPV2_Quad tune the
pocket to more closely resemble TRPV1. Apparently, minor dif-
ferences in electrostatics and hydrophobicity are insufficient to
explain the distinct responses of TRPV2_Quad to resiniferatoxin
and capsaicin.
With the newly available TRPV2 cryo-EM structure, we did find

one noticeable difference: TRPV2’s ligand-binding pocket is sub-
stantially larger in volume (1,242.2 Å3) than that of TRPV1
(910.6 Å3). As the tail of resiniferatoxin is much larger than that of
capsaicin (Fig. 1C), resiniferatoxin may be better accommodated in
the pocket of TRPV2_Quad with this increased volume. More im-
portantly, when the ligand-binding pocket structures of these two
channels were aligned, the S4–S5 linker lining the bottom of the
pocket was found to be lower by about 3 Å in TRPV2 relative to
TRPV1 (Fig. 5A). This shift in the S4–S5 linker position is likely the
consequence of one extra helical turn at the end of S4 in TRPV2
(Fig. 5B). Downshift of the S4–S5 linker increases the distance be-
tween the two residues involved in hydrogen bond formations by 2.4
Å (measured from Cα atoms). It is therefore possible that this un-
anticipated increase in distance prevented capsaicin from activating
TRPV2_Quad.
To test the above hypotheses, we first computationally docked

resiniferatoxin into the pocket of TRPV1 using the Rosetta suite
with membrane energy functions (6, 27–29). Docking models
with the highest binding energies showed structural convergence
(Fig. S8), with the resiniferatoxin molecule adopting a tail-up,
head-down configuration inside the pocket (Fig. 6A). This is a
similar pose to the bound capsaicin as we observed previously

TRPV1 TRPV2 TRPV2_Quad

Electrosta�c
poten�al

Hydrophobicity

Q525 525E175E

S498 894F445F

Fig. 4. Similar physical properties observed in the ligand-binding pocket of TRPV1, TRPV2, and TRPV2_Quad. All structures are aligned to the conformation
of the capsaicin-binding pocket in TRPV1 (Top Left), in which a capsaicin molecule (in red) is shown. Electrostatic potential is calculated by Adaptive Poisson–
Boltzmann Solver (APBS) in UCSF Chimera. Positive and negative charged residues are colored in blue and red, respectively. Hydrophobicity is calculated based
on the Kyte and Doolittle scale in UCSF Chimera. Hydrophobic and hydrophilic residues are colored in orange and blue, respectively. Two (S498F and Q525E)
of the four mutations in TRPV2_Quad, as well as their corresponding wild-type residues, are marked by an arrow.

Yang et al. PNAS | Published online June 13, 2016 | E3661

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604180113/-/DCSupplemental/pnas.201604180SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1604180113/-/DCSupplemental/pnas.201604180SI.pdf?targetid=nameddest=SF8


(Fig. 6B) (6). Moreover, the docked resiniferatoxin in a recent
study adopted a similar configuration as we observed here (13).
In our docking models, the tail of resiniferatoxin agreeably
overlapped with the experimentally observed electron density in
the cryo-EM structure (Fig. 6A, yellow surface) (12). The fact
that no electron density represents the resiniferatoxin head may
suggest that this part of the molecule takes more than one
position—a situation reminiscent of the capsaicin tail in the
TRPV1 ligand-binding pocket (6, 13).
Upon closer inspection, we found that T551 in S4 forms a

hydrogen bond with an oxygen atom (Fig. 1C, colored in red)
on the tail of resiniferatoxin (Fig. 6A, dashed line), which
would contribute to the stabilization of resiniferatoxin inside the
pocket. We previously observed that T551 also makes a hydrogen
bond with capsaicin to stabilize its binding. However, the hy-
drogen bond is formed with the oxygen atom on the capsaicin
neck (6). The resiniferatoxin neck is made of an ester instead of
an amide found in capsaicin. This change in chemical structure
may affect the stability of a potential hydrogen bond formed with
the S4 threonine. Furthermore, in resiniferatoxin, the associated
shortening in distance between the =O group in the neck and the
–OH group in the head may also prevent simultaneous formation
of hydrogen bonds with S4 and the S4–S5 linker. The oxygen in
resiniferatoxin tail is further away from the head, thus alleviating
the distance constrain. We further observed that the head of
resiniferatoxin forms hydrogen bonds with E571 on S4–S5 linker
and S513 on S3 (Fig. 6A, dashed lines), which glues the S4–S5
linker to the anticipated stationary S1–S4 domain (30). Hence,
although different parts of vanilloids are involved in interactions
with TRPV1, the underlying activation mechanism appears to be
analogous for capsaicin and resiniferatoxin (Fig. 6B) (6).
We next examined how resiniferatoxin interacts with

TRPV2_Quad. We observed that resiniferatoxin was able to
enter the binding pocket in TRPV2_Quad as it stayed stably
behind Y466, which marks the entrance of the binding pocket
(Fig. 6C, gray). The corresponding residue (Y512) in TRPV1 is
also positioned at the entrance of the ligand-binding pocket (Fig.
6A, gray) (11). Inside the pocket, the tail of resiniferatoxin forms
a hydrogen bond with T551 as it does in TRPV1 (Fig. 6C). The
head of resiniferatoxin also forms hydrogen bonds with residues
in the S4–S5 linker (S521) and the end of S4 (T511 and R512)
(Fig. 6C), gluing these helices together. In contrast, we observed
that resiniferatoxin was unable to stay inside the corresponding
pocket of the wild-type TRPV2, with its tail remaining mostly
outside the pocket entrance marked by Y466 (Fig. 6D). There-

fore, resiniferatoxin was able to recapitulate its binding mode in
TRPV1 only in TRPV2_Quad owing to the quadruple mutation,
with the tail stably binding inside the pocket via the hydrogen
bond and VDW interactions and the head bridging between the
S4–S5 linker and the S1–S4 domain. The gluing of the S4–S5
linker to the S1–S4 domain by resiniferatoxin appears to enable
its activation of TRPV2_Quad channel.
Based on the proposed binding mode of vanilloids in TRPV1

and TRPV2_Quad, we tested whether capsaicin can bind to
TRPV2_Quad in a similar manner. Top models of the capsaicin–
TRPV2_Quad complex with largest binding energy showed that
the neck of capsaicin was able to form a hydrogen bond with
T505 (equivalent to T551 on TRPV1) on TRPV2_Quad, with
the tail pointing upward (Fig. 6E and Fig. S8) (6). However, the
head of capsaicin cannot form a hydrogen bond with E525
(equivalent to E571 on TRPV1), preventing the gluing of S4–S5
linker to the S1–S4 domain as capsaicin does in TRPV1 and
resiniferatoxin does in TRPV2_Quad. This is likely caused by the
lowering of S4–S5 linker in TRPV2 (Fig. 5), which leaves cap-
saicin unable to reach T505 and E525 simultaneously. Instead,
the head is observed to form a network of hydrogen bonds with
Y466, S467, and R512 (equivalent to Y512, S513, and R558 on
TRPV1, respectively) (Fig. 6E), leaving the S4–S5 linker un-
controlled. Therefore, although capsaicin can bind stably to the
same pocket in TRPV2_Quad to antagonize resiniferatoxin ac-
tivation (Fig. 2 E and F), its altered binding mode fails to sta-
bilize the open state of this channel.

Discussion
We have successfully introduced high-affinity binding of capsai-
cin and resiniferatoxin to TRPV2 channel by four point muta-
tions, which were rationally designed based on the current
understanding of how capsaicin activates TRPV1 (6, 13–15).
Although resiniferatoxin activates the designed TRPV2_Quad,
capsaicin antagonizes this channel. These results have not only
validated the current working model for capsaicin activation (6)
but also demonstrated that vanilloid compounds such as capsa-
icin and resiniferatoxin may use similar structural mechanisms to
activate the channel.
In such a common gating mechanism, the vanillyl head points

downward toward the interface between lipid membrane and
intracellular aqueous environment, where it mediates the inter-
actions between the S1–S4 domain and S4–S5 linker. Here, the
bulky sidechain of F467 on S3 of the wild-type TRPV2 would
sterically prevent the vanilloid head group from taking such a

Fig. 5. Structural difference in the binding pockets of TRPV1 and TRPV2. (A) Front view of the ligand-binding pocket, with TRPV1 and TRPV2 shown in gray
and blue, respectively. With their structures aligned by the S1–S4 domains, the S4–S5 linker of TRPV2 is about 3 Å lower than that of TRPV1. This leads to
a 2.4-Å difference in distance between T551 and E571 in TRPV1 (colored in red; 11.5 Å) compared with that of the corresponding residues in TRPV2 (colored in
orange; 13.9 Å). (B) Side view of the pocket. The lowering of S4–S5 linker in TRPV2 is accompanied with an extra helical turn at the end of S4 (indicated by a
red dashed box).
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favorable position. When F467 was mutated to a less bulky residue
such as serine in TRPV1, the head can enter and form multiple
hydrogen bonds to the S1–S4 domain and S4–S5 linker (Fig. 6C).
In agreement with this view, when the TRPV1 S513 was mu-
tated to a tyrosine with a similarly bulky side chain as phenyl-
alanine, capsaicin activation was largely disrupted (6, 9). To
stabilize ligand binding, the tail of vanilloid compound forms
VDW interactions with the channel inside the ligand-binding
pocket (6). In TRPV2_Quad, the tail of resiniferatoxin resides fa-
vorably inside the pocket, partially because the introduced T505 can
form a hydrogen bond with the tail (Fig. 6C). In TRPV1, the cor-
responding residue T551 also makes a hydrogen bond with capsa-
icin to stabilize its binding (6). However, in wild-type TRPV2, a
leucine presents at the corresponding position, whose side chain is
unable to form a hydrogen bond. Indeed, our docking experiments
suggested that resiniferatoxin stays outside of the bind pocket and
cannot activate wild-type TRPV2 (Fig. 6D). Therefore, for vanilloid
binding, both spatial accommodation and energy stabilization
through the formation of VDW interactions and hydrogen bonds
are required.
Upon binding of a vanilloid compound, the ligand works as

glue to bridge the S1–S4 domain and the S4–S5 linker and ac-
tivate the channel (Fig. 6F). Indeed, our docking of resin-

iferatoxin suggested that it forms a network of hydrogen bonds
between the S1–S4 domain and S4–S5 linker, which is likely to
stabilize permissive conformation of the linker to activate TRPV1 as
well as TRPV2_Quad. In contrast, although docking shows the neck
of capsaicin forms a hydrogen bond with TRPV2_Quad, its head
cannot reach and stabilize the S4–S5 linker toward the S1–S4 do-
main. The formation of a single hydrogen bond without bridging
supports capsaicin binding but not capsaicin-induced activation
conformational changes, rendering capsaicin an antagonist but not
an agonist of TRPV2_Quad. In support of this view, existing studies
have shown that, when the head of vanilloid compounds was
chemically modified by adding Cl, Br, or I atoms that would disrupt
its interaction with the S4–S5 linker, these halogenated resin-
iferatoxin or capsaicin analogs could still bind to TRPV1 but func-
tioned as an antagonist of the channel instead of an agonist (31, 32).
The S4–S5 linker mediates gating motions in many ion channels

with six transmembrane domains (33). For voltage-gated potassium
(Kv) and sodium (Nav) channels, membrane depolarization causes
movements of the voltage sensor S4 (34). Conformational change in
S4 is coupled to the movement of the S4–S5 linker to induce a
conformational change in S6 interacting with the linker, leading to
the opening of the activation gate (35–37). Although the S1–S4
domains of TRP channels are structurally similar to that of Kv

Fig. 6. Docking of vanilloid molecules reveals a common mechanism for ligand activation. For each docking experiment, the model with the lowest binding
energy among the converged cluster of top 10 models is shown. (A) Docking of resiniferatoxin to TRPV1. The cryo-EM structure of TRPV1 with RTX bound
(PDB ID code 3J5Q) was used. The tail of docked resiniferatoxin agreeably overlaps with the experimentally observed electron density (surface colored in
yellow; EMD ID 5776). Y512 marks the entrance of the binding pocket. Four critical residues for capsaicin activation are in red. Potential hydrogen bonds
between resiniferatoxin and TRPV1 are represented by black dashed lines. (B) Docking of capsaicin to TRPV1. (C) Docking of resiniferatoxin to TRPV2_Quad.
Residues potentially forming hydrogen bonds with resiniferatoxin are in red. Note that resiniferatoxin is able to preserve a similar binding configuration as in
TRPV1, with the tail residing inside the binding pocket and the head forming a network of hydrogen bonds. (D) Docking of resiniferatoxin to wild-type
TRPV2. Unlike in TRPV2_Quad (C), resiniferatoxin cannot stay inside the binding pocket, as its tail is outside of Y466, which corresponds to Y512 in TRPV1 that
marks the entrance of binding pocket. (E) Docking of capsaicin to TRPV2_Quad. Compared with docking in TRPV1 (B), the neck of capsaicin still forms a
hydrogen bond with T505 (equivalent to T551 on TRPV1). Instead of E525 in the S4–S5 linker, multiple potential hydrogen bonds are observed between the
head and Y466, S467, and R512. (F) A cartoon illustrating that a vanilloid ligand, when bound favorably inside the binding pocket, stabilizes the S4–S5 linker
toward S4, leading to the repositioning of S6 to open the TRP channel.
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channels (11, 18, 19, 38, 39), no positively charged residue exists in
the S4 of TRPV channels so this domain is expected to remain
stationary upon membrane depolarization or the presence of other
activators (30). This allows capsaicin or resiniferatoxin to first secure
itself to the stationary S1–S4 domain, and then stabilize the outward
conformation of the S4–S5 linker to mediate S6 movements leading
to channel activation (6, 40). In this way, vanilloid-mediated ligand
activation of TRPV1 closely mimics voltage activation of Kv and
Nav channels. Conformational change in the S4–S5 linker relative
to the S1–S4 domain may serve as a general mechanism to open the
activation gate, which is driven by either depolarization-induced S4
movements in voltage-gated channels or vanilloid-mediated bridg-
ing in TRP channels.
The capability of resiniferatoxin to bind and gate TRPV1

has profound implications in both clinical and basic research.
In particular, due to its high potency and specificity for TRPV1,
resiniferatoxin has been used as a “molecular scalpel” (41) to
permanently ablate pain-sensing neurons highly expressing TRPV1
in both animal models (42–44) and patients with intractable cancer
pain (45). Understanding how resiniferatoxin and capsaicin bind
and activate TRPV1 would further facilitate development of more
effective and selective treatments. Furthermore, with our engi-
neered TRPV2_Quad, its resiniferatoxin sensitivity could be used
to manipulate neuronal activities by selectively expressing this
channel in TRPV1 knockout animals, which are insensitive to
resiniferatoxin (46). Indeed, a previous study has demonstrated
that, in TRPV1 knockout mice, by introducing TRPV1 into do-
paminergic neurons, capsaicin could be used to modulate neuronal
excitability to further control behaviors of the mice (47). Therefore,
the resiniferatoxin-TRPV2_Quad system not only has validated
our understanding of vanilloid-mediated ligand gating of TRPV1
channels but also has the potential to be further developed as a tool
for chemogenetic studies due to the high specificity of resin-
iferatoxin (48). We suggest that, if coupled with other ion channels,
the ligand-driven OFF response from TRPV2_Quad channels
may have the potential to set up and tune rhythmic behaviors in
excitable cells.

Materials and Methods
Molecular Biology and Cell Transfection. Murine TRPV1 and TRPV2 were used
in this study, and all of the numbering of residues is based on these channels.
Enhanced yellow fluorescence protein (eYFP) was genetically linked to the C
terminus of these channels to facilitate identification of positively transfected
cells. Fusion of eYFP does not alter the function of these channels (49). Point
mutations were made by QuikChange II mutagenesis kit (Agilent Technol-
ogies). All mutations were confirmed by sequencing.

HEK293T cells were purchased from and authenticated by American
Type Culture Collection. They were cultured in DMEM supplemented with
20 mM L-glutamine and 10% (vol/vol) FBS. These cells were transiently
transfected with cDNA constructs by Lipofectamine 2000 (Life Technolo-
gies) following the manufacturer’s protocol. Patch-clamp recordings
were performed 1–2 d after transfection.

Chemicals. All chemicals, including resiniferatoxin and capsaicin, were pur-
chased from Sigma-Aldrich.

Electrophysiology. Patch-clamp recordings were performed with a HEKA
EPC10 amplifier with PatchMaster software (HEKA) in inside-out or whole-cell
configuration. Patch pipettes were prepared from borosilicate glass and fire-
polished to resistance of ∼4 MΩ for recording. For whole-cell recording,
serial resistance was compensated by 60%. Solution containing 130 mM
NaCl, 10 mM glucose, 0.2 mM EDTA, and 3 mM Hepes (pH 7.2) was used in
both bath and pipette. All recordings were performed at room temperature
(∼24 °C). Temperature variation was less than 1 °C as monitored by a ther-
mometer. Current signal was sampled at 10 kHz and filtered at 2.9 kHz.

To apply resiniferatoxin or other drugs during patch-clamp recording,
a rapid solution changer with a gravity-driven perfusion system was used
(RSC-200; Bio-Logic). Each solution was delivered through a separate tube so
there was no mixing of solutions. Pipette tip with a membrane patch was
placed directly in front of the perfusion outlet during recording to ensure
solution exchange was complete.

Protein Sequence Analysis. TRPV1 and TRPV2 protein sequences from six and
four different species, respectively, were extracted fromUniProtKB database
(50). All TRPV1 channels included here for sequence analysis are activated
by capsaicin as reported in literature (5, 10, 22, 51–53). All TRPV2 channels
used have been shown to be functional (16, 18, 54). Multiple sequence
alignment of all 10 channels was performed by Clustal Omega (55). The
alignment was visualized in Jalview with Zappo color scheme (56). Based on
the alignment, the relative frequency of individual amino acid at each position
in the transmembrane domains was further analyzed and visualized by
WebLogo (57).

Molecular Modeling and Docking. Transmembrane domains of murine TRPV2
and its mutants were modeled by the comparative modeling application in
Rosetta program suite (RosettaCM) (58) using the cryo-EM structure of
rabbit TRPV2 [Protein Data Bank (PDB) ID code 5AN8] (18) as template.
The sequence identity between rabbit and mouse TRPV2 in the trans-
membrane region is 94%, sufficiently high to ensure accurate homology
modeling. A total of 10,000 models were generated by RosettaCM and
subsequently relaxed in Rosetta. The model with lowest energy was used
for molecular docking. The same procedure was applied to model the
transmembrane domains of TRPV2_Quad channel based on rabbit TRPV2
structure (18).

Docking experiments of resiniferatoxin and capsaicin were performed as
previously described (6). Briefly, RosettaLigand application (59–61) from
Rosetta program suite, version 3.5, was used (27) to dock the molecules.
Models of the transmembrane domains of mouse TRPV2, TRPV2_Quad (built
as described above), and rat TRPV1 in the capsaicin-bound state (PDB ID code
3J5R) were first relaxed in membrane environment using the RosettaMem-
brane application (29, 37, 62). Resiniferatoxin or capsaicin molecule was
initially placed roughly in the center of the binding pocket defined by S3, S4,
S4–S5 linker, and S6 segments. The electron density of resiniferatoxin or
capsaicin observed by cryo-EM imaging (12) was not used as constraints for
docking. After docking, the top 1,000 models with lowest total energy score
were first selected. They were further scored with the binding energy be-
tween ligand and the channel. The top 10 models with lowest binding en-
ergy were identified as the candidates. The model with lowest binding
energy among the largest cluster of the top 10 models was used as the
representative model.

The volume of the binding pockets on TRPV1 and TRPV2 was measured
by CAVER Analyst, version 1.0 (63). University of California, San Francisco
(UCSF) Chimera (64) software, version 1.9, was used to render all graphs of
docking models.

Data Analysis. Current recordings were analyzed in Igor Pro, version 5
(WaveMatrix). By fitting experimentally derived concentration–response re-
lationship to a Hill equation, the EC50 and Hill coefficient were determined. To
describe the transient OFF response seen in 2-APB–pretreated TRPV2_Quad
channels when resiniferatoxin was washed off, the following simplified gating
scheme was used:

C ����!β½RTX�*α O ����!K1

K−1
I.

In this model, the affinity of resiniferatoxin for TRPV2_Quad is determined by
the ratio between the forward and backward transition rates, α/β, which is
further defined as K. The equilibrium constant between the open state (O)
and the inactivated state (I) is determined by k1/k−1, which is denoted as L.

For the channel open probability at the equilibrium state, this model
predicts that

1− Po
Po

= L+  
1
K
*

1
½RTX�.

Therefore, to determine K and L, the steady-state open probability of
TRPV2_Quad measured right before resiniferatoxin wash-off was de-
termined at various resiniferatoxin concentrations. The ratio between the
closed and open probabilities, ð1−PoÞ=Po, was plotted against the inverse of
resiniferatoxin concentration. A linear function was used to fit the data,
with the K and L values determined as the inverse of the slope and the in-
tercept at the y axis, respectively.

Given that the gating model shown above contains three states, for the
time-dependent change in the probability of residing in any state, the model
dictates that it follows a double-exponential function (65). Particularly for
the time course of the OFF response upon washing off resiniferatoxin, as
the concentration of resiniferatoxin becomes negligible, the first forward
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transition can be omitted. The time-dependent change in the open proba-
bility takes the following general form:

PoðtÞ= c1 *e
−1
2*t*

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβ+k1+k−1Þ2−4*k1*k−1

p
+β+k1+k−1

�

+ c2 *e
1
2*t*

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβ+k1+k−1Þ2−4*k1*k−1

p
−β−k1−k−1

�
.

Therefore, a double-exponential function was used in Igor Pro to fit the time
course of the OFF response.

To estimate the open probability of 2-APB–induced TRPV2_Quad activa-
tion, noise analysis (66) was performed as described previously (67).
The open probability of TRPV2_Quad activated by resiniferatoxin was esti-
mated from the relative current amplitude in comparison with that of
2-APB–induced current from the same patch. To estimate channel conduc-

tance from single-channel recordings, current amplitude measured at −80 mV
was estimated from as all-point histogram of single-channel recordings.
A dead time of 0.32 ms was imposed.

Statistics. All statistical data are given as mean ± SEM. Student’s t test was
applied to examine the statistical significance. N.S. indicates no significance.
***P < 0.001.
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