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The vanilloid transient receptor potential channel TRPV1 is
a tetrameric six-transmembrane segment (S1–S6) channel that
can be synergistically activated by various proalgesic agents
such as capsaicin, protons, heat, or highly depolarizing volt-
ages, and also by 2-aminoethoxydiphenyl borate (2-APB), a
common activator of the related thermally gated vanilloid TRP
channels TRPV1, TRPV2, and TRPV3. In these channels, the
conserved charged residues in the intracellular S4–S5 region
have been proposed to constitute part of a voltage sensor that
acts in concert with other stimuli to regulate channel activa-
tion. The molecular basis of this gating event is poorly under-
stood. We mutated charged residues all along the S4 and the
S4–S5 linker of TRPV1 and identified four potential voltage-
sensing residues (Arg557, Glu570, Asp576, and Arg579) that,
when specifically mutated, altered the functionality of the
channel with respect to voltage, capsaicin, heat, 2-APB, and/or
their interactions in different ways. The nonfunctional charge-
reversing mutations R557E and R579E were partially rescued
by the charge-swapping mutations R557E/E570R and D576R/
R579E, indicating that electrostatic interactions contribute to
allosteric coupling between the voltage-, temperature- and
capsaicin-dependent activation mechanisms. The mutant
K571E was normal in all aspects of TRPV1 activation except
for 2-APB, revealing the specific role of Lys571 in chemical sen-
sitivity. Surprisingly, substitutions at homologous residues in
TRPV2 or TRPV3 had no effect on temperature- and 2-APB-
induced activity. Thus, the charged residues in S4 and the S4–S5
linker contribute to voltage sensing in TRPV1 and, despite their
highly conserved nature, regulate the temperature and chemical
gating in the various TRPV channels in different ways.

The vanilloid receptor TRPV1 is a member of the vanilloid
subgroup (TRPV) of the transient receptor potential (TRP)2
channel family that functions as a multimodal signal trans-

ducer of noxious stimuli in the mammalian somatosensory
system (1). This nonselective cation channel can be activated
by noxious thermal stimuli (�43 °C), acidic pH (�6.8) or the
alkaloid irritant capsaicin. Moreover, at room temperature
(24 °C) and pH 7.3, TRPV1 behaves as a voltage-gated out-
wardly rectifying channel because it can be activated, in the
absence of any agonist, by depolarizing voltages (�60 mV) (2).
All of these stimuli act strongly synergistically: capsaicin low-
ers the threshold for heat activation, capsaicin-evoked cur-
rents are augmented by heat or by lowering pH (3), whereas
heat, protons, and capsaicin enhance the efficacy and sensitiv-
ity of voltage-induced activation (2, 4, 5).
The existence of distinct functional domains through which

disparate stimuli converge on the channel protein to open/
close its ion-conducting pore is thought to underlie the poly-
modal nature of not only TRPV1 but also its related, tempera-
ture-sensitive, protein family members: heat-activated
TRPV2, TRPV3, TRPV4, and cold-activated TRPA1 and
melastatin TRP channel 8 (for review, see Ref. 6). Based on
the structural similarity to voltage-gated potassium channels,
the voltage-sensing domain in these channels is hypothesized
to be composed of positively charged amino acids distributed
within the transmembrane segments S1–S4 that reorient
upon a change in the membrane potential (7, 8). This domain
is predicted to be (at least functionally) coupled through the
S4–S5 linker helices to the inner helices of the S6 segments
which dilate (open) and constrict (close) the pore entryway
(9). Indeed, in TRPM8, the charged residues within S4 and the
S4–S5 linker form part of the voltage sensor but also critically
affect the sensitivity of the channel to chemical and thermal
stimuli, indicating that this region might also be involved in
the general opening mechanism of the channel (10). In
TRPM8 and TRPV1, temperature and agonists shift the volt-
age for half-maximal activation to less depolarized potentials
(2, 11); however, membrane depolarization itself acts only as a
partial activator for these two channels and thus probably
does not represent the fundamental mechanism for gating (4).
To understand the molecular events by which the S4/

S4–S5 linker domain modulates (or translates various stimuli
into) the activation gating of TRPV1, we systematically mu-
tated potential voltage-sensing residues all along this region
and measured the TRPV1-mediated membrane current re-
sponses to voltage, capsaicin, heat, 2-APB, and their combina-
tions. We set out to identify the residues most involved and
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clarify whether there is a structural analogy underlying the
activation gating in related TRPV2 and TRPV3 channels.

EXPERIMENTAL PROCEDURES

Expression and Constructs of TRPV Channels—HEK293T
cells were cultured in Opti-MEM I (Invitrogen) supplemented
with 5% FBS as described previously (12, 13). Cells were tran-
siently co-transfected with a cDNA plasmid encoding wild-
type or mutant TRPV and GFP (TaKaRa) using the Magnet-
assisted Transfection (IBA GmbH) method. rTRPV1 cDNA
was kindly provided by David Julius (University of California,
San Francisco, CA), hTRPV2 in the pCMV6-XL5 vector was
from OriGene Technologies, Inc., and hTRPV3 was kindly
provided by Ardem Patapoutian (Scripps Research Institute,
La Jolla, CA). Cells were used 24–48 h after transfection. At
least three independent transfections were used for each ex-
perimental group. The wild-type channel was regularly tested
in the same batch as the mutants. The constructs were gener-
ated by PCR using the QuikChange XL Site-directed Mu-
tagenesis kit (Stratagene) and confirmed by DNA sequencing
(ABI PRISM 3100; Applied Biosystems).
Electrophysiology—Whole cell membrane currents were

recorded by employing an Axopatch one-dimensional ampli-
fier and pCLAMP9 software (Molecular Devices). Data were
filtered at 2 kHz (�3 dB, four-pole Bessel filter) and digitized
at 4–20 kHz. Only one recording was performed on any one
coverslip of cells to ensure that recordings were made from
cells not previously exposed to high concentrations of agonist.
Experimental Solutions—A system for fast superfusion of

the cultured cells was used for drug application (14). The ex-
tracellular control solution contained 160 mM NaCl, 2.5 mM

KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 10 mM glu-
cose, adjusted to pH 7.3 and 320 mOsm. In whole cell patch
clamp experiments, the pipette solution contained 125 mM

cesium gluconate, 15 mM CsCl, 5 mM EGTA, 10 mM HEPES,
0.5 mM CaCl2, 2 mM MgATP, pH 7.3, 286 mOsm. All chemi-
cals were purchased from Sigma-Aldrich.
Quantification of Q10 and the Threshold for Heat

Activation—The heat-evoked whole cell currents sampled
during the rising phase of the temperature ramp were pooled
for every 0.25 °C. The absolute current values were plotted on
a log scale against the reciprocal of absolute temperature (Ar-
rhenius plot). Temperature coefficients Q10 were determined
for each cell in the respective temperature range where the
Arrhenius plot was linear (correlation coefficient � 0.99) by
using the formula: Q10 � exp(�T�Ea/(R T1 T2)), where R is the
gas constant, �T � 10 Kelvin, Ea is an apparent activation
energy estimated from the slope of the Arrhenius plot be-
tween absolute temperatures T1 and T2. In wild-type and mu-
tant hTRPV3, temperature coefficients were estimated using
the formula Q10 � (I2/I1))10/(T2�T1), where I1 and I2 are the
current amplitudes obtained at given temperatures T1 and T2.
The thermal thresholds for wild-type and TRPV1 mutant ac-
tivation were measured from the temperatures at which the
inward currents plotted on a logarithmic scale declined signif-
icantly from a straight line. For this purpose, a stepwise linear
regression method was adopted using SigmaPlot 10 software
(Systat Software, San Jose, CA).

Statistical Analysis—All data were analyzed using pCLAMP
9.0 (Molecular Devices), and curve fitting and statistical ana-
lyses were done in pCLAMP 9.0 and SigmaPlot 10 (Systat
Software). No leak subtraction was utilized. Voltage-depen-
dent gating parameters were estimated from steady state con-
ductance-voltage (G-V) relationships obtained at the end of
100-ms voltage steps by fitting the conductance G �
I/(V � Vrev) as a function of the test potential V to the
Boltzmann equation: G � ((Gmax � Gmin)/(1 � exp
(�zF(V � V1/2)/RT))) � Gmin, where z is the apparent num-
ber of gating charges, V1/2 is the half-activation voltage, Gmin
and Gmax are the minimum and maximum whole cell con-
ductance, Vrev is the reversal potential, and F, R, and T have
their usual thermodynamic meaning. For the quantification of
V1/2 and the percentage of voltage-independent component of
gating from currents obtained in the presence of 10 �M capsa-
icin (Gmin/Gmax), the second capsaicin response was used be-
cause: 1) in the wild-type TRPV1, the exponential nature of
the desensitization kinetics of the first response to capsaicin,
in contrast to the second response, does not allow the
achievement of steady-state level during voltage stimulation;
2) in some mutants, the first, but not second, capsaicin re-
sponse exhibited a substantial slowing down of the activation
kinetics, which also did not allow to achieve steady-state volt-
age responses. All data are expressed as the mean � S.E.
Overall statistical significance was determined by the analysis
of variance, if not stated otherwise. When significance was
found (p � 0.05 or p � 0.001), statistical comparisons were
performed using Student’s t test for individual groups.

RESULTS

Identification of Charge-replacement Mutations in the
S4–S5 region Inducing Changes in the Voltage-dependent Gat-
ing of TRPV1—We individually substituted all charged amino
acid residues in the transmembrane segment S4 and the
S4–S5 linker of rat TRPV1 and characterized the phenotypes
of mutants using whole cell patch clamp recordings from
transiently transfected HEK293T cells. The putative structure
of this region taken from a homology model published previ-
ously (15), and the residues chosen for mutagenesis are de-
picted in Fig. 1. We also mutated the tyrosine residues Tyr554
and Tyr555 which have intrinsic dipole moments and thus
might theoretically also contribute to voltage sensing (7),
three residues (Gln560, Gln561, and Met581) that are known to
affect the TRPV1 gating (16), and Gly563, that aligns with the
glycine Gly573, mutations of which to Ser or Cys cause defec-
tive gating in mouse TRPV3 (17). Previously published ho-
mology models for TRPV1 (15, 18), based on the crystal struc-
ture of Kv1.2, predict an interaction of Arg557 with Glu570,
and, another electrostatic interaction within the S4–S5 seg-
ment can be inferred for the pair of the two oppositely
charged residues spaced about one helix turn apart, Asp576
and Arg579. We thus also tested the functional properties of
three charge-swapping double mutants, R557E/E570R,
D576R/R579D, and D576R/R579E. We hypothesized that if
specific interactions between opposite charges are required
for proper functioning, the charge-reversing double mutants
might functionally rescue the channel.

S4 –S5 Region of TRPV1
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Voltage-dependent activation properties were initially as-
sessed from the steady-state conductances at different test
potentials using 20-mV voltage steps from �120 mV up to
�200 mV, first in the extracellular control solution and then
in the maintained presence of a saturating (10 �M) concentra-
tion of capsaicin preapplied for 5–10 s (until the peak ampli-
tude was reached; Fig. 2A). Mutations Y554A, Y555S, E570L,
and two charge-reversing mutations, R557E and R579E, led to

a complete loss of function. In these mutants, 10 �M capsaicin
neither induced measurable currents at a holding potential of
�70 mV nor affected voltage-dependent (up to �200 mV)
and heat-dependent currents (up to 48 °C; supplemental Fig.
S3B). Neither of these nonfunctional mutants exhibited sig-
nificantly higher basal currents at �70 mV compared with
nontransfected cells. The Y554F and Y555F mutations pro-
duced fully functional channels, indicating that aromatic side
chains are required at these positions.
To test whether the residues in the S4/S4–S5 region have a

central role in TRPV1 voltage sensing, similar to that sug-
gested for TRPM8 (10), we characterized the conductance-to-
voltage (G-V) relationships obtained under control conditions
in all measurable mutants. Equilibrium properties of activa-
tion were calculated from Boltzmann fits to the G-V relations.
For wild-type TRPV1, the Boltzmann fit gave a half-maximal
activation voltage (V1/2) of 154 � 4 mV and an apparent num-
ber of gating charges (z) of 0.70 � 0.01 (n � 59) (Fig. 2, B and
C; supplemental Fig. S1). In six single mutants (R557A,
R557L, E570A, D576N, D576R, R579A) and in all the double
mutants, the open probabilities were apparently below 0.5 for
voltage protocols up to 200 mV, so that values for V1/2 and z
could not be derived reliably. In contrast, V1/2 was shifted
toward less depolarizing voltages for R557K (97.1 � 4 mV;
n � 13), G563S (78 � 2 mV; n � 6), and M581T (122 � 11
mV; n � 11). No significant changes in z were detected
among the measurable mutants (p � 0.492; n � 4–59; supple-
mental Fig. S1).

FIGURE 1. Putative S4/S4 –S5 segment of TRPV1. A, sequence comparison
of the S4 –S5 domain of rat TRPV1 (GenBank accession no. NM_031982)
with that of hTRPV2 (NM_016113.3) and hTRPV3 (NP_659505.1). Protein
sequences were aligned using MUSCLE multiple alignment software with
Zappo score colors. B, homology model of the S4 –S5 region of rTRPV1
taken from Ref. 15. C, residues described under “Results ” are indicated in
bold type.

FIGURE 2. Voltage dependence of TRPV1 mutants. A, representative whole cell patch clamp current traces in response to a family of voltage steps in
HEK293T cells transfected with wild-type and TRPV1 mutants in the absence (open symbols) or presence of 10 �M capsaicin (filled symbols). B, representative
Boltzmann fits to conductances shown in A, obtained from steady-state currents at the end of the pulse (indicated by symbols in A), normalized to maximal
conductance Gmax in 10 �M capsaicin. C, V1/2 for wild-type TRPV1 and indicated mutants in the absence (open bars) or presence of 10 �M capsaicin (filled
bars). The asterisks indicate significance level. Under control conditions, some mutants did not reach half-maximal activation at voltages up to 200 mV.
D, summary of voltage-independent component of capsaicin-induced gating (upward bars) and Gmax in 10 �M capsaicin (downward bars). Each bar is the
mean � S.E. (error bars); n � 4.
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The saturating (10 �M) concentration of capsaicin has been
shown to overcome TRPV1 desensitization (19, 20) and reveal
the voltage-independent component of TRPV1 gating (4). To
characterize further the sensitivity of voltage-induced activa-
tion, we quantified V1/2 and the percentage of the voltage-
independent component of gating from currents obtained in
the presence of 10 �M capsaicin (Gmin/Gmax). In contrast to
control conditions, the G-V relations obtained in the presence
of the saturating concentration of capsaicin could be fitted for
all functional mutants (Fig. 2C; supplemental Fig. S1), giving a
V1/2 of 75 � 4 mV and z of 0.83 � 0.06 (n � 18) for wild-type
TRPV1. Notably, the three charge-swapping double mutants
exhibited measurable voltage-dependent activity, indicating a
partial recovery of the functionality of the R557E and R579E
mutant channels (Fig. 2D; supplemental Fig. S3B). Compared
with wild-type TRPV1, prominent rightward shifts in V1/2
were found for E570A (V1/2 of 139 � 19 mV; n � 5), R579A
(V1/2 of 139 � 4 mV; n � 9), R557E/E570R (V1/2 of 151 � 7
mV; n � 6), and D576R/R579E (V1/2 of 125 � 10 mV; n � 9).
Significant changes in the apparent gating valence z were de-
tected in E570R (2.1 � 0.3; n � 6) and D576R/R579D (0.43 �
0.4; n � 7), indicating that the S4–S5 linker may increase its
contribution to voltage sensing when capsaicin is present.
Remarkably, R557A, R557L, D576N, D576R, which were only
weakly (V1/2 � 200 mV) voltage-dependent under control
conditions, became as voltage-sensitive as wild-type TRPV1
(p � 0.022; n � 7–18) in the presence of capsaicin, suggesting
a preserved or even increased allosteric effect between these
two stimuli. Compared with wild-type TRPV1 (38 � 7%; n �
18), the percentage of the voltage-independent component of
capsaicin-induced gating (Gmin/Gmax) was strongly (p � 0.01)
reduced in R557A, R557L, E570A, R579A, R579D, R557E/
E570R, and D576R/R579E. In contrast, this component was
predominant in E570Q (76 � 5%; n � 3) and E570R (62 �
10%; n � 10).
Mutations in S4/S4–S5 Region of TRPV1 Exhibit Changes

in Capsaicin and 2-APB Sensitivity—Our screen of the puta-
tive S4/S4–S5 region identified the residues critically involved
in the capsaicin- and voltage-dependent activation of TRPV1.
Some of the mutations that exhibited significant responses to
1 �M capsaicin at �70 mV had strongly impaired the activa-
tion/deactivation parameters (Fig. 3, A and B). Compared
with WT TRPV1, the E570Q mutation accelerated the activa-
tion rate (�on; from 1.3 � 0.2 s to 0.3 � 0.1 s; n � 26 and 9). In
contrast, a significantly slower rate of activation was observed
in R557A (58.7 � 27.7 s; n � 5), M581T (49.8 � 12.5 s; n �
8), D576R (45.1 � 6.9 s; n � 4), Q560H (30.6 � 8.0 s; n � 6),
R557K (8.3 � 2.0 s; n � 10), and E570R (3.6 � 0.6 s; n � 6),
indicating that these residues contribute to the transduction
of the capsaicin-binding signal to the opening of the pore.
The estimated deactivation time (T50; the time taken for the
current to decrease to 50% of its level before removing the
capsaicin) was markedly slowed down in R557K (16.7 � 1.2 s;
n � 11), compared with the wild type (2.2 � 0.2 s; n � 26),
but, remarkably, not in R557A or R557L, indicating that the
specific side chain properties of Arg557, and not only a posi-
tive charge at this residue, are important for deactivation gat-
ing process. In R557A, R557K, Q560H, and M581T, the sec-

ond response to 1 �M capsaicin reapplied after apparent
washout (20 s later or, for R557K, 120 s later) had a faster on-
set than in the wild type, suggesting that the process of deacti-
vation was incomplete.
To characterize also the activation/deactivation kinetics in

mutants barely responding to 10 �M capsaicin at �70 mV, we
used a voltage protocol consisting of a 500-ms ramp from
�70 mV to �100 mV applied every 2 s and measured whole
cell currents at �90 mV before, during 6-s exposure to, and
after washout of 10 �M capsaicin (Fig. 3C). The time courses
of the capsaicin-induced (depolarization-modulated) whole
cell currents through R557A, R557L, E570R, D576R, R579A,
and R576R/R579D closely resembled those of wild-type
TRPV1 (supplemental Fig. S2). In contrast, R557E/E570R ex-
hibited slower activation and deactivation kinetics (Fig. 3, C
and D). A significantly faster offset of capsaicin-dependent
responses was detected in E570A and R576R/R579E. Thus,

FIGURE 3. Mutations in S4 and the S4 –S5 linker alter chemical sensitiv-
ity of TRPV1. A, sample recording of whole cell current responses to con-
secutive applications of capsaicin (1 �M) at �70 mV. B, averaged time con-
stants obtained from monoexponential fit of the onset of first and second
capsaicin response and deactivation times (T50) for all measurable mutants.
The asterisks indicate significance level. C, whole cell currents in response to
voltage protocol consisting of a 500-ms ramp from �70 mV to �100 mV
applied every 2 s in the absence or presence of 10 �M capsaicin. D, aver-
aged currents measured at 90 mV constructed from three to five indepen-
dent recordings such as shown in C. The superimposed dotted line indicates
wild type. Baseline was subtracted. E, 2-APB responses reduced by K571E
mutation. Holding potential was �70 mV. F, mutation effects on 2-APB re-
sponses of TRPV1.
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the mutations that caused similar defects in the voltage de-
pendence affected the chemical sensitivity of TRPV1 very
differently.
2-APB is a common activator of TRPV1, TRPV2, and

TRPV3 channels (21, 22), and the mechanism of 2-APB
sensitivity in TRPV1 and TRPV2 appears to be at least partly
distinct from TRPV3 (23). Therefore, we wondered to what
extent the substitutions at the sites conserved among the S4/
S4–S5 domains of these three proteins affect the 2-APB sen-
sitivity of TRPV1 (Fig. 3, E and F). Among the mutants that
exhibited significant responses to 1 �M capsaicin at �70 mV,
the inward currents induced by 300 �M 2-APB were reduced,
relative to 1 �M capsaicin, in R557L, R557K, Q560H, E570Q,
E570R, and most strongly (�50-fold) in K571E. Taken to-
gether, these results characterize the residues involved in cap-
saicin-dependent activation (Arg557, Gln560, Glu570, Asp576,
and Met581) and deactivation (Arg557) and identify Lys571 as a
residue specifically contributing to 2-APB sensitivity.
Mutations in S4 and S4–S5 linker Alter the Temperature

Sensitivity of TRPV1—The temperature coefficient (Q10) for
the gating of TRPV1 has been shown to be a very subtle pa-
rameter, being highly susceptible to mutations at vital do-
mains of the TRPV1 protein (12, 13, 15). To address the role
of the S4/S4–S5 region in the heat-dependent gating of
TRPV1, we quantified the temperature threshold for heat ac-
tivation and the macroscopic Q10 for all measurable mutants
from the Arrhenius plots of individual current-temperature
relationships (Fig. 4; supplemental Fig. S3A). At a membrane
potential of �70 mV, the mean threshold for the tempera-
ture-induced membrane currents measured in the wild-type
channel was 41.5 � 0.4 °C, and the mean Q10 calculated for
the temperature range 43–48 °C was 23.1 � 1.8 (n � 25) (13).

Among the mutants tested, the most frequently observed phe-
notype was a leftward shift in the temperature threshold and a
reduction in Q10, indicating that these mutants lost their tem-
perature sensitivity. Notably, a significantly higher threshold
for heat activation was detected for E570A (44.3 � 0.7 °C; p �
0.005; n � 19). The Y554F, Y555F, Q561H, E570Q, E570R,
K571E, R575A, and R579D mutations left the Q10 and the
threshold for heat activation unchanged.
TRPV2 and TRPV3 Mutants Homologous to Those of

TRPV1 Are Fully Functional—The high conservation of the
S4/S4–S5 domain throughout the mammalian members of
the TRPV channel subfamily raises an important question
concerning the extent to which the results from TRPV1 could
be generalized to other TRPV channels, particularly TRPV2
(72.4% amino acid identity within the S4/S4–S5 region) and
TRPV3 (65.5% identity). To explore this issue, we focused
on the residues homologous to those found to be important
for the activation of TRPV1 (Fig. 1C). We constructed five
mutants of human TRPV2: R515L, Q528L, K529E, D534V,
and R537D, and characterized their activation properties (Fig.
5). Because the equivalent mutations generally led to a loss of
temperature dependence in TRPV1, we used the tempera-
ture-current characteristics as an appropriate measure of
functionality. We applied a stimulation protocol consisting of
a 25–57 °C heat ramp (�10–14 °C/s), recorded in the absence
and presence of 2-APB (300 �M). In contrast to what has been
reported previously (24), we were able to measure specific
heat-activated membrane currents in HEK293T cells tran-
siently transfected with wild-type human TRPV2 (threshold

FIGURE 4. Mutations in S4 and the S4 –S5 linker alter temperature sensi-
tivity of TRPV1. A, representative recordings of whole cell current re-
sponses to application of 25– 48 °C heat ramp (10 °C/s) at �70 mV. B, Arrhe-
nius plot of whole cell currents obtained from representative cells shown in
A, normalized at 25 °C (ordinate, log scale) and plotted against the recipro-
cal of absolute temperature (abscissa). Temperature coefficients Q10 were
determined for each cell over the temperature range where the Arrhenius
plot was linear (dashed lines). C, effects of mutations on Q10. Dotted line indi-
cates the value at which the temperature dependence of the thermally in-
duced currents is considered to be nonspecific, i.e. close to that of the aque-
ous diffusion limit (�2). NT denotes nontransfected cells. Each bar is the
mean � S.E. (error bars); n � 33 for wild type and 3–15 for mutants.

FIGURE 5. Mutations homologous to those identified in TRPV1 do not
alter temperature and chemical sensitivity in hTRPV2. A, representative
recordings of whole cell current responses to application of 25–57 °C heat
ramp (10 –14 °C/s) recorded from cells expressing wild-type or mutant
hTRPV2 in the absence or presence of 2-APB (300 �M) at �70 mV. B, Arrhe-
nius plot of whole cell currents obtained from representative cells shown in
A, normalized at 25 °C. Q10 was determined over the temperature range
where the Arrhenius plot was linear (dashed lines). C, summary of Q10 deter-
mined for wild-type hTRPV2 and indicated mutants. Each bar is the mean �
S.E. (error bars); n � 10 for wild type and 3– 6 for mutants.
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50.2 � 0.8 °C; n � 11), and these currents were markedly po-
tentiated by 2-APB (2.6 � 0.4 at 54 °C; n � 5). The extent of
2-APB potentiation of the heat-induced currents through
TRPV2-K529E was not different from that in the wild-type
channel (2.6 � 0.5; n � 4; p � 0.951), which was surprising
because a homologous mutation led to a loss of 2-APB sensi-
tivity in TRPV1. The Q10 values for the TRPV2 mutants were
indistinguishable from wild type (Fig. 5C; p � 0.775), indicat-
ing that the temperature sensitivity was also preserved in all
mutants tested.
In human TRPV3, we individually mutated residues Tyr565,

Arg567, Gln580, Lys581, Asp586, and Lys589 (Fig. 1C) and exam-
ined the temperature-current characteristics and maximal
current densities evoked by 300 �M 2-APB at �70 mV (Fig.
6A). A rapid heating protocol (25–48 °C; �10–14 °C/s) was
followed by a 10-s application of 2-APB. We found that, ex-
cept for hTRPV3-D586A, which was nonfunctional, the phe-
notypes of all of the hTRPV3 mutants were not statistically
different from those of the wild type (Fig. 6B). Taken together,
these data indicate that the mechanism of temperature sensi-
tivity in TRPV1 appears to utilize different residues from
those in TRPV2 and TRPV3, and it may be that this is not
fully conserved throughout thermosensitive TRPV channels.
In addition, neither the hTRPV2-K527E mutation nor the
hTRPV3-K581E, corresponding to rTRPV1-K571E, affected
the 2-APB-dependent currents, further supporting the re-
cently proposed suggestion that the mechanism of 2-APB ac-
tivation is not completely conserved among the TRPV1,
TRPV2, and TRPV3 channels (23).
TRPV1 Mutation G563S Homologous to Constitutively Ac-

tive TRPV3 Mutation G573S Also Leads to Overactive
Channels—The glycine 563 positioned in the S4–S5 linker of
the TRPV1 channel is highly conserved among the members
of the TRPV subfamily of TRP channels. A naturally occur-
ring mutation of this glycine in the TRPV3 gene (G573S or
G573C) is associated with an inherited form of spontaneous
hairlessness and dermatitis (25) and has been attributed to the
overactive functioning of TRPV3 channels (17). We were,
therefore, particularly curious to see whether the equivalent

mutation in rat TRPV1 also leads to spontaneously active re-
ceptors. We found that HEK293T cells expressing the G563S
mutant of TRPV1 exhibited only slightly enhanced basal ac-
tivity that amounted to 7.2 � 3.0% (at 25 °C and at �70 mV)
of the current induced by 1 �M capsaicin (n � 7; supplemen-
tal Fig. S4A). In the extracellular control solution, V1/2 was
shifted toward less depolarizing potentials (78 � 2 mV; n � 6)
compared with WT-TRPV1, indicating an enhanced voltage-
dependent activity of the TRPV1-G563S mutant at more
physiological potentials (Fig. 2C; supplemental Fig. S4B). In-
ward currents induced by 1 �M capsaicin exhibited slow acti-
vation kinetics and an incomplete deactivation that was fully
blocked by 1 �M ruthenium red. Similar to what was discov-
ered for TRPV3-G573 mutants (17), we found that TRPV1-
G563S was not responsive to a temperature ramp (from 25 °C
to 48 °C; Fig. 4C) and was only weakly sensitive to 300 �M

2-APB. These data suggest that mutation G563S stabilizes the
open conformation of the channel so that Gly563 in TRPV1
could play an analogical role in channel gating as in TRPV3;
the extent of spontaneous activity might, however, depend on
the TRPV channel specific voltage, chemical, and temperature
operation range.

DISCUSSION

There is now mounting evidence that chemical and thermal
stimuli interact allosterically through independent molecular
mechanisms in thermosensitive TRP channels. Vanilloids in-
teract at intracellular/intramembranous regions in and adja-
cent to S3 and S4 (26, 27); a small region of the proximal part
of the C-terminal domain (Val686-Trp752) renders the TRPV1
channel heat-sensitive, and this region is transplantable into
the cold-sensitive TRPM8 channel, whose voltage-induced
responses become potentiated by heat (15). Further evidence
in favor of mechanistically distinguishable mechanisms of
activation was presented for TRPV1 and TRPV3, in which
agonist- and temperature-induced activations are separable
from other activation mechanisms (23, 28, 29). What is much
less clear is the intrinsic mechanism by which thermosensitive
TRPV channels are gated by voltage. Given that the S4/S4–S5
domain is strongly conserved among TRPV channels, in par-
ticular, the positively charged residue in S4 is completely con-
served across TRPV proteins, the new information obtained
for TRPV1may be important in understanding the structure-
function relationships in related channels. On the other hand, to
date, definitive proof that the S4–S5 region contributes to volt-
age-dependent gating has been only achieved for the TRPM8
channel (10), but it now appears that analogous mutations do not
have the same effects in other, related TRP channels.
Our results identified two charged residues within the S4/

S4–S5 region, Arg557 and Asp576, that are involved in the
voltage-dependent gating of TRPV1. These residues, together
with Glu570 and Arg579, also contribute to the voltage modu-
lation of the capsaicin-induced currents (Fig. 2C) and the
capsaicin potentiation of the heat-induced currents (supple-
mental Fig. S3B). In E570Q and R579D, the voltages causing
half-maximal activation (V1/2) were identical to the wild type,
but their voltage-independent components of capsaicin-in-
duced activation were distinct and different from the wild

FIGURE 6. Mutations homologous to those identified in TRPV1 do not
alter temperature and chemical sensitivity in hTRPV3. A, sample record-
ing of whole cell current responses to consecutive application of 25– 48 °C
temperature ramp (10 –14 °C/s) and 2-APB (300 �M) in hTRPV3 and K581E-
hTRPV3. B, summary of Q10- and 2-APB-induced current densities deter-
mined for wild-type and mutant hTRPV3. Each bar is the mean � S.E. (error
bars); n � 9 for wild type and 3–7 for mutants. No significant changes were
detected (p � 0.344).
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type. This might indicate that these two mutations at least
partially uncouple voltage from chemical and thermal sensi-
tivity. Consistent with these findings, a very recent study,
comparing the energetics of thermal gating in absence and
presence of membrane depolarization or chemical agonists,
demonstrated that the activation of voltage sensors is not nec-
essary for TRPV1 channel gating (30).
The putative structures of the S4–S5 region of TRPV1 pre-

dicted from the homology models published previously sug-
gest the proximity of Arg557 to Glu570 (15, 18). Indeed, our
functional data support a scenario in which Arg557 interacts
with Glu570. The partial recovery of the capsaicin-induced
voltage-modulated activity (Fig. 3C) and potentiation of heat-
evoked responses (supplemental Fig. S3B) by the charge-
swapping mutation R557E/E570R indicates that an interac-
tion between these two sites spaced 13 residues apart might
contribute to allosteric coupling between the voltage-, tem-
perature- and capsaicin-dependent activation mechanisms.
This hypothesis is further supported by two other observa-
tions: We found that 1) an aromatic residue is required at po-
sition 554, and E570R, in the presence of capsaicin, exhibits a
greater apparent gating valence z than the wild-type channel,
indicative of an increased contribution to voltage sensing.
Thus, it could be that the predicted energetically significant
cation-� interaction between Tyr554 and Arg557 (less than
�3.16 kcal/mol) contributes to channel activation and can be
substituted by another cation-� interaction between Tyr554
and Arg570 (�1.03 kcal/mol) in the E570R mutant (see Ref.
31). In this regard, the involvement of the tyrosine and argi-
nine at positions homologous to Tyr554 and Arg557 in a gen-
eral gating mechanism had been proposed earlier for the re-
lated TRPV4 channel (32). 2) We also confirmed that the
TRPV1 mutation G563S stabilizes the open conformation and
leads to overactive channels (supplemental Fig. S4). The role
of this glycine as a flexible hinge between S4 and the S4–S5
linker helices appears to be directly related to the changes in
equilibrium between the open and closed states of the chan-
nel. This might be a plausible explanation for the total conser-
vation of glycine at this position in the sequence of all TRPV
channels.
Our experiments on systematically replacing Arg579 with

alanine, glutamate, or aspartate, and the partial functional
recovery of the double mutant D576R/R579E (supplemental
Fig. S3B), indicate that the local charge distribution around
these two residues is critical for the voltage and heat modula-
tion of the capsaicin-activated states of the channel. Two
other interesting features arise from our data: 1) a leftward
shift in V1/2 and strong changes in the capsaicin-induced acti-
vation/deactivation kinetics that was found for three distinct
mutations distant in sequence: R557K, G563S, and for the
previously reported gain-of-function mutant M581T (16),
might support the proposed role of the S4/S4–S5 segment as
a modular domain that, depending on the stimulus context,
mediates the channel activation and/or deactivation. 2) The
finding that K571E is normal in all aspects of TRPV1 modula-
tion except for 2-APB responsiveness confirms that this mu-
tant uncouples the 2-APB sensitivity from other TRPV1
modalities.

Surprisingly, we found out that TRPV3-Y565S re-
sponded normally to temperature and 2-APB, although the
equivalent mutation led to a complete loss of function in
TRPV1. Also, charge-replacing mutations, equivalent to
the most affected mutations in TRPV1, left the heat- and
2-APB-induced activation unchanged in TRPV2 and
TRPV3. In addition, neither the mutation hTRPV2-K527E
nor the hTRPV3-K581E mutation, corresponding to
rTRPV1-K571E, affected the 2-APB-dependent currents.
Thus, our data indicate that the mechanisms of tempera-
ture, voltage, and chemical sensitivity in TRPV1, TRPV2,
and TRPV3 might be dependent on distinct residues of the
S4 and S4–S5 linker region, and, despite their highly con-
served nature, they may be not fully conserved throughout
these thermosensitive TRPV channels.
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