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TRPM8, a member of the transient receptor potential (TRP) channel superfamily, is expressed in thermosensitive neurons, in
which it functions as a cold and menthol sensor. TRPM8 and most other temperature-sensitive TRP channels (thermoTRPs)
are voltage gated; temperature and ligands regulate channel opening by shifting the voltage dependence of activation.
The mechanisms and structures underlying gating of thermoTRPs are currently poorly understood. Here we show that
charge-neutralizing mutations in transmembrane segment 4 (S4) and the S4-S5 linker of human TRPM8 reduce the channel’s
gating charge, which indicates that this region is part of the voltage sensor. Mutagenesis-induced changes in voltage sensitivity
translated into altered thermal sensitivity, thereby establishing the strict coupling between voltage and temperature sensing.
Specific mutations in this region also affected menthol affinity, which indicates a direct interaction between menthol and the
TRPM8 voltage sensor. Based on these findings, we present a Monod-Wyman-Changeux–type model explaining the combined
effects of voltage, temperature and menthol on TRPM8 gating.

Mammals detect changes in environmental temperature from noxious
cold (o8 1C) to noxious heat (452 1C) through sensory nerve
endings in the skin and mouth1 and through skin keratinocytes2.
Recently, thermoTRPs have been put forward as the main temperature
sensors in thermosensory cells3–5. Eight different thermoTRPs have
been characterized in mammals, with thermal sensitivities that cover
the temperature range between noxious cold and noxious heat4–7. The
mechanisms and structures that underlie the steep temperature
dependence of these TRP channels are poorly understood.

We have recently shown that the heat-activated TRPV1 and the
cold-activated TRPM8 are voltage-gated channels activated upon
membrane depolarization, and that thermal activation reflects a
robust but graded shift of the voltage dependence of activation from
strongly depolarized potentials toward the physiological potential
range8. Similar observations have been made for other thermoTRPs7,9.
Moreover, a growing list of chemical agonists of different thermoTRPs,
including menthol (1; TRPM8), capsaicin (2; TRPV1), camphor
(3; TRPV1 and TRPV3) and phosphatidylinositol-4,5-bisphosphate
(TRPM8 and TRPM4), have been shown to induce channel activation
by shifting the voltage dependence of activation2,8–13. Thus, explaining
how thermoTRPs detect chemical and thermal stimuli requires
an understanding of the mechanisms and structures underlying
voltage sensing.

In seeking to identify residues involved in gating of TRPM8
(refs. 14,15), we were guided by the structural similarities between
TRP channels and voltage-gated potassium (Kv) channels. Both classes
of cation channels are tetramers of four identical or similar domains,
with six transmembrane segments (S1–S6) and cytosolic N- and
C-terminal tails16,17. In Kv channels, the voltage sensor consists of a

cluster of positively charged residues located in S4 (refs. 18–20).
Movement of this sensor relative to the transmembrane electrical
field results in the gating of the channel pore, which consists of S5, S6
and the interconnecting P-loop18,21. Recent structural data suggest
that the S4-S5 linker interacts with the C-terminal part of S6, such that
movement of this linker leads to constriction or dilatation of the
intracellular entrance of the channel pore22. In this report, we show
that S4 and the S4-S5 linker of TRPM8 have a role in voltage sensing,
and we provide evidence that menthol acts on the channel through a
direct interaction with the voltage sensor region.

RESULTS
Mutations in S4 and S4-S5 linker alter voltage dependence
Sequence alignment of TRPM8 with Kv1.2, a Shaker-type channel
whose crystal structure has recently been elucidated22,23, revealed the
highest degree of homology (31% identity, 52% similarity) in a region
corresponding to S4 and the S4-S5 linker (Fig. 1a,b). Notably, we
found that only one of the four positively charged arginines that
contribute to gating charge in Shaker-type K+ channels is conserved in
TRPM8 (Arg842; Fig. 1a,b). To investigate the role of this region in
the gating of TRPM8, we changed all positively charged residues
(Fig. 1a) to the neutral residue alanine and tested the effect of the
mutations on the sensitivity of TRPM8 to voltage, temperature and
menthol. We also mutated a single histidine, as histidine can be
positively charged depending on its chemical environment. All charge-
neutralizing mutants formed functional channels upon expression in
human embryonic kidney (HEK) 293 cells (Fig. 1c), with the excep-
tion of R851A, for which we were not able to measure currents
above background (Supplementary Table 1 online). Introducing a
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glutamine at this position (R851Q) did, however, yield a functional
channel, which we used for further evaluation (Fig. 1c). In addition,
we produced the corresponding charge-conserving mutants, all of
which expressed as functional channels (Supplementary Table 1).

We analyzed the effects of the mutations on the voltage dependence
of TRPM8 activation at 25 1C using voltage-step protocols covering
the voltage range –120 to +260 mV (Fig. 1c). The apparent channel
open probability (Popen) was determined as G/Gmax, where G repre-
sents the steady state conductance and Gmax represents the saturating
conductance measured at strongly depolarized potentials in the
presence of 1 mM menthol (for more details, see Methods and
Supplementary Fig. 1 online). In our initial analysis, we assumed
a two-state channel-gating model with one open state and one
closed state8 (for a detailed comparison with an alternative eight-
state gating model24, see Supplementary Methods and Supplemen-
tary Fig. 2 online). Accordingly, we fitted activation curves using a
Boltzmann function:

Popen ¼ 1

1+exp � z
kBT

ðV � V1=2Þ
� � ð1Þ

where z is the gating charge (in elementary charge units: eo ¼ 1.6 �
10–19 C), V is voltage, V1/2 is the voltage for half-maximal activation,
kB is the Boltzmann constant (1.38 � 10–23 J K–1) and T is the absolute
temperature (Fig. 1d–f). V1/2 is further determined by

V1=2 ¼ DG=ðzFÞ ¼ ðDH � TDSÞ=ðzFÞ ð2Þ

where F represents the Faraday constant (9.65 � 10–4 C mol–1) and DG
represents the difference in free energy between the open and closed
states, which consists of an enthalpic (DH) and an entropic (–TDS)
component6,25. We used zapp (apparent valence) to refer to the gating
charge estimates determined using equation (1), because the accuracy
of this estimate depends on the validity of the two-state model.

Two charge-neutralizing mutants (R842A and K856A) had a zapp

value that was significantly lower than that of the wild type (Fig. 1f),
which in case of strict applicability of the two-state model indicates a
smaller gating charge. Moreover, all charge-neutralizing mutations

and one charge-conserving mutation substantially affected the posi-
tion of the voltage dependence of channel activation: V1/2 was
significantly shifted toward more positive potentials for R842A,
H845A, R851Q, R862A and K856R, and was shifted toward more
negative voltages for K856A (Fig. 1d,e). These shifts indicate sub-
stantial changes in the relative stability of the closed and open states, as
quantified by the changes in DG (Supplementary Table 1).

Arg842 and Lys856 contribute to gating charge
To obtain a more rigorous estimate of gating charge we used the
limiting slope method (LSM), whose results are model-indepen-
dent18,26,27. LSM entails calculating the activation charge displace-
ment, qa(V), from the slope of ln(Popen) versus V, according to:

qaðVÞ ¼ kBT
d lnðPopenðVÞÞ

dV
ð3Þ

Then, the total gating charge (zT) is determined as the asymptotic
value of qa(V) at low Popen. Thus, we applied slow voltage ramps
covering the voltage range for which Popen is expected to be low
(approximately between 10–4 and 10–1). Leakage currents at very
negative potentials (–250 to –220 mV) were fitted with a linear
function and subtracted from the current record to obtain the
TRPM8 current (Fig. 2a)20. Dividing the ionic current by the applied
voltage yields the ionic conductance (G; Fig. 2b), which is divided by
Gmax to obtain the apparent Popen (Fig. 2c). It should be noted that
dln(Popen)/dV is independent of Gmax, and hence determination of zT

is still accurate in the event that Gmax is underestimated. For wild-type
TRPM8, qa(V) saturates at a zT of 0.89 ± 0.03 eo (n ¼ 8; error is s.e.m.)
for Popen values below B10–1 (Fig. 2d,e). For the K856A mutant,
qa(V) also saturates, but at a significantly lower zT value of 0.62 ± 0.03
eo (n ¼ 7; P o 0.01) (Fig. 2c–e). A similar reduction in zT was
observed for the R842A mutant, whereas all other charge-neutralizing
mutations in the tested region had no noticeable effect on zT (Fig. 2e).
We also analyzed charge-conserving mutations at these positions
(R842K and K856R) and found that they do not reduce the total
gating charge (Fig. 2e and Supplementary Table 1). Taken together,
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Figure 1 Charge neutralizations in S4 and the S4-S5 linker of TRPM8.

(a) Sequence alignment of TRPM8 and Kv1.2. Gray background marks

sequence conservation, blue lettering indicates positive charges, arrows

indicate the residues mutated in this study and asterisks indicate

charges that contribute to voltage sensing in Kv channels. (b) Tentative

structural model of S4 and the S4-S5 linker of TRPM8 based on the

Kv1.2 coordinates. Kv1.2 contains two voltage-sensing arginines at the

positions corresponding to Tyr836 and Phe839 in TRPM8. (c) Whole-

cell current traces at 25 1C in response to the indicated voltage

protocol. A P/8 subtraction protocol around a holding potential of

–160 mV was used to subtract the linear capacitive and leak currents.

(d) Steady state activation curves. (e,f) V1/2 and zapp at 25 1C. Mutant

R862A (gray bar) did not reach half-maximal activation at potentials

up to +260 mV, making an estimation of V1/2 and zapp unfeasible. Error

bars indicate s.e.m. (n 4 5; **P o 0.01; ***P o 0.001). WT, wild
type; GFP, green fluorescent protein.
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these data demonstrate that neutralization of positive charges at
positions 842 and 856 reduces the gating charge movement of
TRPM8. When the effects of mutations R842A and K856A on zapp

or zT are directly added up, it follows that these residues may account
for the majority of the gating charge (B50–70%), but not all of it. We
also tested the double mutant R842A K856A, but this protein was no
longer functional (Supplementary Table 1).

Note that the gating charge estimates obtained from the Boltzmann
fits (zapp; Fig. 1f) closely approach the zT values obtained with the
LSM method (Fig. 2e and Supplementary Table 1). Moreover,
the relation between qa and Popen was reasonably well predicted by
the two-state model (Fig. 2d). These properties further validate the
use of this simple model to approximate the temperature-dependent
gating behavior of TRPM8 (ref. 8). In all further calculations we used
the zT values for gating charge, because zT is model-independent and
is determined at low Popen, which effectively reduces the influence of
potential voltage-clamp errors.

Mutations in S4 and S4-S5 linker alter temperature sensitivity
We next tested the effect of the charge-neutralizing mutations on
activation of TRPM8 by cooling. First, we performed intracellular
Ca2+ ([Ca2+]i) measurements on HEK 293 cells transfected with wild-
type or mutant TRPM8 while cooling the bath from 40 1C to 10 1C.
This approach allows detection of changes in thermal sensitivity in
intact cells and determination of an apparent thermal threshold, which
is defined as the temperature at which the increase in [Ca2+]i is
significantly higher than that in nontransfected cells. In line with
previous studies14,15, cells transfected with wild-type TRPM8
responded to cooling with a robust increase in [Ca2+]i and an
apparent thermal threshold of 28 ± 3 1C (n ¼ 7; Fig. 3a–c). The
charge-neutralizing mutations strongly affected the temperature sen-
sitivity of TRPM8 (Fig. 3a,b). The threshold for cold activation of
mutant K856A was shifted to warmer temperatures (35 ± 2 1C; n ¼ 8;
P o 0.01), whereas all other mutants activated at significantly
(P o 0.01) lower temperatures relative to wild-type TRPM8
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Figure 3 Charge neutralizations in S4 and the S4-S5 linker alter the

temperature dependence of TRPM8. (a) [Ca2+]i measurements during

cooling for wild-type TRPM8 and the indicated mutants. (b) Average

increase in [Ca2+]i for nontransfected (NT) cells and cells transfected

with wild-type TRPM8 and the indicated mutants. (c) Correlation
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(Fig. 3a,b). As predicted by the two-state model, changes in apparent
thermal thresholds correlated well with the changes in V1/2 (Fig. 3c).

We have previously shown that changes in temperature activate
TRPM8 and other thermoTRPs (TRPV1, TRPM4 and TRPM5)7,8 by
causing a substantial shift of the voltage dependence of activation.
Between 10 1C and 37 1C we found a linear relation between V1/2 and
T for wild-type TRPM8 and several mutants, which suggests that DH
and DS are relatively constant in the tested temperature range (Fig. 3d).
From equation (2), it then follows that dV1/2/dT ¼ –DS/(zF). Thus, the
increase in V1/2 upon heating implies that opening of TRPM8 leads to
a reduction in entropy. For wild-type TRPM8, dV1/2/dT amounted to
6.5 ± 0.3 mV 1C–1. Taking into account a zT of 0.89 equivalent charges,
this corresponds to a DS of –560 ± 40 J mol–1 K–1 (n ¼ 8). Similar
values were obtained for mutants of non-voltage-sensing residues
H845A and R851Q (Fig. 3d and Supplementary Table 1). Importantly,
mutant K856A showed a temperature dependence that was significantly
steeper than that of the wild type (dV1/2/dT ¼ 8.4 ± 0.5 mV 1C–1; n ¼
9; Po 0.01; Fig. 3d), an observation that is accounted for by the lower
zT of this mutant, as DS was not significantly different from that of the
wild type (–520 ± 50 J mol–1 K–1). In the case of charge-neutralizing
mutants R842A and R862A and the charge-conserving mutant K856R,
the voltage dependence of activation was shifted to such extremely
positive voltages that determination of V1/2 in function of temperature
was unworkable. Nevertheless, these mutants showed cold-induced
current activation at depolarized potentials (Fig. 3e). For the other
charge-conserving mutants—R842K, R851K and R862K—values for
dV1/2/dT and DS were not significantly different from those of the wild
type (Supplementary Table 1).

Mutations in S4 and the S4-S5 linker affect menthol sensitivity
Next, we investigated the effect of mutations in S4 and the S4-S5 linker
on the sensitivity of TRPM8 to the cooling compound menthol.
Menthol shifts the TRPM8 activation curve toward physiological
voltages, thereby mimicking the effect of cold8. The effect of menthol
on V1/2 is dose-dependent8; fitting a Hill function to the data yielded a
concentration for half-maximal effect (EC50) of 29 ± 3 mM and a

maximal shift of 208 ± 8 mV (n ¼ 8; Fig. 4a–c). Similar menthol
sensitivity was found for H845A, R851Q and R862A (Fig. 4b,d and
Supplementary Table 1). However, mutant R842A showed no
response to concentrations below 100 mM (Fig. 4a,b), and the EC50

for this mutant amounted to 820 ± 220 mM (n¼ 8; Po 10–5; Fig. 4c).
Likewise, other substitutions at this position (mutants R842K
and R842H) led to significantly higher EC50 values (P o 0.01 and
P o 10�5, respectively; Supplementary Table 1). In contrast, K856A
showed a higher sensitivity to menthol (Fig. 4a–c), with an EC50 of
11.7 ± 2.6 mM (n ¼ 5; P o 0.01). Moreover, the maximal shift
induced by menthol for K856A was significantly higher than for wild-
type TRPM8 (320 ± 40 mV; n ¼ 8; P o 0.01). The EC50 value
obtained for the charge-conserving mutant K856R was not signifi-
cantly different from that of the wild type (Supplementary Table 1).

Mutations in S4 and S4-S5 linker affect [3H]menthol binding
How does menthol interact with TRPM8? Menthol directly and
rapidly activates TRPM8 in cell-free inside-out patches8, thereby
demonstrating a membrane-delimited mode of action. These observa-
tions are consistent with direct binding of menthol to the channel, but
they do not fully exclude the possibility that menthol acts via an
unknown membrane-associated protein or even through a nonspecific
effect of menthol on the membrane phospholipids. To investigate
these possibilities we performed radioligand binding and displacement
studies using [3H]menthol on plasma membrane–enriched fractions
from HEK 293 cells expressing wild-type and mutant TRPM8
(ref. 28). These membranes fractions were incubated with
[3H]menthol in the presence of different concentrations of cold
(nonlabeled) menthol. No specific [3H]menthol displacement was ob-
served in nontransfected cells or in cells expressing TRPM2, the closest
homolog of TRPM8 (Supplementary Fig. 3 online). In contrast,
plasma membrane–enriched fractions from cells expressing wild-type
TRPM8 showed substantial specific [3H]menthol binding (Supple-
mentary Fig. 3), an effect that was inhibited by nonlabeled menthol
with a half-maximal inhibitory concentration (IC50) of 92 ± 25 mM
(n¼ 9; Fig. 4e). In the case of mutant K856A, we obtained a lower IC50
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of 19.0 ± 1.7 mM (n ¼ 12; P o 0.01), whereas for mutant R842A the
IC50 was increased to 520 ± 120 mM (n ¼ 12; P o 0.001; Fig. 4e).

We also tested [3H]menthol binding for two other TRPM8 mutants
that were recently identified in a high-throughput random mutagen-
esis screen for residues specifically required for menthol activation29.
A mutation in the C-terminal TRP domain (L1009R) that affects
menthol efficacy rather than affinity29 resulted in normal
[3H]menthol binding (Supplementary Fig. 3). In contrast, no specific
[3H]menthol displacement was observed in membranes expressing
mutant Y745H (Supplementary Fig. 3), which supports the notion
that this mutation in S2 affects menthol binding29.

From these data we can exclude the possibility that menthol acts
through a nonspecific effect on plasma membrane lipids. Instead,
expression of TRPM8 leads to specific [3H]menthol binding in
plasma membrane–enriched fractions, and mutations that alter the
menthol sensitivity of channel activation also affect the affinity of
[3H]menthol binding.

TRPM8-TRPM5 chimeras
Notably, the three closest homologs of the cold- and menthol-
activated TRPM8 (TRPM2, TRPM4 and TRPM5) are heat-
activated7,30 and insensitive to menthol (data not shown and
ref. 29). Yet all basic residues in S4 and the S4-S5 linker are conserved
among TRPM8, TRPM2, TRPM4 and TRPM5, including the residues
involved in menthol activation (Arg842 and Lys856). Likewise, Tyr745
in S2 is fully conserved in all TRPM subfamily members. These
observations imply that additional structural elements must underlie

the difference in menthol sensitivity among these channels. To address
this question, we constructed chimerical channels in which specific
regions in TRPM8 are substituted by the corresponding region of
TRPM5. Transfer of larger regions of TRPM5 to TRPM8, such as the
C terminus cytosolic tail, transmembrane segments S1–S4, or the pore
region (S5 and S6), invariably led to nonfunctional channels, even in
chimeras that apparently reached the plasma membrane (Supplemen-
tary Fig. 4 online). We therefore narrowed down our chimeric
approach to the region encompassing S4 and the S4-S5 linker, and
we transferred three small segments with relatively low sequence
conservation from TRPM5 to TRPM8 (Fig. 5a). Only one chimeric
protein (termed S4b_M5; Fig. 5a) expressed as a functional, depolari-
zation-activated channel (Fig. 5b,c). At 25 1C, the activation curve of
S4b_M5 was shifted toward more positive potentials compared with
wild-type TRPM8 (V1/2 ¼ 226 ± 12 mV; Po 0.01; Fig. 5c), but gating
charge estimates (zapp ¼ 0.91 ± 0.08; zT ¼ 0.93 ± 0.07; n¼ 6) were not
significantly different (P 4 0.2). Mutant S4b_M5 was activated upon
cooling (Fig. 5d,e), and V1/2 increased upon heating with a dV1/2/dT
value of 6.1 ± 0.7 mV 1C–1, which corresponds to a DS ¼ –558 ± 102
J mol–1 K–1 (n ¼ 5). Thus, in terms of temperature dependence, the
S4b_M5 chimera retains the properties of TRPM8. However, mutant
S4b_M5 showed a notable decrease in menthol sensitivity (Fig. 5f)
and specific [3H]menthol binding (Supplementary Fig. 3). Fitting a
Hill function to the dose dependence of the menthol-induced shift in
V1/2 (Fig. 5g) yielded a significantly higher EC50 value of 477 ± 95 mM
and a significantly lower maximal shift of 84 ± 8 mV (n ¼ 6; Po 0.01
for both parameters).

A TRPM8 gating model
Mutation-induced changes in the EC50 for an agonist or even in the
IC50 obtained from agonist displacement studies do not necessarily
imply that the mutation affects the agonist binding site itself. Indeed,
mutations that leave the affinity of the binding site unaffected but
impair conformational changes downstream of agonist binding (that
is, mutations that impair agonist efficacy) can lead to large increases in
the IC50 and EC50 (ref. 31). To distinguish between these possibilities
and obtain better insight into the effects of menthol on wild-type and
mutant channels, we set out to develop a model that describes the
combined effects of temperature, voltage and ligand binding on
TRPM8 gating. We explored the predictions of both a Hodgkin-
Huxley (HH)-type model and a Monod-Wyman-Changeux (MWC)-
type model32. For both models we assumed that each subunit of the
tetrameric channel can independently bind a single menthol molecule.
For simplicity, we made no distinction between the binding of
menthol molecules to adjacent or diagonally opposed subunits. In
the HH model, each of the four channel subunits independently
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undergoes a voltage-dependent activation reaction, and binding of
menthol to a subunit shifts the voltage dependence of the activation
reaction of that subunit toward lower voltages. For the channel to
open, all four subunits have to be simultaneously in the activated state.
In contrast, in the MWC model the four subunits undergo a concerted
voltage-dependent transition between the closed and open states. In
this model, stepwise binding of four menthol molecules leads to
stepwise shifts of the voltage dependence of the concerted activation
reaction toward lower voltages. A detailed formal description of both
models can be found in Supplementary Methods.

Comparing the predictions of the HH and MWC models to the
wild-type DV1/2 versus menthol data revealed that the MWC model
provides a clearly superior fit to the experimental data (Fig. 6a,b). In
comparison to the two-state model, two additional parameters must
be included to explain the effects of ligand binding on steady state
currents: (i) the menthol affinity of a single subunit in an open
channel, which is determined by the affinity constant Kd,menthol, and
(ii) the effect of menthol binding on channel gating, which is
determined by DDHmenthol, the difference in DH between a channel
with menthol bound to each of the four subunits and a menthol-free
channel. Thus, mutations that affect the menthol binding site should
lead to changes in Kd,menthol, whereas changes in DDHmenthol would be
evidence for an altered menthol efficacy31. For wild-type TRPM8, the
best fit was obtained with a Kd,menthol of 14.4 ± 2.2 mM and a
DDHmenthol of –18.7 ± 1.2 kJ mol–1. Importantly, for mutants
R842A, R842K and R842H we obtained significantly higher Kd,menthol

values, whereas DDHmenthol was not significantly different from that of
wild-type TRPM8 (Fig. 6c,d). These results strongly indicate that
mutating the arginine side chain at position 842 leads to a significant
decrease in the affinity of the menthol binding site, without changing
the menthol efficacy. In contrast, we obtained a significantly
(P o 0.05) reduced Kd,menthol for mutant K856A, again with an
unchanged DDHmenthol (Fig. 6c,d), which indicates that this mutation
increases the affinity of the menthol binding site, again without effect
on the efficacy of menthol binding on channel gating. For mutants

R845A, R851Q, R862A and K856R, we
obtained values for Kd,menthol and DDHmenthol

that were not significantly different from
those for wild-type TRPM8 (Fig. 6c,d),
which indicates that neither menthol affinity
nor menthol efficacy is affected by these
mutations. Finally, in the case of the chimeric

channel S4b_M5, both Kd,menthol (220 ± 51 mM) and DDHmenthol

(–7.2 ± 0.7 kJ mol–1) were significantly different from those of wild-
type TRPM8 (P o 0.01 and Po 0.001, respectively; Fig. 6c,d), which
indicates that residues in this segment determine both menthol
affinity and efficacy.

Importantly, there was no obvious correlation between Kd,menthol

and the DG values obtained in menthol-free conditions (Fig. 6e;
correlation coefficient r ¼ 0.102), which indicates that the observed
changes in menthol affinity are not a mere consequence of alterations
in the relative stability of the closed and open states. Thus, based on
our functional data and modeling we conclude that mutations at
Arg842 and Lys856 specifically affect the affinity of the TRPM8
menthol binding site.

The MWC model also faithfully reproduces other known effects of
menthol on TRPM8 gating8,14,15, including a shift of the cold
sensitivity of inward currents toward higher temperatures, a parallel
leftward shift of the activation curves and a parallel downward shift of
the V1/2 versus T curves (see Supplementary Fig. 5 online). Moreover,
the voltage-dependent MWC model can also describe ligand activation
of other voltage-dependent thermoTRPs, including the effects of
capsaicin on TRPV1 (see Supplementary Fig. 5). In the absence of
ligands, the voltage-dependent MWC model becomes equivalent to
the two-state channel-gating model that we have previously shown to
accurately predict the temperature-dependent gating of TRPM8 and
other thermoTRPs7,8.

DISCUSSION
Mammals detect changes in environmental temperature through
sensory nerve endings in the skin and mouth1 and through skin
keratinocytes2, and thermoTRPs have been identified as the main
temperature sensors in these cells1–4,33,34. A notable feature of
thermoTRPs is that they react not only to changes in temperature
but also to a variety of natural and synthetic chemicals. This property
is believed to underlie different forms of chemesthesis, such as the
hotness of capsaicin (the pungent compound in chili peppers, which
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activates TRPV1) or the freshness of menthol. Recent studies indicate
that most thermoTRPs are voltage-sensitive, and that chemical and
thermal stimuli act on these channels by altering the voltage depen-
dence of activation6–10. However, at the onset of this study, the
mechanisms and structures underlying voltage sensing in TRP chan-
nels were fully unknown.

So how can thermoTRPs integrate thermal, chemical and voltage
stimuli? Our present study provides important new mechanistic
insight, using the cold- and menthol-sensitive TRPM8 as a paradigm.
First, we identified residues in S4 and the S4-S5 linker that signifi-
cantly contribute to the gating charge. These data provide the first
functional evidence that this region forms part of the voltage sensor in
TRP channels. Second, we demonstrated that mutations that alter
voltage sensitivity and gating charge also affect the channel’s sensitivity
to temperature. These results confirm and expand the previous
hypothesis that voltage and temperature act on the same gating
step8. Third, we showed that specific mutations in S4 and the S4-S5
linker strongly affect the channel’s sensitivity and affinity for menthol.
This finding suggests that menthol acts on TRPM8 through a direct
interaction with the voltage sensor. Finally, we have presented a
quantitative model that accurately describes the combined actions of
temperature, voltage and menthol on TRPM8 gating. We believe this
model will be highly instrumental for the interpretation of further
structure-function work on thermoTRPs and for modeling the elec-
trical behavior of thermosensitive neurons.

The finding that positively charged residues in S4 and the S4-S5
linker of TRPM8 are involved in voltage sensing may not have been
fully unexpected, considering the homology between this segment and
the voltage sensor of Kv channels (Fig. 1a,b), and it is therefore
tempting to speculate that voltage-dependent gating in Kv and TRP
channels occurs following a similar principle. Yet our data also point
out some significant differences between these two types of voltage-
gated channels. First, the total gating charge of TRPM8 (0.89 eo) is one
order of magnitude lower than what has been determined for classical
voltage-gated K+, Ca2+ and Na+ channels (7–14 eo)19,20,35–38. The total
gating charge of other voltage-sensitive TRP channels has not yet been
scrutinized using LSM or similar techniques, but available data suggest
that all of them have gating charges below 1 eo (refs. 7–9,39). Second,
neutralizing Arg842 or Lys856 led to a reduction of the gating charge
of only 0.2–0.3 eo. Assuming that all four subunits of a homotetra-
meric TRPM8 channel contribute equally to the gating charge, it
follows that these voltage-sensing residues travel across less than 8% of
the transmembrane electrical field. This contrasts sharply with Kv
channels, in which the four voltage-sensing arginines in S4 almost
entirely cross the transmembrane electrical field18,21. Although the
absolute reduction in gating charge upon charge neutralization may
seem small, the relative reduction amounts to B30%, which is similar
to what was observed upon neutralizing basic residues in S4 of Shaker-
type K+ and other voltage-gated channels. Finally, we measured the
largest reduction in gating charge upon neutralizing Lys856, which on
the basis of sequence homology is expected to be located in the S4-S5
linker rather than in the S4 segment. This may indicate that in TRPM8
the S4-S5 linker has a more central role in voltage sensing than in Kv
channels, in which the S4 segment is believed to carry the entire gating
charge. Alternatively, the tertiary structure of the voltage sensor region
may not be fully conserved between Kv and TRP channels. For
example, S4 of TRPM8 may extend further to the C terminus such
that it includes Lys856.

An important finding of our present study is that mutations in S4
and the S4-S5 linker of TRPM8 can specifically affect the affinity of the
menthol binding site. Using a high-throughput random mutagenesis

screen, investigators29 recently identified Tyr745 in S2 as an important
determinant of menthol affinity. Notably, in the crystal structure
of Kv1.2 the S2 and S4 domains are in close proximity, and the side
chain of the third S4 arginine (Arg300), which corresponds to Arg842
of TRPM8, points toward S2 (refs. 22,23). These findings raise the
possibility that a single menthol molecule intercalates between S2 and
S4, interacting simultaneously with residues on both transmembrane
segments, although allosteric effects on a distal menthol binding site
cannot be fully excluded. Clearly, structural data is required to validate
the location of the menthol binding site on TRPM8.

Mutations in the transmembrane segments (S1–S4) not only affect
activation of TRPM8 by menthol and icilin29,40 but also affect
activation of the heat-activated TRPV1 by capsaicin and related
vanilloids5,41. Moreover, a recent study used chimeras between
TRPV1 and TRPM8 to demonstrate that the C termini of these
channels are not crucial for activation by capsaicin and menthol,
respectively42. These findings suggest a more general mechanism, in
which TRP channel ligands shift the voltage dependence of channel
activation through binding to the S1–S4 region. In the distally related
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels
and large conductance Ca2+-activated (BK) K+ channels, ligand
binding also leads to a shift in the voltage dependence of channel
activation. However, in these channels, the ligands act through
binding to well-defined C-terminal intracellular domains, which are
clearly separated from the S4 voltage sensor43,44. This fundamental
difference in the mechanism of ligand-dependent gating probably
reflects the fundamental difference in the physicochemical properties
of the activating ligands: Ca2+ and cyclic nucleotides are hydrophilic,
membrane-impermeant intracellular messengers, whereas exogenous
TRP channel ligands such as menthol and capsaicin are hydrophobic
compounds that easily enter and permeate biological membranes.

All tested charge-neutralizing mutations in TRPM8 altered the
voltage dependence and thermal sensitivity, including those that did
not affect gating charge or menthol affinity. For example, neutraliza-
tion of Arg851 and Arg862 strongly shifted V1/2 to more positive
potentials and changed the apparent thermal thresholds to signifi-
cantly lower temperatures, which is indicative of a strong increase in
the difference in free energy (DG) between the open and closed states
(Supplementary Table 1). One possible explanation is that Arg851
and Arg862 stabilize the open state via the formation of salt bridges
with one or several of the 19 acidic residues that are present in the
transmembrane region of TRPM8. Evidence for such electrostatic
interactions between positive charges in S4 and acidic residues in S2
and S3 has been previously presented for the Shaker-type K+ chan-
nel45. Accordingly, the unaltered DG values for charge-conserving
mutations at these positions (R851K and R862K; Supplementary
Table 1) could be explained by the fact that lysines can substitute
for arginines in the formation of salt bridges. Alternatively, neutraliza-
tion of the positive residues may allosterically affect the stability of the
open and/or closed state.

Voltage-gated channels involved in rapid cellular processes such as
generation and conduction of action potentials, muscle contraction or
neurotransmitter release act almost like a switch that turns on and off
in response to small voltage excursions27. Such steep voltage depen-
dence requires a high gating charge18,27. In contrast, TRPM8 and other
thermoTRPs carry a much lower gating charge and thus have much
shallower voltage dependence7–9,24. A thermodynamic consequence
of a low gating charge is that changes in DG (for example, as a result
of ligand binding, mutagenesis or variations in temperature) result in
large shifts in the voltage dependence (equation (2)). In the case of
thermoTRPs, in which DS is substantial (–560 J mol–1 K–1 for TRPM8,
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and between +400 and +600 J mol–1 K–1 for the heat-activated
TRPV1, TRPM4 and TRPM5)7, this translates into a steep tempera-
ture dependence of inward currents at physiological voltages. The
structures and mechanisms that determine whether a thermoTRP is
cold-activated (DS o 0) or heat-activated (DS 4 0) are currently
elusive, but, notably, a recent study suggests that they may be
contained in the C-terminal tail of the channel42. Other notable
examples of ion channels with low gating charges are the recently
cloned voltage-gated proton channels (Hv1 and mVSOP), which are
four transmembrane proteins homologous to the voltage sensor
domain (S1–S4) of voltage-gated channels46,47. The reported apparent
gating charge of Hv1 is similar to that of TRPM8 (B0.9 equivalent
charges), and a notable property of this channel is its strong tem-
perature dependence47. We propose that variations in the gating
charge carried by a conserved voltage sensor region optimize structu-
rally related cation channels for sensing either voltage or temperature.

METHODS
Channel constructs, electrophysiology and intracellular Ca2+ measurements.

HEK 293 cells were grown in DMEM containing 10% (v/v) fetal calf serum,

4 mM L-alanyl-L-glutamine, 100 units ml–1 penicillin and 100 mg ml–1

streptomycin at 37 1C in a humidity-controlled incubator with 10% CO2.

Cells were transiently transfected with human TRPM8 cloned in the bicistronic

pCAGGS-IRES-GFP vector using TransIT-293 transfection reagent (Mirus).

Single amino acids in TRPM8 were mutated using the standard PCR overlap

extension technique48, and the nucleotide sequences of all mutants were

verified by DNA sequencing.

Between 16 h and 24 h after transfection, currents were recorded in the

whole-cell configuration of the patch-clamp technique using an EPC-9 ampli-

fier and PULSE software (HEKA Elektronik). Data were sampled at 5–20 kHz

and digitally filtered off-line at 1–5 kHz. Between 70 and 90% of the series

resistance was compensated, thereby reducing voltage errors to less than 10 mV.

All patch-clamp experiments were performed using identical intra- and

extracellular solutions containing (in mM) 150 NaCl, 5 MgCl2, 5 EGTA and

10 HEPES, pH 7.4. Under these ionic conditions, open TRPM8 channels show

a linear current-voltage relation that reverses at 0 mV. The temperature of the

perfusate was controlled using an SC-20 dual in-line heater/cooler (Warner

Instruments). Reported temperature was measured using a TA-29 thermistor

(Thermometrics) placed within 500 mm of the patch-clamped cell.

The extracellular solution used in ratiometric [Ca2+]i measurements con-

tained (in mM) 150 NaCl, 6 KCl, 2 CaCl2, 1.5 MgCl2, 10 glucose and

10 HEPES, pH 7.4. Cells were incubated with 2 mM Fura-2 acetoxymethyl

ester for 30 min at 37 1C. The fluorescent signal of a single cell was measured

upon alternating illumination at 350 and 380 nm using a Polychrome IV

monochromator and photodiode (TILL Photonics). Calculations of [Ca2+]i,

including the correction for the temperature-dependent changes in Fura-2

affinity, were performed as previously described49.

Radioactive menthol binding assay. Radioligand binding assays were per-

formed as described previously with small modifications28. Briefly, transfected

HEK 293 cells were collected by centrifugation at 500g for 5 min at 4 1C (all

subsequent steps were carried out at 4 1C) and resuspended in 3 ml ice-cold

lysis buffer, which contained (in mM) 10 KCl, 1.5 MgCl2, 1 EDTA, 1 phenyl-

methylsulfonyl fluoride, 50 Tris (pH 7.5) and a protease inhibitor cocktail

(10 mg ml–1 leupeptin and antipain, 2 mg ml–1 chymostatin and pepstatin).

After rotation on an end-over-end stirrer for 30 min, cells were subjected to

three freeze-thaw cycles and then passed ten times through a 26-gauge needle.

The resulting lysates were centrifuged at 4,000g for 15 min to remove nuclei,

mitochondria and any remaining large cellular fragments. Obtained super-

natants were ultracentrifuged at 20,000g for 20 min, yielding a low-speed pellet

membrane fraction that was solubilized in cold phosphate-buffered saline,

which contained (in mM) 137 NaCl, 2.7 KCl and 10 phosphate (pH 7.4),

supplemented with 1% Triton X-100, 0.2% sodium dodecyl sulfate, 1 mM

PMSF and the protease inhibitor cocktail. In western blot experiments we

confirmed that this low-speed pellet was a plasma membrane–enriched fraction

that contained more than 95% of expressed TRPM8 and endogenous PMCA1,

a plasma membrane Ca2+-transporting ATPase (data not shown). Low-speed

pellet (2 mg) was incubated for 30 s at room temperature (22�24 1C) in 500 ml

of 50 mM Tris-HCl (pH 7.5) buffer supplemented with 25 nM [3H]menthol

(ViTrax) in the absence or presence of nonradioactive menthol over a

concentration range of 10 mM to 5 mM. In control experiments we found

that a 30-s incubation period is amply sufficient to reach maximal specific

menthol binding, in accordance with patch-clamp experiments showing that

the binding/unbinding of menthol to TRPM8 is very fast (time constants o
2 s). Total radioactivity measured as disintegrations per minute added to each

assay was around 100,000. Incubations were terminated by filtration through

nitrocellulose membrane filters (Millipore) presoaked with 150 mM KCl by use

of the 1225 sampling manifold (Millipore) and washed three times with ice-

cold 50 mM Tris-HCl (pH 7.5) buffer. The filters were placed individually into

vials containing 3 ml EcoLite scintillation liquid (ICN Biomedicals), and the

amount of radioactivity bound to the filters was quantified by liquid scintilla-

tion spectrophotometry on a Tri Carb 2900 TR liquid scintillation analyzer

(Packard Biosciences).

Data analysis. Data analysis was performed using Origin 7.0 (OriginLab

Corporation). Group data are expressed as mean ± s.e.m. from n independent

experiments. The Student’s unpaired, two-tailed t-test was used for statistical

comparison, and P o 0.05 was considered statistically significant. Popen was

determined from steady state current-voltage relations as G/Gmax, where Gmax

represents the maximal steady state conductance, which was obtained at

strongly depolarized potentials (between +160 and +260 mV) in the presence

of 1 mM menthol. We refrained from using tail currents to determine TRPM8

activation curves, as we found that very rapid tail current deactivation,

especially at temperatures 420 1C (ref. 8), can lead to serious underestimation

of Popen (Supplementary Fig. 1).

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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