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In mammals, temperature-sensitive TRP channels make membrane
conductance of cells extremely temperature dependent, allowing
the detection of temperature ranging from noxious cold to nox-
ious heat. We progressively deleted the distal carboxyl terminus
domain (CTD) of the cold-activated melastatin receptor channel,
TRPM8. We found that the enthalpy change associated with chan-
nel gating is proportional to the length of the CTD. Deletion of the
last 36 amino acids of the CTD transforms TRPM8 into a reduced
temperature-sensitivity channel (Q10 ∼4). Exposing the intracellu-
lar domain to a denaturing agent increases the energy required to
open the channel indicating that cold drives channel gating by
stabilizing the folded state of the CTD. Experiments in the pres-
ence of an osmoticant agent suggest that channel gating involves
a change in solute-inaccessible volume in the CTD of ∼1,900 Å3.
This volume matches the void space inside the coiled coil according
to the cryogenic electron microscopy structure of TRPM8. The re-
sults indicate that a folding–unfolding reaction of a specialized
temperature-sensitive structure is coupled to TRPM8 gating.

TRPM8 | temperature sensor | heat capacity | coiled coil | protein folding

Thermo-TRP channels are a subset of ion channels of the
Transient Receptor Potential (TRP) superfamily whose ac-

tivity exhibits unusually large temperature dependence, making
them a cornerstone in diverse physiological responses (1–3). The
TRP Melastatin 8 (TRPM8) ion channel is a cationic-
nonselective cold receptor widely expressed in the somatosen-
sory system but that has also been found in various other tissues
such as liver, bladder, the male genital tract, muscle, and lung
(4). As a bona fide temperature-sensitive protein, its activity
increases sharply below 28 °C, reaching the maximal activity ∼10
°C (Q10 > 20). Channel gating is also controlled by voltage (5),
PIP2 (6, 7) and is activated by cooling agents such as menthol
and icillin (8). The recently solved TRPM8 channel structure
shows a tetrameric arrangement with the permeation pathway at
the channel symmetry axis and two narrow constrictions at the
inner pore end that constitute the channel activation gate (9).
Each channel subunit consists of six membrane-spanning seg-
ments, a large amino terminus (NTD), and carboxyl terminus
domain (CTD). The NTD (∼700 amino acids) contains four
Melastatin Homology Regions (MHRs), and the CTD comprises
a conserved amino acid sequence known as the TRP box and a
24-residue-length tetrameric coiled coil domain that is important
for channel assembly, trafficking, and function (10). Although
the structure of several thermo-TRP channels has been eluci-
dated in several conformations by single-particle cryogenic
electron microscopy (spCryo-EM) (9, 11–15), both the structural
and physicochemical bases underlying their temperature sensi-
tive gating remain obscure (2, 16, 17). The search of a dedicated
temperature-sensing domain has been unsuccessful since muta-
tions that severely impact the channel temperature dependence
are widely distributed across the protein (18). Additionally, it has
also been proposed that a dedicated temperature sensor is un-
necessary, as long as the protein experiences a large change in
the molar heat capacity during the closed–open transition (19,

20). Although coiled coil assembles have been shown to play a
role in setting the temperature-driven activity of several proteins,
including ion channels (21–26), their role in thermo-TRP chan-
nel gating has never been assessed to date.
Based on our previous studies that suggested that the CTD of

TRPM8 is involved in temperature sensing (27), we character-
ized the temperature dependence of TRPM8 wild-type (WT)
channels and that of three variants whose CTD—enclosing a
coiled coil domain—was progressively deleted. We found that
the enthalpy change (ΔH) during channel activation is propor-
tional to the CTD length and that removal of the last 36 amino
acids of the CTD (TRPM8ΔCT36) renders the channel with a
temperature sensitivity notably reduced. In order to assess the
predictions of the molar heat capacity hypothesis we exposed the
internal aspect of TPM8 to a denaturing agent expecting to reveal
the existence of a temperature-dependent folding or unfolding
reaction during channel gating. We found that urea stabilized the
closed state of WT channels but did not affected the
TRPM8ΔCT36 mutant (Q10 ∼4), suggesting that temperature-
dependent gating in the TRPM8 channel arises from a cold-
driven stabilization of the CTD in its folded state. Additionally,
by performing experiments in hyperosmotic conditions we deter-
mined the temperature-dependent change in the solute-
inaccessible aqueous volume of the distal CTD, a result
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consistent with the void space observed in the channel structure
obtained by Cryo-EM. This led us to propose a model where the
distal CTD of TRPM8 is a key structural component of the
temperature sensor and its cold-induced folding is a pivotal event
for the cold-driven gating of the TRPM8 channel.

Results
The C-Terminal Domain Integrity Determines the TRPM8 Temperature
Dependence. The CTD of the TRPM8 channel is an inter-
changeable module that confers cold sensitivity to an otherwise
heat receptor such as the TRPV1 channel (27). The CTD con-
tains a TRP domain which is followed by the first CTD helix
(CTDH1) and the second CTD helix (CTDH2) and joins the
distal coiled coil domain (CC) through a short loop (15). Coiled
coils are amphipathic arrangements of α helices that twist around
one another and are characterized by a seven-residue periodicity
(heptad repeat) of amino acids (abcdefg), where a and d are
hydrophobic and e and g are charged or polar, forming a par-
ticularly stable structure (28, 29). Even though coiled coils can be
found in both membrane-associated and soluble proteins whose
activity exhibits substantial temperature dependence (21–27, 30,
31), their role has never been assessed in thermo-TRP channels.
Thus, we characterized the temperature dependence of TRPM8
channels whose CTD was periodically truncated in heptads
starting at the coiled coil domain up to the linker connecting with
the CTD2 as schematized in Fig. 1A. Although we generated
several truncated channels (Δ8, Δ15, Δ22, Δ29, Δ36, and Δ40),
the only voltage-activated channels were TRPM8ΔCT8,
TRPM8ΔCT15, and TRPM8ΔCT36. Fig. 1B shows the nor-
malized conductance vs. voltage relations (G–V) obtained after
patch clamp recording in cell-attached configuration of the
TRPM8 WT (32), TRPM8ΔCT8, TRPM8ΔCT15, and
TRPM8ΔCT36 channels expressed in Xenopus oocytes, at tem-
peratures ranging from 10 to 30 °C. Assuming a two-state model
for channel gating, the free energy difference between the
closed–open (C–O) states during of channel activation is

ΔG = zFVo, [1]

where z is the channel effective valence [z = 0.7 (32)], F is the
Faraday constant, and Vo is the half-maximal activation voltage
obtained from the Boltzmann fit of the conductance vs. voltage
data shown in Fig. 1C. Therefore, the natural logarithm of the
apparent equilibrium constant Kapp of the C–O reaction can be
obtained from

lnKapp = −ΔG
RT

, [2]

where R and T are the Universal Gas constant and temperature
in Kelvin degrees, respectively.
Fig. 1C shows the natural logarithm of the apparent equilib-

rium constant (lnKapp) plotted against 1,000/T, expressed in K−1.
The datasets for each TRPM8 variant were fitted according to
the Van’t Hoff equation (33)

lnKapp = ΔH
R

*
1
T
+ ΔS

R
, [3]

where ΔH and ΔS are the enthalpy and entropy changes for the
C–O equilibrium obtained from the slope and intercept, respec-
tively. As reported before for the TRPM8 WT channel, we also
observed two temperature-dependent processes with different
enthalpy changes when plotting the lnKapp − 1/T data. The most
pronounced slope of the lnKapp − 1/T curve was −61 ± 4 kcal/
mol for the WT channels, which progressively decreases after
CTD truncation to −21.4 ± 2 kcal/mol in the TRPM8ΔCT36
mutant (Fig. 1D). Entropy changes exhibited similar behavior
(Fig. 1E) starting at 210 ± 10 cal/mol*K for WT channels reach-
ing a minimal value of 80 ± 6 cal/mol*K in the TRPM8ΔCT36
mutant. Whether the deletions are targeting the temperature-
sensing machinery or they are uncoupling it from the pore open-
ing is uncertain. However, the additive nature of the ΔH suggests
that the former mechanism can explain the results more
parsimoniously.

Temperature-Dependent Folding of the CTD of the TRPM8. Clapham
and Miller proposed that the unusually large temperature de-
pendence of the thermo-TRP channels gating is a natural con-
sequence of a large change in the molar heat capacity (ΔCp)
during the closed to open transition (19). According to the heat
capacity hypothesis both cold and heat activation can be handled
as a protein unfolding reaction. If that were correct, a
temperature-sensing domain will unfold when exposed to a de-
naturing agent, decreasing the electrical work required to open
the channel, thus shifting to the left the G–V relation. Otherwise,
a rightward shift of the G–V relation would indicate that channel
opening is accompanied by a folding event. We tested this pre-
diction by exposing the intracellular domain of the TRPM8
channel to urea, a denaturing agent that assists the temperature/
pressure-induced unfolding of macromolecules, including DNA
and proteins (34). In terms of the interpretation of the results,
the most convenient experimental strategy is to assess the effect
of urea on the temperature-sensing structure at temperatures
where it is more likely to find it in its resting or active states,
namely, 30 and 10 °C (32). However, due to membrane seal in-
stability it is difficult to perform patch clamp recordings at high
temperature/voltage in the presence of urea. Therefore, to test
our hypothesis at higher temperatures we did all of the experi-
ments in the presence of urea at a temperature that is still
compatible with patch stability (25 °C). This temperature
allowed us to generate G–V curves close enough to saturation to
obtain reliable Boltzmann fit parameters. Unspecific effects of
urea were estimated by their impact on the gating energetics of
the less temperature-dependent variant TRPM8ΔCT36. Fig. 2
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Fig. 1. Thermodynamics of TRPM8 CTD-deleted mutants. (A) CTD domain
(in blue) and its amino acid sequence. Scissors define the position at which
the CTD was deleted in the different mutants tested. (B) Normalized con-
ductance vs. voltage relationship (G–V) obtained by patch clamp recording in
the cell-attached configuration of the TRPM8 WT (32). TRPM8ΔCT8,
TRPM8ΔCT15, and TRPM8ΔCT36 channels at the temperatures indicated.
Solid lines are isothermal Boltzmann fits (SI Appendix, Eq. S1). (C) lnK vs.
1,000/T data for each channel were fitted using the Van’t Hoff equation. A
linear fit of the data to lnK = ΔH/RT − ΔS/R produced an estimate of the (D)
enthalpy (ΔH) and (E) entropy change (ΔS). Two clearly distinguishable
slopes can be appreciated in C. The ΔH obtained from the most pronounced
slope is plotted for the WT and mutant TRPM8 channels in D. Van’t Hoff
equation fit parameters are shown in SI Appendix, Table S1. Error bars are
SE, n = 6 to 10.
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shows current traces evoked by voltage test pulses in membrane
patches containing TRPM8 WT and TRPM8ΔCT36 channels
recorded in the inside-out configuration under control condi-
tions (Fig. 2 A–D) and in the presence of 3M urea in the bath
solution (Fig. 2 E–H) performed at 10 and 25 °C. The respective
G–V curves are shown in Fig. 2 I–L. A remarkable result is that
urea induces rightward shifts of the G–V curve of the WT
channel at 10 and 25 °C by 187 ± 10 and 32 ± 8 mV, respectively,
which, considering an effective valence of z = 0.70 (32), repre-
sents a closed-state stabilization of 2.90 ± 0.22 and 0.33 ± 0.25
kcal/mol, respectively. The impact of urea on the TRPM8ΔCT36
variant was negligible with 1.00 ± 0.24 and −0.10 ± 0.18 kcal/mol
at 10 and 25 °C, respectively. These results suggest the existence
of an intracellular, solvent-exposed structure that at low tem-
peratures decreases the energy required to open the channel—a
temperature-sensing domain—and that must be folded to ac-
complish its function.
In order to put these results in a quantitative framework, let us

assume that the free energy difference ΔG between the open and
closed TRPM8 WT channel is given by

ΔG = ΔGo + ΔGf
U + zFV, [4]

where ΔGf
U is the urea-sensitive free energy difference contrib-

uted by the folding/unfolding of the intracellular domain, z is the
apparent number of gating charges (32), F is the Faraday con-
stant, and V is the applied voltage. Thus, the urea-sensitive com-
ponent free energy of folding at a given temperature, ΔGf

U, is
defined as

ΔGf
U = (z pF pVo,U) − (z pF pVo,C), [5]

where Vo,U and Vo,C are the half-maximal activation voltage, both
obtained from the fit of the Boltzmann equation to normalized
tail currents amplitude obtained in the presence of urea (U) or
control (C) recording solution. If the urea-sensitive component
of the free energy of folding ΔGf

U exhibits a temperature-
dependent behavior (ΔΔGT

U), it can be obtained from the rela-
tion

ΔΔGT
U = (ΔG10°C

U − ΔG25°C
U ), [6]

which is made up by the CTD component (ΔΔGT
CTD) and that

including the contributions of all channel regions outside the
CTD (ΔΔGT

ch),
ΔΔGT

U = ΔΔGT
CTD + ΔΔGT

ch. [7]

The ΔΔGT
ch can be extracted from a TRPM8 channel variant

whose temperature dependence was decreased after CTD
deletion—TRPM8ΔCT36—thus, the change in the free energy
of folding of the CTD during cold-driven gating (ΔΔGT

CTD) is
ΔΔGT

CTD = ΔΔGT
U,WT − ΔΔGT

U,ΔCT36. [8]

Using the data of Fig. 2 and Eq. 8 we obtain 1.44 ± 0.45 kcal/mol
as the lower limit for the free energy change of the temperature-
dependent folding of the CTD (ΔΔGT

CTD). Studies on soluble
proteins have shown that the chemical unfolding ΔG of coiled
coil domains with similar length ranges from 6 to 11 kcal/mol

A B C D

E F G H

I J K L

Fig. 2. Effect of a denaturing agent on the temperature-driven gating of TRPM8 channels. Representative recordings of macroscopic currents of TRPM8 and
TRPM8ΔCT36 evoked by voltage pulses ranging between −140 and 420 mV (A–D) in standard recording solution and (E–H) in the presence of 3M urea at the
temperature indicated. For the sake of clarity, only one of every two current records is shown in A–H. (I–L) Average G–V relations in the absence (open black
circles) and in the presence of urea (blue open circles are data at 10 °C; red open circles are data at 25 °C) obtained from normalized tail currents, Solid lines
are Boltzmann fits to Eq. S1 (SI Appendix, Eq. S1). Fit parameters are summarized in SI Appendix, Table S2. Detailed voltage protocols are given in SI Appendix,
Table S3. Error bars are SE, n = 4 to 6.
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(35–37). Therefore, the value of ΔΔGT
CTD we obtained using Eq.

8 appears to be too small to involve the TRPM8 coiled coil do-
main in a folding–unfolding process in particular considering
that the channel is a tetramer. However, we think that a small
free energy change is predictable in this case because 1) in con-
trast to thermal/chemical denaturation, the TRPM8 channel gat-
ing requires complete reversibility of the closed–open reaction
(i.e., an small ΔΔGT

CTD); 2) it is expected that as was reported for
the heat receptor TRPV3 (38), temperature-dependent confor-
mational changes at the CTD would be modest; and 3) our
ΔΔGT

CTD estimation is in excellent agreement with the ΔG
∼1.6 kcal/mol of WT channel gating by cold (z ∼0.7, ΔV0 ∼100
mV) (32, 39).

Solute-Inaccessible Aqueous Volume Changes at the C-Terminal
Domain of the TRPM8 Channel. Proteins experience a decrease in
their molar volume upon unfolding due to the loss of solute-
excluded volume at the protein core (40–42). Changes in the
solute-inaccessible aqueous volume during the gating of several
ion channels have been determined before by quantifying the
impact of exposing the protein to a large amount of a given
osmoticant agent (43–47). Inspired by these studies, we devised a
method to determine the temperature-dependent osmotic work
performed by the channel CTD and, therefore, to estimate the
change in its solute-inaccessible aqueous volume. If the channel
can perform both electrical and osmotic work the addition of a
large amount of sucrose will expose the channel to an additional
osmotic work ΔWT, which can be obtained as

ΔWT = zFVT
S − zFVT

C, [9]

where zFVT
S and zFVT

C are the change in free energy of the
closed–open transition in the presence of 2 M internal sucrose
and in control recording solution, respectively. According to the
results shown in Figs. 1 and 2 the CTD appears to be a major
component of the temperature-sensing machinery of the TRPM8
channel. If this domain behaves as a bona fide temperature sen-
sor, it would be expected to undergo a conformational change
that may be accompanied by a change in its solute-inaccessible
volume. In fashion analogous to our unfolding free energy

measurements, we determined the temperature-dependent com-
ponent of the osmotic work performed by the channel during the
closed–open transition at 10 and 25 °C,

ΔΔWT = ΔW10oC − ΔW25oC. [10]

In the simplest case in which we consider that the TRPM8 WT
channel has a fully functional temperature sensor while that of
the TRPM8ΔCT36 has been severely damaged, the osmotic
work performed by the CTD as temperature varies between 25
and 10 °C is

ΔΔWT
CTD = (ΔΔWT

WT − ΔΔWT
ΔCT36), [11]

where ΔΔWT
WT and ΔΔWT

ΔCT36 are the temperature-dependent
osmotic work performed by the WT and TRPM8ΔCT36 variants,
respectively. As stated above, the osmotic work W is a function
of the osmotic pressure and the change in the solute-inaccessible
aqueous volume between the initial and final states of a given
activation landscape (48). Thus, the temperature-dependent
change in the solute-inaccessible aqueous volume of the CTD
of the TRPM8 channel is

ΔvTCTD = ΔΔWT
CTD

(ΠS − ΠC), [12]

where ΔΔWT
CTD is the difference in the osmotic work performed

by the CTD at 25 and 10 °C and ΠS and ΠC are the osmotic
pressure in 2 M sucrose and control recording solutions, re-
spectively. We recorded the TRPM8 WT channel and the re-
duced temperature sensitivity TRPM8ΔCT36 variant in the
presence of 2 M internal sucrose at 10 and 25 °C. Fig. 3 A–D
shows current traces evoked by voltage test pulses in membrane
patches containing TRPM8 WT and TRPM8ΔCT36 in the
presence of 2 M of internal sucrose at 10 °C (Fig. 3 A and C)
and 25 °C (Fig. 3 B and D) and the respective G–V curves
obtained using the normalized amplitude of the tail currents
(Fig. 3 E–H). Boltzmann equation fit parameters for each
TRPM8 channel variant/experimental condition can be found
in SI Appendix, Table S1.

A B C D

E F G H

Fig. 3. Temperature-dependent changes in the solute-inaccessible aqueous volume of TRPM8 channels. Representative recordings of macroscopic currents of
(A and B) TRPM8 and (C and D) TRPM8ΔCT36 channels in the presence of internal 2 M sucrose at 10 and 25 °C evoked by voltage pulses ranging between −140
and 420 mV in 5-mV increments. For the sake of clarity, only one of every two current records is shown in A–D. (E–H) Average G–V relationships obtained from
normalized tail currents. Solid lines are Boltzmann fits to Eq. S1 (SI Appendix, Eq. S1). Blue open circles are data obtained at 10 °C, and red open circles are
data obtained at 25 °C. Fit parameters are summarized in SI Appendix, Table S2. Detailed voltage protocols are given in SI Appendix, Table S3. Error bars are
SE, n = 4 to 7.
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Sucrose induced 205 ± 12 and 85 ± 13 mV rightward shifts in
the G–V curve of TRPM8 WT channels at 10 and 25 °C, re-
spectively (Fig.3 E and F), which, using Eq. 10, is equivalent to
osmotic works of 3.18 ± 0.20 and 1.25 ± 0.20 kcal/mol, respec-
tively. The TRPM8ΔCT36 variant exhibited small sucrose-
induced voltage shifts of 25 ± 9 and −13 ± 6 mV at 10 and
25 °C, respectively (Fig. 3 G and H), equivalent to osmotic works
of 0.4 ± 0.13 and −0.20 ± 0.08 kcal/mol. The lack of change in
the solute-inaccessible aqueous volume of TRPM8ΔCT36 be-
tween the closed and open states suggests that the difference in
the osmotic work performed by the WT channel at 10 and 25 °C
arises from the osmotic strain of preserving the CTD in the folded
(10 °C) or unfolded (25 °C) states in the presence of the osmoti-
cant. Thus, and according to Eq. 9, the channel region encom-
passing the coiled coil domain and the linker that connect it with
the carboxy helix 2 (CH2) domain performs a temperature-
dependent osmotic work of 1.34 ± 0.32 kcal/mol, which, using
Eq. 12, represents a 1,906 ± 453 Å3 increase in their solute-
inaccessible aqueous volume.

Discussion
The Heat Capacity Hypothesis Revisited. Here we propose that the
opening of the TRPM8 channel caused by cold requires the in-
tegrity of the CTD, which folds (ΔΔGT

CTD = 1.44± 0.45  kcal=mol)
and increases the solute-inaccessible aqueous volume

(ΔvTCTD = 1,906± 453 Å
3) in response to cold. These conjectures

are supported by the following facts: 1) the temperature depen-
dence of the channel decreases after deleting the distal section of
CTD, 2) exposing the intracellular side of the channel to urea
stabilizes the closed state preferentially at low temperatures, 3)
this effect is dependent on the integrity of the CTD and is
therefore attenuated or absent in the TRPM8ΔCT36 variant, and
4) the temperature-dependent volume increase at the CTD (1,906
Å3) is equivalent to the volume of the hollow space inside the
CTD according to the Cryo-EM structure. We confront below our
results with the current models of thermo-TRP channels gating.
The unusually large temperature dependence of thermo-TRP
channels activity has been satisfactorily explained—from a theo-
retical point of view—by large changes in the protein heat capacity
(ΔCp) during the closed–open transition (19). One of the
strengths of this model is that it makes the existence of a tem-
perature sensor unnecessary and turns a problem that is usually
treated as a complex network of allosteric interactions (32, 49, 50)
into a protein denaturation matter. Additionally, the requirements
of a temperature-sensing protein in terms of ΔCp can be achieved
by changing the solvent exposure of ∼25 hydrophobic amino acids
per subunit (19, 51), which is supported by the small structural
changes between closed and open conformations reported in
several thermo-TRPs (11, 38, 52, 53). In the context of the
TRPM8 channel, the ΔCp hypothesis predicts that a conforma-
tional change, analogous to cold denaturation, drives the increase
in the channel open probability at low temperatures. At first
glance, our results are at odds with the ΔCp hypothesis mostly
because the chemical unfolding of the channel CTD by urea
hinders (instead of promoting) channel opening (Fig. 2) but does
so mostly at low temperatures where, according to the ΔCp hy-
pothesis, cold denaturation has already taken place. However, it is
worth mentioning that cold denaturation is a rare phenomenon
even for soluble proteins and, with a few notable exceptions (54,
55), occurs mostly in the presence of denaturing agents, super-
cooled fluids, high pressure, or extreme pH and ionic strength
(56). Can our results be framed into the ΔCp hypothesis? To
answer this question, consider a system where a certain protein
domain experiences a temperature-dependent unfolding:

F⇔
K(T)

U, [13]

where F and U are the folded (F) and unfolded (U) states, whose
equilibrium constant [K(T)] is determined by the Van’t Hoff
equation that incorporates the temperature dependence of ΔH
and ΔS (19),

lnK(T) = ΔSo
R

− ΔCp[1 − To
T + ln[ToT ]]
R

, [14]

where ΔSo is the difference of standard entropy between the
resting and active state of the protein, ΔCp is the change in
the molar heat capacity, and To is the temperature where
K = ΔSo

R . Thus, we propose here that the F state increases the
channel open probability (Po):

Po = 1
K(T) + 1

. [15]

Fig. 4A shows the open probability of the TRPM8 channel at
+260 mV (Fig. 4A, Left), and the Po obtained very negative
membrane potentials (Fig. 4A, Right)—potentials at which all
of the voltage sensors are at rest—determined at temperatures

A

B  D  

C  

 

40Å

4Å

10Å

10Å

ΔCT36

Fig. 4. A thermodynamically inspired–structure-supported model for
TRPM8 channel gating. (A) TRPM8 channel open probability recorded at
+260 mV (Left) and the minimal channel open probability recorded at very
negative potentials using the limiting slope method (Right) at temperatures
ranging from 10 to 30 °C according to ref. 32 (hollow circles). Black line
represents the fit of Eqs. 14 and 15 to the experimental data from Raddatz
et al. (32). Best fit parameters were ΔCp = 2.2 kcal/mol*K and ΔSo = −7.6 cal/
molK (Left) and ΔCp = 2.2 kcal/mol*K and ΔSo = 12 cal/mol*K (Right). To =
270K (−3 °C) in both panels. The green and red lines in Fig. 1A are the Po
values between 0 and 30 °C according to Eqs. 14 and 15 using ΔCp = 0.22 and
22 kcal/mol*K, respectively. (B) Difference in the free energy of unfolding
ΔGU (kcal/mol) between resting–active state of the TRPM8 temperature
sensor according to Eqs. 4 and 11 (fit parameters as in Fig. 4A, Left). Shaded
area depicts the temperature range where the experiments in ref. 32 were
performed. (C) Ligand-free TRPM8 structure obtained by spCryo-EM (PDB ID
6O6A; ref. 9), where the N terminus domain is colored in gray, transmem-
brane segments 1 to 6 and TRP domain appear in purple, and distal CTD is in
red (subunits in the front and in the back were removed for clarity). Black
lines define the approximate lipid bilayer limits. (D) The deleted CTD section
(ΔCT36) allocates a 40 Å × 2 Å (length × radius) cylinder of volume 503 Å3

plus a cone of 10 Å × 10 Å (radius × height), with a volume of 1,047 Å3. The
segment encompassing the 36 amino acids whose deletion decreases the
channel temperature dependence (TRPM8ΔCT36) is depicted in Van der
Waals representation using the Visual Molecular Dynamics (VMD)
software (66).
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ranging from 30 to 10 °C (32). The best fit to the Po-T data using
Eqs. 14 and 15 was obtained with the following parameter values:
ΔSo = −7.6 cal/mol*K, To = 270 K, and ΔCp = 2.2 kcal/mol*K
(for Po data obtained at +260 mV) and ΔSo = 12 cal/mol*K,
To = 270 K, and ΔCp = 2.2 kcal/mol*K (for Po data obtained at
negative voltages). Additionally, panels in Fig. 4A include the Po
values predicted by Eqs. 14 and 15 using a higher (22 kcal/
mol*K; red curve) and lower (0.2 kcal/mol*K; green curve)
ΔCp value. Fig. 4B shows the free energy of unfolding of the
temperature-sensing domain, ΔGU (kcal/mol) (black line, left
ordinate), and the natural logarithm of the equilibrium constant
that defines the folded/unfolded transition, lnK (blue line, right
ordinate) vs. temperature obtained from Eqs. 14 and 2. From
Fig. 4A it is clear that the modified heat capacity model is able to
predict the temperature dependence of the channel open prob-
ability with (Fig. 4A, Left) or without (Fig. 4A, Right) the free
energy contribution of the voltage-sensing domain. Interestingly,
the fit to both Po-T datasets using Eq. 14 reveals that channel
entropy ΔSo decreases by ∼20 cal/mol*K at depolarized mem-
brane potentials. This finding is in agreement with the fact that
the TRPM8 has a negative ΔS for the close-to-open transition
(57). From the red and green lines in Fig. 4A and corresponding
Eq. 14 with ΔCp = 22 kcal/mol*K (red line) and ΔCp = 0.22
kcal/mol*K (green line), it is evident that the TRPM8 channel
does not tolerate large variations from the best fit obtained with-
out departing from its characteristic temperature dependence.
Fig. 4B shows that the current set of fit parameters required to
reproduce the cold activation of TRPM8 channels is not com-
patible with cold denaturation, which is predicted to occur at
temperatures below −20 °C. When we restrict our analysis to
the working temperature range of the TRPM8 channel
(Fig. 4B, hatched rectangle), we can observe that the unfolded
state becomes less populated as temperature decreases. Surpris-
ingly, the net free energy of folding ΔGF between 30 and 10 °C
obtained after fitting the data to Eqs. 3 and 14 is ∼2 kcal/mol,
which is in a reasonable agreement with the 1.44 ± 0.45 kcal/mol
we found for the temperature-dependent folding of the
TRPM8 CTD.
Thus, the changes in the molar heat capacity are likely to drive

the gating of the TRPM8 channel with the sole requirement of
an inverted coupling between the temperature sensor denatur-
ation and channel opening (58). Inverted coupling is not alien to
ion channel biophysics and accounts for some important features
of Kv channels where electromechanical coupling and gating
polarity is reverse (59, 60), and inactivation (61). Inverted cou-
pling is also found in thermo-TRP channels gating, where re-
version of the temperature dependence has been achieved after
swapping the C/N terminus (27, 62) and by single-point muta-
tions in both the amino and the carboxyl terminus domains (63).

Changes in the Solute-Inaccessible Aqueous Volume at the CTD.
Volumetric changes have been reported before for several
voltage-gated ion channels (43–47). By using a subtractive
method (46) that takes advantage of the large decrease in the
temperature sensitivity of the TRPM8ΔCT36 channel variant,
we show that the CTD of the TRPM8 channel experiences a
temperature-dependent change in their solute-inaccessible
aqueous volume of ∼1,906 Å3. According to the Cryo-EM
structure [Protein Data Bank (PDB) ID 6O6A (9)] the region
that TRMP8ΔCT36 lacks comprises amino acids 1094 to 1058,
which includes the coiled coil domain and the loop connecting
this region with the CTH2 helix (colored in red in Fig. 4C). The
void volume inside the coiled coil domain can be represented by
a 40 Å × 4 Å (length × diameter) cylinder with a volume of
503 Å3. The inner space delimited by the coiled coil/CTH2 linker
of the four subunits can be drawn as a 10 Å × 10 Å (length ×
radius) inverted cone, with a volume of volume of 1,047 Å3

(Fig. 4D). If this were the folded state of the CTD, its inner

volume of 1,550 Å3 is in agreement with the appearance of a
solute-inaccessible void space of 1,906 ± 453 Å3, which our ex-
periments under hyperosmotic conditions suggest occurs during
the unfolding→folding transition (Fig. 3). From a physico-
chemical perspective, the distal CTD domain contains seven
Leu/Ile residues/per subunit, all of them hidden from the solvent
in the protein folded state (15). Supposing that each of them
becomes totally exposed during protein unfolding (F→U), the
molar heat capacity increases by ∼5 to 11 kcal/mol*K (64). In
this scenario, a moderate increase in the solvent exposure of 20
to 50% would provide the ΔCp necessary to qualitatively re-
produce the temperature dependence of the TRPM8 channel
gating (2.2 kcal/mol*K; Fig. 4A). Here we propose that the
temperature-driven gating of TRPM8 channel arises from the
change in the molar heat capacity occurring during the unfolding
of a discrete temperature sensor located at the CTD, which folds
in response to cold and increases its solute-inaccessible aqueous
volume between the unfolded–folded states. Although these re-
sults provide compelling evidence regarding the operating
mechanism during the TRPM8 temperature-driven gating, the
intimacies of the molecular timing of the fating events remain
elusive. Interestingly, all members of the TRPM channel class
are endowed with similar CTD including warm/hot receptors
(TRPM3, TRPM4, and TRPM5) and temperature-insensitive
channels (TRPM6 and TRPM7) (65). Thus, the role of the
CTD in heat sensing and how the thermomechanical coupling
varies across the members of the thermo-TRPM channel family
remains a pending issue for the thermo-TRP channels field.

Materials and Methods
Oocyte Extraction and RNA Injection. Xenopus laevis oocytes were obtained
and injected with 50 nL of RNA at a concentration of 1 μg/μL and were then
maintained at 18 °C in ND96 medium, which ensured 90% survival (32).

Site-Directed Mutagenesis, Channel Expression, and Electrophysiology. All
TRPM8 variants were generated as in ref. 32. All experiments were per-
formed using the patch clamp technique, and ionic currents were recorded
using an Axopatch 200B amplifier and were digitized using a Digidata 1440
interface under control of pClamp 10 (Molecular Devices) at a sampling
frequency of 50 to 200 kHz and filtered at 20 kHz. Characterization of the
temperature dependence of the TRPM8 channels and their truncated CTD
variants ΔCT8, ΔCT15, and ΔCT36 (Fig. 1) was performed in the cell-attached
configuration. Pipette and bath recording solution composition was (in mM)
110 KMES, 1 MgCl2, 2 KCl, and 10 EGTA. Experiments in Figs. 2 and 3 were
performed in the inside-out configuration. Both bath and pipette recording
solution composition was (in mM) 110 NaCl, 1MgCl2, and 10 EGTA. For ex-
periments in the presence of a denaturing agent and hyperosmotic condi-
tions the recording solution was supplemented with 3 M Urea and 2 M
Sucrose, respectively. After seal formation the patch was excised, and the
recording chamber was perfused with 3 to 5 times the total volume (2 mL)
immediately after reaching the inside-out configuration. Temperature con-
trol was provided by a Dagan TC-10 temperature controller (Dagan Corp.). SI
Appendix, SI Methods, includes the details of macroscopic current recordings
and data analysis.

Data Availability. All study data are included in the article and SI Appendix.
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