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Background: The gating mechanism of transient receptor potential melastatin 8 (TRPMS8) channels remains elusive.
Results: Mutations neighboring the C-end region of the TRPMS8 channel inner gate modulate allosteric coupling.
Conclusion: The region adjacent to the inner gate in TRPMS8 channels is pivotal for allosteric channel activation.
Significance: These findings increase our understanding of the allosteric mechanism of TRPMS8 channel gating.

The ability of transient receptor potential (TRP) channels to
sense and respond to environmental and endogenous cues is
crucial in animal sensory physiology. The molecular mechanism
of channel gating is yet elusive. The TRP box, a conserved region
in the N-end of the C terminus domain, has been signaled as
pivotal for allosteric activation in TRP channels. Here, we have
examined the role of the linker region between the TRPMS8
inner gate and the TRP box (referred to as the S6-TRP box
linker) to identify structural determinants of channel gating.
Stepwise substitutions of segments in the S6-TRP box linker of
TRPMS8 channel with the cognate TRPV1 channel sequences
produced functional chimeric channels, and identified Tyr®®* as
a central molecular determinant of channel function. Addition-
ally, mutations in the 986 —990 region had a profound impact on
channel gating by voltage and menthol, as evidenced by the
modulation of the conductance-to-voltage (G-V) relationships.
Simulation of G-V curves using an allosteric model for channel
activation revealed that these mutations altered the allosteric
constants that couple stimuli sensing to pore opening. A molec-
ular model of TRPMS, based on the recently reported TRPV1
structural model, showed that Tyr®®! may lie in a hydrophobic
pocket at the end of the S6 transmembrane segment and is
involved in inter-subunit interactions with residues from neigh-
bor subunits. The 986 —990 region holds intrasubunit interactions
between the TRP domain and the S4-S5 linker. These findings
substantiate a gating mechanism whereby the TRP domain acts as
a coupling domain for efficient channel opening. Furthermore,
they imply that protein-protein interactions of the TRP domain
may be targets for channel modulation and drug intervention.
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Translation of physical and chemical signals from the cellular
milieu into the electrical cues used by the peripheral nervous
system depends on specialized receptors at the terminals of
sensory neurons. These receptors include the transient recep-
tor potential (TRP)® family of nonselective cation channels,
which are involved in the response to a variety of environmental
and endogenous compounds, as well as physical stimuli includ-
ing temperature and pressure (1). Most TRP channels are
involved in several physiological processes ranging from sens-
ing temperatures, osmolarity, body temperature regulation,
pro-algesic agents, and pain (2). Particularly, TRPMS is capital
for mild cold sensing in mammals (3-5) and alteration of its
normal function is related to disorders such as prostate cancer
(6), overactive bladder (7), and ocular dryness (8).

The functional TRPMS8 is a homotetramer that allows the
flow of cations in response to temperatures below 24 °C, the
presence of cooling compounds such as menthol or icilin, as
well as strong depolarizing voltages (9 —11). Each subunit com-
prises a cytosolic N and C terminus and six membrane-span-
ning segments (S1-S6). The S5-S6 transmembrane domain
from each subunit folds into the ion-conducting pore. The gat-
ing of TRPMS is also regulated by phosphoinositides, phos-
phatidylinositol 4,5-bisphosphate being essential for channel
function and desensitization (12—14). The ability of the channel
to sense distinct stimuli depends on protein regions in each
subunit of the structure-sensitive sensors. For instance, men-
thol interacts with a hydrophobic pocket within the S1-S4
transmembrane bundle, and causes conformational rearrange-
ments that lead to gate opening (15, 16). Voltage and cold
responses depend on residues located in the S4-S5 loop and
the C terminus, respectively (17, 18). As observed in other TRP
channels, there is interplay between menthol, cold, and voltage
responses. Indeed, in the presence of menthol or cold temper-
atures, the G-V curves shift toward more physiological mem-
brane potentials (11). Notwithstanding this cross-talk, these
stimuli appear to be independently coupled to the gate through
an allosteric mechanism (19, 20).

3 The abbreviations used are: TRP, transient receptor potential; ChA, chimera
A; ChB, chimera B; ChC, chimera C.
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TRPM8 Gating Mechanism

A hallmark of most TRP channels is the presence of the so-
called TRP domain in the C terminus region (Fig. 1), adjacent to
the S6 transmembrane segment that structures the channel
inner gate. The TRP domain is a moderately conserved region
of about 30 amino acids that contains the highly conserved
6-mer segment referred to as the TRP box (Fig. 1). This protein
domain is a pivotal molecular determinant of TRP channel
structure and activity, as it contributes to their tetrameric
assembly and to regulate channel responses to all activating
stimuli (12, 21-26). A recent study in TRPV1 has shown that
the TRP domain is primarily involved in the allosteric activa-
tion of the gate of the channel (27). Noteworthy, a peptide
patterned after the TRP domain of TRPV1 selectively blocked
TRPV1 activity (28), supporting the tenet that the TRP domain
is involved in protein-protein interactions that are central for
coupling stimuli sensing to gating (15). Moreover, in TRPMS,
the TRP domain appears directly involved in phosphatidyli-
nositol 4,5-bisphosphate-mediated regulation (12). The recent
proposition of a high resolution structural model for TRPV1 in
the absence and presence of activating ligands reveals a central
role of this channel region as a determinant of the conforma-
tional change needed to activate the receptor (29).

To further understand the functional role of the TRP domain
in channel gating and unveil molecular determinants of this
process, we have investigated the contribution of the S6-TRP
box linker region in TRPMS8 channel activation (Fig. 1). We
used a chimeric approach that substituted 5-mer regions in the
S6-TRP box linker of TRPMS8 by the cognate sequences of
TRPV1 (Fig. 1). Notably, our results indicate that the linker
region of TRPV1 can replace that of TRPMS8 without a major
impact in channel expression and channel responsiveness.
Analysis of the phenotype of the chimeras identified Tyr®®" in
this region as a central structural determinant of TRPMS8 gat-
ing. Mutation of Tyr”®" to Glu and Lys (Y981E and Y981K)
rendered constitutively active channels. Noteworthy, addi-
tional mutation of segment 986 —990 in the S6-TRP box linker
restored voltage-dependent and menthol sensitivity to the
Y981E mutant. Simulation of G-V relationships of chimeric and
mutant channels with an allosteric model of gating suggests
that these residues and, in general the S6-TRP box linker, are
important for the allosteric coupling of stimuli sensing to chan-
nel activation. Our findings provide novel insights on the mech-
anism of channel gating in the TRP channel family, and sub-
stantiate the importance of the TRP domain in transmitting the
energy of stimuli recognition to gate opening.

EXPERIMENTAL PROCEDURES

TRPM8 Mutagenesis—Mutations were introduced in the rat
TRPMS construct (from D. Julius) using site-directed mutagen-
esis (QuikChange II, Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions. Mutants were
confirmed by DNA sequencing.

Cell Culture and Transfection—Human embryonic kidney
cells (HEK293 cells) were cultured in DMEM-Glutamax (Invit-
rogen) supplemented with 10% FBS, and 1% penicillin-strepto-
mycin (Sigma) at 37 °C and 5% CO,. For patch clamp HEK293
cells were seeded in 12-mm L-polylysine (Sigma)-coated cover-
slips. For protein expression analysis the cells were seeded in
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6-well plates. Constructs encoding the mutants were trans-
fected using the Lipofectamine 2000 (Invitrogen) when the cul-
ture was at ~50% confluence for patch clamp or ~90% for
protein analysis. Cells were used up to 48 h after transfection in
patch clamp, and 48 h after transfection in biotinylation and
Western blot assays.

Total Protein Expression and Surface Labeling—To obtain total
extracts, cells were washed with phosphate-buffered saline (PBS),
suspended in 2X sample buffer (0.125m Tris-HCI, pH 6.8, 4% SDS,
200 ml/liter of glycerol, 0.2 g/liter of bromphenol blue, 0.1 m dithio-
threitol; all from Sigma) and boiled at 95 °C for 5 min.

The biotinylation reaction was carried out in the culture
plates at 4 °C. After two washing steps with cold PBS, cells were
incubated for 1 h with 0.9 mg/ml of biotin (Thermo Scientific).
An equivalent volume of Tris-buffered saline (10 mm Tris, pH
7.4, 154 mm NaCl) was added to halt the reaction. After 30 min,
cells were recovered from the plates and washed twice with cold
PBS. Thereafter, biotinylated cells were lysed using RIPA buffer
(50 mMm Hepes, pH 7.4, 140 mm NaCl, 10% glycerol, 1% (v/v)
Triton X-100, 1 mMm EDTA, 2 mm EGTA, 0.5% deoxycholate, 10
mwm PMSF and protease inhibitor mixture (Sigma)) under gen-
tle agitation for 1 h at room temperature. The soluble fraction
was quantified using the BCA method (Thermo Scientific,
Pierce). Streptavidin resin (Sigma) was added to equal amounts
of extracts and incubated overnight at 4 °C. After washing,
biotinylated proteins were eluted with sample buffer 2 times,
and analyzed by SDS-PAGE and Western blot.

SDS-PAGE Electrophoresis and Western Blots—Samples
were electrophoresed in a 10% gels and then blotted onto a
nitrocellulose membrane (0.2 um, Bio-Rad) using a standard
transfer buffer (30 mm Tris base, 190 mMm glycine, and 20%
methanol). Membranes were stained with Ponceau Red (Sigma)
to assess the amount of protein loaded. After blocking at room
temperature in TBS-T with 2% ECL Advance Blocking agent
(GE Healthcare Europe), membranes were incubated overnight
with anti-TRPMS (dilution 1:5,000, gift from Dr. F. Viana) or actin
(dilution 1:10,000, Sigma) at 4 °C. After washing, membranes were
incubated with the secondary antibody for 1 h (1:50,000 goat anti-
rabbit IgG-horseradish peroxidase conjugate (Sigma)). Finally, the
immunoreactive bands were visualized using ECL advanced and
Amersham Biosciences Hyperfilm™ ECL (GE Healthcare)
according to the manufacturer’s instructions.

Patch Clamp Measurements—For patch clamp experiments,
cells were co-transfected with the different channel species and
eYFP. Currents from channels were recorded in whole cell con-
figuration (EPC10 amplifier with Pulse software, HEKA Elek-
tronik, Germany). Patch pipettes were prepared from thin-
walled borosilicate glass capillaries (Harvard Apparatus,
Holliston, MA), pulled with a P-97 horizontal puller (Sutter
Instruments, Novato, CA) to have a tip resistance of 2—4 M().
Pipette solution contained (in mm): 150 NaCl, 5 MgCl,, 5
EGTA, and 10 Hepes, pH 7.2, with NaOH. The bath solution
contained (in mm): 150 NaCl, 3 MgCl,, 2 CaCl,, and 10 Hepes,
pH 7.4, with NaOH. The buffer temperature was kept at
30 °C (Automatic Temperature Controller TC-324B, Warner
Instruments).

For chemical stimulation of TRPMS8, 1 mm menthol was
applied in the external solution. For voltage stimulation a step
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protocol consisting of depolarizing pulses from —100 to 240
mV in 10-mV steps was used. The holding potential was —60
mV, the time interval between each pulse was 5 s, and the dura-
tion of the pulses was 50 ms. Data were sampled at 10 kHz and
the series resistance was compensated to ~80%.

The G-V curves were obtained by converting the steady-state
current values from the voltage step protocol to conductance
using the relationship G = I/(V — V%), where G is the conduc-
tance, [ is the current at steady-state, V'is the command pulse
potential, and Vj, is the reversal potential of the ionic current
obtained from /-V curves. Normalized G-V curves were fitted
to the Boltzmann equation,

( 17— Gmin)
G Gmin Gmax

= + —— (Ea. 1)
C';malx Gmax (—I 4 e%(V*VO‘s))

where G, ., is the true maximal conductance of the channel
species obtained in the presence of 1 mm menthol at depolar-
ized potentials, G, ;, is the minimal conductance at hyperpo-
larized potentials (=—100 mV), V, . is the voltage required to
activate the half-maximal conductance, and z, is the apparent
gating valence. The true G, ,, value was estimated from the
fitting of the G-V curves in the presence of 1 mm menthol for
wild type and each mutant (27).

For voltage-dependent gating, the free energy difference
between the closed and open states at 0 mV at 30 °C for a two-
state model (AG) was calculated using AG,,(V) = z,FV/, 5, were F
is the Faraday constant (0.023 kcal/mol mV) (22).

Molecular Model Building—The molecular model for
TRPMS8 was modeled using the structures of the TRPV1 ion
channel in the closed (Protein Data Bank code 3]J5P) and open
state (Protein Data Bank code 3J5R) determined by electron
microscopy at 3.4-A resolution (28). Sequence alignment
between rat TRPV1 and TRPMS8 was performed with ClustalO
(30) from the European Bioinformatic Institute (EBI). After vis-
ual inspection, the transmembrane alignments were adjusted
manually. The visualization and editing of the molecules were
done with Yasara (31, 32). The homology modeling was per-
formed with the standard homology modeling protocol imple-
mented in Yasara (version 13.9.8). In this process only small
loops were modeled, avoiding the modeling of S2—S3 or S5-pore
helix loops. After side chain construction, optimization, and fine-
tuning, all new modeled parts were subjected to a combination of
steepest descent and simulated annealing minimization, keeping
the backbone atoms fixed to avoid molecule damage. Finally, a
full-unrestrained simulated annealing minimization was run for
the entire model, obtaining a satisfactory —1.597 quality Z-score
for dihedrals, and —2.992 for the overall model.

The protein design algorithm and force-field FoldX (33, 34)
from CRG were used for protein mutagenesis, and theoretical
energy measurements. The interaction energy between differ-
ent parts of the molecule were calculated by unfolding the
selected regions and determining the stability energy of the sep-
arated molecules, and then subtracting the sum of individual
energies from the global energy of the complex. Such parame-
ters as the atomic contact map, the accessibility of the atoms
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FIGURE 1. Experimental strategy to explore the role of the S6-TRP box
linker region of TRPM8. A, TRPM8 model depicting in red the S6-TRP box
linker region. B, the schematic depicts a topological model of a TRPM8 sub-
unit. Below the model are shown the amino acid sequences of the TRP
domain proximal to S6 transmembrane segment of TRPM8 (blue) and TRPV1
(red). The protein regions in the S6-TRP box linker of TRPM8 replaced by the
cognate of TRPV1 are indicated in red giving rise to chimeras ChA (Gly®°-
11e8%), ChB (Gly?8°-Asn“%°), and ChC (Gly“®°-Val®®3),

and residues, the backbone dihedral angles, the hydrogen
bonds, and the electrostatic networks of the protein were
assessed with FoldX. In addition, the model was evaluated using
PROCHECK to show the residues in the allowed regions of the
Ramachandran plots (35). The final molecular graphic repre-
sentations were created using PyMOL version 1.4.1.

RESULTS

Mutations in the S6-TRP Box Linker Region of TRPM8 Mod-
ulate Channel Gating—To investigate the contribution of the
linker region between the cytosolic end of the S6 and the TRP
box in TRPMS8 channels (amino acids 980-992 in rat TRPMS,
Fig. 1A4), we used a chimeric approach whereby short fragments
of TRPMS8 were cumulatively replaced by the cognate region of
TRPV1 (Fig. 1B). Using this approach, we generated three chi-
meras, namely chimera A (ChA, Glyggo-lle985 ), chimera B (ChB,
Gly”®°-Asn”*%), and chimera C (ChC, Gly*®°-Val®*®) (Fig. 1B).
Chimeric channels were expressed in HEK293 cells for func-
tional characterization by patch clamp. As depicted in Fig. 24,
application of a family of 50-ms voltage pulses from —100 to
+240 mV in 10-mV steps in the absence of menthol evoked
ionic currents in ChB and ChC, but not in ChA. A similar result
was obtained when the depolarizing voltages were applied in
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FIGURE 2. Chimericreceptors are functional channels. A, representative currents elicited by a voltage step protocol (inset) in the presence or absence of 1 mm
menthol recorded from HEK293 cells expressing TRPM8 and chimeras ChA, ChB, and ChC. Normalized G-V curves for TRPMS8, ChB, and ChCin the absence and
presence of menthol are displayed at the right. Conductances for each channel species were normalized with respect to the maximal conductance obtained in
the presence of 1 mm menthol (denoted as G,,,,,). Solid lines depict the best fit to a Boltzmann distribution. Parameters derived from the fit are reported in Table
1. B, representative ion current form ChA channels evoked at —60 mV upon washing out DD01050 in the extracellular medium. DD01050 was used at 10 um.
G, Western blot of the total and surface expression of TRPM8, ChA, ChB, and ChC expressed in HEK293 cells grown in the presence of 10 um DD01050. Surface
expression was obtained by protein biotinylation. D, quantitative assessment of the surface/total and total/actin ratios of TRPM8 and ChA, ChB, and ChC from

Western blots. Data are given as mean = S.E; n = 3.

the presence of 1 mm menthol. ChB exhibited ionic currents
similar to TRPMS, whereas ChC displayed significantly lower
responses than wild type and ChB channels. To analyze channel
gating, we obtained the normalized G-V curves. Because volt-
age is a partial activator of the channel, we normalized the G-V
curves with the G, value obtained in the presence of 1.0 mm
menthol (20). For wild type channels, the normalized G-V
curve in the absence of menthol revealed a V,, ; 0of 206 = 4 mV,
a z, of 0.71 = 0.06, and saturation of the curve at 60% of the
G oy in agreement with partial activation induced by voltage of
TRPMBS in the absence of menthol (20) (Fig. 24, right panel, and
Table 1). The free energy of channel gating, assuming a sim-
ple two-state model indicates that activation of TRPMS8
channels requires 3.3 = 0.2 kcal/mol (Table 1). Notice that
our V- and AG values are significantly higher than those
reported by other groups (20). Considering that gating of
thermo-TRP channels is highly sensitive to the recording
temperature, this difference is probably because we have
obtained the G-V curve at 30 °C.

In the absence of menthol, ChB displayed a G-V relationship
with a lower V, ; (160 = 2 mV), and similar conductance satu-
ration (70% of G,,,) than wild type channels. In contrast, ChC
showed larger V,, . of 250 = 8 mV than TRPMS8 and ChB, but
similar conductance saturation (70% of G,,,,). The z, of both
chimeras was nearly identical to TRPMS8 (Fig. 24, Table 1).
These values resulted in free energies of activation of 2.6 * 0.3
and 4.3 * 0.5 kcal/mol for ChB and ChC, respectively. Accord-
ingly, our data imply that the S6-TRP box linker of TRPV1 is
structurally compatible with the gating structure of TRPMS,
and indicate that substitution of the S6-TRP box linker region
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of TRPMS8 by TRPV1 primarily affects the energetic of voltage-
dependent channel opening.

In the presence of menthol, TRPMS8 was activated at less
depolarized potentials (V, 5 = 100 = 4 mV) with a lower z, =
0.5 = 0.1, which resulted in a free energy of 1.1 = 0.4 kcal/mol.
ChB exhibited V|5, z,, and AG similar to wild type channels,
namely Vj, 5 = 104 = 2mV, z, = 0.60 = 0.05,and AG = 1.4 =
0.2 kcal/mol, whereas ChC displayed much higher values
(Vos =194 £2mV;z, = 0.7 £ 0.1; AG = 3.1 £ 0.6 kcal/mol)
consistent with the lower responsiveness of this chimera (Fig.
2A, Table 1). Taken together, these data indicate that replace-
ment of linker Gly®*°-1le”*® in TRPMS has an impact in channel
function, particularly the region encompassing residues Gly”*°-
11e”® that resulted in apparently channels that did not respond
to voltage or menthol.

During characterization of the chimeric channels, we
observed that HEK293 cells transfected with ChA exhibited a
large extent of cell death (=70% of transfected cells), as com-
pared with cell death induced by wild type channels, and chi-
meras ChB and ChC (=10%). This observation suggested that
ChA may induce cell death because it is a constitutively active
channel, rather than non-functional as indicated by the lack of
voltage and menthol-evoked responses. Thus, to test this
hypothesis we grew transfected cells in the presence of the cell
impermeable TRP channel blocker DD01050 whose binding
site is extracellular (36, 37). In the presence of 10 um DD01050,
we observed a significant decrease in cell death in ChA-trans-
fected HEK293 cells (=20% of dead cells). Wild type, ChB, and
ChC expressing cells were not affected by the presence of the
blocker. Furthermore, patch-clamped ChA-transfected cells

SASBMB

VOLUME 289-NUMBER 41+-OCTOBER 10, 2014

$T0Z ‘0T %4000 U0 ZIANVYNEIH TINDIIN AINN T /B10°00 :Mmmy/:dny Loy pepeojumod


http://www.jbc.org/

TABLE 1

TRPM8 Gating Mechanism

Values of biophysical parameters obtained from the fitting of the G-V curves to a Boltzmann distribution in the absence (control) and presence

of 1 mm menthol

Vos Zg AG
(mV) (kcal/mol)
TRPMS8 206+4 0.71£0.06 3.310.2
Y981E -- = =
Y981L 209+7 0.840.1 4.0+0.2
Y981F >260 mV -- --
Y981K -- -- --
GY984N 211+6 0.96%0.09 4.610.5
1985K 19247 0.81£0.09 3.5£0.5
V986l 211£10 0.61+0.07 3.31+0.5
VI86L 240+£15 1.1£0.2 6.1£1.3
V986G >260 mV -- --
VI86A >260 mV - -
VI86F >260 mV -- --
ChA -- -- --
ChAY*8d! 12343 0.53%0.07 1.5+0.1
ChA%7a 11542 0.58+0.02 1.510.1
ChAE988Q _— o -
ChAN®E 16643 0.70+0.03 2.610.2
ChAN*" 15145 0.69+0.06 2.4+0.3
ChAY*861Q9874 128+2 0.62+0.07 1.8+0.2
GChAY226/02874R880 14743 0.62+0.07 2.140.3
ChAVo86VQSTAEISEQ/NISIE 180+2 0.76+0.04 29402
ChB 160+2 0.72+0.05 2.6£0.2
ChBY3v 206+4 0.81£0.04 3.840.3
ChC 250+8 0.75%0.06 4,3+0.5
ChAV*8¢F 17743 0.69+0.04 2.840.2
ChAY*8¢L 1955 0.5940.05 1.7£0.2
ChAYo%64 19843 0.76+0.04 3.540.2

exhibited reversible ionic currents at —60 mV when the chan-
nel blocker was washed out (Fig. 2B). The same experimental
paradigm did not elicit responses in wild type channels. Analy-
sis of surface expressed protein revealed that, in the presence of
DDO01050, ChA reached the plasma membrane in a similar per-
centage than TRPMS, ChB, and ChC channels (Fig. 2, Cand D).
Collectively, these findings indicate that replacement of Gly**°-
11e”®> in TRPMS by the cognate TRPV 1 produces constitutively
active channels. A larger substitution (Gly”*°-Asn®°) restores
voltage- and menthol-regulated ion channel activity. There-
fore, our results are consistent with the existence of structural
determinants of TRPMS gating in the S6-TRP box region.
Residue Tyr®®! Adjacent to the S6 Transmembrane Segment Is
a Molecular Determinant of Gating—Inspection of segment
Gly*®°-11e”®® reveals only a three-amino acid difference
between TRPMS8 and TRPV1 that constitute the mutations in
ChA, namely Y980E, G984N, and I1985K (Fig. 1). To unveil the
amino acid responsible for the constitutive activity of ChA, we
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J (200 mV) Vos z AG J (200 mV)
(nA/pF) (mV) (kcal/mol) (nA/pF)
0.59£0.10 = 10044 0.5+0.1 11+04  1.8240.19
1.62+0.30 160+5 0.61£0.04 | 22402 | 194+041
>260 mV - -
0.55+0.14 7943 0.52£0.03  0.940.1 | 2.02+0.30
1.330.18 5313 0.56£0.03 = 0.740.1 | 3.08+0.38
0.75+0.18 8742 0.51£0.07  1.0£0.1  2.06+0.36
032£0.09 = 160+12 = 0.67+0.07 = 35405  0.530.13
>260 mV - -
>260 mV - -
>260 mV - -
0.69+0.14 4416 038402  0.4%0.6 | 0.87+0.18
1.18+0.27 - - -
1.28+0.14 382 0.59+0.03 = 04+01 | 1.28+0.30
0.21+0.21 4045 0.54£0.06 ~ 050.1 | 2.44+035
0.88+0.14 1243 0.6120.1 02+0.1 | 0.8940.17
0.67+0.17 1644 046£0.14 02401  0.75%0.05
0.56+0.09 85+3 0.560.01 = 1.1+02 | 1.32%0.24
027£0.04  104£2  0.60+0.06 = 14+02  0.42+0.04
0.87+0.14 136£3 | 0.660.03 = 2.1+0.1 | 220+0.23
0.07£0.04  194£2  070+0.10  3.1+0.6 = 0.29+0.12
117£2 | 0574003 = 1501 |
1.8540.29 11446 048003  13+0.3 = 1.95+0.48
14847  0.53+0.04 = 18402

carried out site-specific mutagenesis in TRPMS8 wild type pro-
tein. As illustrated in Fig. 3A, mutation of Y981E resulted in
constitutively active channels whose activity was blocked by 10
M DDO01050. In the absence of the blocker, transfection of this
mutant also resulted in conspicuous cell death (=70% of trans-
fected cells). Conversely, neither G984N nor 1985K mutant
channels showed this phenotype, Instead, they evoked ionic
currents in response to stimulation with voltage and menthol
(Fig. 3B). In the absence of menthol, G984N and 1985K exhib-
iteda V5 0of 211 = 6 and 192 £ 7 mV, respectively. The z, and
the free energy required for opening of the channels, calculated
according to the two-state model, were 0.96 * 0.09 and 4.6 =
0.5 kcal/mol for G984N mutant and 0.81 * 0.09 and 3.5 * 0.5
kcal/mol for I985K (Fig. 3, D and E, Table 1). In the presence of
menthol, the V,, ; was smaller than that of TRPMS8 (Fig. 3C,
Table 1), giving rise to a lower free energy of activation (Fig. 3E,
Table 1). Therefore, these results imply that the constitutive
activity of ChA is due to mutation of YO81E.
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FIGURE 3. Mutation Y981E, but not of G984N and 1985K, in TRPM8 produce constitutively active channels. A, representative inward ionic currents of
Y981E, G984N, and 1985K mutants at —60 mV upon washing out blocker DD01050. Cells expressing these mutants were grown in the presence of 10 um
DDO01050. B, representative currents elicited by a voltage step protocol (inset) in the presence or absence of T mm menthol recorded from HEK293 cells
expressing TRPM8 and mutants G984N and 1985K. Normalized G-V curves for G984N and 1985K mutants in the absence and presence of menthol are displayed
at the right. Conductance for each channel species were normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol
(denoted as G,,,,,). Solid lines depict the best fit to a Boltzmann distribution. C-£, values of V;, 5, Z;, and AG derived from the fit to the Boltzmann distribution. Data

are givenasmean = S.E;n =7.

Because substitution of Tyr®®" with an acidic residue (Y981E)
rendered constitutively active channels, we assessed the effect
of mutating Tyr®®' into the basic residue (Y981K). Akin to
mutant Y981E, the expression of Y981K channels was toxic for
the cells unless the DD01050 blocker was present in the growth
medium. In addition, inward ionic currents were observed
when the blocker was removed from the bath (Fig. 4A4). This
result suggests that a charged residue at position Tyr”®* desta-
bilized the channel closed state, giving rise to constitutively
active channels.

We next evaluated the consequences of mutating Tyr™®" to
phenylalanine. Unexpectedly, Y981F channels were unrespon-
sive to membrane depolarization in the absence and presence of
menthol (Fig. 4C). This lack of channel function was not due to
death of cells expressing the channel because it did not have
constitutive channel activity as removal of DD01050 did not
evoke ionic currents. (Fig. 4B). Furthermore, the absence of
channel activity did not result from abrogation of protein
expression because the mutant channel was expressed at the
cell surface at comparable levels to wild type protein (Fig. 4F).

To further examine the role of Tyr®®' in channel gating, we
also mutated it to the aliphatic hydrophobic amino acid leucine,
which exhibits a similar hydrophobic surface to Tyr but
reduced volume. At variance with Y981F mutants, substitution
of Tyr®®! by Leu rendered ion channels that displayed voltage-
gated and menthol-elicited channel activity (Fig. 4D). In the
absence of menthol, Tyr®®" exhibited a V, 5 of 209 = 7 mV and
z,0f0.8 = 0.1, whereas in the presence of the agonist the values

981
t
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were 160 = 5 mV and 0.61 £ 0.04 (Table 1). The maximal
conductance in response to voltage was similar to that of voltage
plus menthol (Fig. 4E). Compared with wild type channels, this
result suggests a decrease in the efficacy of menthol in opening the
Y981L mutant, as evidenced by its higher free energy for activation
(Table 1). Taken together, these findings imply that Tyr*®" con-
tributes to define the free energy of pore gating.

Mutation of the 986 —990 Region in Chimera A Restores Reg-
ulated Channel Gating—Chimera B contains the Y981E muta-
tion and displays regulated channel gating, implying that muta-
tions downstream of residue Ile”®®, namely V9861, Q987A,
E988Q, N989E, and N990S, restore voltage and menthol
gating. Thus, we next mutated sequentially and cumulatively
these residues in ChA, and evaluated the phenotype of
mutants ChAV986I, ChAV986I/Q987A, ChAV986I/Q987A/E988Q’ and
ChAVo86V/QIBTAIEIBBQ/NIEIE t( determine the minimum num-
ber of mutations needed to restore regulated gating (Fig. 5).

At variance with ChA, none of the ChA mutants exhibited a
cytotoxic effect and were expressed to similar levels in HEK293
cells in the absence of the blocker DD01050 (data not shown).
Voltage-clamped cells responded to membrane depolarization
steps in the absence and presence of menthol eliciting non-
inactivating currents akin to wild type protein (Fig. 5, A-D).
Noteworthy, mutation of Val®®*® to Ile in the context of ChA
sufficed to virtually abolish the constitutive activity of ChA (Fig.
5A). As depicted, ChAY?®** responded to voltage changes in the
absence of menthol with a V,, ; 0f 123 = 3 mV and z, 0f 0.53 *
0.07 (Table 1). The V. value for ChAV?%¢! is ~2-fold lower
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FIGURE 4. Effect of mutations Y981K, Y981L, and Y981F on channel activity. A, representative ionic currents of Y98 1K mutants at —60 mV upon washing out
10 um DDO01050. B, representative ionic currents of Y981F mutants at —60 mV upon washing out 10 um DD01050. C, family of ion channel recordings evoked
from Y981F mutants according to the voltage-step protocol depicted as an inset. D, family of ion channel recordings evoked from Y981L mutants according to
the voltage step protocol depicted as an inset. E, normalized G-V relationship for YO81L mutant. Solid lines depict the best-fit to a Boltzmann distribution to
obtain the V, 5 and z, values. F, Western blot of the total and surface expression of TRPM8, Y981F, and Y981L expressed in HEK293 cells. Conductance was
normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol (denoted as G,,,,,). Data are given as mean = S.E; n = 6.

than that of wild type channels, suggesting a higher propensity
of ChAV?®¢' t0 open (AG = 1.5 = 0.5 kcal/mol). This result was
further substantiated by the lower V,, 5 (44 = 6 mV) of ChA V3¢
than TRPMS8 (100 = 4 mV) in the presence of menthol (Table
1). Furthermore, ChAY?®**" displayed voltage-independent gat-
ing at negative potentials in the presence of the agonist (Fig. 54,
right panel), consistent with a partial coupling of the pore to the
menthol sensor. The maximal conductance in the absence of
agonist was similar to that in its presence, in accordance with a
lower free energy for voltage gating of this mutant.

Additional mutations of ChA  (ChAVY986I/Q987A
ChAV986I/Q987A/E988Q’ and ChAVQSGI/Q987A/E988Q/N989E) alSO
produced voltage-gated and menthol-sensitive ionic currents
(Fig. 5, B-D) that were similar to those recorded for ChAVY9%¢!,
In the absence of the agonist, analysis of the G-V curves, how-
ever, revealed a progressive shift toward more depolarizing
potentials with the cumulative mutations, reflected in an
increase in the V(128 -180 mV) and AG (1.8 -2.9 kcal/mol)
until reaching the value of the ChB (Table 1). Notably, the
cumulative mutations reduced by 40% the maximal conduc-
tance evoked by depolarization as compared with the maxi-
mum conductance in the presence of menthol (Fig. 5, B-D, and
Table 1). The z, values were not significantly affected.

In the presence of menthol, all chimeric mutants displayed a
leftward shift in the G-V curve (Fig. 5, B-D, right panels),
reflecting a lower free energy for activation (Table 1). In addi-
tion, incorporation of these additional mutations in ChA pro-
gressively eliminated voltage-independent gating evoked by the
agonist, as evidenced by the decrease in the conductance at
hyperpolarized potentials (Fig. 5, B—D, right panels).

To further evaluate the role of Val®®® reverting the constitu-
tive activity of ChA, we mutated 1986V in ChB. As depicted in
Fig. 5E, mutant ChB'*¢Y responded to voltage and menthol
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stimuli. The values of V{5, z,, and AG in control conditions
were similar to those of TRPMS (Table 1). However, the chan-
nels exhibited a diminished response to menthol as suggested
by the increase of the free energy required to open the channel
(1.1 = 0.4 kcal/mol for TRPMS versus 2.1 *= 0.1 kcal/mol for
ChB'™®¢Y). These results imply that, in addition to V9861, other
residues in ChB contribute to compensate the constitutive
activity of ChA.

We next sought to determine which mutations other than
V986l could revert the overactive phenotype of ChA. To this
end, mutations Q987A, E988Q, N989E, and N990S were intro-
duced individually in ChA (Fig. 6). Functional analysis of these
mutants revealed that ChA?**”* and more conspicuously
ChAF®#8Q exhibited an inward current upon removal of
DDO01050 (Fig. 6A). This is consistent with the presence of con-
stitutive activity, notably larger for ChA®%5¥Q We could deter-
mine the G-V relationship for ChA?®%”# in the absence of men-
thol, but not in the presence of the agonist because the ionic
current did not allow to properly voltage-clamp the cells. Volt-
age-dependent gating of ChA*”# rendered V, . and AG val-
ues that were half those of wild type channels (Fig. 6, D-F,
Table 1).

Notably, mutations ChAN8F and ChAN?%% abolished the
constitutive activity of ChA, and the resulting channels were
gated by voltage and menthol (Fig. 6, Band C). The V, ; and AG
for channel opening in the absence and presence of menthol
were significantly smaller than for wild type channels (Fig. 6,
D-F, Table 1). These mutants display G-V relationships shifted
toward lower voltages, consistent with a facilitated gating mecha-
nism, presumably because of the YO81E mutation. Taken together,
these results indicate that the constitutive activity of ChA can be
compensated by mutations in the adjacent region (amino acids
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FIGURE 5. Functional characterization of ChA cumulative mutations to produce ChB. A-£, representative ionic currents elicited by a voltage step protocol

in the absence and presence of T mmmenthol recorded from HEK293 cells expressing chimeric channels ChAY?%¢' (A), ChAV986/Q%87A () Ch

AV985I/Q987A/E988Q (O
'

ChAV986/Q987A/E9BBQ/NISOE (1) and ChB'?®%V (E). Right panels show the normalized G-V relationship for mutants in the absence and presence of the agonist. Solid
lines depict the best fit to a Boltzmann distribution to obtain the V;, s and z, values. Conductance was normalized with respect to the maximal conductance
obtained in the presence of 1 mm menthol (denoted as G,,,,). Data are given as mean + SE;n=5.

986 -990), suggesting that this linker region in the TRP domain is
pivotal for coupling stimuli sensing to pore opening.

Effect of Hydrophobic Residues at Val®*® in Chimera A—A
remarkable finding of this study is that substitution of Val®®®
with a slightly larger hydrophobic residue (Ile) had such an
important impact on ChA constitutive activity, restoring regu-
lated channel gating. Thus, to learn more on the molecular
requirements of Val®*® and in general of the region 986 -990,
we next studied the effect of introducing larger (ChAY?%°F),
similar (ChAY?®"), and smaller (ChAY?8%4) residues than Ile.

28586 JOURNAL OF BIOLOGICAL CHEMISTRY

These mutants were expressed well in HEK293 cells without
requiring the addition of the channel blocker (Fig. 7). Akin to
ChAY?%¢L they exhibited voltage-dependent responses in the
absence and presence of menthol (Fig. 7, A-C). As seen, chi-
mera ChAY?%¢4 produced lower ionic currents than the other
two chimeras. The smaller responses of ChAY?%¢* were not due
to a reduced surface expression because all chimeric species
were expressed to a similar level (data not shown). Comparison
of the G-V relationships of ChAY?%¢! and ChA"Y“%¢* showed
that introduction of Ala shifted the curve toward depolarizing
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FIGURE 6. Mutation of residues GIn®?’-Asn®°° identify residues in ChA that restore regulated gating. A, representative ionic currents of ChA%9’# and
ChAF?882 mytants at —60 mV upon washing out 10 um DD01050. B and C, representative ionic currents elicited by a voltage step protocol in the absence and
presence of 1 mm menthol recorded from HEK293 cells expressing chimeric channels ChAN?8%E (B) and ChAN?°A (C). Right panels show the normalized G-V
relationship for mutants in the absence and presence of the agonist. Solid lines depict the best fit to a Boltzmann distribution. D-F, values of V,, 5, z;, and AG in
the absence and presence of menthol, derived from the fit to the Boltzmann distribution. Data are given as mean * S.E; n = 5.

potentials (Fig. 7A), with a V,,  and AG that were closer to those
of wild type channels (198 = 3 mV and 3.5 = 0.2 kcal/mol)
(Table 1). However, at variance with TRPMS, the maximal con-
ductance in the absence menthol was similar to that in its pres-
ence (Fig. 7A). Furthermore, the ChAV?*** displayed a lower
sensitivity to menthol than ChAY***' and TRPMS, as evidenced
by its higher free energy of channel activation in the presence of
the agonist (Fig. 7F).

Incorporation of leucine (ChAY?*¢") rendered ionic channels
with phenotype and biophysical properties similar to ChAY?5¢!,
except for the lower magnitude of the voltage-independent
component at hyperpolarized potentials (Fig. 7B). Accordingly,
the energetics of channel gating of ChAY?*¢" was similar to
ChAY?%¢L with V, . and AG values lower than wild type chan-
nels (Fig. 7, D—F, Table 1).

Increasing the volume of residue at Val®®® (ChAY?%¢F)
yielded ion channels exhibiting gating properties close to
TRPMS8 channels that resulted from a shift of the G-V curve
toward more depolarizing potentials than ChAY**" (Fig. 7,
C-F,and Table 1). Taken together, these results indicate a size-
dependent effect on channel gating of ChA, whereby a Val res-
idue at position 986 in ChA produces constitutively active ion
channels, and lower or higher amino acids restore regulated
gating as a function of the residue volume as evidenced for Ala,
Ile, Leu, and Phe substitutions. Thus, it appears that amino acid
Val®®¢is located in a hydrophobic pocket that pivotally contrib-
utes to define the energetics of channel opening.
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Mutations of Val®®® in TRPM8 Modulate Gating—Because
mutations in Val®®® restored regulated channel gating in ChA,
we next investigated the impact of mutating this position in
wild type channels. Substitution of Val®*® by Ala, Gly, and Phe
(V986A, V986G, VI86F) rendered non-functional channels, as
no response could be recorded in the absence and presence of
menthol (Figs. 8, A, B, and E). Next, we concentrated on intro-
ducing Ile and Leu residues that had a similar effect on ChA. As
illustrated in Fig. 8C, replacement of Val®®*® by Leu (V986L),
produced ion channels that displayed a G-V curve displaced to
stronger depolarized potentials than wild type channels (Fig. 8,
F-H). The maximal conductance for V986L in the presence of
menthol had to be estimated from the G-V fit because it was not
reached by depolarization up to 240 mV (Fig. 8C). Conse-
quently, the energetic of V986L mutants was significantly larger
than that of TRPMS, both in the absence (240 mV for V,, . and
6.1 kcal/mol for AG) and presence of menthol (160 * 12 mV
and AG = 3.5 = 0.5 kcal/mol). Intriguingly, when Ile was intro-
duced at Val®®*® (V986]) the channels exhibited a similar voltage
sensitivity as TRPMS (Fig. 8D). Analysis of the G-V relationship
showed curves that were akin to wild type, including partial
activation of the channel in the absence of agonist (60% of G,,...)
(Fig. 8D). The biophysical parameters of channel activation
were comparable with those of the wild type channels (Fig. 8,
F-H, and Table 1). Collectively, these observations further sub-
stantiate that the position of Val®®® is involved in setting the
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FIGURE 7. Effect of mutations V986A, V986L, and V986F on ChA constitutive activity. Representative ionic currents elicited by a voltage step protocol in
the absence and presence of 1 mm menthol recorded from HEK293 cells expressing chimeric channels ChAY984 (A), ChAV98¢" (B), and ChAY?®¢F (). Right panels
show the normalized G-V relationship for the mutants in the absence and presence of agonist. Solid lines depict the best fit to a Boltzmann distribution to obtain
the V5 (D) and z, values (E). Conductance was normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol (denoted as
Gnax)- F, free energy of channel activation at 0 mV assuming a simple two-state model for gating. Data are given as mean = S.E,; n = 4.*, p < 0.05 using the
Student'’s t test.
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FIGURE 8. Effect of mutation in position Val®®¢ on TRPMS activity. Representative ionic currents elicited by a voltage step protocol in the absence and
presence of 1 mm menthol recorded from HEK293 cells expressing mutant channels V986G (A), V986A (B), VI86L (C), V986l (D), and VI986F (E). Right panels show
the normalized G-V relationship for mutants in the absence and presence of agonist. Solid lines depict the best-fit to a Boltzmann distribution to obtain the V, 5
(F) and z, values (G). Conductance was normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol (denoted as G,,,,,). H,
free energy of channel activation at 0 mV assuming a simple two-state model for gating. Data are given as mean = S.E;;n = 5.*, p < 0.05 using the Student’s
t test.
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energetic channel activation, probably by contributing to define
the allosteric mechanism of channel activation.

Mutation of the TRP Domain of TRPMS8 Alters Allosteric
Coupling for Channel Activation—TRPMS8 gating has been
described to be a complex allosteric mechanism involving sev-
eral states that functionally couple the activating stimuli to the
channel gate (19, 20, 38). Although a two-state model describes
fairly well the energetics of the gating process of our TRPM8
chimeras by voltage and menthol, this represents a simplifica-
tion of the real mechanism of channel gating. Thus, we also
evaluated our functional data using an allosteric model for volt-
age and menthol gating. Akin to other studies (19, 20, 27), we
have assumed the existence of independent sensors for voltage,
menthol, and temperature (Fig. 94). Because all our measure-
ments have been carried out at 30 °C, we considered that the
temperature sensor was in its resting state and marginally contrib-
uted to voltage and menthol gating. Under these conditions, and
accepting that voltage and menthol sensors move simultaneously,
an 8-state allosteric model is required for describing the gating
mechanism (19, 20, 27) (Fig. 94). According to this model, the
probability of channel gating is given by the relationship,

:
(1+J+ Q-+ JQE)
L(1 + JD + QP + JDQPE)

P,(V, menthol) =
1+

(Eq.2)

where J, Q, and L are the equilibrium constants of the voltage
sensor, the menthol binding site, and the pore, respectively; D
and P are the coupling constants of the voltage and menthol
sensors to the pore; and E is the coupling constant between
both sensors (Fig. 94). For the voltage sensor, J = J, exp(z,FV/
RT), where J, is the equilibrium constant at 0 mV and z, is the
gating valence. Similarly, for the menthol sensor Q = [men-
thol]/K},, where K, is the menthol dissociation constant, which
is different from the EC,, obtained from a dose-response curve
(20, 27). Notice that, in the absence of ligand, the open proba-
bility for voltage is given by Equation 3.

1

O+
ECESD),

Py(V) = (Ea.3)

We first fitted the normalized G-V curves for voltage activation
of TRPMS8 wild type to Equation 3 to determine the values of
equilibrium constants L and J,. Using a z, of 0.7 (Table 1), the
best fit for the G-V at 30 °C was obtained with the following
values for the constants: J, = 0.002, L = 0.015, and D = 107 (Fig.
9B). Notice that the maximum probability of channel gating
according to Equation 3is givenby P, .. (V) =1/(1 + (1/LD)),
which renders a value of 0.6 akin to the normalized G,
obtained in the Boltzmann fit (Fig. 2). We next analyzed the
normalized G-V curves for chimeric channels (Fig. 9B). As
depicted in Table 2, for chimeras ChB and ChC the values of
and L were similar to those of wild type channels, whereas the
value of D was higher than wild type for ChB (D = 256) and
lower for ChC (D = 40). These values are consistent with the
larger and smaller voltage sensitivity of both chimeras.
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FIGURE 9. Simulation of G-V curves for chimeric and mutant channels
using allosteric gating model. A, proposed 8-state allosteric model of chan-
nel activation that assumes the presence of three sensors for the activating
stimuli (V, T, and M), and the pore. The voltage and temperature sensors may
be in the resting (R) or activated (A) state, the menthol sensor in the unbound
(U) or bound (B) state, and the gate in the closed (C) or open (O) state. State
transitions are governed by equilibrium constants J, K, Q, and L. Activating
sensors are coupled to the channel gate by coupling constants D, M, and P;
and to each other by coupling constants E, E;, and E,. The figure depicts the
normalized G-V curves obtained for TRPM8 chimeras in the absence (B) and
presence (C) of 1 mm menthol. Solid lines depict the best fit to the allosteric
models. Normalized G-V curves in the absence of menthol were fitted to
Equation 3, and results are reported in Table 2. Normalized G-V curves in the
presence of menthol were fitted to Equation 2 fixing the values for the equi-
librium constants obtained in the absence of the agonist. The value of £ was
kept constant to 1.0. The values obtained for allosteric constants Pand D and
free energy are depicted in Table 2.

In the absence of ligand, mutations carried out in ChA until
reaching the ChB sequence further substantiate a major effect
on the allosteric constant D, with more modest alteration of the
equilibrium constants (Fig. 9B, Table 2). A comparable result
was obtained for mutants Y981L and V986l in TRPMS8. Muta-
tion of VO86L in TRPMS, which poorly responds to voltage, also
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TABLE 2

Values of equilibrium and coupling constants for TRPM8 and mutant channels in the absence (control) and presence of 1 mm menthol obtained

from the fitting of the G-V curves to an allosteric model of gating

: L D P D
TRPMS 0.062 0.015 107 26 \ 2,000
Y981L 0.0005 0.003 1,250 124 1,300
ChAY*3! 0.003 0.010 2,100 79 \ 1,855
ChARBLoEA 0.005 0.020 2,400 195 2,400
ChA Vo86VQ987A/ESSQ 0.005 0.010 650 147 \ 1,500
Gn e 0.002 0.005 1,000 114 1,900
ChB 0.003 0.010 200 35 \ 500

ChC 0.003 0.030 30 13 90

ChAY*3¢F 0.0001 0.002 20,000 107 \ 20,000
ChA o8¢t 0.002 0.01 3,500 40 3,500
ChAVo86a 0.0003 0.004 6,800 162 \ 7,000
V9861 0.001 0.007 780 5l 8,000
VIS6L 0.000003 0.010 1,260 11 ‘ 20,000

displayed an effect on J;, (Table 2), most likely due to the partial
activation of this mutant. Similarly, substitution of Val®®® in the
ChA context mainly affected allosteric coupling constant D,
although for mutants ChAY?#¢* and ChAY?*“F and alteration of
Jo is also noticeable, suggesting that this position may be inter-
acting with the voltage sensor. Taken together, these results
imply that mutation of the TRP domain primarily affects the
allosteric coupling constant between the voltage sensor and
the pore, with a modest effect on the equilibrium constant of
the voltage sensor.

Simulation of the conductance data in the presence of men-
thol was carried out using Equation 2, assuming that both sen-
sors activate independently, i.e. E = 1.0. For this analysis, the
values of z,, /,, and L were maintained constant and equal to
those obtained in the absence of the channel agonist. The value
of K, was also kept constant to 10 mm (20). For TRPMS, the
addition of 1 mm menthol at 30 °C shifted the G-V toward a
hyperpolarized potential (Fig. 2). This change is well described
by Equation 2 with the following values z, = 0.5, J, = 0.002, L =
0.015, P = 26, and D = 2,000, implying that the presence of
agonist mainly modified the coupling constant for the voltage
sensor (Fig. 9C), consistent with the leftward shift of the G-V
curve elicited by the agonist. We also tested the effect of keep-
ing constant the value of D, and estimated the E and P values.
Under these conditions, we found P = 18 and E = 55. Thus, it
appears that at 30 °C TRPMS gating in the presence of menthol
was primarily driven by the voltage sensor. Consistent with this
notion, TRPMS in the presence of menthol did not exhibit a
voltage-independent conductance at hyperpolarized poten-
tials. Therefore, we evaluated the G-V curves of mutants keep-
ing E = 1.0 (Fig. 9B). Inspection of the results (Table 2) showed
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that, similar to wild type channels, menthol primarily increased
the value of the allosteric coupling constant D in the chimeras
and mutant channels. Collectively, these findings further indi-
cate that the main impact of mutations in the TRP domain is to
modulate allosteric channel activation.

DISCUSSION

The gating process of polymodal thermo-TRP channels such
as TRPMS is governed by a complex mechanism involving
allosteric conformational changes that leads to channel gate
opening. Cumulative data indicate that the TRP domain, a cyto-
solic protein region adjacent to the S6 transmembrane segment
plays a pivotal role in channel gating. In TRPV1 receptors, the
TRP domain was originally identified as an association domain
essential for assembling the functional tetrameric channel (26).
Furthermore, mutations in this domain in TRPV1 profoundly
affected channel gating by all the activating stimuli (22),
through a mechanism that involved the modulation of the allo-
steric coupling between the sensors of the activating stimuli
and the channel gate (27). These finding were structurally sup-
ported by the publication of a three-dimensional model of
TRPV1 at 3.4 A derived from cryoelectron microscopy images
(29, 39). This structural model depicts the TRP domain as an
a-helix that runs parallel to the inner leaflet of the plasma mem-
brane, interacting with cytosolic regions of the channel, includ-
ing the S4-S5 linker (Fig. 14). This architecture of the TRP
domain is consistent with its reported role in TRPV1 gating (22,
26, 27), as it is involved in key intersubunit and intrasubunit
interactions that are fundamental for allosteric gating in
response to an activating stimulus.
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A question that arises is whether the TRP domain plays a
similar role in other thermo-TRP channels, thus substantiating
its central contribution to allosteric activation in this channel
family. The most significant contribution of our study is that
the TRP domain of TRPMS and, in particular, the linker region
between the S6 transmembrane segment and the TRP box is
essential for allosteric activation of the channel. Our approach
consisted of replacing 5-mer segments of TRPMS by the cognate
amino acids of TRPV1 to evaluate the compatibility of both
sequences for channel gating. Noteworthy, we found that substi-
tution of the five residues adjacent to the S6 segment (ChA) pro-
duced constitutively active TRPMS8 channels, whereas incorpora-
tion of the next five amino acids (ChB) restored voltage- and
menthol-dependent gating. Additional replacements (ChC) sensi-
bly reduced voltage and menthol sensitivity and raised the free
energy for channel activation. Simulation of the experimental
data with an allosteric model of channel activation suggested
that alteration of this region primarily affected the allosteric
coupling constants for channel activation. Taken together,
these findings imply that: (i) akin to TRPV1 channels, the TRP
domain of TRPMS is pivotal in defining the energetic of chan-
nel activation, and (ii) the linker region between the S6 and the
TRP box of TRPMS is structurally compatible and can be read-
ily substituted with that of TRPV1. A fine tuning appears nec-
essary to preserve the voltage- and menthol-dependent gating
properties of the wild type TRPMS8 channels, suggesting a con-
served gating mechanism in thermo-TRP channels.

A closer structure-function analysis of the S6- TRP box linker
region revealed that residue Tyr®®' is a key molecular determi-
nant of TRPMS gating. Residues Val®®®, Asn”®°, and Asn®*°
contributed to define the regulated gating of the chimeric chan-
nel ChB. For instance, mutation of Y981E is the principal resi-
due contributing the constitutive activity of ChA. Noteworthy,
mutation of this residue in TRPMS8 channels has profound
effects in gating. Indeed, replacement of Tyr”®' by Glu or Lys
leads to constitutively active TRPMS8 channels, whereas substi-
tution by Phe renders non-functional channels, despite that the
protein is synthesized and transferred to the plasma membrane
in a similar amount as wild type channels. This result is com-
patible with a complete uncoupling of the channel gate from the
voltage and menthol sensors, such that neither stimulus is able
to open the channel. However, mutation of Tyr*®' to Leu pro-
duced functional TRPMS8 channels although with lower sensi-
tivity to both activating stimuli, thus displaying higher free
energy for channel activation than wild type channels. Taken
together, these data support the tenet that Tyr”®! is a structural
determinant of channel gating that pivotally contributes to
define the energetic profile of the inner gate.

It is noticeable that mutation V986I, N989E, and N990S in
ChA, partially Q987A, but not E988Q restored regulated gat-
ing, implying that these mutations affect channel gating and
compensate the constitutive activity of ChA. Notably, single
mutation of V986l in ChA restored regulated channel gating,
whereas additional mutations in the ChA context until reach-
ing the ChB sequence primarily modulated the energetic of
channel gating by shifting the G-V relationships toward more
depolarized potentials. Analysis of the hydrophobic amino acid
preference at Val®®*® in ChA revealed that smaller (Ala) and
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larger (Phe) amino acids than Leu and Ile produced channels
with gating properties closer to wild type channels, suggesting
that the size of the residue is important for restoring coupling to
the ChA chimera. Intriguingly, substitution of Val®®® in TRPMS
wild type channels by Ile marginally affected the free energy of
channel activation. However, when a Leu was introduced at this
position in TRPMS, a significant increase in the free energy of
channel gating was observed, indicating a fine-tuning of amino
acid at this position for activation of TRPMS8 channels.

A central question emerges, is the location of Tyr’®" and
Val®®® in the receptor structure compatible with the functional
impact of their mutation? To investigate this question, we built
homology models for TRPMS taking as a template the recently
reported TRPV1 models in the absence (closed state) and pres-
ence of capsaicin (open state) at 3.4 A (29, 39). The models
encompassed the 654 to 1016 region, including the transmem-
brane segments and the TRP domain but excluding the S2-S3
linker and the pore loops. Although structural models have to
be used with caution, they are valuable tools that may help in
understanding the functional consequences of mutations. As
seen in Fig. 10, Tyr®®! is located at the end of the S6 transmem-
brane segment, close to the channel internal gate. In the chan-
nel closed state, this residue lies in a hydrophobic cavity struc-
tured by the four-channel subunits, and could be involved in
inter-subunit interactions with GIn®®” of neighbor subunits
(Fig. 10, A, C, and D). This location appears compatible with a
contribution of this residue to define the energy profile of the
closed state of the channel.

In the open state, our model suggests an outward movement
of Tyr”®" and GIn®®” that breaks their interaction, resulting in a
widening of the C-end of S6 (Fig. 10, B, E, and F). This confor-
mational change locates Tyr®! in a more hydrophilic environ-
ment. This mechanism of gating provides an explanation for
the phenotypes of Tyr*®" mutants. Hence, incorporation of Glu
or Lys residues at Tyr”®' would be expected to provoke a con-
formational change near the C-end of S6 to accommodate the
charged side chain in a more hydrophilic environment. This
conformation would be presumably similar to that adopted by
Tyr®®! in the open state, thus disrupting the interaction with
GIn®®*” and leading to the open state (Fig. 10D). Consistent with
this hypothesis, substitution of Tyr®' by Phe would strengthen
the hydrophobic interactions in the cavity, inducing the stabi-
lization of the channel gate in the closed state, in accordance
with the finding that Y981F requires unreachable voltages for
activation. Mutation of Tyr”®' to the smaller Leu residue also
supports this tenet, as this mutant displayed higher free energy
of activation than wild type channels, in agreement with the
stabilization of the closed state. Further support to this mech-
anism is provided by the theoretical AAG of the interaction
between the amino acid at position 981 and its environment.
Compared with wild type (AAG = 0 kcal/mol), the AAG reveals
that Y981E increased the AAG by +2.8 kcal/mol, whereas
Y981F reduced the free energy of the system to —0.81 kcal/mol,
and Y981L did not have a noticeable effect (AAG = —0.18 kcal/
mol). Therefore, our findings substantiated the notion that
Tyr”®! is a key structural determinant of the inner gate ener-
getic profile.

981
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FIGURE 10. Tyr®" location in the TRPM8 homology model. Side view of the TRPM8 homology model in the closed (A) and open (B) states based on the

structure of TRPV1. The region where Tyr®®’

are indicated for clarity. C and E, magnification of the rectangle delimited region in A. The residues surrounding Tyr

resides is delimited by a rectangle and the residue is shown in sticks presentation. The different structural elements

981 are presented in surface representation

and colored by chain. Subunits not involved in the interaction were removed for clarity. D and F, rotated view (45° with respect to the plane of the membrane)

of Cand E, respectively.

The position of Val®®® in the channel structural model
appears also compatible with its role in gating. This residue,
together with Asn®®*® and Asn®®, lies on a contact region
between the TRP domain and the S4-S5 linker (Fig. 10, A-C).
In particular, Val?®® is located in a hydrophobic contact with
the appropriate dimensions to hold a valine. It can also accom-
modate Ile and less favorably a Leu residue, consistent with the
modest effect of V986l and the stronger impact of V986L
mutants in TRPMS8 gating. Furthermore, this cavity appears too
large for Ala and overly small for Phe and, therefore, mutation
of Val®®® to these residues would be expected to have a pro-
found effect on the free energy of channel activation, as
observed when these amino acids were introduced at this posi-
tion in the context of ChA. In the model predicted open state,
Val®®® appears to move away from S4-S5 propagating the
movement of the voltage and menthol sensors to the pore
domain, which favors the opening of the channel inner gate.
Note that the putative interaction of Val”®® with residues in the
S4-S5 segment suggests a key role of this residue in the allos-
teric coupling of voltage sensor movements to the channel
pore. In support to this notion, mutation of Val®*® in TRPMS8
and ChA strongly affected the allosteric coupling constant of

28592 JOURNAL OF BIOLOGICAL CHEMISTRY

voltage sensing, and for some mutants also reduced the equilib-
rium constant of the putative voltage sensor, consistent with a
direct interaction of this residue with parts of the voltage sens-
ing domain, i.e. the S4—S5 linker.

The query that remains to be answered is how could mutations
in Val®®®, Asn®®*?, and Asn”* rescue regulated gating of ChA that
has the Y981E mutation. Considering the available structural
model and our functional results, it is tempting to hypothesize that
introduction of the larger Ile at Val?®® could strengthen the inter-
action with the S4-S5 linker (through Arg®* and Met®*® in our
model) compensating partly for the conformational change pro-
moted by Glu at Tyr”®'. As a result, the closed state of the channel
would be partially stabilized. The stronger the interaction of the
TRP domain with the S4—S5 linker, the higher the energetic sta-
bilization of the closed state, as seen when Phe is placed at Val®®®. It
follows that smaller amino acids than Val should favor a confor-
mational change that facilitates channel opening. However, the
opposite is seen, as replacement of Val”®*® by Gly in TRPMS gave
rise to unresponsive channels, and mutation V986A in ChA
produced channels that require high energy for activation. It is
plausible that these small amino acids strengthen interaction of
the TRP domain with the S4-S5 linker by partially collapsing
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FIGURE 11. Putative TRPM8 gating mechanism. Schematic representation of the TRPM8 pore forming segments, TRP domain, and S4-S5 loop. A, at resting,
the thermal energy is not sufficient to disrupt TRP domain/S4-S5 linker intrasubunit hydrophobic interactions (green cloud) keeping closed the channel in
TRPMB8 (red cloud). The released energy upon stimuli recognition disturbs this hydrophobic interaction provoking a conformational change in the TRP domain
that, in turn, disrupts intersubunit interactions near the channel pore provoking its opening. B, in ChA, the intersubunit interactions near the gate are
significantly debilitated (faint red cloud) by mutation Y981E destabilizing the closed state and the thermal energy suffices to open the channel gate. C, mutation

V986! in ChA may strengthen the TRP domain/S4-S5 linker intrasubunit interactions (faint green cloud), which in turn may stabilize intersubunit interactions

981

near Tyr”®! stabilizing the closed state of the channel.

the volume of the hydrophobic cavity where position 986
resides. Similarly, the residues at positions 989 and 990 may
affect the strength of that interaction, as they also have contacts
with the S4-S5 linker. Therefore, our functional data, along
with the modeled structure for the channel, substantiate the
tenet that interaction of the TRP domain and the S4-S5 loop is
pivotal for allosteric coupling of the voltage sensor and the gate
of the channel. Nonetheless, additional structure-function data
are required to demonstrate this hypothesis.

In conclusion, our findings suggest that the S6-TRP box
linker of TRPMS8 may contribute to a constellation of inter- and
intrasubunit interactions that are essential for TRPMS8 gating.
Furthermore, they are consistent with a model whereby the
TRP domain constrains the channel gate and also serves to
couple movements of the S4—S5 loop to the pore domain (Fig.
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11). The conformational change provoked by the activating
stimuli in the sensors is coupled to that of the S6-TRP box
linker, which in turn might break intersubunit interactions in
the region of Tyr®®!, favoring the channel opening. In this pro-
cess, the interplay of Tyr®®" and with the residues that delineate
the TRP domain and the S4 —S5 loop appears pivotal for a volt-
age- and menthol-evoked response in TRPM8 channels. Our
finding also signal the TRP domain and S4-S5 protein inter-
face, as well as intersubunit interactions at the end of S6 as sites
for pharmacological intervention, and provide a potential
mechanism for blocking activity of the TRPducins (28).
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