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Abstract

Members of the Transient Receptor Potential (TRP) ion channel family act as polymodal cellular sensors, which aid in
regulating Ca®* homeostasis. Within the TRP family, TRPMS8 is the cold receptor that forms a non-selective
homotetrameric cation channel. In the absence of TRPM8 crystal structure, little is known about the relationship between
structure and function. Inferences of TRPMS8 structure have come from mutagenesis experiments coupled to
electrophysiology, mainly regarding the fourth TM helix (S4), which constitutes a moderate voltage-sensing domain, and
about cold sensor and PIP; binding sites, which are both located in the C-terminus of TRPMS.

In this study we use a combination of molecular modelling and experimental techniques to examine the structure of the
TRPM8 TM and pore helix region including the conducting conformation of the selectivity filter. The model is consistent
with a large amount of functional data and was further tested by mutagenesis. We present structural insight into the role
of residues involved in intra- and inter-subunit interactions and their link with the channel activity, sensitivity to icilin,

menthol and cold, and impact on channel oligomerization.



Introduction

The Transient Receptor Potential (TRP) ion channel family is ubiquitously present throughout mammals [1].
There are 28 members of the mammalian TRP channel superfamily, which form six subfamilies based on sequence
similarity and homology [2]. Many TRP channels act as polymodal cellular sensors that respond to chemical and physical
changes in both local and global environment. They respond to a variety of different gating stimuli including intra- and
extracellular messengers, chemical, mechanical and osmotic stress, temperature, growth factors and depletion of
intracellular Ca®* stores [3]. Activation of these non-selective cation channels triggers not only Na* influx and membrane
depolarisation, but also Ca?* influx from extracellular matrix to cytosol as well as from the endoplasmic reticulum (ER)
stores to cytosol for channels located in the ER membranes [4]. TRP-mediated Ca?* signalling leads to specific biological
effects such as induction of proliferation, modulation of the electrical activity of excitable cells in the brain and heart,
sensory perception and vascular contractility. Given the importance of Ca?* signalling in all cell types and the role of TRP
channels in regulating Ca?* homeostasis, it is not surprising that an abnormality in TRP channel function often results in
pathogenesis of several diseases including channelopathies like mucolipidosis, polycystic kidney diseases, hypertension
and hypomagnesaemia with hypocalcaemia [2].

Among the TRP family, TRPMB8 is the primary cold receptor expressed in DRG neurons [5, 6], and is also
sensitive to substances, which mimic cold sensation, such as menthol and icilin. Interestingly, TRPM8 has been originally
cloned from human prostate, as it is overexpressed in prostate and other tumors [7]. It was found to be located at both
plasma and endoplasmic reticulum membranes of prostate cells [8, 9]. Although endogenous TRPMS8 activation is still
poorly understood in human prostate, phosphatidylinositol 4,5-bisphosphate, PIP,, [10] and lysophospholipids [11]
regulate its activity. Furthermore, it has been reported that lysophospholipids sensitize TRPM8 to cold [12], modifying
its threshold of activation that has been reported to be around 32°C in recombinant TRPM8 channels expressed in lipid
bilayers [13]. Taken together, studies that have characterized TRPM8 gating by menthol, icilin and cold, concluded that
conformational shifts leading to TRPM8 opening was different and dependent of the activator [14, 15].

In the absence of a crystal structure, information about TRPM8 structure has been obtained mainly by site-
directed mutagenesis followed by electrophysiological characterisation, with the aim to define selectivity-related sites,
PIP binding sites and both menthol and icilin binding sites [16, 17]. Although several critical amino acids have been
identified, no binding sites have yet been clearly defined [18]. TRPM8 monomers associate as homotetramers to form a
non-selective cation channel whose permeability to Ca?* is about 0.97-3.2 compared to that for Na* [5, 6], though
selectivity filter has not been studied. Similar to all other TRPs, a functional channel is formed by four subunits where
each subunit consists of six transmembrane (TM) spanning regions (S1-S6), a short pore loop between S5 and S6 and
intracellular N- and C-terminal domains. Little is known about TRPMS8 structure-function relationship apart from that the

fourth TM helix (S4) constitutes a moderate voltage-sensing domain and that both cold sensor and PIP; binding sites are
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located in the C-terminus of TRPM8 [19]. Stabilization of the tetramers has been poorly characterised and three studies
report paradoxical data. Phelps et al (2007) suggested that TM were sufficient for tetramerization [20], while other teams
reported that the C-terminal Coiled-coil domain was sufficient by itself [21] or in addition to other domains [22].
Rationalisation to structure has previously been based on the low homology with voltage gated K* (Ky) and cyclic-
nucleotide gated channels [23].

In this study we have used a combination of computational molecular modelling and experimental methodologies
to examine the structure of the TRPM8 TM and pore loop regions based on their homology with the recently published
structure of TRPV1 [24, 25]. We present structural insight into the role of residues involved in intra- and inter-subunit
interactions and their link with the channel activity, sensitivity to icilin, menthol, and cold, and impact on channel

oligomerization.



Materials and Methods

Site-directed Mutagenesis.

TRPMS8 mutants have been performed on TRPM8 pcDNA4.TO.A vector [4] using the Phusion® Site-Directed
Mutagenesis Kit (Finnzymes) as recommended. Briefly, wild-type (WT) TRPM8pcDNA4 vector was amplified with PCR
using 5’-phosphorylated, degenerated forward primer and 5’-phosphorylated reverse primer on the adjacent sequence.
Parental vectors were digested with Dpn | restrictase for 2-4 hours at 37°C. After sybergreen agarose gel purification with
Wizard® SV Gel and PCR Clean-Up System (Promega), linearized TRPM8mut/pcDNA4.TO.A were ligated with T4
ligase (Promega) at 14°C overnight. After transformation in JM109 bacteria, colonies were screened by PCR and plasmids
extracted prior to sequencing.

Cell culture and transient transfection.

Human Embryonic Kidney (HEK) 293 cells were grown in DMEM (Invitrogen) supplemented with 10% fetal calf serum
(Seromed, Poly-Labo).

Cells were transfected with 2 pg of each construct and 0.2 pg of pmaxGFP using either NucleofectorTM (Amaxa,
Gaithersburg, Maryland, USA) or FUGENE HD reagent (Roche Diagnostics, France). For control experiments, WT
TRPM8 plasmid was used. Cells were used for patch-clamp experiments 24 hours after transfection.

Electrophysiology

Macroscopic membrane ion currents were recorded at 37°C using the patch-clamp technique in its whole cell
configuration. The currents were acquired using a HEKA PC-9 amplifier (HEKA Elektronik Dr. Schulze GmbH,
Germany) and analyzed offline using Origin 6.1 software (OriginLab Corporation, USA). Regular extracellular solution
(osmolarity 310 mosmol/l) contained (in mM): 150 NaCl, 5 KCI, 10 HEPES, 10 Glucose, 1 MgCl;, 2 CaCl,, pH, 7.3
(adjusted with NaOH). Selectivity experiments were carried out at room temperature using a different extracellular
solution of the following composition (in mM): 100 TEA-CI, 10 HEPES, 10 Glucose, pH 7.3 (adjusted with TEA-OH)
in which were added 50 mM of either NaCl, KCI, CsCl or CaCl,. The intracellular pipette solution (osmolarity 290
mosmol/l) contained (in mM): 140 CsCl, 10 HEPES, 8 EGTA, 1 MgCl,, and 4 CaCl, (100 nM free Ca?*), pH 7.3 (adjusted
with CsOH). Patch pipettes were fabricated from borosilicate glass capillaries (WPI, England). The resistance of the
pipettes varied between 3 and 5 MQ. Necessary supplements were added directly to the respective solutions, in
concentrations that would not significantly change the osmolarity. Changes in the external solutions were carried out
using a multibarrel puffing micropipette with common outflow that was positioned in close proximity to the cell under
investigation. During the experiment, the cell was continuously superfused with the solution via a puffing pipette to reduce
possible artefacts related to the switch from static to moving solution and vice versa.

Results are expressed as mean + SEM. Icilin was purchased from Tocris Cookson Inc. (England), all other chemicals

were from Sigma-Aldrich (France).



Cell surface biotinylation.

HEK?293 cells were transfected with 6 pg of WT or mutant TRPM8 plasmids for 3 million cells in 10 cm dishes. After a
40h-transfection, the biotinylation assay was performed prior to cell homogenization in 1 ml lysis buffer. Briefly, cells
were washed 2 times with Phosphate Buffer Saline (PBS) complemented with 1 mM MgCl; and 0.5 mM CacCl; at pH 8.2
(PBSB). Cells were incubated in PBSB containing 0.5 mg/ml EZ-Link Sulfo-NHS-LC-LC-Biotin (Thermo Scientific
Pierce Protein Biology Products, USA), on ice for 30 min. After 2 washouts with PBSB containing 1 mM Glycine,
followed with 1 wash with PBS, cells were lysed in 1X RIPA buffer as described elsewhere [4]. Protein concentrations
were determined with BCA assay (Thermo Scientific Pierce Protein Biology Products, USA). 50 ug of total protein extract
were frozen in order to be used as an internal control, since 500 ug of proteins were pulled-down with 100 pl of
NeutrAvidin Agarose (Thermo Scientific Pierce Protein Biology Products, USA) on a rotating wheel at 4°C overnight.
Beads were centrifuged for 2 min at 250 g and supernatant was removed. Beads were then suspended in 1 mL of 0,5X
RIPA buffer prior to a further centrifugation. This step was repeated 2 times. Finally, pelleted beads were suspended in
2X Laemmli sample buffer, and incubated at 30°C for 45 min. Samples were thereby analyzed by immunoblotting.
Immunoblotting.

Total protein and acrylamide electrophoresis were performed as described previously [26]. Immunoblotting was
processed as follows: after the PVDF membrane were blocked in 5% TNT-milk (15mM Tris buffer pH 8, 140mM NaCl,
0.05% Tween 20 and 5% non-fat dry milk) with 5% donkey serum (Chemicon International Inc., USA) at room
temperature for 30 min, they were soaked in a in 1% TNT milk with either 1/1,000 anti-TRPM8 antibody (Abcam,
ab109308, lot GR47573-2, 2013) or with 1/1,500 Mouse Anti- c-Myc Monoclonal Antibody (Life Technologies™) at
+4°C overnight. After three washes, the membranes were incubated in anti rabbit 1gG or anti mouse 1gG secondary
antibodies coupled to horseradish peroxidase-linked (Chemicon International Inc., USA), diluted in 3% TNT-milk
(1/20,000) for 1 h prior to be rinsed three times. Afterward, the membranes were processed for chemiluminescent
detection using Luminata™ Forte, Western HRP Substrate (Merck Millipore, USA) according to the manufacturer’s
instructions. The blots were then exposed to X-Omat AR films (Eastman Kodak Company, Rochester, NY).
Computational Modeling

Homology model of transmembrane region of TRPM8 and refinement of the selectivity filter

The sequence of human TRPM8 was taken from Uniprot (Q7Z2W?7). To investigate the relationship between the
selectivity filter, P-helix and SF-S6 extracellular loop, three homology models of the TRPM8 transmembrane region were
generated using TRPV1 structure as a template and represented three conformations of TRPV1 in open (PDB code 3J5Q),
intermediate (PDB code 3J5R) and closed state (PDB code 3J5P). All models were generated with Modeller v9.14 [27].
Sequence alignment was performed using ClustalW [28], then manually modified to be consistent with the UNIPROT

topology assignment and previous work by Kalia and Swartz [29]. To enforce the homotetrameric folding of the channel,
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symmetry restraints were applied to backbone atoms in the four subunits. The models were subjected so conjugate
gradient energy minimisations using GROMACS software [30]. The quality and the stereochemical properties of the final
models were assessed after each step using PROCHECK version 3.4.4 [31]. Pore dimension were evaluated by the HOLE

program [32]. The structural figures have been made using the ICM software [33] and Pymol [34].



Results
Structural Architecture of TRPM8

TRPMS8 is a homotetramer. UNIPROT topology assignment predicts cytoplasmic N- and C-terminal domains
and a transmembrane (TM) region. Each TRPM8 TM segment consists of six helices (S1-S6), a short pore helix (P-helix),
and an ascending loop (between P-helix and S6), which includes the selectivity filter (SF) and an extracellular linker.
Four SF loops, one from each subunit, along with S5-P-S6 helices, arrange around the central axis, with four-fold
symmetry, to form the pore that allows the permeation of cations across the membrane (Fig 1). Helices S1-S4 surround
the central ion channel and associate with the S5-P-S6 region of the adjacent subunit, through domain swap organisation
[24, 25]. Following S6 helix is the 18-20 amino-acid a-helical TRP domain containing the conserved WxxQ signature
sequence. The TRP domain has been proposed to engage in subunit assembly or allosteric modulation of channel gating
[1, 23, 35]. This helix, which sits at the interface of the inner membrane, also interacts with S1 and S4-S5 linker. Another
short helix-turn-helix region has been predicted between S2 and S3 helices, which similar to the TRP domain, runs parallel

along the inner leaflet of the membrane (Fig S3).

Three homology models of TRPM8 TM region were built using the recently solved structures of TRPV1 as
templates, in open (PDB code 3JPQ), intermediate (PDB code 3J5R) and closed (PDB code 3J5P) states. The different
states are categorised based on the conformation of the residues in the SF and lower gate in the S6 helix [25]. In the closed
state, the ion-conducting pathway is constricted at the SF and lower gate. In the intermediate state, the SF is constricted,
while the lower gate is open. Finally, in the open state, both the SF and the lower gate are expanded and the pore is dilated
without any constrictions (Fig 2). The narrowest points in the pore are observed between diagonally opposite carbonyl
oxygen at S®*7 in the SF and between the side chains of V'8 in the lower gate. It is worth noting that the channel pore in
open conformation of TRPV1 and our model is too narrow to accommodate large cations [24, 25]. Nevertheless, the
conformational flexibility that is observed at both, SF and lower gate, may allow TRPV1 and other TRPs like TRPMS,
to assume a pore-dilated open state [24, 25]. This has been confirmed in a recent study, where permeation and dynamics
of an open-activated TRPV1 channel was analysed [36]. The Co. RMSD (root mean squared deviation) between the closed
(Fig 2a), intermediate (Fig 2b) and the open (Fig 2c) conformations of the models ranged between 0.8 A — 1.5 A. The
relatively low difference in RMSD between different conformations is a result of the static nature of S1-S4 domains
during channel activation within the TRP family [25]. The predominant differences are observed only in S5-P-S6 helices.
Similar to the TRPV1 structure, the pore profiles support a dual gating mechanism involving substantial conformational

changes in both, SF and the lower gate [24, 25].



The percentage identity in the TM helices ranges between 20-30%. The Ca RMSD between the model and the
template is 0.9A (closed/intermediate) and 1.2 A (open) and lies within the expected range for proteins sharing 20-30%
sequence identity [37]. However, in cases where sequence identity between the template (TRPV1) and the target (TRPM8)
is low, it is essential to validate the predictive power of the model by making novel mutations [38]. Rationalised mutations,
followed by experiments provide a structural explanation to function and confirm the robustness of the models [38-42].
In spite of the low sequence identity within the TRP family, all members exhibit the same conserved gating mechanism
[43]. The SF sequence is **’SDVD??°, where both backbone carbonyl and side chain carboxylic oxygen atoms point into
the central ion conduction pathway. The structural difference between the voltage-gated Na*/K* and Ca?* channel SFs is
functionally relevant for the ion permeation and selectivity. While in Na* and K* channels, sodium and potassium ions
are coordinated by the peptide backbone, in Ca?* channels the side chains of conserved D/E residues located in the SF are
responsible for the chelation of ions [44]. Atomistic structures of the SF in Ca?* channels have been previously modelled
and different Ca?*-coordination patterns were described, all having a ring formed by the side chains of the D/E residues
located in the SF [45]. TRPMS8 D% is a highly conserved amino acid within the TRP family (Fig 1C and S1), whereas
D8 is substituted by a glutamate residue in several TRPM channels (Fig S1). Neutralization of the D% orthologous
residue of TRPM4 channel by an alanine substitution results in a non-functional channel [46], suggesting that it forms the
main component of TRPM4 SF. Furthermore, mutation of the equivalent residue in TRPV1 (D) has also shown to result

in lower sensitivity and reduced permeability to divalent cations [47-49].

In TRPMS, the D®*8 and D% side chains from each subunit form two rings (referred to as DDDD rings), one at
the top (towards the extracellular side of the channel) and one at the bottom of the SF. The negative charges of D%8 or
D% have been implicated in coordinating Ca?* ions in the SF. The side chain conformations adopted by D8 and D%° are
distinct in open and closed states (Fig 3). In the closed conformation, the negatively charged side chains of D% are
positioned perpendicular to the pore axis and makes hydrogen bonds with the backbone nitrogen atoms of V°!° (Fig 3a,b).
This interaction reduces the flexibility of the selectivity filter and locks it in a conformation that constricts the dimensions
of the pore. In the open state, the aspartate side chains of D% point away from the central pore and position in a small
cavity created by the rearrangement of the pore helices and the SF (Fig 3c). As a result of the tilt of the pore helix away
from the central axis of the channel and conformational changes in the SF, the side chains of D% reorient and point

towards the inner cavity of the central pore of the channel ready to coordinate Ca?* ion.



Organization and function of DDDD rings in TRPMS8 selectivity filter.

We next investigated which and how the DDDD rings could be involved in ion conduction. We have created
several TRPM8 mutants prior to comparing their electrophysiological properties with the wild type (WT) TRPM8 channel
by the means of Patch-clamp technique using the whole cell configuration. As shown in Fig 3d, substitution of D%8 by
alanine (neutral, small side chain), glutamic acid (negatively charged, polar, longer side chain) or asparagine (neutral,
polar, medium side chain) had no significant effect on TRPMS8 activity. Conversely, alanine and asparagine substitution
of D% (Fig 3e) respectively reduced and almost abolished TRPMS current in response to sequential treatment with cold
(22°C), icilin (10 puM) and menthol (500 uM), while substitution with glutamic acid did not alter TRPM8 current (For
peak current data, see Supplementary section). Since mutants of the TRPM8 channel were detected at cell surface with
biotinylation assay, suppression of TRPM8 current could not have been the result of misfolding or from issues in channel
translocation (Fig S4). Moreover, as shown in Fig S5, these mutations did not affect channels core electrophysiological
properties such as I/V relationship, or general shape of the traces. lon selectivity of wild-type TRPMS8, D%*8A and D%°A
mutants was quantified on the basis of the shifts in reversal potentials caused by the replacement in the extracellular
solution of 50 mM Na* with equimolar concentrations of either K*, Cs* or Ca?". Mutations did not affect permeation
sequence, which remained Ca?*>K*=Cs*~Na* as previously described [5]. Recorded permeability values for wild-type
TRPMS (n=14), D%8A (n=7) and D%%°A (n=7) mutants were respectively: Px/Pn,=1.08+0.02, 1.06+0.01, and 1.08+0.02;
Pcs/Pna=1.04+0.01, 1.03+0.01, and 1.07+0.03; Pca/Pna=6.25+1.28, 8.67+2.96, and 5.05+0.49, showing no significant
difference between wild-type TRPM8 and mutants selectivity. To further understand whether the peptide backbone per
se might be involved in TRPM8 SF, we substituted V°*° with an isoleucine. As illustrated in Fig 3f, V°°l mutant did
exhibit similar responses to cold, icilin and menthol than wild-type TRPMS8. Our results therefore suggest that the
coordinated negative charge of the side chain of D% facilitates cations conductance, but is not by itself enough to explain
the selection between cations associated with TRPMS8 activity. In order to assess a putative complementary role of
DDDD® ring in the pore backbone, we performed double point mutations on D98 and D%° (Fig 3g). While D%8N/D%°N
double mutant was inactive, a strong decrease of current was detected with the D%8A/D%°A mutant (87.4%, 80.8% and
87.5% decrease for cold, icilin and menthol-activated currents, respectively), and no significant effect was observed with
D%8E/D’E mutant. Current reduction of the D%BA/D’®A mutant without any apparent changes in channel
electrophysiological properties (Fig S5) is likely triggered by the destabilization of the ion conduction pathway in the
pore, which indicated a structural role for the two DDDD rings.

Finally, to determine if coordination by four D% is required for a functional channel, we expressed heteromeric
TRPMS (D%°A)/wild type (WT) channels and determined the role of D%2°A mutation. To address this, WT TRPM8 vector
was concomitantly transfected with either empty vector or with mutant TRPM8 (D°%2°A). Co-expression of WT TRPMS8

and D®°A mutant (Fig S6) triggers a similar drop in current amplitude than the one observed in Fig 3e, with the D%°A
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homotetramers (59.9% of control for cold, 46.5% of control for icilin and 45.1% of control for menthol). Values are
presented in supplementary table S1. With regards to our model, we concluded that mutation DA did not impair
oligomerization, but that these four residues are essential for the DDDD ring function.

In accordance with previous findings that orthologous residues of D%° (TRPMS), in TRPM4, TRPV1 and
TRPV6, were critical for ion conduction, we have experimentally confirmed that D residue in TRPM8 channel
participates to TRPM8 SF [46-48, 50]. However, we demonstrated that the TRPM8 SF is not operating through the
exclusion of undesired ions, but rather through flow facilitation of desired ions.

P-helix is critical for cold and menthol but not icilin activation of TRPM8

The structure of the TRPV1 channel has revealed that a short a helix (P-helix) is localized in close spatial
conformation with S5 and S6 of the same monomer as well as with S6 of the adjacent monomer. T in the P-helix of
TRPV1 is critical for its activation by camphor [51]. In addition, the F54 residue, also present in the P-helix, is involved
in opening/closure of TRPV1, TRPV2 and TRPV3 [52]. F*° substitution with leucine sensitized TRPV activity to lower
capsaicin concentration and to lower temperatures than for WT TRPV1 [48]. Finally, the P-helix is a dynamic component
of the pore whose conformational shift participates in the gating of TRPV1 channel [24, 25] and may also be central to
gating in other TRP family members [53]. Since our TRPMS structural model suggests that the P-helix conformation is
similar to that of TRPV1, we investigated whether TRPM8 P-helix can be stabilized by interactions with adjacent TM
domains and if it was involved in ligand gating.

Y5 js a critical residue located at the start of the P-helix and makes n-stacking interactions with Y®% from the
same subunit. Its side chain is enclosed in a hydrophobic pocket that is surrounded by V903, [904, Y908 | 0% (same subunit)
and W% and 197 (adjacent subunit) (Fig 4a). A tilt of P-helix, away from the pore during channel activation, positions
Y9 in close proximity to the adjacent subunit (Fig 4b). However, no hydrogen bonding is observed within this
hydrophobic cluster. This is similar to P-helix interactions in several other TRP channels, including TRPV1, where the
flexible architecture controls channel permeability to large cations [54, 55]. Y% substitution with an alanine, a tryptophan
or a phenylalanine led to very different consequences on TRPM8 activity. While complete removal of the aromatic group
in Y95 A mutant totally prevented channel activation, removal of hydroxyl group in Y°%F did not affect TRPMS current
(Fig 4c). The substitution of the benzyl side chain by an indole group strongly decreased TRPM8 current regardless of
the stimulus. This suggests that Y% stabilize the conformation of the P-helix likely via n-stacking. As previously reported
for all other current-generating TRPM8 mutants in this study, there were no apparent changes in Y°®W and Y%%F
electrophysiological properties at the whole cell level (Fig S5). Co-expression of Y%A mutation with WT TRPM8 (Fig
S6) generates a dramatic decrease in channel activity (49.3%, 28% and 46.4% respectively for cold, icilin and menthol)
but confirms that Y%A monomers oligomerized with wild type.

Y% is a conserved residue among TRPM channels and its side chain is buried towards the S5-S6 helices (Fig
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4a,b). It makes r-stacking interactions with Y%, Y08 mytations provided us with some new data on how TRPMS8 senses
cold and menthol stimuli. Suppression of the phenol side chain (Y®%A) or its substitution by an indole side chain (Y W)
triggered an almost complete loss of sensitivity to both cold and menthol application while responses to icilin where
similar to WT TRPMS (Fig 4d). Conversely, the removal of the hydroxyl group in Y°%F did not modify TRPMS currents
in response to cold, icilin and menthol. The mutants were properly targeted to the plasmalemma (Fig S4), and once again
retained all the apparent electrophysiological properties of wild type TRPM8 (Fig S5). Co-expression of Y%A mutant
with wild-type TRPMBS (3:1 ratio) induced a significant decrease of cold-activated currents (34.7%), but not of menthol-
activated ones (15%, Fig S6). We can thus conclude that the P-helix is involved in cold and menthol gating of TRPM8
channel, while icilin activation does not involve the P-helix in the same manner. In addition, our results suggest that Y%
could be implicated in a functional n-stacking interaction involved in cold and menthol activation of TRPMS8. In our
previous studies, we observed a similar effect on TRPM8 ligand gating when co-expressing TRPM8 with its short
isoforms [56, 57]. Indeed, short TRPMS8 isoforms interacted with the C-terminus of TRPMS8, leading to an increased
stability of the closed conformation of the channel. In the light of our new data, it is therefore likely that, while interacting
with TRPMB8 channel, the short isoforms induce a shift of the P-helix conformation or position similar to the one operated
in Y%A mutant. Finally, this study confirms that conformational shifts occurring during cold and menthol activation of
TRPMB8 are different from the one occurring after icilin stimulation [56]. Strikingly, the two key tyrosines of the P-helix,

Y5 and Y*°%, exhibited n-stacking interactions.

E®% js another important amino acid involved in P-helix function. It forms an ion pair interaction with R%°,
present in the SF-S6 EC loop of the adjacent subunit (Fig 5a). The structural role of E®* in maintaining the interactions
to spatially position the P-helix is assessed by its crucial role in the channel. Substitution of E°% with alanine completely
inactivates TRPM8 channel (Fig 5b), while its substitution with a polar neutral side chain of glutamine partially restores
its activity (Fig 5b). As presented in Fig S6, co-expression experiments of E%A with WT TRPMS (3:1 ratio) show a
significant drop in cold-mediated TRPMS current. Similarly, R%° substitution to glutamate exhibited no detectable current
when expressed in HEK cells, though (i) channel expression at cell surface was found to remain unchanged (Fig S4) and

(ii) heteromultimerization of R%? with wild type TRPM8 showed a detectable current (Fig S6).

The side chain of E8 (S5 helix) is positioned adjacent to Y°% in the P-helix (Fig 6). The side chains do not form
bonded interactions with any neighbouring residues in both, open and closed states. The expression of E®3A mutants
resulted in a near loss of detectable currents. The side chains of E® are involved in packing interactions and a mutation

to the short hydrophobic side chain of alanine is not tolerated at this position (Fig 6).
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Stabilization of the SF-to-S6 Extracellular Loop.

N residue is localized in the extracellular loop formed between SF and S6. It has been reported to be N-
glycosylated and to modulate cold and menthol-sensitivity of the channel [58]. It is thought that C%2° and C% residues
could form a disulfide bond [59], stabilizing the extracellular loop (Fig 5d). In this study, the authors also demonstrated
that the loss of this disulphide bond did not challenge mutant tetramerization. We therefore studied the stabilization of
this extracellular loop by mean of its interaction with other domains of the TRPM8 pore.

Firstly, we confirmed that substitution of C%¥® with either glycine or arginine completely abolished TRPM8
activity (Fig 5e,f). The mutant channel was found at cell surface, though to a lesser amount than in control (Fig S4). Co-

expression experiments of wild-type TRPM8 with both C* mutants in a 1:3 ratio led to normal channel activity (Fig S6).

Discussion
Selectivity filter in TRPMS8 channels

Two models of selectivity filter are classically recognized for ion channels: the oxygen-coordinated backbone of
Na* and K* channels [60] and a ring of D/E residues in the outer-mouth of Ca?*-selective channels [44]. Comparatively,
the great family of TRP channels can be divided in three groups characterized with their ion selectivity: 1) calcium-
selective TRPV5 and TRPV6 channels [61], 2) monovalent-selective TRPM4 and TRPMS5 [62], 3) non-selective cationic
channels, such as TRPM8 (Pca/Pna = 3; [5]). Several studies and our current work have demonstrated the importance of
the DDDD ring in the outer mouth of the pore in TRPV5 (D%%?), TRPV6 (D%*), TRPM4 (D%?*) [46, 63, 64] and TRPMS8
(D% channels. Substitution of this aspartic acid with short and neutral alanine significantly decreases current density in
TRPV5 and TRPV6 channels and modifies slightly the Ca?*-selectivity. Nilius and co-workers explained that the side
chains of DDDD ring were essential to stabilize the diameter of the TRPV6 outer pore at about 5.2 A [63]. One should
note that hydrated Ca?* diameter is about 4.1 A while Na* and K* diameters are 3.6 and 3.3 A, respectively [65].
Substitution of this negatively charged and polar DDDD ring with an uncharged but polar NNNN ring whose side chains
length are similar, decrease calcium permeability and slightly decrease the monovalent current density without affecting
the monovalent selectivity [66]. This demonstrated that the electronegative oxygen of this side chain (at physiological
pH) cannot fully substitute for the negative charge of aspartate to confer Ca?* permeability and facilitates transportation
of monovalent ions with the same efficiency. Furthermore, Nilus et al demonstrated that swapping the TRPV6 SF to
TRPM4 channels makes this latter permeable to Ca?*, even though it does not confers TRPV6 conductance [46].
Moreover, TRPM4 SF is characterized by a second inner ring of DDDD side chains, which have been demonstrated to
be involved in stabilization of the SF [46].

In this study, we have demonstrated that the open state conformation of the TRPM8 SF shows a mix pattern of
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TRPV5/V6 SF and TRPM4/5 SF. We have identified that the DDDD ring conserved in TRP family was essential for the
pore of TRPMB8. Similar to TRPV5, we identified that both the length of the side chain and negative charges are essential
in TRPM8. However, conversely to TRPV5/V6 SF [50, 66], the negative charge of TRPM8 D% does not select divalent
cations all by itself, but rather participates to the facilitation of all cation conductances. The second DDDD ring, conserved
in TRPM4, is not involved in the SF function of TRPMS8 channel since its single mutation does not significantly alter
TRPMB8 current, contrary to what happens in TRPM4 [46]. However, when the two DDDD rings were mutated to alanine,
no current was recorded. This suggests that the two DDDD rings may structurally participate to the stabilization of the
pore, likely by forming coordinated repulsive forces, even though only the most outward ring is necessary for coordination
of cations. It is also important to note the lack of apparent effect that these mutations had on channel electrophysiological
properties such as I/V relationship and reversal potential. This leads us to conclude that all the mutants tested in the current
study do not significantly impact TRPMS8 channel selectivity for cations, as demonstrated for D%8A and DA,
P-helix involvement in the activation of TRPM8 channel.

Although the structural determinants of SF activity have been studied in TRP channels, the function and role of
P-helix is less described. Only two studies reported on the role of the P-helix structure in i) Camphor sensitivity of TRPV1
[51] and ii) in pH sensitivity of TRPV5 [53]. In the present study, we emphasize the close interdependence between P-
Helix and external loop linking SF and TM domain S6 (SF-S6 extracellular loop). Similar to previous work by Mclintyre
and co-workers [59], removal of the disulfide bond (C%%°-C%°) of TRPMS did not impair its translocation to plasmalemma
in cell surface biotinylation assay. We therefore believe that the absence of TRPM8 (C®*R) current is more related to an
intrinsic issue of the channel than to a matter of translocation efficacy. Also, SF-S6 extracellular loop interacts with the
P-helix via the E%%-R%P9 jon pair interaction. Disruption of the disulphide bond in the SF-S6 extracellular loop is likely to
trigger a conformational change that alters interaction with the P-helix [59]. We also demonstrated that Y% in the P-helix
is crucial for menthol and cold-mediated TRPMS8 activity, even though it is not involved in icilin sensitivity. By analogy
with TRPV1 [51] and TRPV5 [53], we propose that either menthol binds to the P-helix or that menthol-binding site on
TRPM8 (S1-S2 pocket) induces a conformational shift of the pore domain and requires rotation of the P-helix. In previous
work, we demonstrated that short non-channel TRPM8 isoforms (sM8-6) [67, 68] stabilizes the TRPM8 channel in its
closed conformation leading to a decrease in menthol and cold sensitivity, but without modifying icilin sensitivity. We
further demonstrated that this isoform could interact with the cytosolic C-terminus of TRPM8 that consequently maintains
the pore in closed conformation. However, because sM8-6 isoform does not interfere with the icilin-activated current
density [67], it is very unlikely that sM8-6 isoform interacts directly with the P-helix. Altogether, our results suggest, for
the first time, a complex physical link between the C-terminus, P-helix and the SF-S6 extracellular loop required for the
menthol and cold-mediated opening of the TRPM8 channel. Other studies have highlighted the requirement of S1 and S2

[18] helices, S4 voltage-sensor [69] and C-terminus [70] in menthol-mediated TRPM8 opening. In the light of present
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knowledge, we propose that i) menthol induces large shift of TRPM8 conformation involving several distinct domains,
ii) cold induces conformation shift of a module composed of C-terminus, P-helix and SF-S6 extracellular loop, while iii)
icilin activation appeared to be restricted to the intracellular loop between S2 and S3 [71], S2 [18] and S3 TM domains

[71]

Conclusion

In conclusion, we have systematically constructed a model of the TM region of the TRPM8 channel. Our
experimental results and some published data provide significant validation of the model, as none of this was used in its
construction. The model was further tested based on novel mutagenesis and functional analysis. Our results lead us to
conclude that the ring formed by D% in the selectivity filter is not enough to fully account for cation conduction, but
rather facilitates it, and that the P-helix and SF-S6 extracellular loop are involved in menthol and cold sensitivity. The
model predicts several interactions in the P-helix and SF-S6 extracellular loop that are important in stabilisation of a
functional conformation of the channel. In the absence of any crystal structure, this model provides specific suggestions

towards understanding TRPMS8 structure-function relationship.
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FIGURE LEGENDS

Figure 1. (a) Homology model of the human TRPM8 TM region, as viewed from the extracellular side. Each monomer
is coloured distinctly. (b) Side view of the human TRPM8 TM region. The intra- and extracellular sides have been
labelled. (c) Sequence alignment between the TM regions of human TRPV1 and TRPM8. The regions are labelled above
the sequence including the predicted Helix-turn-helix segment (between S2-S3 helices) and the Extracellular (EC)-loop
between SF and S6 helix. The colours are based on sequence conservation, where dark green represents total conservation
and yellow is partial conservation. The extracellular (EC) and intracellular (IC) sides have been labelled accordingly.

Figure 2. Pore profile of the human TRPM8 model in (a) closed/red (b) intermediate/yellow and (c) open/cyan
conformations. Only two, diagonally opposite subunits have been shown for clarity. The solvent accessible pathway as
generated by the HOLE software is illustrated as red (radius < size of a water molecule), green (radius ~ size of a water
molecule), and blue (radius > size of a water molecule) surface. The residues that align the SF and the lower gate have
been rendered as sticks. (d) Superimposition of the three models highlights the conformational changes in the SF and the
lower gate. (e) The pore radius profile of the three models. “+’ corresponds to the SF and ‘*’ denotes the lower gate
region.

Figure 3. Role of DDDD rings in the selectivity filter. In the (a) closed/red and (b) intermediate/yellow conformation,
D8 makes hydrogen bonds with the backbone nitrogen of V°°. This interaction is lost in the (c) open/cyan state, where
the side chains of D% are pointing into a cavity between the SF and the P-helix. The side chains of D% point towards
the pore. Side chains of S®7 (white), D% (green), V°'° (yellow) and D% (cyan) are rendered as sticks. Whole-cell
recordings at +100mV showing TRPMS8 currents induced with either cold (22°C), or Icilin (10 uM), or Menthol (500
uM) for HEK cells transfected with (d) D%8* TRPMS8 mutants (e) D%%* TRPMS8 mutants (f) V®°I mutant and (g)
D%8*/D%2%* double TRPMS8 mutants - * represents the substituted amino acids. Cells transfected with wild type TRPMS8
were used as control (ctrl).

Figure 4. Inter-subunit hydrophobic cluster between P- and S6 helices in (a) closed and (b) open conformations. The side
chains from one subunit are coloured grey and those from adjacent subunit are rendered as yellow sticks. Whole-cell
recordings at +100mV of TRPM8 currents induced with either cold (22°C), or Icilin (10 uM), or Menthol (500 uM) for
HEK cells transfected with (c) Y°®°A, Y®5F or YW TRPM8 mutants and (d) Y°%€A, Y%%BF or YW TRPM8 mutants.
Cells transfected with wild type TRPM8 were used as control (ctrl).

Figure 5. Residues involved in conformation of P-helix and of SF-to-S6 extracellular loop. The closed conformation is
colored red and the open state in cyan. The interactions between (a) E°° and R%° are rendered as sticks and (d) disulphide
bond formed by C%°-C®?° are illustrated as transparent balls. Whole-cell recordings at +100mV of TRPMS8 currents
induced with either cold (22°C), or Icilin (10 uM), or Menthol (500 uM) for HEK cells transfected with (b) E°%A or
E®Q TRPM8 mutant (c) R%®°E TRPMS8 mutant, (¢) C*°R TRPMS8 mutant, and (f) C®*°G TRPMS8 mutant. Cells
transfected with wild type TRPM8 were used as control (ctrl).

Figure 6. Molecular interactions of E® in (a) closed/red and (b) open/cyan conformation. (c) Whole-cell recordings at

+100mV of TRPM8 currents induced with either cold (22°C), or Icilin (10 uM), or Menthol (500 uM) for HEK cells
transfected with E83A TRPM8 mutant.
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