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Abstract

The transient receptor potential melastatin member 8 (TRPM8) ion channel is the primary detector
of environmental cold and an important target for treating pathological cold hypersensitivity. Here,
we present cryo-electron microscopy structures of TRPM8 in ligand-free, antagonist-bound, or
calcium-bound forms, revealing how robust conformational changes give rise to two non-
conducting states, closed and desensitized. We describe a malleable ligand-binding pocket that
accommodates drugs of diverse chemical structures, and we delineate the ion permeation pathway,
including the contribution of lipids to pore architecture. Furthermore, we show that direct calcium
binding mediates stimulus-evoked desensitization, clarifying this important mechanism of sensory
adaptation. We observe large rearrangements within the S4-S5 linker that reposition the S1-S4 and
pore domains relative to the TRP helix, leading us to propose a distinct model for modulation of
TRPMS8 and possibly other TRP channels.

Transient receptor potential melastatin member 8 (TRPMB8) is a cold- and menthol-activated
ion channel that plays an essential role in the detection of environmental temperatures (1-5).
It is also targeted by synthetic cooling agents in personal care products and confectionaries
(6) and by antagonists that may be useful for reducing cold hypersensitivity resulting from
nerve damage (7, 8). TRPMS8 blockers may also be beneficial in treating chronic cough,
asthma, or other airway hyperactivity syndromes that are exacerbated by cold (9, 10), further
highlighting interest in understanding how these compounds interact with the channel.
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TRPMS, like many other TRP subtypes, is a polymodal, non-selective cation channel with
substantial permeability to calcium ions (Pca2*/Pna* ~3) (1). Moreover, cold- or cooling
agent-evoked responses show calcium-dependent desensitization (a phenomenon that likely
contributes to cold adaptation), and the synthetic “super cooling” agent icilin activates the
channel in a calcium-dependent manner (11). Indeed, a conserved TRPM channel calcium-
binding site has been identified in close proximity to a TRPM8 agonist-binding pocket (12—
14), but whether this site contributes to agonist-evoked desensitization has not been
determined.

Recently published TRPMS structures from the collared flycatcher (cFTRPMS8), either
ligand-free or in complex with cooling agents and the positive regulator,
phosphatidylinositol-4,5-bisphosphate (PIP,), describe the overall architecture of the
channel and reveal binding sites for these ligands (14, 15). However, the local resolution of
the transmembrane domain in the cryo-electron microscopy (cryo-EM) maps was
insufficient for unambiguous and complete model building, and regions corresponding to the
selectivity filter and outer pore loop were invisible, limiting our understanding of the
molecular mechanisms of channel gating at the selectivity filter or lower gate. To learn how
ligand binding and channel gating are coupled, we determined cryo-EM structures of
TRPMS8 alone or in complex with antagonists or calcium.

Visualizing TRPMS8 in distinct conformational states

We found that channels from birds exhibited superior conformational homogeneity
compared with other vertebrate species, in agreement with previous studies (15). We also
found that TRPMS8 from Parus major (great tit; pmTRPM8) produced the highest resolution
reconstructions. TRPM8 is remarkably well conserved across vertebrate species, with human
and avian orthologs sharing >80% and 85% amino acid sequence identity and similarity,
respectively (Fig. S1). Recombinant full-length pmTRPM8 protein was purified in detergent
supplemented with cholesterol hemisuccinate (CHS) and reconstituted into amphipols.
Structures in ligand-free, antagonist-bound (AMTB or TC-I 2014), and calcium-bound states
were determined using cryo-EM to average resolutions of 3.6 A, 3.2 A, 3.0 A, and 3.2 A,
respectively (Fig. S2-S9). The cryo-EM density maps are of high quality, allowing for
construction of atomic models with good stereochemistry and correlation with the density
(Fig. 1A, B; S10 and Table S1).

Overall, our structures conform to the characteristic homotetrameric arrangement described
for cfTRPM8 and other TRPM family members, including N-terminal homology regions
(MHR1-MHR4), six transmembrane helices (S1-S6) arranged in a domain swap
architecture, and a C-terminal coiled-coil (Fig. 1; S11A-C) (13, 15-17). The pore of
TRPM8 is formed by S5 and S6, as well as the intervening pore helix and outer pore loop
(Fig. 1C). The 44-residue outer pore loop was disordered in the cfFTRPM8 structures but is
clearly visible in our calcium-bound state (Fig. 1A-C, E), allowing for the ion conduction
pathway to be modeled in its entirety. The pore can be divided into two portions: the
negatively charged selectivity filter (Fig. S8I) that occupies the outer leaflet of the
membrane and the lower gate within the inner leaflet. The outer pore loop, which is essential
for channel functionality, is both disulfide bonded and glycosylated (Fig. 1F) (18).
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Unexpectedly, our structures in distinct conformational states reveal large gating
movements, including an unusual formation and dissolution of the S4-S5 linker and a
repositioning of the TRP domain. Although we describe the most highly resolved and
complete structure obtained for each condition, these likely represent conformational sub-
states sampled by this thermosensitive channel (our final reconstructions are derived from
~3% of particles) (Fig. S3; S5; S7; S9). For example, our dataset obtained in the presence of
calcium yielded additional high-resolution structures that indicate heterogeneity within the
outer pore loop and the region of calcium binding (S2-S3) (Fig. S12).

An adaptable binding pocket for modulators

All known TRPM8 ligands (agonists and antagonists, natural or synthetic) have as their
chemical core one or more pentameric or hexameric rings, but they bear a range of
substituents (19), suggesting that adaptability of the binding pocket is a main determinant of
high affinity binding. To explore this concept further, we determined structures in the
presence of two chemically distinct antagonists, AMTB and TC-I 2014 (20, 21) (Fig. S4H;
S6H), both of which inhibit menthol-evoked responses in oocytes expressing pmTRPM8
(Fig. S4l; S61). The antagonists are nestled in a membrane-embedded cleft formed by the
lower half of the S1-S4 domain, near the membrane-cytosol interface, where they are
encapsulated in a pocket that is lined by both hydrophobic and charged residues contributed
by the S1-S4 helices and the TRP domain (Fig. 2A—F). Substituents on the rings do not form
specific ionic interactions with charged side chains, substantiating shape complementarity as
the major determinant of ligand recognition (Fig. 2B-C, E-F). Furthermore, although both
drugs bind within this same pocket, they dock in distinct orientations (Fig. 2G), which is
facilitated by complementary rearrangement of the side chains that define cavity shape. This
ligand-binding pocket also accommodates agonists (although their precise binding
orientations were not ascertained) (14) (Fig. S13A, B). The overall structure of TRPM8
remains unaltered in ligand-free or antagonist-bound maps, suggesting that these chemically
distinct inhibitors mediate their effects by binding to this promiscuous pocket and locking
the channel in its ligand-free configuration.

In the absence of an exogenous ligand we observed a discrete density in the ligand-binding
pocket (Fig. 2H). Although we cannot identify the molecule corresponding to this density, its
presence suggests that ligands do not bind to an empty cavity, but rather displace an
endogenous molecule. This observation may have potential physiologic significance and is
important to bear in mind when assigning density in this location to an exogenous ligand.
This is reminiscent of the vanilloid-binding pocket in TRPV1, which is occupied by a
phosphatidylinositol lipid in its apo state (22, 23). This similarity notwithstanding, the
location of the TRPM8 ligand-binding pocket is distinct from that described for other TRP
channels. For example, vanilloid ligands bind to TRPV1 in an elbow between the S1-S4 and
S5-S6 domains and above the S4-S5 linker (Fig. 21, J) (22, 23), and nucleotide ligands bind
within cytoplasmic regions of TRPM2 and TRPM4 (Fig. S11A, B) (13, 16).
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Structural mechanism of calcium-dependent modulation

TRPMS8 currents show pronounced calcium-dependent desensitization during continuous
agonist application (11). We therefore determined the structure of TRPMB8 in the presence of
calcium to identify the major site(s) of interaction and ascertain whether divalent cation
binding is associated with specific conformations, particularly a desensitized state. We found
that calcium is bound in a manner analogous to that previously described for a subset of
TRPM channels (Fig. S11A, B) (12-14), whereby the ion is coordinated by four negatively
charged residues (Glu773, GIn776, Asn790, and Asp793) from the S2 and S3
transmembrane helices (Fig. 3A-C), adjacent to the ligand-binding pocket described above.
We also observed involvement of a fifth side chain belonging to Tyr784 within the S2-S3
linker (Fig. 3A, C).

To determine whether this calcium-binding site is responsible for calcium-dependent
desensitization, we analyzed menthol-evoked responses for TRPM8 channels bearing
alanine substitutions at the identified calcium-binding residues (Fig. 3D, E). Several of these
mutations diminished desensitization, with the most pronounced effects associated with
GIn776 and Asn790, the acidic residues that form the base of the binding site. By
introducing a A796G mutation into the pmTRPM8 channel (a modification that renders
avian TRPMB8 icilin-sensitive) (11) we could also show that all five calcium-binding residues
are required for icilin sensitivity (Fig. 3F). Mutation of Glu773 and Asp793 abrogated icilin-
evoked responses without impairing desensitization, suggesting that these actions require
high and low calcium-binding affinities, respectively.

Conformational states associated with ligand and lipid binding

Our high-quality maps (~2.5-3 A in the transmembrane domain) are sufficient to allow for
unambiguous placement of all residues in S1-S6, enabling us to define two distinct
conformational states of TRPMS8: a closed state in the presence of an antagonist, and a
desensitized state in the presence of an agonist (cold) and calcium (Fig. 4). With the
improved map quality, we can correct previous assignment of the lower gate in the closed
state from Leu973 (Leu964 in pmTRPMS8) (14, 15) to an extended restriction comprising
two hydrophobic residues, Met968 and Phe969 (Fig. 5A-C, E). In the presence of
antagonists, we also observed a lipid tail protruding into the ion conduction pathway, where
it forms a hydrophobic barrier that narrows the ion permeation path to ~3 A in diameter (Fig.
4D-F; 5B-C, E). Indeed, we see ions collecting at this constriction (Fig. 4D-E), which is
consistent with the idea that lipids create a vestibule below the selectivity filter, where ions
accumulate along a negatively charged face of S6 when the channel is closed (Fig. 4F). This
is reminiscent of two-pore domain potassium channels, some voltage-dependent sodium
channels, and mitochondrial calcium uniporters, where lipids similarly form a hydrophobic
barrier along the ion conduction pathway (24-26). Another unusual feature of the closed
state is lack of a canonical S4-S5 linker (Fig. 4B), which plays a critical role in activation of
voltage-gated channels (27) but is relatively static in TRP channel structures reported to-date
(28).

Science. Author manuscript; available in PMC 2020 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diver et al.

Page 5

In contrast to the closed TRPMB8 structure, our desensitized structure shows the typical S4-
S5 linker architecture seen in other TRP channels (Fig. 4C). In this desensitized state, we see
that the side chain from a single hydrophobic residue (\Val966) reduces the radius of the
lower gate to <1 A (Fig. 5D, F). In other TRPM channel conformations with similar overall
architecture (Fig. S11A-C), the lower gate is formed by two residues, producing a more
extended restriction, which is consistent with these structures representing the closed state
(Fig. S11D-F) (16, 17, 29). Introduction of a positively-charged residue at this position in
TRPM2 (11045K) or TRPM8 (V966K) is reported to alter ion selectivity, as would be
expected if this residue plays a critical role in controlling ion permeation (30). We posit that
this minimal, efficient constriction in the presence of calcium defines the desensitized state
of TRPMB8. We also found that the outer pore loop is structurally resolved in this state,
where the presence of calcium induces a large rearrangement leading to the formation of an
exposed crevice between the pore helix and S6 of an adjacent subunit. This crevice is
occupied by a lipid, modeled as CHS on the basis of the characteristic shape of its density
(Fig. 4G), which presumably stabilizes the outer pore domain in this functional state.

Another notable feature (of both states) pertains to the packing of lipids at subunit interfaces,
where they are cradled by the pre-S1 elbow and S1 helix of one subunit and the S5 helix of
its neighbor (Fig. S14). In this pocket we observed a mixture of lipids, including some that
can be modeled as CHS. PIP,, a modulator of TRPMS8 function (31, 32), has recently been
speculated (33) and shown (14) to bind in this pocket. Whereas a single lipid molecule has
been observed in this location for other TRP channels containing a similar pre-S1 elbow (12,
34, 35), here we see clusters of lipids occupying the entire region. In the closed
conformation in which the cavity is larger, more lipid molecules were observed (Fig. S14).
Cryo-EM image processing suggests that the transmembrane domain of TRPM8 is very
conformationally dynamic (Fig. S3; S5; S7; S9), and this tight packing of well-ordered lipids
may have enhanced channel stability for structure determination.

Ligand-induced TRPMS8 gating movements

By modeling the transition from the closed to desensitized state, we observed a constellation
of conformational changes that provide insight into TRPM8 gating mechanisms (Fig. 4A-C;
6). First, as previously observed upon binding of icilin (14), the S1-S4 domain undergoes a
rigid-body tilt away from the central axis that is accompanied by transition of an a-helical
turn in S4 (Thr830 - Arg832) to a 31g-helix (Fig. 4A-C; 6). We now show that this transition
is stabilized by several interactions (Arg832 forms ionic bonds with Tyr736 and Asp793;
His835 stacks with Trp789) and leads to formation of a canonical S4-S5 linker (Fig. 4A-C;
6). This is accompanied by large shifts of S5, the pore helix (including introduction of a -
helix), and S6, pivoting these regions into the central pathway (Fig. 4A-C; 6) and adopting
an overall conformation distinct from the icilin-PIP,-calcium-bound structure (Fig. S13C)
(14), but resembling that observed for other TRP channels. Furthermore, the previously
disordered and invisible outer pore loop (14, 15) is now stabilized and well resolved (Fig.
4A-C; 6), perhaps reflecting its conformationally dynamic nature, reminiscent of TRPV1,
another temperature-sensitive channel (22). This is consistent with the fact that the loop is
not seen in all subclasses of the desensitized state (Fig. S12).
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In comparing our two states, we also see interesting rearrangements near the lower gate (Fig.
4A-C; 6). For example, the section spanning residues Ser956-Leu961 in S6 undergoes a
transition from an a-helix to w-helix, shifting the register of the lower gate and reducing the
constriction at the hydrophobic seal — a structural mechanism underlying channel opening in
some TRPV channels (36, 37). Finally, a large tilting movement (~25°) is seen in the
conserved and functionally essential TRP domain, rendering it parallel to the membrane
bilayer (Fig. 4A-C; 6). The TRP domain is known to play an important role in the allosteric
modulation of many TRP channel family members (28). Furthermore, the TRP domain is
stacked between the overlying S4-S5 linker and the underlying MHR4 domain within the
cytoplasmic N-terminus, resembling the highly integrated allosteric nexus observed in the
TRPA1 channel (38). Whether this arrangement reflects a mechanism by which TRPM8
detects and/or integrates cytoplasmic signals remains to be determined.

Close inspection of the S1-S4 ligand-binding pocket provides mechanistic insight into how
the binding of modulators promotes key conformational transitions, including movements of
the TRP domain and the S4-S5 linker, which control the lower gate. For example, the
antagonist TC-1 2014 nestles deep within a pocket present only in the closed state that is
formed in part by residues of S4 and the TRP domain (Fig. S15A). Features of the closed
state (i.e. absence of the S4-S5 linker and relative position of the TRP domain) allow
antagonists to lock the channel in this closed conformation. In the desensitized state, the
pocket as defined by these interactions dissolves and cannot accommodate antagonist
molecules (Fig. S15A), but can be fit by icilin (14). Thus, we conclude that the ligand-
binding pocket associated with closed or open states primarily reflects the position of the
TRP helix relative to S1-S4, rather than intrinsic rearrangements to the S1-S4 domain. This
is reminiscent of gating movements recently described for TRPM2, where TRP helix
movement is also observed but initiated from below by binding of an activator to the soluble
domain (13). Furthermore, comparison of our structures in EGTA- and calcium-bound states
shows why calcium stabilizes the desensitized state: its binding disrupts an important ionic
interaction between Arg998 (TRP domain) and GIn776 (S2 helix), enabling the TRP domain
to assume the location described above for the desensitized state (Fig. S15B).

Discussion

Calcium plays a multifaceted role in TRP channel physiology, serving as a co-factor for
stimulus-evoked gating and/or desensitization (39). In regard to the latter, it remains
unknown for many TRP subtypes whether desensitization is mediated through direct
interaction of calcium with the channel, by auxiliary proteins such as calmodulin, or via
calcium-sensitive pathways, such as phospholipase C-mediated depletion of PIP, (32, 40).
Our results demonstrate that desensitization of TRPM8 occurs through direct calcium
binding at a site that is conserved among a subset of TRPM channels. Calcium binding to
this same site is also required for activation by icilin, consistent with the fact that icilin-
evoked responses always desensitize. This stands in contrast to some TRPV channel
subtypes, where calmodulin is the effector for calcium-mediated desensitization (41). We
have shown that closed and desensitized states are distinct and define distinct conformational
rearrangements. Although structures corresponding to open states have been difficult to
visualize for TRP channels, we propose that the calcium-bound, non-conducting
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desensitized structure described here closely resembles the TRPM8 open state, except for
closure of the gate by a single hydrophobic residue (Val966) as a minimal energetic step
defining this transition. However, it is also possible that the open state is unrelated, but
sufficiently unstable for structural characterization, perhaps explaining why the closed state
is observed even in the presence of cold or cooling compounds (14). Ultimately,
visualization of all major functional states will be required to unequivocally assign specific
structures to precise physiological states.

Our results support an emerging concept in which TRP channels fall nominally into two
main classes, one exemplified by TRPV and TRPML subtypes that show relatively modest
conformational changes associated with distinct functional states (22, 36, 37, 41-44), and
another represented by TRPM subtypes, in which much larger conformational changes are
observed throughout the protein (13, 22). Studies of TRPV and TRPML channels show that
the S1-S4 domain remains stationary during channel opening, and ligands bind between this
domain and the pore region (S5-S6) to affect gating (22, 36, 37, 41-44). This stands in
contrast to voltage-gated channels, where channel opening is promoted by conformational
rearrangements within the S1-S4 domain (45). Our results show that TRPM8 channels
exhibit an intermediate behavior in which ligands (agonists, antagonists, and calcium) bind
within the S1-S4 domain to alter its position relative to the TRP helix without changing its
overall structure. At the same time, thermosensitive TRPM8 and TRPV1 channels show
dynamic conformational changes within the outer pore region, which has been implicated in
sensing chemical and thermal stimuli (46-48).

Both agonists and antagonists of TRPM8 have sensorial and therapeutic applications (49),
with antagonists being explored for management of cold hypersensitivity associated with
neuropathic pain (50). Our structures suggest that the ligand-binding pocket is malleable and
can adopt different contours through subtle side chain movements to accommodate a range
of small molecule structures and orientations. This local flexibility might be exploited to
introduce moieties that enhance drug stability, solubility, or availability. It is also intriguing
to see a density in the ligand-binding pocket in the absence of an exogenous ligand, and it
will be interesting to determine the identity of this agent and whether it behaves as a
stabilizing co-factor, a natural antagonist, or an inverse agonist. In any case, our findings
provide a mechanistic rationale for understanding how ligands affect channel gating, which
may facilitate the design of drugs that selectively modulate aberrant channel activity under
pathophysiological conditions.

Supplementary Material
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Fig. 1. Structure of TRPM8in two distinct states.
(A-B) Side view (A) and top view (B) of the cryo-EM density map of the desensitized state

of TRPM8 with subunits differentiated by color. (C) Monomer of the desensitized state with
secondary structure elements colored blue-to-red from N-terminus to C-terminus and
domains labeled. (D) Ribbon representation of the closed state of TRPM8 (TC-1 2014-
bound) with a single subunit colored red. Horizontal lines indicate the approximate
boundaries of the cell membrane. (E) Ribbon representation of the desensitized state of
TRPMS8 with a single subunit colored blue. The outer pore loop is colored yellow. (F) Close-
up view of the outer pore loop. Conserved residues important for selectivity (Asp907,
Asp908, and Asp910), disulfide bond formation (Cys919 and Cys930), and N-linked
glycosylation (Asp924) are drawn as sticks. Nitrogen, blue; oxygen, red; sulfur, green.
Density (blue mesh, 4o contour) for the N-linked glycan is shown.

Science. Author manuscript; available in PMC 2020 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Diver et al.

; : R98
F729 %
Yo95 =

TRP Domain
F
S1
‘I836
8840\ e
F729( P ¢ “ S
L8a3 Ve b 995/1 L843

vos5
TRP Domain TRP Domain

Fig. 2. Binding site for hydrophobic modulators of TRPM 8.
(A) Density within the AMTB-binding site. The map is contoured at 3o (gray mesh). Stick

representation of AMTB-bound TRPMS8 with the antagonist AMTB colored teal. (B) Gray
surface indicates the shape of the binding pocket, as dictated by residues lining the cavity.
AMTB is shown as spheres. (C) Interactions with AMTB (transparent surface and sticks
with teal carbon atoms). Nitrogen, blue; oxygen, red. (D) Density within the TC-I 2014-
binding site. The map is contoured at 3o (gray mesh). Stick representation of TC-1 2014-
bound TRPM8 with the antagonist TC-1 2014 colored yellow. (E) Gray surface indicates the
shape of the binding pocket, as dictated by residues lining the cavity. TC-1 2014 is shown as
spheres. (F) Interactions with TC-1 2014 (transparent surface and sticks with yellow carbon
atoms). (G) The antagonists AMTB and TC-1 2014 adopt distinct poses in the ligand-
binding pocket. (H) Unassigned density (gray mesh, 8c contour) observed in the ligand-
binding pocket of ligand-free TRPMS. (1) Binding site for hydrophobic modulators in
TRPMS8. The dashed region demarcates the binding pocket. (J) Structure of TRPV1
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highlighting the resiniferatoxin (RTX) binding site. The dashed region demarcates the
binding site for hydrophobic modulators in TRPV1.
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Fig. 3. TRPM8 calcium-binding site.
(A) Sequence alignment of the calcium-binding site within the TRPM subfamily. The

conserved binding site is shared by TRPM2, TRPM4, TRPM5, and TRPM8. Residues that
coordinate the calcium ion are indicated with a star. Alignment was made with ClustalW. (B)
Ribbon representation of calcium-bound TRPM8 with a single subunit colored blue and the
calcium ion colored pink (sphere). Horizontal lines indicate the approximate boundaries of
the cell membrane. (C) Interactions with calcium (pink sphere). Nitrogen, blue; oxygen, red.
(D and E) Structure-function analysis of the role of the calcium-binding site in TRPM8
desensitization. In oocytes expressing pmTRPMS, application of menthol (100 pM) evoked
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inward currents for which desensitization was observed in the presence of calcium.
However, upon mutating several of the residues important for calcium coordination, TRPM8
desensitization was reduced. The A796G mutation was introduced to all constructs to
sensitize avian TRPM8 to the agonist icilin. Voltage was held at -60 mV. Desensitization is
reported as lsinai/linitial (Maximum currents ranged from 0.5-4 mA) for the application of
menthol in the presence of calcium. Data represent /7=6 or 7 oocytes. Asterisk indicates p <
0.01 comparing wild type and each mutant construct with unpaired two-tailed Student’s
tests. Representative traces are shown in (D). (F) Structure-function analysis of the role of
the calcium-binding site in co-agonism with icilin. In oocytes expressing pmTRPMS,
application of menthol (100 pM) or icilin (10 pM), in the presence of calcium, evoked
inward currents. However, upon mutating residues proposed to be important for calcium
coordination, there was no longer a response to icilin. The A796G mutation was introduced
to all constructs to sensitize avian TRPMS8 to the agonist icilin. Voltage was held at =60 mV.
Data represent /=7 to 12 oocytes. Two asterisks indicate p < 1x10~8 comparing wild type
and each mutant construct with unpaired two-tailed Student’s #tests.
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Fig. 4. Conformational changes associated with ligand binding to a shared pocket.
(A) Superimposition of the closed (TC-1 2014-bound; red) and desensitized (blue) TRPM8

structures. (B and C) Structural changes associated with TRPM8 channel gating. Transition
from the closed (B) to desensitized (C) state is accompanied by formation of a S4-S5 linker,
a local a-to-re-helical transition in S6, and rearrangement of the TRP domain, which alter
the lower gate. (D) In the closed state, an ordered acyl chain (orange) is present along the ion
permeation pathway, thereby increasing the hydrophobicity of the pore. Green spheres
indicate ions observed in the vicinity of the acyl chains. (E) Close-up view, orthogonal to
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(D) with ion densities (gray mesh; 3o contour). Inset shows density for acyl chain (blue
mesh, 3o contour). (F) Cation binding sites (green spheres) are in close proximity to
negatively charged residues contributed by S6. Nitrogen, blue; oxygen, red. (G) In the
desensitized state, a stabilizing lipid packs between the pore helix and S6 of the neighboring
subunit (modeled as CHS). Inset shows lipid density (blue mesh, 4a contour).
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Fig. 5. lon pore.

(A - D) lon conduction pathway with front and rear subunits removed for clarity and a
representation (gray surface) of the minimal radial distance from the center of the pore to the
nearest van der Waals protein or lipid contact. Residues lining the selectivity filter and lower
gate are shown as sticks for the EGTA-bound (A), AMTB-bound (B), TC-I 2014-bound (C),
and calcium-bound (D) states. (E - F) Close-up view of the lower gate of closed (TC-1 2014-
bound) (E) and desensitized (F) TRPMS. The residues and acyl chain (closed confirmation
only) that form the hydrophobic seal are shown as sticks.
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Fig. 6. Gating movementsin TRPM8.
In the presence of antagonists (left panel), TRPM8 is closed and density corresponding to an

acyl chain is present within the ion conduction pathway. In the presence of calcium (right
panel), the channel is desensitized. Structural rearrangements associated with transitioning
from closed to desensitized states include a rigid-body tilt of the S1-S4 domain; formation of
a canonical S4-S5 linker; shifts of S5, the pore helix, and S6; stabilization of the outer pore
loop; and tilting of the TRP domain, such that it is parallel to the membrane bilayer. This
transition is accompanied by introduction of a 3;p-helix in S4 and a mw-helix in both the pore
helix and S6.
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