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A B S T R A C T

Essential for physiology, transient receptor potential (TRP) channels constitute a large and diverse family of
cation channels functioning as cellular sensors responding to a vast array of physical and chemical stimuli.
Detailed understanding of the inner workings of TRP channels has been hampered by a lack of atomic structures,
though structural biology of TRP channels has been an enthusiastic endeavor since their molecular identification
two decades ago. These multi-domain integral membrane proteins, exhibiting complex polymodal gating be-
havior, have been a challenge for traditional X-ray crystallography, which requires formation of well-ordered
protein crystals. X-ray structures remain limited to a few TRP channel proteins to date. Fortunately, recent
breakthroughs in single-particle cryo-electron microscopy (cryo-EM) have enabled rapid growth of the number
of TRP channel structures, providing tremendous insights into channel gating and regulation mechanisms and
serving as foundations for further mechanistic investigations. This brief review focuses on recent exciting de-
velopments in structural biology of a subset of TRP channels, the calcium-permeable, non-selective and ther-
mosensitive vanilloid subfamily of TRP channels (TRPV1-4), and the permeation and gating mechanisms re-
vealed by structures.

1. Introduction

TRP channels are central to numerous biological processes by sen-
sing a multitude of environmental cues and physiological stimuli [1–5].
Consequently, mutations of human TRP channel genes have been as-
sociated with a wide spectrum of inherited diseases in the muscu-
loskeletal, cardiovascular, and nervous systems [6]. On the basis of
sequence similarity, the mammalian TRP channel subunit genes can be
divided into six subfamilies - TRPA, TRPC, TRPM, TRPML, TRPP, and
TRPV [2]. Functional TRP channels are composed of homo- or hetero-
tetramers, which are architecturally related to voltage-gated ion
channels (VGIC) such as voltage-gated sodium (NaV), potassium (KV),
and calcium channels (CaV). All TRP channel subunits consist of a
transmembrane domain (TMD) with six membrane-spanning helices S1-
S6, and intracellular amino- and carboxyl- termini [1]. A characteristic
of TRP channels is the polymodal gating behavior; these channels are
activated by a plethora of physical and chemical stimuli, including
membrane voltage, temperature, force, and numerous endogenous and
exogenous ligands [1,2]. Thus TRP channels are particularly capable of
sensing multiple environmental cues and integrating them into cellular
signaling events including calcium signaling [1,2].

Among the six TRPV subfamily members, TRPV1-4 are non-selec-
tive, Ca2+-permeable cation channels intrinsically sensitive to warm to

hot temperatures (thermoTRPVs) [7–11]. Broadly expressed, these
thermally activated channels play important roles in multiple physio-
logical processes, including thermoregulation, osmoregulation and no-
ciception [12–19]. In addition to temperature activation, TRPV1-4
channels are also activated or modulated by a rich array of natural
products, synthetic chemicals, and endogenous ligands. For instance,
the founding member TRPV1 is activated by extracellular protons,
tarantula peptide toxins, and plant products such as capsaicin from hot
chili pepper, piperine from black pepper and gingerol from ginger
[7,20–24]. 2-Aminoethoxydiphenyl borate (2-APB) activates wild-type
TRPV1-3 channels and a TRPV4 variant with mutations of two cyto-
plasmic residues [25,26]. Cannabinoids from the plant Cannabis sativa
and cannabinoid analogs have been identified as agonists for TRPV1-4
channels [27–30]. TRPV4 is activated by plant extract bisandro-
grapholide A from Andrographis paniculata, synthetic compounds
GSK1016790A and phorbol ester 4α-PDD, and endogenous lipid me-
tabolites [31–34]. Additionally, mechanical stimuli have been reported
to activate TRPV2 and TRPV4 channels [17–19,35–37].

To better understand the underlying gating mechanisms by these
diverse stimuli and to develop efficient rational therapeutics, we would
need high-resolution structures of TRP channels at the atomic level. X-
ray crystallography is a well-established technique for atomic structure
determination if well-ordered protein crystals are available, but
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application of crystallography to these integral membrane proteins has
proven to be challenging. X-ray crystal structures have been achieved
only until very recently for a limited number of TRP channels. In 2013,
Cheng and Julius and colleagues published their groundbreaking papers
reporting near-atomic resolution structures of TRPV1 determined by
single-particle cryo-EM without the need of protein crystals [38,39],
which have transformed the field of structural biology of membrane
proteins. With the advent of ‘Resolution Revolution’ in cryo-EM [40],
near-atomic structures of TRP channels from all subfamilies, including
TRPV, TRPA, TRPC, TRPM, TRPML and TRPP, have rapidly emerged.
Additionally, distinct conformations representing multiple functional
states during channel gating have been determined for a number of TRP
channels. The wealth of structural information has enormously ad-
vanced our understanding of TRP channel structure and function. This
review briefly summarizes exciting progress in structural biology of
thermosensitive TRPV1-4 channels and its mechanistic insights into ion
permeation and gating mechanisms, and remaining important ques-
tions.

2. Architecture of TRPV channels

TRPV channels share a similar architecture including a character-
istic cytoplasmic ankyrin repeat domain (ARD) consisting of six ankyrin
repeats and a transmembrane domain (TMD) resembling that of VGICs
such as Kv channels [41] (Fig. 1). In the transmembrane region, the

peripheral S1-S4 domains, akin to the voltage-sensor domains in VGICs,
are attached to the central ion-conduction pore domains in a domain-
swapped configuration as seen in many VGICs and other TRP channels
(Fig. 1). The cytoplasmic assembly consists of both N- and C-terminal
segments. Following the N-terminal ARD, a linker domain preceding
the S1-S4 domain, together with the intracellular C-terminal domain
following the amphipathic TRP helix, mediates an extensive cyto-
plasmic subunit-subunit assembly interface that was hypothesized to be
critical for channel gating (Fig. 1a) [38,42,43]. This notion was ele-
gantly illuminated by recent structural and functional analyses of
TRPV3 [44,45]. Disruption of a salt-bridge at this cytoplasmic interface
leads to considerable structural rearrangements involving a loop-to-
helix switch in the distal C-terminal domain, which dictates tight cou-
pling between the cytoplasmic and transmembrane domains, a pre-
requisite for TRPV3 activation [44]. Importantly, the distal C-terminal
portion undergoing secondary structure transition is conserved in
amino acid sequence among thermoTRPVs. Further examination of the
electron density maps at this region in other thermoTRPV structures
suggests that the loop-to-helix transition may serve as a common con-
formational switch in activation of thermoTRPVs [44].

Following the pore-lining helix S6, the membrane-proximal C-
terminal amphipathic TRP helix, a conserved sequence motif among
TRP channels critical for regulation of channel activity [46], is strate-
gically located between the cytoplasmic and transmembrane domains
and poised to mediate allosteric interactions between these modular

Fig. 1. Architecture of TRPVs. a, Representative structure of TRPV3 (PDB: 6MHO) with the most complete atomic model. Each subunit of the tetrameric channel is in
a distinct color. The cytoplasmic inter-subunit interface critical for channel gating is highlighted. The linker domain preceding the transmembrane domain and the C-
terminal domain following the TRP helix are both involved in inter-subunit packing with the ARD of an adjacent subunit. b, View from the extracellular side. c,
Domain structure of a single channel subunit.
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domains. The TRP helix is in close proximity with the S4-S5 linker
connecting the S1-S4 and pore domains and the cytoplasmic linker
domain bridging the ARD and S1 (Fig. 1c). As observed in TRPV
structures, the invariant tryptophan in the middle of the TRP helix is
engaged in strong hydrogen bonding between its indole nitrogen and
the main-chain carbonyl oxygen in the S4-S5 linker. Mutations of this
tryptophan residue result in gain-of-function phenotypes in TRPV3
(W692 G) and TRPV4 (W733R) [47,48], further supporting the critical
involvement of the TRP helix in channel activation.

3. Ion selectivity

Thermosensitive TRPV1-4 channels are non-selective cation chan-
nels displaying slightly higher permeability for physiological divalent
ions such as Ca2+ than monovalent ions such as Na+ and K+

[7,8,11,49], whereas TRPV5-6 are highly selective for Ca2+ with a
permeability ratio of PCa/PNa over 100 [50,51]. To reveal the molecular
basis of ion selectivity in these channels, unambiguous determination of
ion binding sites along the permeation pathway is necessary. Toward
this end, recent X-ray crystallographic studies of TRPV2, TRPV4, and
TRPV6 channels have greatly contributed to our understanding of ion
selectivity among TRPV channels [43,52,53].

The crystal structure of TRPV2-Ca2+ shows that one Ca2+ ion is
bound at the selectivity filter (Fig. 2a) [52]. Anomalous X-ray diffrac-
tion of TRPV4 crystals in the presence of monovalent, divalent and
trivalent ions (Cs+, Ba2+ and Gd3+) identifies a single cation-binding
site at the selectivity filter (Fig. 2b), which has opening wide enough to
accommodate a hydrated ion [43]. Regardless of the charges of the
bound ion carries, a single binding site exists at virtually the same lo-
cation in the selectivity filter of TRPV4 [43]. One ion-binding site seen
in TRPV2 and TRPV4, together with the absence of specific side chains
coordinating the bound ion, explains non-selectivity in that multi-ion
occupancy is necessary for achieving selectivity, as demonstrated in the
NaK channel and mutants with altered selectivity by varying the
number of ion-binding sites [54–56]. With a single ion-binding site, an
entering ion could spontaneously exit to either side of the selectivity
filter, and thus it permeates. In contrast, when multiple ion binding
sites align in single file in the selectivity filter, an entering ion with
lower affinity would be rejected by a previously occupied ion with
higher affinity, and hence the entering ion would be forced back to the
same side it enters.

Three Ca2+ ions have been identified along the ion-conduction
pathway in the crystal structure of the Ca2+-selective channel TRPV6
(Fig. 2c) [53]. The first high-affinity Ca2+-binding site near the extra-
cellular entrance is constructed by the aspartate side chains from four
subunits, which are arranged to coordinate a dehydrated Ca2+ ion [53].
Site 2 is formed by backbone carbonyls and threonine side chains and
site 3 appears to involve water-mediated weak hydrogen bonding in-
teractions [53]. Three consecutive Ca2+-binding sites along the ion
permeation path render TRPV6 highly selective for Ca2+.

4. Gating mechanism

Evident from cryo-EM structures of TRPV1 in distinct functional
states, two prominent physical constrictions along the ion permeation
pathway, the upper selectivity-filter (SF) gate and the lower helix
bundle-crossing (HBC) gate, undergo considerable structural re-
arrangements during channel opening (Fig. 3a) [38,39]. In the apo
state, both the SF and HBC gates are closed. At the SF gate, the side
chains of M644 point to the central pore axis and the carbonyl oxygens
of G643 form the narrowest constriction (4.6 Å in diameter), whereas at
the HBC gate, the side chains of I679 create a hydrophobic seal at the
intracellular end of S6 (5.3 Å in diameter) [39]. With the vanilloid
agonist capsaicin bound to a pocket in the vicinity of the S4-S5 linker,
the lower HBC gate is expanded to 7.6 Å in diameter while the upper SF
gate in the outer pore region remains unchanged [39]. With the ap-
plication of a more potent agonist resiniferatoxin (RTX) and a peptide
toxin DkTx, which specifically interacts with the outer pore region, the
channel enters a fully open state with substantial opening at both gates
[39]. At the SF gate, the pore helix moves downward and the pore
diameter at G643 is increased to 7.7 Å. At the HBC gate, conformational
changes of the lower half of S6 accompanied by a rotation of the I679
side chains away from the central pore axis result in a further widening
to 9.3 Å in diameter [39]. TRPV1 structures suggest a dual-gating me-
chanism involving pronounced structural rearrangements at both the SF
and HBC gates [39]. These structural findings elegantly explain pre-
vious observations that the outer pore region of TRPV1 actively con-
tributes to gating elicited by multiple physiological stimuli, including
spider toxins, protons, and heat [20,57–61]. Thus the gating transition
of TRPV1 appears to be fundamentally different from that of the ar-
chitecturally related VGICs such as Kv channels [62], in which only the
lower S6 HBC gate is engaged in channel activation and the selectivity
filter is relatively rigid under normal physiological settings. Ad-
ditionally, in VGICs, the voltage-sensor S1-S4 domains move in re-
sponse to membrane depolarization to promote gate opening [62], but
the analogous S1-S4 domains in TRPV1 remain static during gating
[39].

The cryo-EM structure of rabbit TRPV2 in the apo state also reveals
both the SF and HBC gates (Fig. 3b) [42]. The SF gate is defined by the
methionine side chains and backbone carbonyls analogous to those in
TRPV1 (Fig. 3b). In contrast, the S6 HBC gate is instead constructed by
the side chains of M643 [42], which is one helical turn closer to the
cytosol in S6 compared to the gating isoleucine (I679) in TRPV1. The
position shift of the HBC gate in TRPV2 is a consequence of different
secondary structures in S6, evident by comparison of the non-con-
ducting pores of TRPV1 and TRPV2 [42]. In the closed TRPV1 structure
S6 contains a π-helical turn in the middle (Fig. 3a), whereas in TRPV2
S6 is entirely α-helical (Fig. 3b) [42]. This observation has led to the
proposal that the observed TRPV2 structure represents a desensitized
state and that an α-to-π secondary structure transition in S6 is involved
in channel gating [42], which was first observed in opening of TRPV6

Fig. 2. Ion binding sites at the selectivity filter region of TRPVs revealed by X-ray crystallography. a, TRPV2 (PDB: 6BWM). b, TRPV4 (PDB: 6C8G). c, TRPV6 (PDB:
5IWP). Bound divalent ions are shown as yellow spheres.
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[63].
Surprisingly, cryo-EM structures of rat TRPV2 with and without an

intact pore turret in the apo state show distinct pore profiles from that
of rabbit TRPV2 in the apo state [42,64]. With the complete pore turret,
the rat TRPV2 structure is consistent with a fully open conformation
with both gates exhibiting substantial expansion (Fig. 3b) [64]. Com-
parison with the non-conducting rabbit TRPV2 structure confirms that
the α-to-π transition in S6 occurs upon pore opening, and in the open
conformation the HBC pore region is lined by the equivalent isoleucine
as in TRPV1 [64]. The rat TRPV2 variant with a shortened turret gen-
erated a partially open conformation, where the S6 HBC gate is wide
open but the SF gate remains closed with the methionine side chains
protruding to the central ion-conduction pore [64]. Remarkably, all
structures of TRPV2 representing distinct conformations were obtained

in the absence of any ligand [42,64], therefore it remains unknown
what dictates these conformational states. Whether these differentiating
conformations originate from species differences or biochemical pre-
parations needs further clarification. Nevertheless, the collective con-
formations of TRPV1 and TRPV2 support the notion that dual gating
might be a common feature distinguishing TRP channels from VGICs.
Intriguingly, the observed closed (or desensitized) states of TRPV1 and
TRPV2 display different secondary structures in the pore-lining helix S6
(Figs. 3a and 3b). S6 in TRPV1 contains a π-helical turn and the iso-
leucine side chains constitute the HBC gate [38], whereas S6 in TRPV2
is completely α-helical and the methionine side chains form the HBC
gate [42]. A hypothetical gating model, involving rotation of a con-
served asparagine in S6 to hydrate the pore for ion conduction, suggests
the possibility of an α-to-π transition in TRPV1 gating [65], and a

Fig. 3. Pore profiles of thermoTRPV channels representing distinct functional states. a, The TRPV1 ion-conduction pore in the apo, closed (PDB: 3J5P), capsaicin-
bound (PDB: 3J5R), and RTX/DkTx-bound, open states (PDB: 3J5Q). b, The TRPV2 ion permeation pathway in distinct conformational states (from left to right, PDB
ID: 5AN8, 6BO5, and 6BO4). c, Closed (PDB: 6MHO) and open (PDB: 6DVZ) ion-conduction pore of TRPV3. d, Ion-conduction pore of TRPV4 (PDB: 6BBJ). e,
Sequence alignment of human TRPV1-4 in the pore region. Residues forming the gates are highlighted in red boxes.
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closed TRPV1 conformation with α-helical S6 has yet to be experi-
mentally verified.

Like in TRPV2, S6 in the apo closed conformations of human and
mouse TRPV3 is entirely α-helical and the equivalent methionine side
chains line the HBC gate (Fig. 3c) [66,67]. In marked contrast to
TRPV2, the selectivity filter of TRPV3 in the closed conformations ap-
pears to be wide enough for ion conduction [66,67]. In the agonist 2-
APB bound open conformation of TRPV3, the HBC gate is widened
following an α-to-π transition in S6 [66], akin to opening of the HBC
gate in TRPV2. However, the selectivity filter has a similar dimension
sufficiently wide for ion conduction in both the closed and open states,
suggesting the absence of any SF gate in TRPV3 [66,67].

In the apo nonconductive conformation of TRPV4, S6 is fully α-
helical as in the apo closed TRPV2 and TRPV3 structures and the
equivalent methionine side chains (M714) constitute the HBC gate
(Fig. 3d) [43]. In stark contrast, the selectivity filter is exceptionally
wide in TRPV4 compared with other thermoTRPV channels though the
selectivity-filter sequences TIGM(L)GD(E) are well conserved (Fig. 3e)
[43]. The narrowest point at the selectivity filter is 10.6 Å in diameter
lined by carbonyls of G675 [43], considerably wider than that in the
open state of TRPV1 (7.7 Å) [39]. The hydrophobic side chains of M676
in the pore loop point away from the central pore axis and thus do not
interfere with ion conduction [43]. Like TRPV3, TRPV4 may only
contain the S6 HBC gate but lack the SF gate [43]. Consistently, in
contrast to direct involvement of the selectivity filter region of TRPV1
in channel activation by spider toxins, protons and heat [20,57–61], no
known physiological stimuli specifically interact with the selectivity
filter region of TRPV4 to open the channel.

Structures of thermoTRPV channels raise an important question:
how conserved is the dual gating mechanism among these channels?

The observed pore profiles of TRPV1 and TRPV2 certainly support the
existence of two physical gates, the SF and HBC gates. Additionally,
partially open conformations of TRPV1 and TRPV2 suggest the possi-
bility of step-wise opening of the two gates, which are likely allosteri-
cally coupled during gating induced by distinct stimuli. In contrast, for
TRPV3 and TRPV4, the selectivity filters in the apo non-conducting
states are wide enough for ion passage, and therefore appear to be not
involved in gating. Alternatively, it is also possible that additional
closed conformations with a closed SF gate have so far escaped our
studies and remain to be captured. In all TRPV3 structures, including
the closed, sensitized, and open conformations, the selectivity filter is
sufficiently wide for partially dehydrated ions [66,67]. However, sev-
eral point mutations (N643S, I644S, N647Y, L657I and Y661C) speci-
fically abolishing temperature activation [68], cluster at the outer pore
region, and cysteine-scanning experiments identified two nearby re-
sidues I652 and L655 undergoing temperature-dependent conforma-
tional changes [69]. These results suggest that the selectivity filter and
its immediate surrounding regions are directly involved in thermo-
sensation. Therefore TRPV3 may also engage a dual gating mechanism
and further structural and biochemical studies are necessary to address
this possibility.

Structural biology of thermoTRPV channels has provided remark-
able insights into ligand but not temperature activation mechanisms.
The physicochemical underpinnings of exquisite temperature sensi-
tivity exhibited by thermoTRP channels have been a tremendous en-
deavor in the field approached by numerous functional studies but re-
main largely unknown even in light of recent structures [70,71]. A large
number of point mutations throughout the channel sequences, in-
cluding the intracellular N- and C- termini and the pore domains, have
been identified to affect temperature activation, and thus the

Fig. 4. Two-fold symmetry in tetrameric TRPV channels. a, Crystal structure of TRPV2 in complex with RTX (PDB: 6BWJ) showing pronounced symmetry reduction
at the selectivity filter. The selectivity filter dimension is shown for each pair of two diagonal subunits. Also shown are the side chains of M643 at the S6 bundle-
crossing gate. b, Cryo-EM structure of human TRPV3 in the presence of 2-APB (PDB: 6MHW) showing two-fold symmetry at the S6 bundle-crossing gate. The side
chains of M677 are shown for each pair of two diagonal subunits.

P. Yuan Cell Calcium 84 (2019) 102106

5



‘temperature sensor’ accounting for the extraordinary temperature
sensitivity is unclear [70,71]. Large changes in heat capacity associated
with gating rearrangements and allosteric coupling between sensing
domains likely contribute to temperature sensing [70–72]. Un-
doubtedly, future studies combining structural, functional, biophysical
and computational approaches are needed to elucidate molecular me-
chanisms underlying thermosensation.

5. Symmetry reduction

Homotetrameric TRP channels are expected to maintain four-fold
symmetric arrangements during gating transitions. Surprisingly, crystal
structures of rabbit TRPV2 captured conformations with two-fold
symmetry instead [52]. The crystal structure of an engineered rabbit
TRPV2 construct in complex with the vanilloid ligand RTX shows more
pronounced deviation from four-fold symmetry [52]. RTX binds to all
four subunits but the modes of interaction differ in the two adjacent
subunits, giving rise to distinct hinge orientations of the pore around
the S4-S5 linker and subsequently different subunit arrangements [52].
The selectivity filter exhibits marked two-fold symmetric opening
compatible for permeation of large organic cations [52], therefore
providing structural evidence explaining the ‘pore dilation’ phenom-
enon (Fig. 4a) [73]. Subsequently, cryo-EM structures of TRPV2-RTX in
amphipols and in nanodiscs demonstrated that two-fold symmetry is an
intrinsic property of the channel, which was not induced by crystal
packing interactions [74]. Interestingly, RTX-induced two-fold sym-
metric opening of the SF gate is more prominent for channels embedded
in lipid nanodiscs, small patches of lipid bilayer encircled by amphi-
pathic scaffolding proteins, suggesting that two-fold symmetric con-
formations may occur in biological membranes during physiological
activation [74]. Together, X-ray and cryo-EM structures have provided
a glimpse into the intricate conformational landscape of TRPV2
[42,52,64,74,75], revealing an intriguingly plastic selectivity filter with
varying degrees of opening, which is in marked contrast to the rela-
tively rigid selectivity filter of K+ channels under normal physiological
conditions [76].

In the crystal structure of RTX-bound TRPV2, the SF gate assumes
two-fold symmetric opening but S6 remains α-helical and the HBC gate
stays closed [52]. RTX binds to the same vanilloid pocket as in TRPV1,
which is composed of the intracellular half of S3, S4, S6 and the S4-S5
linker, and therefore it is well positioned to influence channel gating by
directly interacting with these critical structural components sur-
rounding the intracellular S6 HBC gate [39,52]. Remarkably, ligand
binding stabilizes opening of distinct gates in these two channels, the
lower S6 HBC gate in TRPV1 but the upper SF gate in TRPV2 [39,52].

Ligand-induced symmetry reduction from four- to two- fold was also
observed in TRPV3 [67]. The apo closed structures of TRPV3 are four-
fold symmetric [66,67], whereas in the presence of the agonist 2-APB
multiple conformations of TRPV3 distinct from both the apo closed and
open structures exist, including two-fold symmetric conformations
(Fig. 4b), in which S6 is α-helical and the methionine residues con-
stitute the lower HBC gate as in the apo closed state [67]. However, the
distances between pairs of diagonal methionine residues range from 5.2
to 9.3 Å [67], representing dimensions of closed and open gates, re-
spectively. The ligand 2-APB was not identified in these two-fold
symmetric structures, and thus ligand-induced conformational changes
leading to reduction of symmetry remain unknown [67]. The open
conformations of mouse TRPV3 and human TRPV3 K169A return to the
canonical four-fold symmetric arrangement with a π-helical turn in S6
and the isoleucine residues lining the HBC gate [44,66].

Collectively, these two-fold symmetric structures, especially struc-
tures of TRPV2 embedded in membrane-like nanodiscs [74], have
provided evidence that these channels may enter two-fold symmetric
conformations induced by stimuli in physiological settings. Interest-
ingly, the two-fold symmetric arrangement is substantial at the SF gate
in TRPV2 but at the S6 HBC gate in TRPV3 [52,67]. Ensemble

structures with varying degrees of opening at the upper SF and lower
HBC gates indicate the plasticity of both gates, which may be linked to
the well-appreciated rich gating behavior of TRP channels. So far, the
observed fully open conformations of TRPV channels remain four-fold
symmetric, and therefore two-fold symmetric arrangements may re-
present intermediate states en route to opening. It is tempting to
speculate that multiple distinct open conformations, such as with two-
fold symmetry or with completely α-helical S6, may exist for TRPV
channels under certain activation pathways. These alternative open
conformations would possess distinctive pore properties stemming from
different sets of pore-lining residues and/or structural rearrangements
of these residues, further increasing the plasticity and dynamics of the
permeation pathway. It remains unknown whether other TRPV chan-
nels adopt two-fold symmetry during gating.

6. Channel-lipid interactions

It has been well documented that membrane lipids actively regulate
the function of many membrane proteins including TRP channels
[77–81], thereby playing a central role in physiology. Single-particle
cryo-EM of membrane proteins reconstituted into lipid nanodiscs mi-
micking biological membranes, has enabled detailed characterization of
protein-lipid interactions [82]. Structures of TRPV1 embedded in na-
nodiscs revealed well-resolved lipid-like densities surrounding the
channel (Fig. 5) [83]. Annular lipids in the outer leaflet fill the crevices
between channel subunits surrounding the pore domain [83]. The
peptide toxin DkTx specifically binds to the outer pore region, stabi-
lizing the open conformation [39]. In the membrane-like environment,
tripartite channel-toxin-lipid interface and channel/lipid movement
upon toxin binding indicate the involvement of lipids in mediating
channel-toxin interactions [83]. A putative phosphatidylinositol lipid
molecule resides precisely in the vanilloid-binding pocket of the un-
liganded channel, and comparison of the apo and RTX-bound structures
suggests that vanilloid ligands competitively displace the resident
phosphatidylinositol lipid to activate the channel (Fig. 5b) [83]. An-
other lipid density tentatively assigned as phosphatidylcholine is lo-
cated in the hydrophobic cleft within the intracellular half of the S1-S4
domain facing the TRP helix (Fig. 5b) [83]. Interestingly, this site is a
common lipid- or ligand- binding pocket recognized in several other
TRP channels [42,63,66,84–86]. Structures of TRPV2-RTX in amphipols
and nanodiscs showed marked differences [74], further emphasizing
the intimate relationship between channel and lipids and potential
caveats of structural analyses of membrane proteins in non-lipid en-
vironments. Therefore, structures of channels embedded in lipid
membranes are crucial for physiological interpretations.

7. Conclusions and future perspectives

Recent breakthroughs in single-particle cryo-EM have facilitated
exponential growth of the number of near-atomic structures of TRP
channels, which have provided unparalleled insights into ion permea-
tion, ligand recognition, lipid regulation, and gating mechanisms. The
intriguingly complex conformational landscapes of TRP channels such
as reduced symmetry and varying degrees of gate opening have also
emerged, as exemplified by TRPV2 and TRPV3 channels. However,
fundamental mechanisms such as temperature activation remain to be
elucidated. Structural biology will certainly continue to make strides in
advancing our understanding of these fascinating molecules central for
physiology.
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