1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny d-HIN

®HE

N

Jie Zheng'~’

'Department of Physiology and Membrane Biology, University of California School of Medicine,
Davis, California

"% NIH Public Access
é@ Author Manuscript

Published in final edited form as:
Compr Physiol. 2013 January ; 3(1): 221-242. doi:10.1002/cphy.c120001.

Molecular Mechanism of TRP Channels

Transient receptor potential (TRP) channels are cellular sensors for a wide spectrum of physical
and chemical stimuli. They are involved in the formation of sight, hearing, touch, smell, taste,
temperature, and pain sensation. TRP channels also play fundamental roles in cell signaling and
allow the host cell to respond to benign or harmful environmental changes. As TRP channel
activation is controlled by very diverse processes and, in many cases, exhibits complex polymodal
properties, understanding how each TRP channel responds to its unique forms of activation energy
is both crucial and challenging. The past two decades witnessed significant advances in
understanding the molecular mechanisms that underlie TRP channels activation. This review
focuses on our current understanding of the molecular determinants for TRP channel activation.

Introduction

Transient receptor potential (TRP) channels are a group of unique ion channels that serve as
cellular sensors for a wide spectrum of physical and chemical stimuli (23,25,142). They
respond with exquisite sensitivity to fundamental cell signaling elements such as PIP2, Ca2*,
cyclic nucleotides, phosphorylation potential, temperature, and osmotic pressure, as well as
environmental inputs that can be either beneficial or harmful. Activation of TRP channels
changes the membrane potential, translocates important signaling ions cross the cell
membrane, alters enzymatic activity, initiates endocytosis/ exocytosis, and so on. In doing
so, TRP channels are known to play crucial roles in many fundamental processes in life such
as fertilization, sensory transduction, cell survival, and development. In addition, their
activities or malfunctions often signal the presence of harmful conditions to the cell or
pathological development. Our understanding of the physiological functions of this group of
very diverse and relatively new ion channels is still rather limited; nonetheless, intensive
investigations that have been attracted to this area in the last two decades are yielding rich
information at a rapid pace. Accurate interpretation of the information requires knowledge
on the many TRP channel activation processes, which is the focus of this review.

Another important consideration of TRP channel activation is the polymodality feature.
Many TRP channels exhibit exquisite sensitivity to multiple types of stimuli that are distinct
in nature, for example, capsaicin, extracellular pH, and heat for TRPV 1, menthol and cold
for TRPMS. It is believed that evolution has tuned TRP channels to sense multiple stimuli
and mediate integrated cellular responses. It should be pointed out, however, that synergistic
activation by distinct stimuli is not restricted to TRP channels. Voltage-gated ion channels,
for example, can be quite responsive to physiological changes of the intracellular
concentration of cyclic nucleotides (e.g., hyperpolarization-activated cyclic nucleotide-gated
channels) or CaZ* [e.g., big potassium (BK) channels]. Ion channels with polymodal
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activation can act as coincidence detectors that link together otherwise separate cellular
events, a role well fit for ion channels whose activity, in general, serves the role of cellular
signaling (in both electrical and chemical forms). For TRPV1, polymodal activation by
capsaicin and heat may contribute to the common human sensation elicited by these very
distinct stimuli (one being chemical, the other physical). While polymodal activation clearly
is fundamental to TRP channel functions as cellular sensors, it also poses an additional
challenge to the investigation of their activation mechanisms. A TRP channel’s response to a
specific stimulus is dependent on the presence and magnitude of many other stimuli that
need to be carefully controlled and taken into consideration. Indeed, the sensitivity of
TRPV1 to capsaicin is acutely tuned by experimental conditions such as temperature,
membrane potential, extracellular pH, and intracellular Ca®* concentration. Considering that
a plethora of potential endogenous TRPV1 agonists and antagonists have also been reported,
it is perhaps no wonder that the activation of TRPV1 observed from native cells can vary so
dramatically.

Classification

The first TRP channel was discovered in a mutant strain of Drosophila melanogaster in
which the lack of a functional copy of the #p gene caused impairment in the fly’s visual
system including an abnormal electroretinogram response to light (27). Unlike the wild-type
flies, #rp mutants showed a unique transient receptor potential (TRP) response to light. The
identity of the mutant gene was discovered by Craig Montell and Gerald Rubin in 1989
(111). The predicted #rp gene product appeared to resemble an ion channel protein, which
was later proved true by Roger Hardie and Baruch Minke who showed that TRP is a Ca2*
channel activated by light in photoreceptor neurons (52). A TRP homolog, TRPL, was also
cloned and characterized from the fly (136).

The search for TRP homologs in mammalian species so far has yielded 28 TRP channels
(Fig. 1). They are grouped by sequence similarity into several subfamilies: TRPC
(canonical), TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML (mucolipin),
and TRPP (polycystin) (23, 25). The TRPC subfamily members are most closely related to
the Drosophila TRP channels. There are seven TRPC subunits. Human TRPC2 appears to be
a pseudogene, though in other mammals TRPC2 is functional. The rest TRPC subunits can
be divided into two groups, TRPC1/TRPC4/TRPCS5 and TRPC3/TRPC6/TRPC7. TRPC
subunits can assemble into homomeric channels, and many of them can also assemble into
heteromeric channels (45, 58, 153, 178). Coassembly are reported for TRPC1/TRPCS (177),
TRPC1/TRPC3 (95), TRPC1/TRPC4 (51), TRPC3/TRPC4 (139), TRPC4/TRPCS5 (137,
138), and TRPC1/TRPC3/TRPC7 (230). All TRPC subunits contain an N-terminal ankyrin-
like repeat domain (ARD), a TRP box after the sixth transmembrane segment, S6, and a
Ca2+-binding EF hand domain in the intracellular C terminus. A common feature of the
TRPC channels is that they are all activated by the phospholipase C (PLC) signaling
pathway.

The mammalian TRPM subfamily contains eight members, TRPM1-8. They are divided into
three subgroups, TRPM1/TRPM3, TRPM4/TRPMS5, TRP6/TRPM7, with TRPM2 and
TRPMS being separate from the rest of the subfamily. Coassembly of TRPM subunits has
been reported between TRPM6 and TRPM7 (20, 21, 71, 89). TRPM subunits lack the ARD
domain found in the intracellular N terminus of most TRP subunits. Instead, the very long N
terminus contains a large TRPM homology region of about 700 amino acids. Most TRPM
subunits also contain a well-conserved C-terminal TRP box and a coiled-coil domain (188).
TRPM4 and TRPMS are unique among TRP channels as they are the only two monovalent
cation-selective ion channels. In addition, TRPM2, TRPM6, and TRPM?7 are special in that
they contain an enzymatic domain in the C terminus.
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The TRPV subfamily has six members, TRPV1-6, that can be further divided into two
groups, TRPV1-4 and TRPVS/TRPV6. TRPV 1-4 homomeric channels are weakly Ca2*-
selective cation channels. They are also all heat activated. Subunits of the TRPV1-4 group
can coassemble to form heteromeric channels (18,53,90,147,166). Likewise, TRPVS5 and
TRPV6 subunits can coassemble into heteromeric channels (53, 56, 153). TRPVS5 and
TRPV6 homomeric channels as well as TRPVS5/TRPV6 heteromeric channels are highly
Ca?* selective but not heat activated. Like TRPCs, subunits of this subfamily also contain an
N-terminal ARD and a TRP box domain. Specific interacting domains in the C terminus are
known to promote subunit assembly (42, 195, 233).

The only member of the TRPA subfamily, TRPAI, got its name from its very large ARD
domain that contains at least 14 repeats. The TRPML subfamily has three members,
TRPML1-3. These are primarily intracellular proteins in cytosolic compartments. An ER
retention-signaling domain in the intracellular C terminus is likely a major determinant of
their intracellular localization. Coassembly among TRPML subunits has been reported (29,
193). TRPP subfamily has three members, TRPP2 (also known as PKD2), TRPP3 (or
PKD2L1), and TRPP5 (or PKD2L2). They are not to be confused with the other polycystins
—members of the PKD1 subfamily are 11 transmembrane segments proteins. TRPP
subunits also contain a C-terminal ER retention-signaling domain.

The classification of TRP channels is based on sequence similarity instead of common
functional features. This is different from most other ion channel families that exhibit not
only high sequence similarity but also similar ion selectivity or sensitivity to specific
activation stimuli. Because of this classification method, members of the same subfamily
may be functionally distinct. On the other hand, members from different subfamilies may
share noticeably common features. This can be illustrated by the fact that temperature-
activated TRP channels include members of the TRPC, TRPV, TRPM, and TRPA
subfamilies, whereas TRPM2, TRPM6, and TRPM7 are the only members of the TRPM
subfamily that contain an enzymatic domain. In addition, while subunits of the same
subfamily do not always coassemble into heteromeric channels, subunits of different
subfamilies are found to interact and possibly form heteromeric channel complexes.
Examples of cross-subfamily coassembly are between TRPC1/TRPP2 (4, 82, 187, 234),
TRPV4/TRPP2 (83, 172), TRPA1/TRPV1 (152), and TRPC1/TRPC6/TRPV4 (1). Because
the TRP channel subfamilies are classified by sequence similarity, their members exhibit
great functional diversities. It makes the apparent incoherence in discussing TRP channel as
a whole somewhat unavoidable.

Distribution

TRP channels are widely distributed in many tissues and cell types. A number of them
appear to be universally expressed, whereas others exhibit more restricted expression
patterns. Besides the plasma membrane, TRP channels are also found in intracellular
membranes (33). TRPML channels are examples of functional intracellular channels. A
detailed account of the distribution of each TRP channel type is beyond the scope of this
review; interested readers can refer to excellent reviews for information on comparative
distribution (129, 142, 194, 211). It is noted that there exists substantial discrepancies in the
literatures on TRP channel distribution. For this reason, it is helpful to pay special attention
to the detection method that supports the presence of a TRP channel in specific tissues or
cells. The presence of TRP channel mRNA is a good indicator for functional expression.
Immunohistochemistry can demonstrate the presence of TRP channel proteins and further
reveal their cellular location. Functionally, TRP channel current can be recorded with patch
clamping. Furthermore, an increase in intracellular Ca* concentration in response to stimuli
specific to certain TRP channels serves as a good indicator of functional expression for
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almost all TRP channels (except TRPM4 and TRPMS) as they are Ca?* permeable.
Radioactive ligand binding also provides direct evidence of TRP protein localization.
Genetically modifying a TRP channel locus allows the introduction of reporter genes such as
lacZ or Cre into living animals in which the expression of the reporter genes reflects the
expression of the channel. Using these techniques, rich information on TRP channel
distribution has been gathered.

As the distribution of each TRP channel gives important clues on its functions, a thorough
understanding of the expression pattern is of great significance to our appreciation of TRP
channel molecular mechanisms. For this reason, tissue-or cell type-specific distribution of
particular TRP channels will be mentioned below when their activation mechanisms are
discussed. While much has been learned in the past, it is clear that the tissue- and cell-type
distribution of TRP channels remains to be an area where additional exploration is needed.
For example, it has been thought that TRPV1 is involved in a number of higher functions of
the central nervous system including plasticity, learning, and memory. However, a very
recent study suggested surprisingly that in mouse, rat, primate, and human the expression of
TRPV1 in the brain is limited to only highly restricted areas (14).

A further note of caution can be made on species difference. It is well known that TRP
channels from different species exhibit distinct functional properties. Indeed, while human
and rodent TRPV1 channels are highly sensitive to capsaicin, TRP channels from birds are
insensitive to the plant irritant. Importantly, species difference is also found in the
expression pattern of TRP channels. In rodents (both rat and mouse), TRPV3 is
predominantly expressed in keratinocytes (131). However, in human and nonhuman
primates, expression of TRPV3 in sensory neurons is detected at both mRNA and protein
levels (166, 216). Presence of the channel in human sensory neurons might provide a basis
for camphor, thymol, eugenol, carvacrol (components from plants such as rosemary, thyme,
clove, cinnamon, and oregano), and other chemicals found in food spices to elicit strong and
unique warmth human sensation by activating TRPV3 (215). It is further noticed that
TRPV3 knockout mice did not seem to exhibit significant defect in heat sensation, which is
consistent with a lack of neuronal presence of the channel in rodents (64).

The structure of ion channels provides invaluable information regarding their functions and
activation mechanisms. Unfortunately, structural information is still scarce for TRP
channels. Based on sequence similarity and the available low-resolution cryo-electron
microscopy (EM) structures, all TRP channels are expected to look somewhat like the
voltage-gated potassium channels, with four subunits surrounding a centrally located ion
permeation pore. There is no report so far on crystallographic study of a whole TRP
channel; structures of isolated channel domains such as the ARD have been solved by
crystallography. The following discussion summarizes what we know about the structural
features of TRP channels.

Topology and sequence features of TRP subunits

Based mostly on hydropathy analysis, all TRP channels are expected to have six
transmembrane segments like the voltage-gated potassium channels (Fig. 1). Both the N and
C termini are intracellularly located. Predictions by sequence analysis are largely supported
by functional tests such as mutational studies, chemical modification, etc. In many TRP
channels, the ion selectivity filter region can be clearly identified from the linear sequence,
as they unmistakably resemble the ion selectivity filter of potassium channels. For example,
most TRPV channels have an ion selectivity sequence of TIGXGD, with the X being an M
or L. Glycosylation sites are suggested in a number of TRP channels in the pore turret after
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the fifth transmembrane segment, S5. A number of protonation sites are identified in TRP
channels. From their sensitivity to pH changes either on the intracellular side or on the
extracellular side, the transmembrane location of these protonation sites can be determined
(see Table 1).

Subunit composition

TRP channels are tetrameric assemblies. Evidence of a tetrameric TRPV1 protein complex
comes from gel filtration analysis (110), blue native gel electrophoresis (69), electrophoresis
in perfluorooctanoic acid (78), and electron micrograph (102, 107, 110, 161). In addition,
sucrose gradient centrifugation experiments showed TRPVS5 and TRPV6 form tetramers
(56). Nearly all the TRP subunits discovered so far can form functional homotetrameric
channels [but see reference (173)]. The TRPP2 subunits are shown to form a trimer that then
associates with a PKD1 subunit (a 11 putative transmembrane segment-containing protein)
to form a channel (227). In addition, there are ample examples of heteromeric channel
formation between TRP subunits (16). Figure 1 summarizes what have been reported so far.
Some of the heteromeric channels are only observed in expression systems where subunits
are coexpressed through transfection. It is yet to be shown that they do exist in native cells.

Detailed mechanisms governing TRP subunit coassembly remain to be determined. The N-
terminal ARD domain, which contains a number of highly conserved helix-turn-helix
structures and represents one of the most commonly found protein-protein interacting motifs
(113,156), was previously reported to affect homomeric and heteromeric TRPV5/TRPV6
channels formation (15, 36). However, no direct interaction between isolated ARDs of any
of the TRPV1-4 channels could be detected (233). This result is consistent with
crystallography data demonstrating that the ARDs from TRPV1 and TRPV2 remained as
monomers in crystal forms (72,92,104), indicating that subunit coassembly of TRPV1-4
does not involve significant interaction between ARDs. It remains possible that ARD
interacts with other part(s) of the TRPV protein, through which it affects channel assembly,
trafficking, and function (3, 92).

It has been previously proposed by Garcia-Sanz and colleagues (2004) that the TRPV1 C-
terminal region reassembles the C-terminus of cyclic nucleotide-gated channels that exists in
a fourfold symmetrical arrangement (229). A 38-amino acid segment right after S6 appears
to participate in coil-coil interactions between subunits and plays an important role in
TRPV1 tetramerization (42). In cyclic nucleotide-gated channels, coil-coil interaction is
thought to be a major determinant for subunit assembly as well as subunit stoichiometry of
the heteromeric channels in rod photoreceptor neurons (237). Indeed, partial deletions of
various TRPV1 C-terminal segments affected channel function, and a complete deletion of
the C terminus rendered the truncated channel nonfunctional (195). A short segment of six
amino acids in the C-terminal region of the homologous TRPVS5 channel was also found to
be crucial for subunit assembly (15). In addition, a tetrameric assembly domain in the C
terminus proximal to the TRP-like box was recently identified in TRPV1 and possibly other
TRPV channels (233).

In addition to the pore-forming subunits, auxiliary subunits, and modulator proteins have
been found to be associated with TRP channels. For example, calmodulin (CaM) is a
common TRP channel modulator. It is associated with TRPV1 either in the absence of Ca2*
or when the intracellular Ca2* concentration raises. Interestingly, association of CaM to
several TRPV channels is affected by intracellular ATP molecules, through their
competition for the N-terminal ARD (135).
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EM structure

Besides using the potassium channels as a template for the overall structural features of TRP
channels, information from electron microscopy has been very useful in interpreting TRP
channel protein architecture. Additionally, attempts have been made to model TRP channel
structures (38,42). Clearly, much work is needed to improve the resolution of structural
models generated using both methods. In the following discussion, the EM-based TRP
channel structures will be examined.

Currently, there are a number of reported EM structures of TRP channels, including TRPV1
(110), TRPV4 (161), TRPM2 (102), TRPA1 (30), and TRPC3 (106,107). All these
structures are of limited resolution (>15 A). Nonetheless, with improvements of the
experimental condition and image analysis methods, it is theoretically possible to achieve
much higher resolutions that would allow identification of side chains and the generation of
atomic resolution models. This promise has been demonstrated by studies of nicotinic
acetylcholine receptor (108, 190) and GroEL (97); in both cases, a resolution of about 4 A
has been achieved. Before reaching this level of resolution, the available TRP channel EM
structures can provide useful evidence for interpretation of domain arrangement and subunit
interactions. The fourfold symmetry seen in the existing structural models of TRP channels
mostly originates from the procedure used to refine the model. For this reason, it does not by
itself serve as a proof of the assumed tetrameric channel complex.

Two different approaches have been applied to EM studies of TRP channels. In the first
approach, negative staining was used to enhance the contrast between channel protein and
the background. With this approach the electron density of the staining metal particles forms
a “cast” around the protein, which needs to be excluded to yield the protein mass. The
staining thus limits the resolution of this EM approach. Additional limitations of the
negative staining method on the structural resolution include potential protein structure
distortion generated by the staining process and potential inclusion of lipid aggregates to the
protein mass. An alternative approach to negative staining is the use of cryo-EM analysis.
While the intrinsically low image contrast in the absence of staining currently prohibits the
cryo-EM approach to be applied to small proteins, this is the method that has improved
dramatically in recent years. Indeed, the high-resolution protein structures mentioned above
were solved using the cryo-EM approach.

The cryo-EM structure of TRPV1 (110), solved at 19 A, has two well-defined domains (Fig.
2A). The smaller one of them, having a diameter of 60 A and a height of 40 A, is assumed to
represent the transmembrane domain. The space occupied by this domain matches roughly
with the size of the transmembrane domain of the Kv2.1 crystal structure (Fig. 2B) (96). The
larger domain, likely representing the intracellular mass of TRPV1, has a diameter of 100 A
and a height of 75 A. Its shape resembles the corresponding part of the Shaker potassium
channel cryo-EM structure (Fig. 2C) (167) in that both structures look like a “hanging
gondola.” The low electron density central space of the TRPV1 structure suggests the
existence of a large cavity, which has not been tested experimentally. It is suggested that the
N-terminal ARD fits well under the four shoulder-like regions in the cytoplasmic domains
near the expected membrane surface (Fig. 2B). If confirmed, this may indicate that the
interaction partner for the ARD resides at the intracellular face of the transmembrane region.
The EM structure of TRPV4 (161), solved at a lower 35-A resolution, has similar structural
features to TRPV1, including the two identifiable domains and a low-density central cavity.

The structure of TRPM2 (102), solved at 28-A resolution with the negative staining method,
has a distinct bullet-like shape. The dense “bullet head” is interpreted to represent the
transmembrane domain. The size of this part is considerably larger than the corresponding
part of the TRPV1 and TRPV4 structures, even though the TRPM2 protein complex is larger
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(690 kDa, compared to about 400 kDa for both TRPV1 and TRPV4) mostly because of its
lengthy intracellular termini. Below the dense region is an even larger mass that has many
low-density internal cavities. The diameter of this part, presumably representing the
intracellular mass of the channel protein including the C-terminal enzymatic domain, is 180
A. The structure of TRPC3 (107), solved at 15-A resolution by cryo-EM, has a very
different shape. It is very large (240 A in height and 200 A wide) given the molecular mass
of the TRPC3 channel complex (388 kDa), but contains numerous cavities. These features
are consistent with an earlier study of the channel using negative staining (106).
Nonetheless, the structural features need to be tested experimentally.

A TRPA1 EM structure at 16-A resolution was recently published (30). The structure was
determined using negative staining and an amphipathic polymer (amphipol) A8-35 in place
of detergent. The choice of A8-35, which binds tightly to the transmembrane portion of the
protein, is motivated by the idea that it may provide a more native-like environment for
membrane proteins (184). For this reason, it has been utilized in a number of nuclear
magnetic resonance and EM studies. The overall shape of the TRPA1 structure is
reminiscent of the TRPV1 structure. It has a compact transmembrane domain and a basket-
like cytoplasmic domain, though the size of the cytoplasmic domain is considerably larger
than that of TRPV1, as expected from the long ankyrin-like repeats region of TRPA1.

Crystallographic study of TRP channel structural elements

While at the present time there is no whole TRP channel structure solved by crystallography,
high-resolution structures of several intracellular functional domains are available. These
studies not only confirmed the expected structural features of these common protein
domains, but also they revealed interesting novel features that likely contribute to the
function of the host TRP channels.

The ARD is found in the intracellular N terminus of members of the TRPC, TRPV, and
TRPA subfamilies. It represents one of the most commonly found protein-protein interaction
domain (113, 156). The structural features of ARD in non-TRP channel proteins are found
to be largely conserved. Each of the repeats consists of two [Fhelices folding onto each
other followed by a long hairpin loop. ARD is formed by stacking multiple copies of this
general structure. In TRPV and TRPC channels, it is believed that up to six repeats exist in
ARD, whereas in TRPAT1 the copy number is at least 14. TRPN channels, which are found
in fruit fly, C. elegans and zebrafish but not mammals, host an N-terminal ARD that
contains 29 repeats. So far the ARD structures of rat TRPV1 (92), rat and human TRPV2
(Fig. 3A) (72, 104), and mouse TRPV6 (134) have been solved by crystallography. In
general, the structure of ARDs in TRPV channels closely resembles the known ARD
structures in other proteins (Fig. 3B). Noted differences include a twist between the fourth
and fifth repeat whose functional significance remains to be examined. While ARD is
known to serve as a protein-protein interaction domain, its interacting partner is often a
much shorter, less-structured peptide segment (113, 156). Consistent with this observation in
other proteins, TRPV channel ARDs do not form homooligomers in solution (233). This is
confirmed by crystallographic studies. Interacting partners of TRP channel ARDs remain to
be identified.

What turned out to be very interesting about the TRPV channel ARD domains is that the
ARD of TRPV1, TRPV3, TRPV4 but not TRPV2 also binds ATP (92, 135). Functionally it
is shown that ATP sensitizes the response of TRPV1 and TRPV4 to membrane
depolarization and agonists such as capsaicin, and desensitizes the response of TRPV3 to
repeated agonist (2-APB) stimulation (135). Mutating residues in ARD shown in the crystal
structures to be critical for interacting with the ATP molecule indeed disrupted such
modulatory effects. These results suggest that changes in the intracellular ATP concentration
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might be yet another cellular signal that selected TRPV channels can sense. While the
molecular mechanism underlying ATP regulation of TRPV channels is still under
investigation, one possibility is suggested by the observation that the ARD region that binds
ATP also mediates interaction between the channel and Ca?*-CaM (92). Competition
between ATP and CaZ*-CaM was observed (135). In TRPV1, repetitive stimulation leads to
CaM-mediated channel desensitization. It makes sense then that competitive binding of ATP
would remove the inhibitory effect of CaM, leading to channel sensitization.

Coiled-coil is another prevalent protein interaction and assembly domain found in many
protein families including transcription factors, membrane fusion proteins, and ion channels
(50). It consists of [Fhelices coming together to form a helical coil bundle of preferred
stoichiometry. Interaction between helices is mainly mediated by hydrophobic amino acids
that are evenly distributed (every third then fourth position) in the linear sequence. Such
characteristic sequences were identified in all TRPM channel proteins (188) that of TRPM7
was crystallized and its structure solved (Fig. 3C, left panel) (40). As indicated by
biochemical assays (188), the TRPM7 coiled-coil domain exists as a tetramer, with
hydrophobic side chains mediating intermolecular interactions. What is intriguing about the
structure, however, is that the orientation of two strands is the opposite of that of the other
two strands. The antiparallel arrangement observed in the crystal form was further
confirmed by disulfide bond linkage tests (40). This antiparallel arrangement is distinct from
the parallel arrangement of the tetrameric coiled-coil domain of the Kv7.4 channel (62) and
the trimeric coiled-coil domain of CNG channels (Fig. 3C, right panel) (163). It suggests
that in TRPM?7 channels this part of the C-terminal region forms a “folded-arms”
conformation, placing the C-terminal ends of the coiled-coil domains 77 A away from each
other. About 300 amino acids downstream from this point is the kinase domain, which tends
to assemble between subunits to form dimers.

Structure of the TRPM?7 kinase domain was solved crystallographically (218). Its sequence
suggests that it belongs to the atypical [Fkinase family, which is distinct from the classical
kinase family. However, unexpectedly its central catalytic core structure resembles the
classical protein kinases, despite a lack of sequence similarity between them. Furthermore,
in the TRPM?7 kinase domain structure, striking conservation of residues known to be
important in the catalytic mechanism of classical protein kinases was observed. As
mentioned above, the TRPM?7 kinase domain forms intersubunit dimers. The N-terminal half
of one subunit interacts with the C-terminal half of its partner subunit in a domain swapping
arrangement. Hence, the TRPM7 channel complex loses its fourfold symmetry at its
intracellular enzymatic domain region. This structural feature resembles that of the
tetrameric ionotropic glutamate receptors whose extracellular ligand-binding domains form
dimers.

The TRPP2 subunit also contains a C-terminal coiled-coil domain (Fig. 3C, middle panel)
(227). Through a combination of biochemical, crystallographic, and fluorescence imaging
approaches, it is shown that the TRPP2 coiled-coil domain forms a trimer, like the coiled-
coil domain of cyclic nucleotide-gated channels. The trimeric TRPP2 complex then
associates with an 11 transmembrane segment-containing PKD1 subunit to form a functional
protein complex. In comparison, the cyclic nucleotide-gated channel CNGA1 subunits
trimer is associated with a CNGB1 subunit to form a tetrameric channel complex (163, 206,
236, 237). The PKD1 subunit is generally thought to function as a cell surface receptor for
extracellular ligands and matrix proteins. The association between PKD1 and TRPP2 would
allow coupling of stimuli from the extracellular side to the gating of the TRPP2 channel
(109).
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Activation Mechanisms

Voltage

Voltage-dependent activation is one of the best-understood forms of ion channel gating. The
predominant form of voltage gating involves a series of positively charged amino acids in
the fourth transmembrane segment, S4, of voltage-gated K*, Na*, and Ca?* channels (Fig.
4A, left panel). The S4 charges sense changes in the electric field across the plasma
membrane and move in response to the force exerted by the field (7, 164, 225). In the
Shaker potassium channel, movement of S4 and its surrounding structures contributes to the
equivalent of about 13 e( gating charges that move across the transmembrane electric field
(154). Recent crystallographic studies start to provide structural underpinning of the voltage
sensing process and the subsequent coupling process between the voltage sensor and the
activation gate (98). A large number of TRP channels have been reported to be voltage
sensitive. However, the voltage-dependent activation process in TRP channels exhibits a
couple of noticeable unique features. First, the voltage sensitivity of most TRP channels is
quite low in comparison to the classic voltage-gated Na*, K*, and Ca* channels (Fig. 4B).
TRPV1, for example, has an apparent gating charge of only 0.5 to 0.7 eg (103, 196). Second,
the S4 segment of most TRP channels, with the exception of TRPPs, lacks the series of
charged amino acids seen in the classic voltage-gated channels (109). The lack of charged
residues in TRP channels provides a simple explanation for their low voltage sensitivity,
suggesting that the molecular mechanism underlying the observed voltage dependence in
most TRP channels may have a different structural basis. Third, the voltage range in which
TRP channels exhibit sensitivity often falls far beyond the physiological range a cell
normally experiences. In the case of TRPV1 at room temperature and physiological pH, the
threshold voltage for activation is around 0 mV, with a half-activation voltage of about 150
mV.

Despite the low voltage sensitivity that is often in a seemingly nonphysiological range,
response to changes in membrane potential by TRP channels is thought to be quite important
for their functions. This is because the voltage response can be significantly affected by
other channel stimuli, for example, agonists and temperature (196). The coupling between
the weakly voltage-dependent activation gating and other gating processes shifts the voltage
range at which the channel is responsive, making a voltage change in the physiological
range relevant to channel function (Fig. 4B). In addition, voltage-dependent gating also
appears to contribute to macroscopic current rectification of many TRP channels, for
example, TRPM4 (119).

The importance of voltage-dependent gating is best demonstrated by the heat sensor TRPV 1
and cold sensor TRPMS, for which it is thought that the temperature-dependent gating is
achieved by shifting the voltage-dependent gating process (196). The work by Voets et al.
(2004) demonstrated that, at room temperature, the half-activation voltage of TRPV1 is near
+100 mV; raising the temperature to 42°C lowers the half-activation voltage to near —50
mV, a level readily reachable by a sensory neuron (196). A similar negative shift of the
activation voltage is also observed in TRPMS (196, 197). Shift in the voltage dependence is
found to be achieved as the opening and closing transitions of TRPV1 and TRPMS are
differentially affected by temperature—for TRPV 1, the rate of the opening transition
increases rapidly upon heating, leading to a dramatic shift of the equilibrium of the voltage-
dependent process toward the open state; for TRPMS, cooling decreases the rate of the
closing transition much stronger than the rate of the opening transition, again leading to a
shift in equilibrium toward the open state (196). Interestingly, mutations neutralizing
charged amino acids in S4 and the S4-S5 linker region are found to reduce the apparent
gating charge of TRPMS (from 0.9 to 0.6 eg) (197), suggesting that a mechanism similar to
that of the classic voltage-gated ion channels might exist in this channel as well. A similar
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mechanism has been proposed for the activation of TRPM4 and TRPMS channels, whose
gating also exhibits voltage dependence and high temperature sensitivity (57, 180).

The molecular basis for the functional coupling between voltage-dependent gating and
temperature-dependent gating is currently under debate. While the reports mentioned above
indicate that a shared machinery is involved in both gating processes, it is suggested by
others that an allosteric mechanism can most economically explain the phenomenon (87).
Indeed, ion channels are known to behave as allosteric proteins (155, 228). The large
enthalpic and entropic changes associated with the temperature-dependent gating process
indicate that large conformational changes, probably affecting many parts of the channel
protein, occur during this process (11, 196). In support of the allosteric hypothesis,
mutations are found to selectively affect individual activation modality of TRPV1 and
TRPV3 (28, 48, 49, 74). Analyses of gating kinetics and equilibrium also suggest that
various gating processes may be supported by separate channel structures (103, 219).

Temperature-dependent activation of TRP channels is a very peculiar gating process that has
drawn intensive investigations since its discovery in TRPV1 in1997 by the Julius group
(13). Temperature sensing is a basic and indispensable sensory form. Sensitive response of
the nervous system to changes in temperature is of paramount importance for homeotherms
to maintain a stable body temperature. Temperature cues are used by homeotherms and
poikilotherms alike to detect ambient environment, search for favorable conditions, and
avoid harm. Indeed, a number of temperature-sensitive TRP channels are studied as
nociceptors that respond to extreme temperatures and harmful chemicals. Strong activation
of these channels in the nervous system elicits pain. In addition to their roles in neuronal
functions, the activity of temperature-sensitive TRP channels are thought to contribute to
dynamic local regulations such as dilation or constriction of blood vessels and growth of
neurites.

There are a number of TRP channels that are thought to be highly temperature sensitive.
Often they are referred to as thermoTRPs. TRPV1 starts to open when the temperature rises
to near 40°C under otherwise normal conditions. Its homologs TRPV2, TRPV3, and TRPV4
are also heat activated but with distinct threshold temperatures. TRPV?2 activates at more
than 50°C, while TRPV3 and TRPV4 activates at lower temperatures around 30°C. (The
other two members of the TRPV subfamily, TRPVS5 and TRPV6, are not directly activated
by heat.) TRPM2, TRPM4, and TRPMS are also reported to be sensitive to high
temperatures. Another heat-sensitive TRP channel is the TRPA1 channel of Drosophila fly
and certain snake species. The fly dTRPA1 has several splice variants. The A and D forms,
found in multidendritic nociceptor neurons, activate at 24 to 29°C and 34°C, respectively,
whereas the B and C forms are not activated by heat (238). The difference in temperature
dependence among these variants is found to be associated with regions flanking the N-
terminal ARD. The pit organ of viper snakes (e.g., rattlesnakes) expresses a TRPA1 channel
that activates at 30°C (47).

The best understood cold-sensitive TRP channel is TRPMS, which activates when
temperature drops below about 20°C (105, 130). Another cold-activated TRP channel is
TRPCS, which is highly cold sensitive in the temperature range of 37 to 25°C (241). While
TRPCS5 can coassemble with TRPC1, the heteromeric channel does not show cold-induced
channel activity. Mammalian TRPA1 was thought to be a cold sensor with an extremely low
threshold temperature below 10°C (174). However, cold activation of TRPA1 remains
controversial.
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It should be emphasized that thermoTRP channels are not the only highly temperature-
sensitive channels. Indeed, the electric ray Torpedo chloride channel CLC-0 has a common
gating process that is extremely temperature sensitive (140). (It is, however, unlikely that the
heat-induced closure of CLC-0 channel plays a significant physiological role, as the fish
may not experience temperatures in the range that affect this gating process. Torpedo
california, from which CLC-0 was purified and cloned, lives in northeastern Pacific at a
depth of 100-200 m and prefers temperatures of 10-13°C. Temperature-induced common
gate closure occurs at temperatures 320°C). The endoplasmic reticulum Ca%* sensor STIM1
is activated by heat: raising temperature above 35°C causes STIM1 clustering (213). The
process may be important for the regulation of intracellular Ca2* in response to temperature
changes. Other highly temperature-sensitive channels include two-pore potassium channels
(76) and voltage-gated proton channel (143).

What does high temperature sensitivity of a channel mean? At least two things should be
considered. First, for temperature-sensitive TRP channels, their activity can be elicited by
the change in temperature alone. TRPV 1, for example, opens at resting membrane potential
in the absence of capsaicin or other agonists at physiological pH level as long as the
temperature reaches near 40°C. The voltage-gated Shaker potassium channel, in comparison,
would not open upon raising temperature at resting membrane potential (even though its
gating and ion permeation processes would be substantially affected once the channel is
activated by membrane depolarization). Second, the activity level of a thermoTRP channel
exhibits much higher sensitivity to temperature changes than an “ordinary channel.” A
widely used characterization of temperature sensitivity is the Q;¢ value, which quantifies the
fold change in the rate of activation (or deactivation) upon a 10°C increase in temperature.
With this standard definition, the Qg value is exponentially related to the activation energy
as defined by the Arrhenius equation (55). For thermoTRPs, the Q¢ values are in the range
of 10 to 27 (corresponding to an activation energy of 4.2 to 6.0 kcal/mol between 25
and35°C), comparing to a Q;¢ value of 3 to 7 for an ordinary channel and 40 for CLC-0
common gating. The usage of the Q;ypmeasurement has been relaxed to be applicable to
temperature-dependent changes in the current amplitude as well. The current amplitude-
based Qg values cover a wide range and reflect temperature-dependent changes in both
permeation and gating. It is a descriptive parameter that is not directly convertible to an
energy term.

The basic properties of thermoTRP channels heat activation have been extensively
characterized from equilibrium measurements of macroscopic and single-channel currents as
well as kinetic measurements of current activation (11, 196, 219). These studies suggest that,
for thermoTRPs, the heat-induced gating process can be described reasonably well by a
single transition between two gating states (C and O). This conclusion is much welcomed as
this simple situation can be described by the Gibbs free energy equation UG= UOH - TS, in
which OGis the transition energy between C and O, and UH and [0S are corresponding
enthalpic and entropic changes, respectively (Fig. 5). As dictated by thermodynamic
principles, 0S'is found to be quite large for thermoTRPs in the range of 100 to 300 cal/mol/
K (219). [His also found to be very large, in the range of 30 to 80 kcal/mol. The balance
between the two large quantities, 05 and [H, is very important as it allows the transition

C 0 O to occur under physiological conditions. The importance of this fact can be
demonstrated by shifting one (say, [UH) by a small 5% while holding the other ( 0IS'in this
case) unchanged (Fig. 5, top left panel). As a result of this minor deviation from the fine
balance point reached through evolution, the system will be stuck indefinitely in either the C
state or the O state at the temperature range compatible with life. A lesson from this exercise
is that the fine balance between A and [Sis what determines the functional temperature
range (and the threshold temperature) of each thermoTRP channel. It is very likely biology
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utilizes this property to up- and downregulate the function of these channels under
physiological conditions and in response to pathophysiological challenges.

While the general principles outlined above have been demonstrated to be applicable to
thermoTRP channels, the usage of the Gibbs free energy equation likely represents an
oversimplification. In particular, the assumption of temperature-independent A and 0S5
may not hold, as the molar heat capacity of a channel protein (and its immediate
environment including the lipid membrane and the surround water molecules) can be quite
large. One can even put forward an argument that the change in molar heat capacity, 0C,
might serve as the driving force for temperature-dependent activation of thermoTRPs (24).
Furthermore, it is acknowledged that an equilibrium system between two states, the C and O
states, is perhaps an oversimplification of the real channels. Given these limitations,
thermodynamic analysis remains a powerful tool for the investigation of the molecular
mechanism underlying the high temperature dependence of thermoTRPs, as it has been for
the study of heat-dependent protein denaturing process. Indeed, activation of thermoTRPs in
many ways resembles the highly temperature-sensitive protein denaturing process, which
also exhibits large 0H and [S values.

What happens to thermoTRPs (and their immediate surrounding environment) when
temperature is changed? While it is theoretically possible that the lipid and water molecules
(either tightly bound to the channel protein or surrounding it) may serve as the heat sensor
and transduce thermal energy into protein conformational changes, it is generally recognized
that thermoTRP channel proteins themselves are the thermal transducer. Expression of
thermoTRP channel proteins introduces high temperature sensitivity into host cells that do
not otherwise exhibit high temperature sensitivity; purified channel proteins can bring high
temperature sensitivity into artificial lipid membranes they are reconstituted into (231). [The
later is not, however, a definitive proof of intrinsic high thermosensitivity, as the channel
proteins still function within the lipid/water environment, and as small molecules may be
tightly associated with the purified proteins (232)].

Realizing that thermoTRP channel proteins likely behave as a thermal energy transducer, an
enthusiastic hunt for “the temperature sensor domain” in the thermoTRP channel proteins
has been carried out in many laboratories. Much work has been focused on the capsaicin
receptor TRPV 1, the canonical heat-sensing channel. So far, most of the investigations rely
on mutagenesis (point mutation, deletion, and chimera) to perturb the heat-activation
process. While these investigations yielded many informative observations, the intrinsic
limitation of the mutation approach for the purpose of identifying the true heat sensor is
becoming more and more obvious as we are now facing multiple proposed heat sensor
domains spreading across the channel protein. An early study showed that deletion of the
last 72 amino acids from the intracellular C terminus substantially affected channel
activation by heat (and by other stimuli such as voltage and capsaicin) (195). Noticeably
when the whole intracellular C terminus was switched between TRPV1 and the cold-
activated TRPMS, their temperature sensitivity properties were also swapped (12). On the
N-terminal end, a chimera study on different heat-activated TRPV channels recently
suggested that the segment linking the ARD and the first transmembrane domain, S1,
determines the steepness of the heat-activation process, while other channel parts including
the intracellular C terminus may shift the activation threshold temperature (222). Another
noticeable proposal, based on the well-known synergistic gating effects among heat, agonist,
and voltage, suggests that heat activation of both TRPV1 and TRPMS is achieved by mutual
effects of all these stimuli on a common activation process (196). Given the location of the
binding site for capsaicin and the TRPMS activator menthol, in the S1-S4 region, and the
possibility that this same region may also contribute to the (very weak) voltage activation,
one might imagine that a likely location for the shared process would be in the S1-S4
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transmembrane core region of the channel. Finally, recordings of temperature-induced
changes in fluorescence resonance energy transfer (FRET) signals indicated that the outer
pore turret, a structure between the S5 trans-membrane segment and the pore helix,
undergoes a significant conformational change during the heat activation of TRPV1 (219).
Consistent with real-time recordings of heat-induced structural changes, mutations and
chemical modification of the turret substantially changed [IH and [S and the heat-activation
process (28,219). Point mutations in the pore helix and the ion selectivity filter-to-S6 linker
are also found to selectively affect heat activation, shifting the heat-activation threshold
temperature by more than 10°C (49).

One possible interpretation of these observations is that perhaps heat sensing is a widely
spread event that involves many protein areas (24). With each part of the protein
contributing a little bit to 0H and [S, the well-known cooperativity between conformational
changes of different channel structures would pool together the H and [0S changes to
produce a combined highly heat-sensitive process. Indeed, ion channels are known to be
allosteric proteins that undergo substantial conformational changes. Cooperativity among
subunits has been shown in heteromeric channels formed by TRPV1 and TRPV3 subunits
(17). The idea of combining multiple transitions is theoretically feasible as both 0Hand [0S
are extensive parameters and thus are additive. It is also consistent with results from random
mutation screenings conducted in TRPV1 and TRPV3 that have identified point mutations
affecting heat activation throughout the channel protein (48, 115). This idea, however, does
not provide a straightforward explanation for the fact that the activity of many TRP channels
of the same subfamilies as thermoTRPs (hence, high sequence similarity and likely high
structural similarity) is not highly temperature sensitive, for example, TRPMs and
TRPV5-6. Cooperative gating, nonetheless, most likely underlies the synergistic effects of
various stimuli on the activation of these polymodal sensors.

The relationship between capsaicin and heat in activating TRPV1 illustrates the cooperative
relationship between TRPV1 activators. While the two stimuli have been proposed to
converge on the same gating process, substantial evidence are now available in favor of the
existence of structurally separate activation pathways for heat and capsaicin that are
functionally coupled (Fig. 6). Biophysical recordings showed that capsaicin and heat exhibit
additive gating effects even at saturating capsaicin concentrations (103, 219), which is not
expected if they work through the same gating machinery. The FRET signal from
fluorophores attached to the turret changes only upon heat activation but not capsaicin
activation (219). Furthermore, recently published studies (28, 49, 219) and our unpublished
observations show that mutations at various outer pore regions selectively affect heat
activation but leave the capsaicin activation untouched. Putting all these results together, it is
clear that there are two activation pathways, one for heat and another for capsaicin. The two
pathways converge onto the same activation gate, yielding the well-known cooperativity
between the two stimuli. This dual-allosteric gating mechanism has been previously shown
to underlie gating of the Ca2*-sensitive voltage-activated BK channels (61).
Mechanistically, the separation of the two gating pathway suggests that heat activation
probably does not involve the capsaicin-binding region. In a practical sense, the separation
of the capsaicin and heat-activation pathways is good news for pharmaceutical efforts to
target TRPV1 for pain management. Indeed, TRPV1 has been actively studied as a potential
drug target. While many TRPV1 antagonists have been found or made, it is quickly realized
that these molecules lead to severe hyperthermia in animal studies and clinical trials (44).
The finding is perhaps well expected from the fact that TRPV1 is involved in body
temperature regulation as well as the experience that consuming spicy food can reduce body
temperature (despite the flashing and sweating, which are also the consequence of activating
the heat sensor). The finding that agonist (and antagonist) pathway is partially separated
from the heat pathway suggests that it may be possible to design modality-specific drugs
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that selectively inhibit certain types of pain-inducing stimuli without changing the channel’s
temperature response. A recent report of a study with a number of TRPV1 antagonists is
supportive of this idea (128).

Recent studies of TRPA1 heat activation have yielded a number of important observations.
As mentioned above, the viper snake TRPAL is a heat-activated channel that is thought to
function as the snake’s infrared sensor. In contrast, TRPA1 in rat is not heat activated. By
making a series of chimeras between the two TRPA1 channels, it was shown that the large
ARD is responsible for heat activation of the snake channel (26). Studies of the fruit fly
TRPAI1 channel further suggest that the regions flanking the ARD can exert regulatory
effects on the heat-activation process, making certain dTRPA1 splice variants insensitive to
heat (238). Whether a similar mechanism is applicable to TRPV1 remains to be tested,
especially as at least two studies seem to have eliminated the TRPV1 ARD as a candidate
for the heat-sensing structure (12,222). In comparison, TRPA1 contains at least 14 ankyrin-
like repeats and TRPV1-4 channels contain six. Even if it turns out that the ARD is
responsible for TRPV heat activation, the search for a cold sensor in TRPM8 would remain
because it lacks an N-terminal ARD.

Mechanical force

For ion channels in the plasma membrane, mechanical stimuli come in several forms (150).
Transmembrane differences in osmolarity lead to cell swelling or shrinkage, resulting in
changes in membrane tension. Tension can also be generated by pressure directly applied to
the cell. Alternatively, shear stress due to fluid flow in the blood vessel is an important
physiological signal for the regulation of circulation. In a general sense, membrane tension
at a sufficiently high level is expected to affect all proteins embedded in the membrane by
interfering with their conformational changes; large shear force would directly affect the
extracellular part of membrane proteins. While there are ion channels apparently specialized
in sensing mechanical stimuli (9, 81, 151, 170), a number of mammalian TRP channels are
found to be sensitive to mechanical force either at the physiologically relevant level or with
pathological significance. Interestingly, in several cases, TRP channels appear to respond to
not the mechanical force per se, but instead to intracellular signaling molecules generated by
mechanical stimuli to the cell.

One noticeable osmosensitive TRP channel responsive to hypotonicity-induced cell swelling
is TRPV4, which is expressed in kidney, liver, heart, lung, inner-ear hair cells, sensory
neurons of the circumventricular organs (responsive to systemic osmotic pressure), and
other cell types (91,175,209). It is activated by a decrease in extracellular osmolarity within
the physiological range, and is inhibited by an increase in extracellular osmolarity (91, 210).
In doing so, TRPV4 may represent a vertebrate osmoreceptor. Unlike volume-regulated
anion channels, TRPV4 activation is not sustained at constant extracellular hypotonicity
(119). While in the intracellular N-terminus TRPV4 also contains the ARD, which has been
proposed to be a spring-like force-sensing protein structure, deletion of this domain did not
appear to affect the channel’s mechanosensitivity (91). As TRPV4 is also highly heat
sensitive, an increase in temperature potentiates the channel response to osmotic stress (41).
Synergistic activation of the channel by heat and hypotonicity, however, does not
necessarily imply that the two type of physical stimuli converge to the same channel protein
structure that can sense and convert heat and mechanical energy. Indeed, it is thought that
activation of TRPV4 by osmotic stress is achieved biochemically, mediated by intracellular
signaling molecules produced by membrane-bound mechanosensitive molecules. A number
of potential pathways have been proposed. In one potential mechanism, osmotic stress
activates the Src family tyrosine kinase that phosphorylates TRPV4 protein (217).
Interestingly, the candidate tyrosine residue is identified as Tyr253 in the ARD; mutating
this residue eliminated the channel’s stress response (217) (even though, as mentioned
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above, removing the whole ARD was found to be ineffective). Another tyrosine residue,
Tyr110, is also found to be involved (203). In addition, phosphorylation of a residue in the
intracellular C terminus, Ser824, by protein kinase C and protein kinase A is found to
sensitize TRPV4’s stress response (37,132). Furthermore, PLA2-dependent formation of
arachidomic acid and its further conversion to 5 [6 EEET by cytochrome P450 epoxygenase
is also involved in TRPV4’s stress response (199).

In addition to TRPV4, extracellular hypotonicity activates TRPM7 (122, 123) and TRPV2
(114) by increasing the channel’s open probability. Membrane tension is also known to
affect TRPM4 (112), TRPM7 (123, 204), TRPC1 (101), and TRPC6 (67, 169). In contrast,
an N-terminal splice variant of TRPV1 found in arginine-vasopressin neurons of supraoptic
nucleus was reported to be activated by hypertonicity-induced cell shrinkage (158). It is
thought that activation of TRPV1 in organum vasculosum lamina terminalis neurons serves
as the osmosensory transduction mechanism underlying thirst responses (22).

Shear stress is another type of mechanical stimulus that is known to either directly activate
TRP channels or potentiate responses of TRP channels to other activators. Examples are
found in reports on TRPV4 (41, 203, 210), TRPC6 (67), TRPM7 (122,125,204), and
TRPP1/TRPP2 (116). While the significance of this type of TRP channel activation for
vascular physiology is obvious, in most cases, it is not clear how mechanical force is
transduced to drive channel conformational changes.

Mechanical stimulus not only alters TRP channel functions while the force is present, but
also it may induce changes in channel protein distribution. Exposure of TRPM7-expressing
cells to physiological levels of laminar fluid flow can trigger rapid (in less than 100 s)
translocation of the channel protein to the plasma membrane, which can be monitored by
both an increase in TRPM7 current and a near doubling of the fluorescence signal at or near
the plasma membrane from channel-attached green fluorescence protein (GFP) (125).
Similarly, stretch of myocyte causes TRPV2 channels to translocate to sarcolemma, leading
to an increase in Ca2* influx and the resultant cell damage (68). As might be expected, the
translocation response of TRP channels to mechanical force is cell-type specific (68, 77,
125). Its roles in pathological response to vessel wall injury and in myocyte degeneration are
being investigated.

Besides activation by energy in physical forms discussed so far, TRP channels are also
activated or regulated by chemical-binding energy. Given the great diversity of molecules
that interact with TRP channels as well as the physiological and pathological significance
many of them present, it is hard to discuss all TRP channel-interacting molecules under one
category. Indeed, for TRPV1 alone, the known natural and synthesized chemicals that alter
channel functions form a very long list that is still rapidly growing. For the sole purpose of
making it manageable, a number of important regulators of multiple TRP channel types are
discussed later in separate entries. A couple of example chemicals that interact selectively
with specific TRP channels are discussed here.

Capsaicin—Capsaicin is the major active vanilloid compound that gives chili peppers its
spiciness (Fig. 7A). To mammals including human, it acts as a pungent irritant. Because of
the strong burning sensation capsaicin induces in any tissue with which it comes into
contact, it has been used in experimental animals to establish pain models. The discovery of
TRPV1 was driven by the search for the capsaicin receptor whose existence had been known
for years (13). While TRPV1 channels of a mammalian origin are highly sensitive to
capsaicin, with EC50 values often far below 1 [mol/L, those from birds are insensitive to
capsaicin. In addition, other TRPV channels with substantial sequence homology are also
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insensitive to capsaicin. These observations suggested that the high affinity binding of
capsaicin to mammalian TRPV1 channels occurs at specific binding sites, which was later
located to the S2-S4 region by generating chimeric channels between rat TRPV1 and
chicken TRPV1 (73).

Binding of capsaicin to the channel’s binding site at the intracellular protein-aqueous
solution interface is mediated predominantly by hydrophobic interactions (73). Interestingly,
crystallography studies have previously shown that capsaicin binding to the photosynthetic
reaction center (PRC) of the plant photosystem II is also mediated mainly by hydrophobic
interaction (171). In particular, the vanilloid group of capsaicin and the aromatic ring of a
phenylalanine (F216) in PRC stack closely in a nearly parallel orientation. It is possible that
the binding of capsaicin to TRPV1 occurs through a similar [ Ointeraction. Indeed,
mutations to aromatic amino acids Y511 and/or F512 (of rat TRPV1) and their adjacent
amino acids strongly and specifically attenuate the capsaicin-induced current (73).
Additional hydrophobic and hydrophilic interactions mediated by the lipophilic tail of
capsaicin and its polar moiety, respectively, may also contribute to the high binding affinity
(43, 73). In addition, charged residues, R114 and E761 (also of rat TRPV1), in the
intracellular N and C terminals, respectively, may contribute to the capsaicin-induced
process as their mutations prevent agonist binding but not heat activation (75). The fact that
capsaicin can readily incorporate into the lipid membrane allows rapid diffusion of capsaicin
to its binding sites, so that extracellular application of capsaicin can illicit channel activation
without a substantial delay.

The dose-dependent activation of TRPV1 by capsaicin can be described by a Hill equation
with a slope factor near 2 (Fig. 7B), suggesting the existence of cooperativity between
subunits during the capsaicin-dependent activation process. Cooperative gating of the
channel by capsaicin is further illustrated by the study of heteromeric channels formed
between TRPV1 and TRPV3 subunits (17). The Hill slope factor of the heteromeric
channels is significantly shallower; nonetheless, capsaicin can activate heteromeric channels
having only two TRPV1 subunits to an open probability of about 60% (Fig. 7C).

It is less understood how binding of capsaicin to TRPV1 induces protein conformational
changes that are coupled to the opening of the ion permeation pore. The structural elements
that mediate the conformational coupling remain to be determined. In this regard, it is
impressive that introduction of capsaicin-binding sites into the capsaicin-insensitive TRPV2
or chicken TRPV1 makes these channels readily activated by capsaicin (73), as if the
molecular machinery underlying the agonist activation process is well preserved in these
channels and the only thing missing is the affinity binding.

A number of structurally related putative endogenous TRPV1 agonists have been suggested.
These include anandamide (242) and 12-HPETE (65). In addition, the strong TRPV1
activator resiniferatoxin (Fig. 7A) also binds to the same binding sites as capsaicin (73).
Capsazepine (Fig. 7A) is a capsaicin analog that inhibits TRPV1 activity, apparently by
competing for the same binding sites.

Activation of the heat sensor TRPV1 in sensory neurons by capsaicin is thought to form the
basis for the “hot” sensation elicited by the consumption of chili peppers (13). At the
cellular level, activation of TRPV1 by chemical energy (capsaicin binding) and physical
energy (heat) excites the same sensory neurons, leading to the convergence of the two
modalities. Indeed, ingestion of spicy food temporary drops body temperature by activating
the heat-sensing neurons, causing sweating and enhanced circulation (blushing). In animal
and human studies, it has been demonstrated that administration of capsaicin causes
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hypothermia, while administration of TRPV1 inhibitors such as AMG517 has the opposite
effect of inducing hyperthermia (44).

Menthol—]Just as activation of the heat-sensor TRPV1 by capsaicin elicits hot sensation, a
number of chemical compounds that activate the cold sensor TRPMS8 give rise to cooling
sensation. Menthol (Fig. 8) is one of the best-studied TRPMS activators, with an EC50 value
below 100 Onol/L (105, 130). Through a screening of random mutations of TRPMS, it was
found that an aromatic residue in the S2 segment, Y745 (of mouse TRPMS), strongly
affected the efficacy of menthol in activating the channel; mutating this and its adjacent
residues impaired menthol binding (5). In contrast, mutations to residues in the intracellular
C terminal TRP domain such as Y1005 and L1009 reduced menthol efficacy without a
substantial change in apparent binding affinity, suggesting that this region may contribute to
the coupling of agonist binding-induced conformational change to the pore (5).

There are a number of agonists that may interact with TRPMS in a similar way as menthol
(Fig. 8) (105). Eucalyptol (the active compound in the oil of Eucalyptus) has a high EC50 of
3.4 mmol/L and low potency. The synthetic supercooling agent icilin (or AG-3-5) (205), on
the other hand, potently activates TRPMS with a very low EC50 value of less than 1 Omol/
L. While menthol and icilin also activate other TRP channels (159, 198), more selective
TRPMS8-activating menthol derivatives have been reported (160).

Ca2*—Most TRP channels are permeable to Ca2*. Opening of TRP channels initiates CaZ*
translocation into the cytosol, leading to a transient increase in intracellular Ca?+
concentration. (For transient channel activity, the increase in the Ca?* concentration is most
likely only local to the vicinity of the channel site.) CaZ*-triggered signaling events are
important for many signal transduction processes, such as the PLC-mediated pathways, the
release of intracellular Ca2* store, and the PIP2-mediated pathways. These very important
processes have been examined by numerous reviews [for example, reference (23)]. Only the
CaM-mediated feedback regulation of TRP channel activity will be discussed in the
following section.

Calmodulin—CaM is a ubiquitous Ca**-binding protein that plays important regulatory
roles in many cellular processes. Each CaM molecule contains four EF-hand motifs that
differ in their Ca2* affinities. The existence of multiple CaZ*-binding sites and cooperativity
among them makes CaM a highly Ca2*-sensitive regulator, while difference in Ca2*-binding
affinity at each sites allows it to function at a wide dynamic range of Ca?* concentrations
occurring at the site of action. A large number of TRP channels are known to be regulated
by CaM. The second TRP channel identified in fruit flies, TRP-like, was discovered through
its affinity binding to CaM at two intracellular C-terminal sites (136, 185, 201). The
prototypical Drosophila fly TRP channel was later found to bind CaM as well (19).
Interaction between CaM and TRP channels represents an important link between
intracellular Ca2* dynamics and channel activity, which interestingly also communicates
with other Ca2* signaling pathways of TRP channel regulation.

CaM regulation of channel activity has been well studied in numerous model systems. Of
particular relevance to the TRP channels are those channel types that also permeate Ca2*
ions, such as voltage-gated Ca2* channels (133), small conductance potassium channels
(212), and cyclic nucleotide-gated channels (186). In these cases, channel activation allows
Ca?* ions to cross the cell membrane through the open channel, moving from the high
concentration (in the low millimolar range) extracellular side to the low concentration (20—
200 nmol/L) intracellular side, and bind to CaM in the cytosol; activated CaM in most cases
exerts an inhibitory effect on the channel gating. This negative feedback loop works locally
and rapidly to regulate the level of channel activity suitable for cellular physiology. For
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example, it plays an important role in sensory adaptation and other dynamic physiological
processes (94). As most TRP channels are Ca?* permeable, it is likely that a similar process
is involved in their regulation. In addition, activation of CaM by Ca?* influx following TRP
channel activation can affect channel function indirectly through the binding of CaM to
other proteins such as CaM-sensitive kinases (182). Furthermore, binding of CaM to a TRP
channel can occur in the absence of CaZ*. Similar to the situation in voltage-gated Ca*
channels (35), apo-CaM may be constitutively associated with certain TRP channels, such as
TRPV1 (146). In this case, binding of Ca2* to CaM serves as a molecular switch to initiate
the regulation process.

Given the diversity of TRP channels, it is perhaps not surprising that the sites of CaM
binding are also quite diverse (239). Using biochemical tests looking for affinity-mediated
association, multiple putative CaM-binding sites can often be identified in the intracellular N
terminus and C terminus of a TRP channel. Based on sequence analysis, candidate CaM-
binding sites can be predicted in the intracellular C terminus of a number of TRP channels
(145). However, one should be cautious in interpreting such information if it is not
substantiated by functional tests. Biochemical and functional analyses showed that in
TRPC4 Othere are several segments that bind to CaM. One C-terminal CaM-binding site
also binds to an N-terminal region of the IP3 receptor (IP3R) (181, 235). This so-called
CIRB (CaM- and IP3R-binding) site, also found in all other TRPC channels, might help
mediate functional coupling between TRPC channels and IP3R that contributes to store-
operated Ca2* entry (8, 240). Binding of CaM can also disrupt intracellular interactions that
exist at low Ca2* concentrations, as is the case for cyclic nucleotide-gated channels (192).
Additional C-terminal CaM-binding site(s) confer either positive [e.g., for TRPCS (126)] or
inhibitory [e.g., for TRPC1 (165)] effect on channel activity. As the C-terminal CaM-
binding sites are often found to overlap with the pro-posed PIP,-binding sites, it is likely
that competitive binding of CaM and PIP, underlies at least some of the observed CaM
effects on channel gating (46).

N-terminus-located potential CaM-binding sites are reported in TRPV1, TRPV3, TRPC2,
and TRPC4 [ The crystal form of the ARD of TRPV1 exists as a complex with CaM (92),
suggesting that the N-terminal ARD of TRPV1 and other TRP channels might serve as a
CaM-binding site. Interestingly, ATP was also found to bind to the CaM-binding site of
TRPV1. Function studies showed competition between ATP and CaM in regulating TRPV1
channel activity (92). As deletion of the ARD disrupts channel function, the significance of
CaM binding has not been directly tested. Nonetheless, deletion of the C-terminal CaM-
binding sites from TRPV 1 did not totally eliminate Ca2*-dependent capsaicin
desensitization, supporting a role of the N-terminal CaM-binding site in this slow
component of TRPV1 desensitization (124, 146). Interaction between CaM and an N-
terminal CaM-binding site is also involved in the potentiation process of TRPV3 (214). In
TRPC4 [ the site is immediately in front of the first transmembrane segment S1, a region
exhibiting substantial sequence conservation among TRPC channels (181). The mouse
TRPC?2 gene, whose corresponding gene in human is a pseudogene, encodes a functional
channel whose intracellular N terminus contains a CaM-binding domain (226).

Just like the diversity exhibited by the CaM-binding sites in TRP channels, the functional
consequences of CaM binding also vary dramatically according to the channel type. An
inhibitory effect is often observed upon binding of CaM to a TRP channel. In TRPV1,
repetitive application of capsaicin leads to desensitization that exhibits a fast component and
a slow component (146). The fast component of TRPV 1 desensitization is linked to Ca%*-
induced activation of apo-CaM that is constitutively bound to the C-terminal CaM-binding
site, whereas the slow component might be linked to CaM binding to the N-terminal site in a
Ca2+-independent manner (124, 146). Similarly, activation of CaM underlies the
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inactivation of TRPC1 (165) and TRPV6 (86, 118). Interestingly, activation of CaM may
underlie the Ca2+-dependent activation of TRPM4 (120) and the Ca*-dependent
potentiation of TRPV3 (214), TRPV4 (176), and TRPVS (126). In TRPC1, CaM binding
contributes to the delay between CaZ* release and Ca* influx (191). Furthermore, deleting
the CaM-binding site reduces surface expression of TRPC3 (202) and TRPV1 (146),
suggesting that CaM might also participate in the channel protein trafficking and targeting
process.

Similar to CaM, other Ca2*-binding proteins may mediate Ca2* effects on TRP channel
functions. Ca2*-binding protein CaBP1, for example, was shown to inhibit TRPC5
activation by binding to N- and C-terminal sites distinct from the CaM-binding sites (80).

pH—Variation in the pH level occurs in normal physiological processes such as respiratory
and metabolic acidosis and alkalosis, and more severely under pathological conditions such
as tissue damage, inflammation, and ischemia (10). The acid-sensitive ion channels are
known to play important roles in mediating cellular response to environmental pH changes
(59). A number of TRP channels are also known to be quite sensitive to environmental and
intracellular pH. The effect of pH change on TRP channels can be either potentiation of the
channel’s response to other stimuli, direct activation, or suppression of the single-channel
current amplitude.

An early report of extracellular pH regulation of TRP channels was on the heat-activated
capsaicin receptor, TRPV1, for which proton serves as both a potentiator and an activator
(13, 183). It is thought that TRPV1’s sensitivity to acidification may serve as a means to
detect painful conditions, especially in deep tissues where the temperature is expected to
remain constant (183). Acidification-induced TRPV1 activation under a number of
pathological conditions may have important contributions to neuronal pain and
cardioprotection. Acidosis below pH 7.0 is perceived as painful in human; acidosis at pH 7.1
to 6.7 initiates cardiac pain (189). At this pH level, TRPV1 activity is affected
(6,141,148,183). Tissue damage is a direct cause of proton release from intracellular
organelles such as lysosome. Similarly, inflammation-induced pain can be mediated by
TRPV1 activation triggered by proton release from affected tissues. Ischemia, the cause of
approximately 35% of the total death in the United States, triggers an acute drop of the local
pH level and activation of TRPV 1, causing the release of calcitonin gene-related peptide
(CGRP) and substance P (SP) from these nerve terminals, leading to protective
cardiovascular responses in addition to pain (60,63,100,127,144,208). It is believed that
Ca2* permeation through TRPV 1 leads to an increase in intracellular Ca2* concentration and
exocytosis, which underlies CGRP and SP release (54). TRPV1 has been shown to mediate
changes in heart rate and blood pressure induced by intravenous administration of
anandamide (99) and lactic acid-induced bronchoconstriction (117, 221). In human and
animal trials, TRPV1 antagonist AMG 517 could induce concentration-dependent
hyperthermia and skin vasoconstriction (220). Furthermore, 7RPV [ gene knockout has been
found to severely impair postischemic recovery in isolated perfused hearts in mice (200).

Within each TRPV1 subunit, there are two major pH-sensing sites, E600 and E648, and a
number of potentially pH-sensitive sites, E5S36, D601, E610, E636, D646, and E651 (amino
acid numbers are for rat TRPV1) (Fig. 9) (74,85,149,207). These are highly conserved
residues among TRPV1 channels. Consistent with the known pKa values for these acidic
residues, the pH-dependent curve for TRPV1 reaches the half-maximal level at around pH
5.5. It is noted that all but one of the pH sites are located in the pore-loop region. Similar
observations were made in other pH-sensitive TRP channels. Mutations at a number of pH
sites in the TRPV1 pore substantially affect heat activation, raising the possibility that pH
regulation of TRPV1 may be mediated by the heat-activation pathway (74). Despite the
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identification of many acidic residues that may directly or indirectly affect pH activation of
TRPV1, how neutralizing acidic residues by protonation produces substantial gating effects
remains unclear. It is also unknown whether the sites in the pore-loop and that in the S3-S4
linker region are involved in the same or different gating process. To further complicate the
mechanistic understanding of the pH-induced TRPV1 activation process, it is reported that
mutations of nontitratable residues in both the outer pore region and the S3—S4 linker region
could eliminate pH effects on TRPV1 (2, 149).

In addition to TRPV1, a number of TRP channels in the TRPV, TRPM, TRPC, TRPML,
TRPA, and TRPP subfamilies were found to be sensitive to pH changes (see Table 1). The
list is expected to grow longer as more studies are being attracted to this important form of
TRP channel regulation. From the reported cases, interesting schemes already start to
emerge. For example, residues critical for pH regulation are often located in the pore region
where protonation of the side chain of an acidic residue is expected to exert effects on ion
permeation as well as gating transitions. Furthermore, it is often observed that pH affects a
TRP channel’s responds to other activation stimuli. It is, at least, theoretically possible that
activation of a TRP channel by proton is through its effect on channel activation induced by
another stimulus, for example, to shift the channel’s voltage dependence or temperature
sensitivity. In this regard, it would be interesting to see whether the distinction between
potentiation and activation is supported mechanistically.

One potential complication in the investigation of pH regulation of TRP channel gating is
the prominent permeation effect exerted by proton. For TRPV1, it is well documented at
both the macroscopic and single-channel levels that extracellular proton can substantially
reduce current amplitude (6, 207). The inhibitory effect on permeation partially masks the
potentiating and activating effect on channel gating. Recovery from proton inhibition of
TRPV1 permeation appears to be rather rapid and faster than recovery of the gating
response, yielding a transient increase in the current amplitude upon removal of a low pH
solution (207). The “off response” observed in the candidate sour taste receptor formed by
PKDIL3 and PKD2L.2 (a.k.a. TRPP3) may also come from the relief of conductance
inhibition which masks a gating effect (66). While it is expected that proton would interfere
with ion permeation along the ion conductance pathway, as is the case for TRPM7 (121), in
most cases it remains unknown at what channel site(s) proton exerts the permeation effect.
For a number of channels, such as TRPM7 (121) and TRPML1 (168), it was reported that
proton acts as a permeant ion as well as a gating regulator.

The suppression of some TRP channels by acidification may originate from the inhibitory
effect of proton on channel conductance or/and gating. For example, extracellular
acidification (from pH 8.4 to pH 5.4) reduces the single-channel conductance of TRPVS by
near 50% (224). The inhibitory effect is observed also in a TRPVS channel mutant (E522Q)
that lacks a gating response to acidification, confirming a direct interaction between proton
and other permeant ions. An intracellular proximal C-terminal titratable residue (K607) was
attributed to the sensitivity of TRPVS to intracellular acidification, which is mediated by a
gating conformational change in the pore helix (223).

While most studies have focused on the channel response to acidification, it is known that
alkalization also affects TRP channels. Currents from both TRPV1 (31) and TRPA1 (39)
can be potentiated by extracellular NH4*, which is thought to be mediated by the resultant
intracellular alkalization. It is generally unknown how intracellular alkalization affects TRP
channels. For TRPM?7, it is attributed to a charge screening effect, though it appears that the
PIP, pathway might be also involved (84). Activity of TRPP3 is potentiated by extracellular
alkalization (162). It is unknown whether and to what extent the alkalization effect reflects
the removal of proton inhibition of conductance.
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Conclusion

Active research in the TRP channel field has yielded rich information on their molecular
mechanisms for activation. In many cases, the mechanisms resemble those of other better-
understood ion channels but with interest twists that fit the functional role of the TRP
channels, whereas in other cases, novel mechanisms appear to underlie unique functions of
TRP channels. Much remains to be learned about this important superfamily of ion channels
that serve as cellular sensors. Understanding their activation mechanisms will undoubtedly
help revealing the multifaceted roles TRP channels play in normal physiology as well as
pathophysiological conditions.
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Figure 1.

Transient receptor potential (TRP) channel subfamilies. The subunit topology is shown with
highlights of specific functional domains. Subunits known to coassemble are indicated by
lines.
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Figure 2.

Electron microscopy (EM) structures of transient receptor potential (TRP) channels. (A)
Cryo-EM structures of TRPV 1. Blue lines indicate the position of the cell membrane. (B)
The crystal structures of Kv2.1 transmembrane domains (PDB 2A79) and TRPV1 ankyrin-
like repeat domains (PDB 2PNN) docked into the TRPV1 cryo-EM structure. (C) Cryo-EM
structure of Shaker potassium channel. Adapted, with permission, from references
(110,167). Scale bar for A and C, 10 nm.
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(A) Crystal structure of the TRPV2 ankyrin-like repeat domain. (B) Comparison between
TRPV2 ankyrin-like repeat domain and the repeats 16-21 of ankyrin (PDB IN11). (A) and
(B) are adapted, with permission, from reference (72). (C) Crystal structures of the coiled-
coil domain of TRPM?7 (left), TRPP2 (middle), and CNGA1 (right). Adapted, with
permission, from references (40, 163, 227), respectively.
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(A) schematic drawing of the voltage-dependent gating of the Kv channel (left) and CLC-0
channel (right). The red + and — signs indicate positive charged amino acids and chloride
ion, respectively. For the Kv channel, charges carried by arginine and lysine residues in the
fourth transmembrane segment, S4, serve as the primary gating charges. Changes in
transmembrane voltage drive the movement of S4, which is coupled to the opening of the
activation gate. For the CLC-0 channel, the permeant ion C1~ in the pore carries the gating
charge. (B) Voltage-dependent gating of TRPV1 and Kv channels.

Compr Physiol. Author manuscript; available in PMC 2013 September 17.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Zheng

AG (kcal/mal)

Page 38
1.0+ .
0.8] TRPV2 | TRPV4
0.6
0.4
0.2
3 0.0-
44 >
24 4
0 2
-2 0 ]
-4 -4
-6— I v T o 1 —8_ [ T
0 20 40 60 20 40
Temperature (°C)
1.0+ 1.0+
0.8- TRPM8 08-
0.6
0.4
0.2
0.0-

Figureb.

Temperature-dependent activation of thermo TRP channels and CLC-0 channel. The Fopep-T'
(top panel) and OG- T (bottom panel) relationships for each channel are predicted from the
measured values for enthalpic and entropic changes. Horizontal and vertical dotted lines
indicate the zero UG level and the half-activation temperature, respectively. Red and green
traces represent the predicted Pypep-7and UG- Trelationships of TRPV1 when the enthalpic
change is decreased or increased by 5%, respectively. The UG- Trelationship of heat-
sensitive channels has a negative slope; an increase in temperature causes a decrease in UG
and a shift of the closed-to-open equilibrium toward the open state. In contrast, the 0G-T
relationship of cold-sensitive channels has a positive slope. CLC-0 has a “normal” fast
gating process and a highly temperature-sensitive common gating process. Adapted, with
permission, from reference (219).
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Figure®6.

(Left panel) At the cellular level, heat and capsaicin share the same target (TRPV1) for
activating sensory neurons, which elicits the sensation of heat or pain. (Right panel) At the
molecular level, heat and capsaicin work through distinct activation pathways.
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Figure?.

(A) The molecular structure of vanillin, TRPV1 activator capsaicin, capsazepine (TRPV1
antagonist), and resiniferatoxin (TRPV1 agonist). (B) Dose-response relationship for
TRPV1 homomeric channel and TRPV1/TRPV3 heteromeric channel. (C) Representative
single-channel traces from TRPV1 homomeric channel (top) and TRPV1/TRPV3
heteromeric channel (bottom) in response to 10 Onol/L capsaicin. Panels B and C are
adapted, with permission, from reference (17).
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The molecular structure of the TRPMS activator menthol, icilin, and eucalyptol.
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Figure9.

(A) A topology plot of TRPV1 subunit showing the major pH sites E600 and E648, and
other pH sites. (B) (Left panel) A structural model of the mouse TRPV1 channel showing
the location of E601 (equivalent to E600 of the rat TRPV1 channel; shown in space-filling
mode). (Right panel) Potential interaction between E601 and N626.

Compr Physiol. Author manuscript; available in PMC 2013 September 17.



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuep Joyiny Vd-HIN

Zheng Page 43
Table 1
Summary of pH Effects on TRP Channels
Channel type pH effect Side Site of action References
TRPV1 Potentiation (gating) Extracellular Pore turret (E600), pre-S6 loop (E648), (74)
others
Inhibition (permeation) Extracellular Selectivity filter (6, 207)
TRPVS Inhibition (permeation, gating) Extracellular Pore turret (E522) (224)
Inhibition (permeation, gating) Intracellular Proximal C-terminal (K607) (223)
TRPM2 Inhibition (permeation) Extracellular Pore turret (H958, R960), pre-S6 loop (34)
(E994)
Inhibition (gating) Intracellular S4-S5 linker (R933) (34)
TRPM5 Inhibition (permeation, gating) Extracellular S3-S4 linker (E830), pore turret (H896), (93)
pre-S6 loop (H934)
TRPM7 Potentiation (permeation) Extracellular Selectivity filter (E1047, E1052, D1054, (70, 88, 121)
E1059)
TRPM6 Potentiation (permeation) Extracellular Selectivity filter (E1024, E1029) (88)
TRPC4 Potentiation Extracellular Unknown (157)
TRPC5 Potentiation (gating), inhibition Extracellular Pore turret (E543), pre-S6 loop (E595) (79, 157)
(permeation)
TRPC6 Inhibition Extracellular Unknown (157)
TRPMLI1 Potentiation Luminal (lysosome)  Unknown (32)
TRPML2 Potentiation Luminal (lysosome) Unknown (32)
TRPP3/PKDIL3  Potentiation (gating, permeation?) Extracellular Unknown (66)
TRPA1 Potentiation (gating) Extracellular Unknown (179)
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