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CONSPECTUS

The familiar pungent taste of spicy food, the refreshing taste of mint, and many other
physiological phenomena are mediated by transient receptor potential (TRP) ion channels. TRP
channels are a superfamily of ion channels that are sensitive to diverse chemical and physical
stimuli and play diverse roles in biology. In addition to chemical regulation, some family members
also sense common physical stimuli, such as temperature or pressure. Since their discovery and
cloning in the 1990s and 2000s, understanding the molecular mechanisms governing TRP channel
function and polymodal regulation has been a consistent but challenging goal. Until recently,
a general lack of high-resolution TRP channel structures had significantly limited a molecular
understanding of their function.

In the past few years, a flood of TRP channel structures have been released, made possible
primarily by advances in cryo-electron microscopy (cryo-EM). The boon of many structures has
unleashed unparalleled insight into TRP channel architecture. Substantive comparative studies
between TRP structures provide snapshots of distinct states such as ligand-free, stabilized by
chemical agonists, or antagonists, partially illuminating how a given channel opens and closes.
However, the now ~75 TRP channel structures have ushered in surprising outcomes, including a
lack of an apparent general mechanism underlying the channel opening and closing among family
members. Similarly, the structures reveal a surprising diversity in which chemical ligands bind
TRP channels.

Several TRP channels are activated by temperature changes in addition to ligand binding.
Unraveling mechanisms of thermosensation have proven an elusive challenge to the field.
Although some studies point to thermosensitive domains in the transmembrane region of the
channels, results have sometimes been contradictory and difficult to interpret; in some cases, a
domain that proves essential for thermal sensitivity in one context can be entirely removed from
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the channel without affecting thermosensation in another context. These results are not amenable
to simple interpretations and point to allosteric networks of regulation within the channel structure.

TRP channels have evolved to be fine-tuned for the needs of a species in its environmental niche,
a fact that has been both a benefit and burden in unlocking their molecular features. Functional
evolutionary divergence has presented challenges for studying TRP channels, as orthologs from
different species can give conflicting experimental results. However, this diversity can also be
examined comparatively to decipher the basis for functional differences. As with structural
biology, untangling the similarities and differences resulting from evolutionary pressure between
species has been a rich source of data guiding the field. This Account will contextualize the
existing biochemical and functional data with an eye to evolutionary data and couple these insights
with emerging structural biology to better understand the molecular mechanisms behind chemical
and physical regulation of TRP channels.

Conspectus Figure

Introduction

Much of biology is determined by relative concentrations of ions across biological

membranes. These concentration gradients are tightly regulated and used to transmit signals
typically via ion channels. lon channels are pore-forming proteins embedded in lipid bilayer

membranes. Hundreds of different ion channels exist, with vast structural and functional
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diversity, but in principle, all work the same way: the channel pore has one or more "gates"
that can open and close in response to specific stimuli such as chemical ligands, electrical
potential across the membrane, temperature, or mechanical force. When open, ions freely
flow through the pore down their concentration gradient forming cascades of information
transmission.

Transient receptor potential (TRP) ion channels make up a diverse superfamily of membrane
proteins that are widely expressed in higher organisms. Based on sequence homology this
superfamily is divided into seven subfamilies, six of which are found in humans (Figure

1 and Tables S1 and S2).1 Canonically the best studied ion channels are “gated”, that is
opened or closed, by either chemical ligands or changes in potential (i.e., voltage) across
the membrane. A feature that appears common to many TRP channels is responsiveness

to multiple types of stimuli, such as chemical, electrical, thermal, pH, and mechanical
stimuli. Diverse classes of endogenous lipids also provide a variety of regulatory effects

on TRP channels and can act as cofactors required for function or even as direct agonists
and antagonists.2:3 Channel activity is further modulated by phosphorylation, which can
directly affect channel gating or modify membrane trafficking.” Presumably because of
their role as polymodal sensors, TRP channels are expressed in a variety of tissues and
function broadly in physiology. Because a given TRP channel integrates diverse physical
and chemical stimuli, a thorough understanding of the molecular mechanisms, including the
interplay between stimuli and the similarities and differences between TRP channels, has
been complicated and often controversial.

Since the cryo-EM structures of TRPV1 reported in 2013, ~75 structures representing
orthologs to about two-thirds of human TRP channels have been determined (Figure 1).89
This advancement has arisen primarily from developments in cryo-electron microscopy
(cryo-EM). As a result, TRP channel structures with resolutions between 2.9-5 A have
provided unprecedented insight into the molecular architecture of channels from various
TRP subfamilies and bound in different states to a variety to chemical ligands. These
structures show that TRP channels have widely divergent termini and loop regions. The
only conserved structural features across all TRP channels are two transmembrane structural
domains and the amphipathic “TRP” helix (Figure 2). The conserved membrane regions
include a four-helix bundle domain comprising the S1-S4 transmembrane helices that

have been referred to nondescriptly as the S1-S4 domain or, because of homology to
voltage-sensing domains found in voltage-gated channels, the voltage-sensing like domain
(VSLD). The S5-S6 transmembrane helices tetramerize to form the pore domain (PD)
where ion conduction occurs. Following the S6 transmembrane helix is the conserved
amphipathic TRP helix that lies along the intracellular plane of the membrane. Besides
these features shared across all TRP channels, other features are also shared between a
few subfamilies. TRPA, TRPM, and TRPC channels have a C-terminal coiled-coil domain,
thought to mediate and stabilize the tetrameric assembly. TRPA, TRPV, and TRPN channels
have N-terminal ankyrin repeats that are capable of transducing conformational change to
the pore. While TRP channels are typically considered homomeric, and indeed all current
structures recapitulate this, there is evidence which suggests these channels can form
heteromeric channel assemblies between TRP family members'9 or complexes between
two homomeric TRP channels.1 Alternative splicing isoforms of TRP channels further
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increase the complexity of regulation and diversity of function.12 TRP channel function is
further fine-tuned by other protein interactions. For example, TRPV1, the canonical heat
and capsaicin sensor, has been implicated in interactions with at least 94 non-TRP channel
proteins.13

Numerous TRP channel structures have provided detailed information, such as domain
architectures, domain packing, and key insights into chemical ligand-induced gating
mechanisms.8:9 Despite significant successes in TRP channel structural biology and a well
conserved transmembrane domain (TMD, helices S1-S6, Figure 2) architecture, surprisingly
a general TRP channel gating mechanism has not emerged from the structural biology.
Indeed, it is possible that the ability to detect a variety of stimuli and the diverse N- and
C-terminal structural features preclude a single conserved gating mechanism across all the
channels. Notwithstanding these challenges, and as outlined more thoroughly below, the
conserved TMD seems to be central to function. Interactions between the TRP helix, the
S1-S4 domain, and a linker helix between the S4 and S5 helices are crucial to transducing
stimuli from peripheral domains to gate the PD. Apart from the TMD and TRP helix,
there are no domains that are present in all TRP channels, indicating the importance of
these regions. Coupled with the recent structural information, TRP channel function is
enriched and complicated by species-specific diversity, with some channels activated by a
particular chemical while the same chemical inhibits the equivalent (orthologous) channel
in a different species.14 There are also reports characterizing a given thermosensitive TRP
channel as a heat sensor in one species and a cold sensor in another.1 Speciation can

also extend to partner proteins that modulate the channels, such as opposite effects of

the PIRT protein on human and mouse orthologs of TRPM8.16 The emerging examples

of species dependent function indicate that TRP channels are functionally plastic and that
allosteric networks regulate channel function. In this Account, we highlight TRP channel
structural and functional studies and leverage evolutionary and genetic data with the goal
of identifying similarities and differences between family members. We also focus on the
emerging role of allostery in functional regulation, with “function” defined as gating of the
channel pore, and propose that TRP channels are a model system to probe and understand
the fundamentals of allostery in biomolecular systems.

2. Biochemical insights from genetics and evolution

After the identification of the fly #p gene in 1989,17 hundreds of TRP channels have since
been identified primarily from organisms in the phylogenetic kingdom of Animalia and
spanning a wide variety of animals including fish, sea squirts, rodents, flies, and humans.
Each species genome typically encodes about 15-30 TRP channels, with 27 found in
humans. Beyond animals, a few examples of TRP channels have been identified in fungi and
non-land plants.18 To date, no TRP channels have been identified in bacteria nor archaea.

Evolutionary-based studies of protein orthologs from distinct species with variable
physiologies can be leveraged to help elucidate molecular mechanisms, either through
direct comparative studies or by systematic analysis to identify different regions and their
susceptibility to genetic variation. Evolutionary analysis of the menthol and cold-sensing
receptor TRPMS8 indicates that it is found only in vertebrates and emerged about 400 MYA
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during vertebrate evolution.19 Analysis of evolutionary conservation of TRPMS orthologs
indicates that diverse regions of TRPM8 have evolved with distinct selection pressures.20
Presumably channel regions that are most well conserved are central to core channel
function. Not surprisingly, the most highly conserved TRPMS8 regions are in the TMD and
include the S3, S4, S5, and S6 transmembrane helices from the S1-S4 domain and the PD
respectively. Two small membrane regions including the intracellular side of the S4 helix,
S4-S5 loop, and intracellular S5 region that connect the S1-S4 domain to the PD appear to
be completely conserved across the ~40 TRPMS8 orthologs that were sequenced at the time
of the study.1® These conserved regions in TRPMS are reminiscent of the regions in the heat
and capsaicin receptor TRPV1 vanilloid binding site.

Another direct result from expansive sequencing and evolutionary data is leveraged

from statistical models of protein sequence evolution that can be used to identify

residues that coevolve. This has been successfully employed and validated in structure
prediction algorithms by identifying interacting residue pairs2! but also provides insight
into conformational changes, critical functional residues, and protein-protein interaction
information.22 Looking at the evolutionary couplings of TRPM8 and TRPV1 TMD regions,
interesting patterns emerge (Figure 3A). While the technique is typically used to identify
residue-residue contacts (i.e., residues that are close in space), the TRPM8 and TRPV1
coevolutionary analysis shows that there are many evolutionary couplings that are spatially
far apart. This suggests that these channels are allosterically regulated, and the patterns

of evolutionary couplings are consistent with allosteric communication between the S1-S4
domain and PD. Another feature to emerge from this analysis is that these coevolution
patterns of allosteric networks between TRPV1 and TRPMS are distinct. The differences
indicate that there are likely some conserved activation and regulation mechanisms between
TRPV1 and TRPMS, focused on coupling the S1-S4 domain to the PD via the S4-S5 linker.
However, other distinct types of allostery and or mechanistic conformational changes might
have emerged through evolution.

Significant advances in DNA sequencing technology and the ease of obtaining human
genetic information can also help to elucidate regions that are most prone to mutations and
therefore presumably least crucial to function. Our analysis of human genomes found in the
Ensembl database identify 26,975 human TRPMS8 variants including insertions, deletions,
and single nucleotide polymorphisms. Analysis of the human TRPM8 variants reflects
frequency and tolerance to divergence and shows that this variance is not random. Figure 3B
plots the exonic single nucleotide polymorphisms (SNPs) of the human 7RPMS8 gene as a
function of protein residue number. As expected from protein domain conservation across
species and from TRP structural studies, the TRPM8 TMD shows fewer SNPs than other
domains, suggesting its importance in TRPM8 function. This general trend is shown for
additional TRP channels that are similarly analyzed in Figure S1.

Analysis of TRP channel genetic data provides important insights into function, identifying
the TMD as crucial to function and suggesting the importance of allosteric mechanisms.
Leveraging the similarities and differences between orthologous and paralogous TRP
channels has also provided biochemical insight into how these channels are gated. Although
many of these channels are polymodally regulated, significant inroads have been made in
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understanding how chemical ligands regulate TRP channels and similarly, a framework for
temperature activation is beginning to emerge. One constant from these comparative studies
is that distal regulation of function, or allostery, is key in understanding the biochemical
mechanism.

3. Mechanisms of ligand gating

Many TRP channels are regulated by a variety of diverse chemical ligands, and structural
studies are beginning to identify intriguing mechanistic commonalities and surprising
differences between TRP channels. Among the best studied is TRPV1, which is activated by
elevated temperatures and sensitive to a variety of ligands including the vanilloid compound
capsaicin. Structural, functional, and computational studies of TRPV1 have delineated a
clear vanilloid binding pocket and mechanism for TRPV1 ligand activation.2324 Protein
engineering studies of two non-vanilloid activated channels, TRPV225:26 and TRPV3%7,
have shown that this binding site is likely conserved as are the mechanistic framework, at
least in the TRPV family and potentially other TRP channels.28-32 One key feature that
emerges from the TRPV3 vanilloid engineering study is that allostery plays a significant role
in ligand activation.2’

Highlighting the diversity of allosteric mechanisms of ligand activation, TRPAL is uniquely
activated via covalent modification by pungent electrophilic compounds such as allyl
isothiocyanate and diallyl disulfide, found in wasabi, mustard oil, or garlic. These
compounds covalently bond with cysteine residues in the N-terminal ankyrin repeat and pre-
S1 regions. This induces conformational changes that propagate from the modification site
to the pore.33 A final unique example is allosteric regulation of TRPM7 by a kinase domain,
which mediates nucleotide inhibition of the channel.3* Human TRPM2, on the other hand
has an evolutionary inactivated enzyme domain that still retains the ability to bind the
historical substrate and this binding regulates channel activity allosterically.3> Allostery
seems to emerge as a key contributor in TRP channel ligand activation as highlighted below.

Menthol ligand-gating in TRPM8

While experimental, computational, and structural data identify the vanilloid binding site

in TRPV1, the TRPM8 menthol binding site is more controversial. Early mutagenesis

data identified residues in the S1-S4 domain that selectively abrogate TRPM8 menthol
sensitivity while leaving intact cold activation.3® From this and other studies, Y745 (S1)
and Arg842 (S4) have emerged as potential TRPMS8 residues involved in menthol binding.
Later radioligand binding studies of 3H-labeled menthol showed that the mutation Y745H
decreases TRPM8 affinity for the radioligand, suggesting that it may be directly involved in
menthol binding.3” More recently an NMR and microscale thermophoresis (MST) binding
study of an isolated human TRPM8 S1-S4 domain showed that menthol and WS-12, a
menthol analog and more potent TRPMS agonist, directly bind to this domain.38 The authors
further tested the Y745H and R842H mutations in the isolated S1-S4 membrane domain,
but unexpectedly neither impacted menthol affinity as monitored by NMR or MST. With
the flood of TRPM cryo-EM structures, including TRPM2, TRPM4, TRPM7, and TRPMS,
it is clear that the equivalent tyrosine and arginine residues for Y745 and R842 in TRPM8
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are structurally conserved. These residue identities are also conserved across the human
TRPM family. Given that TRPMBS is the only menthol-sensitive TRPM channel, it seems
unlikely that either Y745 or R842 are key determinants for menthol selectivity. This idea is
supported by the identification of a TRPM8 isoform (isoform 4) protein in epidermal cells
that is missing parts of the N-terminus and a region of the TMD that includes helices S1 and
$2.39 The epidermally expressed TRPMS isoform 4 trafficks differently from the full-length
protein but retains key functions such as cold sensitivity and activation by menthol and other
cooling agents, namely WS-12 and icilin. Convoluting these data are recent agonist bound
structures of TRPM8 identifying overlapping but distinct binding sites for WS-12 and icilin
in an intracellular side cavity of the S1-S4 domain between helices S1-54.40 Presumably the
aggregate data suggest that Y745 modulates menthol sensitivity allosterically since mutating
the residue influences TRPM8 menthol sensitivity and in the context of the full channel
reduces affinity. However, TRPM8 isoform 4, which lacks the S1 helix that includes Y745,
retains menthol sensitivity. It is clear from structural studies that TRPM8 and TRPV1 have
distinct agonist binding sites.840 Nonetheless, there is experimental evidence of reciprocal
ligand effects between TRPM8 and TRPV1. The TRPM8 agonist menthol inhibits TRPV1
capsaicin activation, and the TRPV1 agonist capsaicin antagonizes menthol evoked TRPM8
currents.*! Additionally, an early study published before the identification of TRPMS used
3H-labeled menthol for radioligand binding studies in whole cell membranes, and among
other things noted that labeled menthol is displaced by TRPV1 agonist capsaicin and
antagonist capsazepine.*2 Menthol has also been implicated in activating or inhibiting other
TRP channels, like TRPV3 and TRPA1.4344 While TRPMS ligand binding is coming into
focus, the allosteric relationships and mechanisms of activation are still relatively opaque but
emerging evidence suggests that there is likely mechanistic overlap between TRP channels.

The convoluted case of 2-APB

While the canonical vanilloid binding site seems to be conserved in TRPVs, clear
mechanistic relationships between ligand regulation of TRP channels is still unresolved. The
compound 2-APB (2-aminoethoxydiphenyl borate) modulates the activity of channels from
at least the TRPA, -M, -V, and -C families. Such a compound presumably should provide
tremendous insight into what constitutes conserved mechanisms of chemical activation.
2-APB regulates five of six TRPV family members, activating TRPV1, V2, and V3, and
inhibiting TRPV5, and V6.4547 Structures from TRPV3 and TRPV6 have been determined
in the presence of 2-APB which activates or inhibits the respective channel. The 2-APB
bound TRPV6 structure identifies the inhibitor on the intracellular side in the S1-S4 domain
that is distinct from the canonical vanilloid binding pocket.*” The proposed mechanism
whereby 2-APB inhibits TRPVG is allosteric in nature where conformational rearrangements
in the S1-S4 domain, specifically motions in the S3 helix, pull on the S4-S5 linker shifting
an activating lipid that binds at the interface between the S1-S4 domain and the PD, which
ultimately results in channel inhibition.

In contrast, the TRPV3 structure identifies three different binding sites for 2-APB: one near,
but distinct from the intracellular S1-S4 TRPV6 binding site, one below the intracellular
TRP-helix, and one in the extracellular side of the S1-S4 domain (Figure 4A).48 According
to this proposed activation mechanism of TRPV3, 2-APB binds the extracellular side of the
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S1-S4 domain, causing the S1-S2 loop to move; this results in the release of an extracellular
leaflet lipid which couples 2-APB binding and allosteric gating across the membrane. The
authors conclude that the extracellular binding site is key for TRPV3 activation since 2-APB
binding in the other two intracellular sites were populated in closed state structures.*® We
note that other TRPV structures have a lipid binding site near that in the TRPV3 structure,
raising potential that this may be a non-specific binding site.

The TRPV6 residues near the 2-APB binding site were also functionally studied, and a
tyrosine residue in S4 (Y467A) was identified that increases 2-APB inhibitory potency of
TRPV6.47 This tyrosine in the S4 helix is conserved across the TRPV family, and the same
mutation made in mouse TRPV3 caused a 20-fold increase in 2-APB agonist potency.*8 This
complicates the interpretation of 2-APB in activating TRPV3, suggesting that either TRPV6
and TRPV3 share the 2-APB binding site, in contradiction of the structural data, or imply
that multiple 2-APB binding sites contribute to TRPV3 activation but only one to TRPV6
inhibition. Another interpretation could be that regulation is achieved by allosteric coupling
between the binding sites.

To complicate 2-APB modulation of TRPV channels further, a high-throughput mutagenesis
functional screen of ~14,000 mutations in mouse TRPV3 identified two key residues

(H426 and A696) that reside near the TRP-helix 2-APB binding site that was deemed non-
activating in the TRPV3 structure studies.>® TRPV4 has not been reported to be modulated
by 2-APB; however, by mutating the equivalent residues (N456 and W737) to histidine and
arginine respectively, the mutated TRPV4 becomes sensitive to 2-APB activation. Taken
together, these three studies suggest a complicated binding landscape for TRPV family
modulation by 2-APB, where allostery and multiple binding sites in and/or near the S1-S4
domain couple to channel gating in the S5-S6 PD.

These studies clearly show that allosteric coupling between distinct binding sites in

the S1-S4 domain and pore domain gating is a common mechanism to regulate TRP
channel function. Figure 5 illustrates the relative structural rearrangements of the TRPV3
and TRPV6 S1-S4 domain induced by 2-APB that results in activation and inhibition,
respectively. Other motions of S1-S4 domain in TRPV family gating are also shown,
highlighting the apparently disparate structural mechanisms and diverse allosteric coupling
TRPV channel gating.

4. Mechanisms of temperature gating

Eleven TRP channels from the TRPA, TRPV, TRPC, and TRPM families can integrate
biological scale temperature changes into conformational change and eventually signal
transduction. These channels, including TRPM8 and TRPV1, are inherently and acutely
thermosensitive;51:52 however, the mechanisms and conformational changes associated with
thermosensing are currently unknown. A number of studies implicate cross-talk between
TRP channel thermal and ligand activation, in which small amounts of chemical agonist
potentiate the channel to be more temperature sensitive.53 This is also recapitulated in

the aforementioned TRPV3 vanilloid engineering studies in which a form of TRPV3 is
RTx insensitive until it has been prestimulated with heat.2” While chemical and thermal
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activation are linked to some extent, there is also evidence of distinct mechanistic

pathways; for example, TRPV1 channels maximally stimulated with high concentrations

of capsaicin nevertheless show increased current when temperature is simultaneously
elevated.>* Reciprocity between chemical and temperature activation has also been observed
at the organismal level, for example, chemical-based antagonism of TRPM8 in rodents
transiently decreases body temperature.®® Alternatively, chemical activation of TRPM8
triggers thermogenesis increasing metabolic output and has been suggested as a mechanism
to chemically regulate obesity.56:57 Indeed, there is a correlation between a species body
temperature set point and TRPM8 activation temperature, suggesting that the temperature
sensitivity is relatively plastic between orthologs.2%:58 The fact that a given thermosensitive
TRP channel will respond to temperature in a species dependent manner indicates a potential
direction for investigating thermosensing mechanisms.

The regions that are directly sensitive to temperature and mechanisms that underlie the
structural rearrangements are not currently clear and diverse regions have been implicated
in modulating thermosensing.14:59-61 Nonetheless, the thermodynamics that forms the basis
of TRP channel temperature sensitivity likely mirror standard protein folding/unfolding
frameworks. Suitably large temperature-induced thermodynamic driving forces can arise
from entropic and enthalpic contributions to charged or hydrophobic residues sequestered to
or released from the hydrophobic membrane bilayer or the aqueous environment (entropic)
and balanced by local changes in secondary structure, such as an a-helix forming or
unfurling (enthalpic) to give biologically accessible changes in free energy. One can also
think about the conformational changes in terms of changes in heat capacity (ACp);
however, ACp can be thought of in terms of how temperature impacts enthalpy, entropy,

or free energy. Similarly, it has long been recognized that the hydrophobic effect is
temperature dependent suggesting that changes in hydrophobic exposure as a function

of temperature is likely key to the inherent TRP channel thermosensitivity. Experimental
data supporting these thermodynamic principles are beginning to emerge. For example,
engineering changes in hydrophobic accessibility of a temperature insensitive voltage-gated
potassium ion channel endowed the channel to be temperature sensitive.52 A separate study
performed a high-throughput functional screen of ~7,300 random mutants of rat TRPV1

for ligand and temperature sensitivity.53 This impressive feat did not explicitly identify

the structural domains or mechanisms that give rise to thermosensitivity, but two crucial
insights emerge from the data. First, TRPV1 mutations that decrease hydrophobicity are
generally less tolerated for retention of temperature activation relative to chemical activation
by capsaicin. Second, in general all TRPV1 regions and domains are functionally tolerant to
incorporation of mutations, emphasizing that allosteric networks across the channel must be
important. Still, there are hints that the core thermosensing regions are found in the TMD
and that these structural domains are sufficient for temperature activation. For example, the
engineered temperature-sensing voltage-gated potassium channel mentioned above, relied
exclusively on mutations in the equivalent S1-S4 domain, indicating that a single domain
can be sufficient to confer thermosensitivity.52 On the other hand, transferring the TRPV1
PD to a non-thermosensitive channel scaffold is also sufficient to confer thermosensitivity.54
Although these results implicate different regions in thermosensing, it is noteworthy that
they are both in the transmembrane domain. Given that the TMD is the most conserved
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feature across TRP channels, it seems likely that this region is central to mechanisms of
thermal activation.

While the key regions involved in thermosensing may be narrowed down to the TMD,
studies attempting to identify more specific domains responsible for temperature activation
have given seemingly contradictory results, as illustrated by the following examples of
TRPV1, TRPMS8, and TRPAL. This lack of an identified thermosensing domain suggests
allosteric modulation is also present in thermosensing. The first high-resolution TRP channel
structure was a cryo-EM structure of a truncated rat TRPV1.9 The rTRPV1 truncation
removed 109 residues from the N-terminus, 23 residues from the pore turret loop, and,

and 74 residues from the distal C-terminus. The final construct represents 632/838 residues
or about 75% of the wild-type rat protein. Despite these deletions, the truncated channel
behaves well structurally and recapitulates the general features of the biological channel
including sensitivity to capsaicin and other vanilloids, pH, and elevated temperatures. In

an unrelated study of mouse TRPV1 thermosensitivity, it was found that exchanging a 14
residue subset of the pore turret in mouse TRPV1 for an artificial polyglycine sequence
abolishes temperature sensitivity while retaining vanilloid sensitivity.>* Strikingly in the
minimal rat TRPV1 structural construct, the exact pore turret region is deleted with no effect
on thermosensitivity. Presumably, this suggests that parts of the pore turret in the PD form
an allosteric network that modulates thermosensitivity but is not crucial mechanistically.

Differences in thermosensing between TRPM8 orthologs have been used to gain a foothold
in identifying domains or residues that are mechanistically important, but again the results
have been difficult to interpret. A recent study leveraged the fact that mouse TRPM8

is more cold sensitive than chicken TRPM8. Swapping the pore loop was sufficient to
recapitulate the relative differences suggesting that this region either directly or allosterically
modulates TRPM8 cold sensitivity.5® This region overlaps with the pore loop in TRPV1
mentioned above that allosterically modulates thermosensitivity. Another recent study of
TRPMB8 orthologs showed that TRPM8 from hibernating rodents retained menthol chemical
activation but was poorly activated by low temperatures.>8 By swapping the TMD from

rat TRPM8, which is potently activated by cold, that cold-sensitivity could be transferred
to the less sensitive hibernating rodent TRPM8 channel. Of the 15 amino acids that vary
between rat and a hibernating squirrel TRPM8, exchanging six amino acids between the
rat and squirrel orthologs was sufficient to alter the cold sensitivity without affecting
chemical sensitivity. All six residues were absolutely required to swap the cold sensitivity;
swapping any five particular residues was not sufficient to transfer the phenotype between
channels. Two key points emerge from these studies: first, allosteric coupling across the
membrane likely contributes to the observed effects, because five of the six residues are on
the extracellular side, one is on the intracellular side, and none reside in transmembrane
helices (Figure 4B). Second, two of the six hibernating rodent residues are identical with
the equivalent human TRPMS8 residues; as human TRPMS8 is robustly cold-sensitive, this
suggests that not only is there allosteric coupling, but there must also be compensation
between networks of residues.

TRPAL1 provides a final example of thermosensation regulation by allosteric networks.
TRPAL can be either hot- or cold—sensing depending on the species.1® Mutating three amino
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acid residues that cluster to a discrete soluble ankyrin repeat domain in mouse TRPA1

can flip the cold sensing channel to warm sensing.®> However, TRPA1 truncations that
completely remove this large N-terminal region result in channels that are still temperature
sensitive; therefore, the fundamental origins of temperature sensitivity of TRPAL seem to
reside in the transmembrane region.6

5. Conclusions and Outlook

The intersection of structural and genetic revolutions has provided tremendous tools and
insight into how TRP channels function. An emergent property of these channels is the
identification of the fundamental role of allostery in function. We speculate the centrality
of allosteric networks in TRP channel regulation arises primarily because of the evolution
of these channels to function in thermosensing, where biologically accessible changes in
temperature are poor thermodynamic driving forces. Current studies have identified the
importance of both the S1-S4 and PD in sensing, binding, and coupling to gating, giving
a platform to better understand the molecular mechanisms that underlie basic biological
processes such as tasting spiciness or feeling cold. Despite the significant progress in
recent years, there is a need to dissect these channels with spectroscopic tools such as
EPR,% fluorescence,58:69 and NMR.38 These tools should unravel the allosteric networks
that seemingly make allosteric coupling so challenging to interpret from current structural
and functional measurements. Understanding these basic mechanisms will provide access
to the fundamental rules of mechanistic cross talk and will also reveal opportunities for
pharmacological intervention and manipulation.
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Figure 1. TRP channéd evolutionary relationships and representative structures.
Left, a phylogenetic tree of human TRP channels, including an ancestral non-mammalian

TRPN1 channel (Gray). Yellow stars indicate that a structure of either the human or an
ortholog channel has been determined. To date, at least two structures have been determined
from each human TRP subfamily, with exception of TRPAL, where there is a lone human
subfamily member. Representative structures have been determined for the entire vanilloid
(TRPV) subfamily. The structures reveal a conserved general transmembrane architecture
with highly diverse extramembrane loops and N- and C-terminal domains. The collective
structural information has shaped understanding of how TRP channels gate in response to
chemical and physical stimuli. TRPA is for ankyrin, -V for vanilloid, -M for melastatin, -C
for canonical, -ML for mucolipin, -P for polycystic.
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S1-S4 Pore
Domain Domain

Figure 2. The conserved transmembrane ar chitecture of TRP ion channels.
A TRP channel monomer (left panels) contains six transmembrane helices, including two

conserved structural domains. The S1-S4 ligand sensing domain (blue) is a four-helix
bundle of first four transmembrane helices, S1 to S4. The last two transmembrane helices,
S5 and S6, form the pore domain (PD, red) where the tetramer of the PD forms the
conductance pathway of the channel. The S1-S4 domain and the PD are linked by an S4-S5
linker (orange). Two additional conserved helices are the pore helix (PH, purple) and the
amphipathic TRP helix (cyan). A functional channel is composed of a domain-swapped
tetramer, with the PD helices interacting with adjacent subunits (right panels). Structural and
functional studies suggest that allosteric networks between binding, temperature sensing,
and other stimuli regulate these channels.

Acc Chem Res. Author manuscript; available in PMC 2021 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hilton et al.

Page 18

= TRPM8

hTRPM8 [
Single-nucleotide
Polymorphisms
oNPO®S O

200 400 600 800 1000
hTRPM8 Residue Number

Figure 3. Insights from evolutionary studies.
A) TRPM8 and TRPV1 show distinct patterns of coevolution. Using GREMLIN software

the 100 highest probability predicted coevolving residues were plotted on homology models
of the human TRPV1 (red) and TRPMS8 (blue) TMD regions (including helices S1-S6),
with pseudo-bonds shown between coevolving pairs. The analysis identifies coevolution

of the intracellular S1-S4 domain to the pore domain. However, patterning differences of
the evolutionary constraints suggests there are distinct mechanisms and allosteric networks.
B) The frequency of exonic human TRPMS8 single-nucleotide polymorphisms (SNPs) as

a function of residue number. A decreased SNPs frequency in the TMD indicates that

this region is less tolerant of mutations. Data were aggregated from the Ensembl database
searching exclusively deposited human genomes.

Acc Chem Res. Author manuscript; available in PMC 2021 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hilton et al. Page 19

Figure 4. Allosteric coupling in ligand and temper ature activation.
Panel A shows structures of 2-APB bound TRPV3 and TRPV6 in gold and cyan

respectively. Between the two structural studies, four 2-APB binding sites have been
identified in related TRPV channels. These coupled with functional studies suggest that

in 2-APB ligand regulation of TRP channels allostery is key to modulating function. Panel B
identifies residues essential to exchanging cold-sensing properties between TRPM8 channels
from hibernating and non-hibernating rodents. The six residues are far away in space
indicating that allosteric networks are key to deciphering these outcomes. Comparing these
six mutations with human TRPM8 show that not only are allosteric networks important but
also that there must be compensating pairs of residues that impact allostery.
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TRPV2 Rotation °

Figure5. Diver se S1-$4 gating-coupled movementsidentified from TRPV structural studies.
In TRPV1, the S1-S4 domain remains immobile while a residing lipid (black rectangle)

is replaced by a vanilloid ligand (red circle). In TRPV2, the S1-S4 domain, along with
intracellular ankyrin repeat domains, rotates when the lower gate opens. In TRPV3, the
S1-S4 domain tilts towards the PD when the agonist 2-APB (yellow diamond) binds to the
S1-S4 domain. TRPV4 gating details are presently unclear, but a unique S1-S4 arrangement
causes the S3 helix to contact S6 helix. In TRPV5, the S1-S4 domain tilts away from the PD
when the antagonist econazole (dark green hexagon) enters the binding pocket, causing the
lower gate to close. In TRPVG, the inhibitor 2-APB (yellow diamond) causes the S3 helix to
move toward S4-S5 linker to close the lower gate.
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