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Abstract Transient receptor potential (TRP) channels are un-
usual among cation channels because of their diverse cation
selectivities and activation mechanisms. TRP channels thus
play major roles in various sensory perceptions by functioning
as multimodal signal integrators. Some TRP subfamily mem-
bers are also implicated in acute and chronic pain and inflam-
mation. So far, most TRP channel studies have been targeted
to human and model organisms within a limited evolutionary
context. Classification of TRP channels in various animal ge-
nomes has revealed extensive gene gain and loss events across
animal species. Furthermore, the chemical activation profiles
of some orthologous TRP channels were different between
species such as human and mouse. Amino acid substitutions
must underlie such differences, and the crucial amino acid
residues have been identified in some cases. These changes
represent the evolution of TRP channels at the amino acid
sequence level. There is also evidence that TRP channels have
obtained species-diversity through alternative splicing and
possibly cis-regulatory element mutations. All of the above
demonstrate the dynamic and plastic evolutionary history of
metazoan TRP channels at multiple levels, possibly in con-
junction with the specific habitats and life histories of individ-
ual species.
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Introduction

Transient receptor potential (TRP) superfamily channels share
six common transmembrane segments (S1-S6), which form
sensor and pore domains that are cation permeable (Fig. 1a).
However, TRP channels are different from other ion channels
because they have diverse cation selectivities and activation
mechanisms [12, 27, 50, 72]. Therefore, TRP channels play
major roles in various sensory signal transductions such as
vision, thermosensation, olfaction, hearing, and
mechanosensation by functioning as multimodal signal inte-
grators and downstream signaling components [12]. TRP
channels also enable individual cells to detect changes such
as osmolarity and fluid flow in their local environment as well
as inflammation, and thus, they play essential roles in several
physiological processes. These include sensory functions, ho-
meostatic functions, motile functions, and acute and chronic
pain [12, 27, 50, 72].

The metazoan TRP superfamily is classified into seven sub-
families—TRPA, TRPC, TRPM, TRPML, TRPN, TRPP, and
TRPV—based on their amino acid sequences and domains
(Fig. 1b). Most functional TRP channels are thought to form
homotetramers [12, 27, 50, 72]. Structural characterization of
TRPV1 by electron cryo-microscopy has revealed that TRPV 1
and voltage-gated ion channels (VGICs) share a similar overall
structure. However, the opening of TRPV1 is associated with
major structural changes in the outer pore as well as dilation of
the lower gate. In contrast to VGICs, the S1-S4 voltage-sensor-
like domain of TRPV 1 does not appear to move [7, 41]. The N-
and C-termini of TRP channels (both facing cytosol) are vari-
able in length and contain different domains (Fig. 1b). The N-
termini of TRPA, TRPC, TRPN, and TRPV channels contain
ankyrin repeats (ARs), 33-residue motifs consisting of pairs of
antiparallel o-helices connected by 3-hairpin motifs. The num-
bers of ARs present in each channel are different: 14 to 15 in

@ Springer



2044

Pflugers Arch - Eur J Physiol (2015) 467:2043-2053

Fig. 1 Schematic representation A
of TRP channels. a All TRP

green lines represent, for

example, plasma membrane

separating the outside (OUT) and

inside (/N) of a cell. Both amino

(N) and carboxyl (C) termini with

variable lengths are oriented B
toward the cytosol and contain
different functional domains.
TRPML and TRPP subfamily
members have the longer
extracellular loop between S1 and
S2 than other subfamilies. b
TRPM7

/. /\. DA

channels contain six OUT_ S S
transmembrane segments (S1 to

S6) with a pore domain (P)

between S5 and S6. Parallel IN N S

-

AV,

reat — NN —— I 12
rpct —Hi——HHHIO— s0s ea

—-1862 aa

Functional domains in selected
mouse TRP and zebrafish TRPN
channels. The number and
composition of functional
domains are variable between
different TRP channels and are
only partially maintained within
members of the same subfamily.
The number of amino acids (aa)
in each TRP channel is shown on
the right side

' Ankyrin repeat

Alpha-kinase domain

TRPA, 3 to 4 in TRPC, 29 in TRPN, and 4 to 6 in TRPV
channels. ARs appear to be necessary for interactions with
ligands and protein partners and for temperature sensitivity
[11, 17,24]. A highly conserved domain of 23-25 amino acids
(TRP domain) is present, which extends from the C-terminus to
the transmembrane domains, in TRPC, TRPM, TRPN, and
TRPV channels [41, 72]. Other functional domains are found
in the C-terminal tails of TRP channels. For example, TRPM6
and TRPM7 contain an atypical «-kinase domain (Fig. 1b)
involved in regulating channel function [46, 56].
Nevertheless, many functional domains are often not con-
served, even between members of the same subfamily.

Many TRPA and TRPV channels are activated by temper-
ature changes and various ligands and thus function in
thermosensation (for cold and hot temperatures) and chemo-
reception [49, 74]. Drosophila melanogaster TRPV channels
also have roles in hearing and hygrosensation, probably
through mechanical activation [19, 31, 42]. D. melanogaster
TRPN was shown to be a mechano-sensitive channel [83] and
involved in hearing and mechanosensation [15, 63]. TRPC
channels function in signal transduction in neurons and other
cell types [12, 50, 72]; TRPM channels are involved in signal
transduction, chemoreception, and thermosensation (cold and
warm temperatures) [12, 50, 72, 73]. TRPML channels are
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important for endosomal/lysosomal function and autophagy
[84], and most TRPP channels play important roles in cardiac,
skeletal, and renal development as well as in spermatogenesis
[50, 72]. These physiological functions have primarily been
characterized in genetically tractable model organisms such as
the mouse, the fruit fly, and the nematode.

Since TRP channels are involved in a wide range of phys-
iological processes, as mentioned above, lesions in their genes
are often associated with specific diseases. Mucolipidosis type
IV disease, an autosomal-recessive neurodegenerative lyso-
somal storage disorder, is caused by mutations in 7TRPML]I.
TRPMLI is a calcium and iron permeable intracellular chan-
nel in lysosomes, and thus, loss-of-function impairs
endosomal/lysosomal function and autophagy [10].
Polycystic kidney disease (PKD), the most common inherited
kidney disease, is associated with a mutation in TRPP2. PKD
causes large epithelial-lined cysts filled with fluid that occupy
most of the mass of the abnormally enlarged kidneys,
resulting in impaired kidney function [32]. Other examples
include TRPC6, TRPV4, TRPMI1, TRPM4, TRPM6, and
TRPAI. TRPC6 is involved in a human proteinuric kidney
disease called focal and segmental glomerulosclerosis [55,
77]. TRPV4 is associated with neurodegenerative disorders
such as scapuloperoneal spinal muscular atrophy (SPSMA)
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and Charcot-Marie-Tooth disease type 2C (CMT2C, also
known as hereditary motor and sensory neuropathy type 2C)
[2, 13, 37]. TRPM1 is involved in autosomal-recessive con-
genital stationary night blindness (CSNB) [1, 40, 70], and
TRPM4 plays a role in autosomal-dominant progressive famil-
ial heart block type 1 (PFHB1)[35]. TRPMG is associated with
hypomagnesemia with secondary hypocalcemia (HSH/
HOMG) [75], and TRPAI is implicated in autosomal domi-
nant familial episodic pain syndrome (FEPS) [34].

Although significant progress has been made toward un-
derstanding the activation mechanisms and physiological
functions of TRP channels in human and model organisms,
there have been relatively few studies or reviews focusing on
their evolution [60]. Nevertheless, a number of examples of
species-dependent activation of TRP channels by particular
compounds have been reported. Although these are mediated
by amino acid substitutions in particular TRP channels during
evolution, the evolutionary impacts/aspects are often not
completely discussed. In this review, I will explore the evolu-
tionary plasticity and dynamics of metazoan TRP channels at
different levels by explaining (1) the ancient origin of meta-
zoan TRP channels, (2) evolutionary dynamics by gene gain
and loss across animal species, (3) evolutionary dynamics at
the amino acid sequence level, and (4) evolutionary dynamics
at the pre-mRNA splicing and transcriptional levels.

Ancient origin of metazoan TRP channels

Because TRP channels have critical physiological and cellular
functions, it is not surprising that they are highly conserved
between yeast and mammals. Nevertheless, land plants do not
appear to contain the TRP channel genes. Saccharomyces
cerevisiae TrpY 1 is a vacuolar membrane protein that functions
as a mechano-sensor of vacuolar osmotic pressure [14, 53].
Because TrpY'1 does not cluster with any of the metazoan
TRP channels by phylogenetic analysis [6], it must have spe-
cifically emerged in fungi after the divergence of fungi and
metazoans. A previous study showed that the apusozoan protist
Thecamonas trahens, a sister species to the common ancestor
of Holozoa and fungi, contained TRPP and TRPV [6], suggest-
ing that they could be the most ancient metazoan TRP chan-
nels. Furthermore, two choanoflagellates (Monosiga brevicollis
and Salpingoeca rosetta) have five TRP subfamilies (TRPA,
TRPC, TRPM, TRPML, and TRPV [5, 54]) demonstrating that
most of the current metazoan TRP channels emerged in the
unicellular common ancestor of all Metazoa.

Primitive animals, such as sponges (Amphimedon
queenslandica) and Placozoa (Trichoplax adhaerens), contain
only a few cell types and no neurons [65, 66] so that all of their
TRP channels must function in non-neuronal cells. Because
choanoflagellates and sponges respond to environmental stim-
uli [4, 39], TRP channels may function to perceive such

stimuli [43]. It should be of major interest to test the functions
of TRP channels present in choanoflagellates, sponges, and
Placozoa. The expression characteristics as well as the sensory
functions of metazoan TRP channels in the neurons of higher
animals must be the result of co-option during evolution.
Meanwhile, TRPN is absent in apusozoan protists,
choanoflagellates, sponges, and Placozoa, but it is present in
Hydra magnipapillata (Cnidaria), suggesting that it first
emerged in the common ancestor of Cnidaria and Bilateria
[54]. The newly identified subfamily, TRPVL (TRPV-like),
also emerged at the same time [54] (see below).

Evolutionary dynamics by gene gain and loss
across animal species

The number of different TRP channel subfamily members is
quite varied between the animal species we characterized
(Table 1). For example, 12 TRPAI genes are present in
A. queenslandica; however, T. adhaerens, Tetranychus urticae
(spider mite), Daphnia pulex (water flea), and hymenopteran
insects (bees, wasps, and ants) lack TRPA/ genes in their ge-
nomes [45]. The 12 TRPA1 channels of A. queenslandica form
a single cluster in the phylogenetic tree, suggesting that one
ancestral TRPAI gene has expanded multiple times in
A. queenslandica [54]. Similarly, TRPAI has expanded to four
copies in a centipede, Strigamia maritime [54]. The absence of
TRPAI in T. adhaerens, T. urticae, D. pulex, and hymenopteran
insects demonstrates that it has been lost from their genomes.
Thus, the loss of TRPA! has happened many times during meta-
zoan evolution.

Hymenopteran insects contain Hymenoptera-specific TRPA
(HsTRPA) which was generated by duplication of Waterwitch
(Wtrw) in the genomes [45]. Honey bee HsTRPA,
AmHSTRPA, functions as a noxious sensor to detect heat and
irritants such as allyl isothiocyanate (AITC), cinnamaldehyde,
and camphor to substitute the functions of TRPAI. Thus,
neofunctionalization of HsTRPA following the duplication
may have resulted in the loss of TRPA1 in Hymenoptera [33].

The TRPA subfamily in insects and D. pulex appears to have
specifically expanded the members which diverged from the
ancient 7TRPAI gene [29, 54]. Painless (Pain), Pyrexia (Pyx),
Wtrw, and TRPAS are found in insects and Daphnia but not in
other Arthropod species, Cnidaria, Deuterostomia, or
Lophotrochozoa [54]. This suggests that the above TRPA chan-
nels specifically arose in the common ancestor of insects and
crustaceans (Altocrustacea). D. melanogaster Pyx was shown
to have multiple physiological functions including high-
temperature stress avoidance [38], negative geotaxis [67], and
synchronization of the circadian clock [68, 79]. This suggests
that Pyx can be directly activated by high temperature and me-
chanical stimuli and indirectly activated by unknown factors.
D. melanogaster Pain has various functions in the avoidance of
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Table 1  The number of TRP subfamily members in 21 metazoan and one holozoan species
TRPA TRPC TRPM TRPML TRPN TRPP TRPV TRPVL

M. brevicollis (Choanoflagellate, Holozoa) 2 1 3 1 0 0 1 0
A. queenslandica (Sponge, Metazoa) 12 0 0 2 0 0 0 0
T adhaerens (Placozoan, Eumetazoa) 0 0 4 1 0 2 2 0
N. vectensis (Sea anemone, Cnidaria) 2 3 3 2 0 8 2 1
H. magnipapillata (Hydra, Cnidaria) 4 0 3 2 1 14 0 5
M. musculus (Mouse, Mammalia, Deuterostomia) 1 7 8 3 0 3 6 0
L. gigantea (Owl limpet, Lophotrochozoa) 1 4 4 1 1 7 2 0
C. teleta (Marine polychaete, Lophotrochozoa) 2 9 7 1 1 3 3 1
D. melanogaser (Fruit fly, Diptera, Insecta) 4 3 1 1 1 1 2 0
B. mori (Silk moth, Lepidoptera, Insecta) 6 3 1 1 1 0 2 0
T. castaneum (Red flour beetle, Coleoptera, Insecta) 5 3 1 1 1 1 2 0
A. mellifera (Honey bee, Hymenoptera, Insecta) 5 3 1 1 1 0 2 0
H. saltator (Jerdon’s jumping ant, Hymenoptera, Insecta) 6 3 1 1 1 0 2 0
C. floridanus (Florida carpenter ant, Hymenoptera, Insecta) 16* 3 1 1 1 0 2 0
P, barbatus (Red harvester ant, Hymenoptera, Insecta) 5 3 1 1 1 0 2 0
S. invicta (Red imported fire ant, Hymenoptera, Insecta) 19* 3 1 1 1 0 2 0
A. pisum (Pea aphid, Hemiptera, Insecta) 4 2(3) 1 1 1 1 2 0
P, humanus (Human body louse, Phthiraptera, Insecta) 4 3 1 1 1 1 2 0
D. pulex (Water flea, Crustacea) 5 3 2 1 1 0 2 0
S. maritime (Centipede, Myriapoda) 4 1 2 1 1 2 2 0
T. urticae (Spider mite, Arachnida) 0 1(2) 1 3 2 2 0 0
M. occidentalis (Predatory mite, Arachnida) 1 2 1 1 0 2 0 0
1. scapularis (Deer tick, Arachnida) 0(1) 3 1(2) 2 1 2 0 0

Common name and order, class, or phylum are shown for each species. All species below M. musculus, L. gigantea, and D. melanogaster belong to
Bilateria, Protostomia, and Arthropoda, respectively. H. magnipapillata may contain five additional TRP subfamily members. They were not phyloge-
netically characterized since the annotation of their transmembrane segments was incomplete. C. floridanus and S. invicta are predicted to contain 12 Pyx
and 11 TRPAS channels, respectively. More channels could be present due to the incomplete annotation of transmembrane segments. TRPA1 is absent in
hymenopteran insects. A. pisum, T. urticae, and 1. scapularis may contain additional TRP subfamily members as shown in parentheses. They were not
phylogenetically characterized since the annotation of their transmembrane segments was incomplete [54]

noxious stimuli [69], negative geotaxis [67], mating behavior
[61], and feeding behavior [82]. This channel can be directly
activated by high temperatures [64] and possibly also by me-
chanical stimuli [69]. D. melanogaster Wtrw is essential for
hygrosensation (detecting moist air) [42]. Some of these physio-
logical functions might be shared with other insects and
Daphnia. TRPAS has not been characterized in any animals to
date. Interestingly, the genes Pain, Pyx, and TRPAS5 emerged in
Altocrustacea were not stable and went through multiple
rounds of gene gain and loss later during evolution. Pain has
duplicated twice in Daphnia, producing three genes in the ge-
nome. Meanwhile, TRPA5 has been lost in the D. melanogaster,
Pediculus humanus, and Acyrthosiphon pisum genomes [45, 54].
We also found that Pain and TRPAS5 have expanded in fire ant
(Solenopsis invicta), and Pyx has expanded in Florida carpen-
ter ant, Camponotus floridanus [54]. These results demonstrate
that insect- and crustacean-specific TRPA subfamily members
show extensive evolutionary plasticity through multiple gene
gain and loss events. As a result, the number of TRPA subfamily
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members appears to be the most diverse within Arthropod spe-
cies [45, 54].

During our classification of TRP channel genes in the ge-
nomes of cnidarians, H. magnipapillata, and Nematostella
vectensis, we found a novel TRP subfamily, TRPVL
(Table 1 and Fig. 2) [54]. TRPV and TRPVL share the same
domain structures, 4-5 ARs and an ion transport domain con-
taining six transmembrane segments. H. magnipapillata con-
tains five TRPVL subfamily members (Table 1 and Fig. 2,
HmTRPVLI-5) and lacks a TRPV channel, suggesting that
evolution of TRPVL channels may have resulted in the loss
of ancient TRPV channels. Meanwhile, N. vectensis has one
TRPVL and two TRPV subfamily members (Table 1 and
Fig. 2). Intriguingly, Capitella teleta (an annelid) also contains
one TRPVL channel (Table | and Fig. 2); however, the other
bilaterian species we analyzed do not have this channel. This
suggests that TRPVL emerged in the last common ancestor of
Cnidaria and Bilateria but was later lost in most bilaterians
[54].
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Evolutionary dynamics at the amino acid sequence
level

Even though the same TRP subfamily members are present in
multiple species, amino acid substitutions took place during
evolution. As a result, their channel properties could have
become different. In fact, TRP channel genes appear to have
evolved much faster than other cation channels such as potas-
sium channels. For example, the amino acid sequence
identity/similarity between frog (Xenopus tropicalis) and hu-
man TRPAL1 is 53/71 %, whereas that between the frog and the
human voltage-gated potassium channel subfamily KQT
member is 78/86 %. There are many examples that indicate
the species-specific activation or suppression of orthologous
TRP channels, as described below.

Mammalian TRPV1 is a thermosensitive TRP channel ac-
tivated by noxious high temperatures (>42 °C) as well as by
various natural and synthetic compounds [27]. Although its
high-temperature activation appears to be conserved [50], its
chemical sensitivity is varied among vertebrates. For example,
capsaicin and resiniferatoxin, vanilloids (present in chili pep-
pers and Euphorbia resinifera, respectively) are potent activa-
tors of rat TRPV1 but not rabbit TRPV1 [18] or chicken

100 MmsShaker
69 DmShaker
62 jgi|Capca1]|111370 (CtShaker)
71 L jgi|Lotgi1|133730 (LgShaker)

TRPV1 [26]. Characterization of rat/chicken and rat/rabbit
chimeric TRPV1 channels, as well as site-directed mutagene-
sis studies, demonstrated that four amino acid residues (Y511,
S512, M547, and T550) in the third (S3) and fourth (S4)
transmembrane segments of rat TRPV1 are responsible for
the potent activation by vanilloids. Y511 and S512 are con-
served between rat, rabbit, and chicken TRPV1 channels;
however, T550 is substituted to I (isoleucine) and A
(alanine) in rabbit and chicken, respectively. Moreover,
M547 is substituted to L (leucine) in both rabbit and chicken.
Thus, these two amino acid substitutions would be responsible
for reduced activation of rabbit and chicken TRPV1 channels
by vanilloids. Indeed, the reverse mutations (L547M, 1550T,
and L547M/I550T) made rabbit TRPV1 more sensitive to
vanilloids [18, 26]. S512 and T550 are substituted to Y
(tyrosine) and A (alanine) in X. tropicalis TRPV 1, respective-
ly, and the reverse mutations (Y512S, A550T, and
Y512SAS550T) increased the sensitivity to capsaicin [52].

As described above, TRPA1 is highly conserved between
many animals and functions as a sensor for various noxious
compounds and inflammatory agents [49]. Electrophilic com-
pounds such as AITC and diallyl disulfide derived from mus-
tard and allium, respectively, activate the channel by
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reversibly adding thiol moieties to cysteines in the cytoplas-
mic N-terminus [22, 44]. A variety of non-electrophilic com-
pounds also activates TRPA1 without causing covalent mod-
ifications. Among them, menthol, a cooling agent from mint
leaves, activates human TRPA1 in a concentration-dependent
manner. However, its action on mouse TRPA1 is bimodal; it
activates at low concentrations but inhibits at high concentra-
tions [30, 81]. D. melanogaster TRPA1 was reported to be
insensitive to menthol at any concentration [81].
Characterization of human/mouse, human/fruit fly, and
mouse/fruit fly chimeric channels demonstrated that the S5—
S6 region of mouse TRPA1 is responsible for channel inhibi-
tion at high concentrations. The following site-directed muta-
genesis experiments showed that S§76 and T877 in S5 of
mouse TRPA1 are critical for activation by menthol. These
amino acids are conserved in human but not Fugu fish, fruit
fly, or mosquito TRPA1 [81]. Meanwhile, G878 in S5 of
mouse TRPA1 is critical for channel inhibition at high con-
centrations, and it is substituted to V (valine) in human
TRPAT1 [81].

Caffeine was shown to activate mouse TRPA 1 but suppress
the activation of human TRPA1 [48]. Characterization of
human/mouse chimeric channels, as well as site-directed mu-
tagenesis, indicated that M268 in the ARs of mouse TRPA1
has a major role in activation by caffeine. When M268 of
mouse TRPA1 was substituted with proline, as is found in
human TRPA1 (P267), caffeine did not activate the channel
but instead suppressed it [47]. In addition, the reverse muta-
tion (P267M) caused caffeine not to activate but instead sup-
press human TRPA1, suggesting that amino acids other than
M268 are also important for activation of mouse TRPA1 by
caffeine. M268 is conserved among rodents, whereas P267 is
conserved among primates. Nevertheless, the TRPA1 chan-
nels of other species contain different amino acids at this
position.

The electrophilic, thioaminal-containing compound, 4-
methyl-N-[2,2,2-trichloro-1-(4-nitro-phenylsulfanyl)-ethyl]-
benzamide (CMP1), covalently modifies a cysteine residue at
the equivalent position in rat and human TRPA1 channels;
however, it activates rat TRPA1 and suppresses human
TRPAT1 [9]. This is similar to the effect of caffeine on mouse
and human TRPA1 channels as described above.
Characterization of human/rat chimeric channels, as well as
site-directed mutagenesis, demonstrated that A946 and M949
in S6 of rat TRPA1 are critical for channel activation by
CMPL. In contrast, the equivalent residues in human TRPA1
(S943 and 1946) determine channel block [9].

A bird repellent, methyl anthranilate (MA), has been
shown to activate human, mouse, and chicken TRPA1 chan-
nels but not lizard (4nolis carolinensis) and weakly frog
(X tropicalis) TRPA1 channels [57]. Site-directed mutagene-
sis demonstrated that R596, T603, and P627 in the linker
region between the ARs and S1 of chicken TRPA1 are crucial
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for activation by MA. These residues are conserved between
chicken, mouse, and human TRPA1 channels except that
R596 is substituted to K at the equivalent position in mouse
and human. The above three amino acid residues are substitut-
ed to G594, A601, and A625 in a lizard TRPA1, and G597,
V604, and A627 in a frog TRPAI, respectively. Because the
reverse mutations in both lizard (G594R, A601T, and A625P)
and frog (G597R, V604T, and A627P) TRPA1 channels did
not alter their responses to MA, these three amino acids must
not be the sole functional determinants [57].

Regarding the temperature sensitivity of TRPA1, the fruit
fly, mosquito, silk moth, frog, lizard, snake, and chicken chan-
nels were shown to be heat sensitive [21, 28, 57, 59, 62].
However, whether mammalian TRPA1 is activated by heat
or cold has been controversial [27, 49, 50]. The most recent
report on this issue showed that rodent TRPA1 is cold-activat-
ed, whereas primate TRPA is insensitive to temperature fluc-
tuation [8]. These results may suggest that the TRPA1 of the
common ancestor of Bilateria was heat-sensitive and in
some mammals it has become either cold sensitive or
temperature-insensitive [57, 59]. G878 in the S5 of rodent
TRPAT1 (substituted to V875 in human TRPA1) is critical for
cold activation since the G878V mutation abolished the cold
sensitivity. The same amino acid is also required for inhibiting
the channel in the presence of high concentrations of menthol,
as mentioned above [81]. The reverse mutation (V875G in
human TRPA1) failed to confer cold sensitivity, suggesting
that G878 is necessary but not sufficient for cold activation.

Human and rodent TRPV1-TRPV4 are activated by warm
and noxious high temperatures [50]; however, frog
(X tropicalis) TRPV3 was shown to respond to cold temper-
atures (<16 °C). Moreover, it is insensitive to some mamma-
lian TRPV3 activators such as camphor, eucalyptol, menthol,
vanillin, and eugenol [58]. Nevertheless, the amino acid resi-
dues responsible for above differences have not been
identified.

Intriguingly, it was recently shown that three single-point
mutations in the AR6 of mouse TRPA1 are individually suf-
ficient to make the channel warm-activated without affecting
the chemical sensitivity [24]. These results demonstrate that
minimal changes in the protein sequence of a TRP channel
can dramatically change its temperature sensitivity. This func-
tional plasticity would explain why and how a single ancestral
TRP channel has evolved into the current ones with the dif-
ferent chemical and temperature sensitivities in a species-
specific manner.

Evolutionary dynamics at the pre-mRNA splicing
and transcriptional levels

Many splicing isoforms have been identified for TRP chan-
nels [71]. Some of these, for example, function as dominant
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negatives [76], and others have different ion permeability
[51]. However, the presence of these splicing isoforms has
never been systematically compared between different spe-
cies. Given that species-specific alternative splicing is more
common than previously thought [3], splice variants of TRP
channels could also be present in a species-specific manner.
Three such examples have been reported as discussed below.

Mouse TRPMLI has two isoforms containing different C-
terminal cytoplasmic tails (either 55 or 86 amino acids) by
alternative splicing, whereas human TRPMLI1 has only one
isoform with a 55 amino acid C-terminal cytoplasmic tail. The
unique 86 amino acid C-terminal tail of mouse TRPML1 lacks
the lysosomal targeting signal. Therefore, it was suggested
that this isoform may not localize to the lysosome [16].
However, the physiological relevance of this mouse-specific
isoform is not known.

Mouse TRPAI was shown to generate two isoforms:
TRPAla and TRPAIb, in which the 90-base pair exon 20 is
excluded. As aresult, TRPA1b lacks 30 amino acids present in
the S2 domain and the first intracellular loop of TRPAla. In
contrast to TRPAla, TRPA1D is insensitive to chemical com-
pounds such as AITC. TRPA1b directly interacts with
TRPAla and increases the expression level of TRPAla at
the plasma membrane, suggesting that it may have a role as
a chaperone. Interestingly, rat and human 7RP41 do not ap-
pear to have the equivalent TRPA1b isoform [86]. The ques-
tion of why TRPA1b is specific to mouse remains to be
answered.

Vampire bats, but not closely related fruit bats, have pit
organs surrounding the nose that are capable of detecting in-
frared radiation through trigeminal nerve fibers to locate
hotspots on warm-blooded prey. Vampire bat trigeminal gan-
glia (TG) express substantial amounts of a novel short isoform
of TRPV1 (TRPV1-S) that lacks 62 amino acids from the
carboxyl terminus of the ubiquitous TRPV1 (TRPV1-L).
The ratio of TRPV1-S to TRPV1-L in the vampire bat TG is
about 1:1, and this ratio is much less in both the vampire bat
dorsal root ganglia and the fruit bat TG. Intriguingly, TRPV1-
S is activated at lower threshold temperatures than TRPV1-L
(30.5+£0.7 versus 39.6+0.4 °C in HEK293 cells), and the
TRPVI1-S/TRPV1-L mixed complex responds to an interme-
diate threshold temperature of 33.9+1.2 °C. Thus, the specific
presence of TRPV1-S in the vampire bat TG allows the bat to
detect infrared radiation to locate warm-blooded prey.
TRPVI1-S synthesis involves the inclusion of a 23-base pair
exon (exon 14a) present between exon 14 and exon 15 by
alternative splicing. Although the exons 14 and 15 are ubig-
uitously present in mammals, the exon 14a sequence is spe-
cifically present in bats, and in closely related species such as
cows, moles, and dogs, but it is absent in rodents or humans.
Furthermore, the inclusion of exon 14a in cow and mole
TRPV1 is rare (<6 % of total TRPV1), suggesting that its
inclusion is highly specific to the vampire bat TG. Thus, the

efficient synthesis of TRPV1-S is species- and tissue-specific,
and it depends on both cis-elements and #rans-acting factors to
regulate the alternative splicing event [20].

TRP channels are expressed in a wide variety of cell types
and tissues including neurons [25, 36], and thus, the upstream
regulatory sequences (URSs) and promoters must have impor-
tant roles in determining such specific expression patterns.
However, none of the URSs/promoters have been character-
ized in detail to date. Furthermore, there has been no system-
atic comparison of the expression patterns of orthologous TRP
channels between different species. Considering the physio-
logical roles of TRP, the expression profiles are expected to be
similar between closely related species. Nevertheless, muta-
tions in the URSs (cis-regulatory elements) are capable of
changing the expression patterns of TRP channels without
altering the amino acid sequence and, thus, the channel prop-
erties. For example, cis-regulatory element mutations have
been shown to play important roles in the evolution of novel
morphological phenotypes [78]. This could also be the case
for TRP channels. As mentioned above, TRPA, TRPC,
TRPM, TRPML, TRPP, and TRPV are present in unicellular
eukaryotes and the non-neuronal cells of primitive animals
without nervous systems. This suggests that some of these
TRP channels were recruited to neurons to function in sensory
perception and other roles upon emergence of nervous sys-
tems (co-option). Thus, these TRP channel genes must have
gained cis-regulatory elements that drive expression in neu-
rons during evolution. One example of evolutionary change at
the transcriptional level is that of the silk moth TRPA 1, which
appears to be ubiquitously expressed in the epidermal cells of
various embryonic tissues [62]. In contrast, fruit fly TRPA1 is
primarily expressed in the peripheral sensory neurons and
brain of the embryo and larva [85]. These observations sug-
gest that silk moth and fruit fly TRPAI genes must be under
control of different URSs that drive differential expression
profiles.

Concluding remarks

It is evident that evolution of metazoan TRP channels is plas-
tic and dynamic in terms of both gene number and amino acid
sequence. However, a major question remains: What are the
physiological consequences of such changes? Another impor-
tant question is whether these changes are driven by adaptive
evolution. To answer above questions, it is necessary to char-
acterize the channel properties as well as the physiological
functions of particular TRP channels. Regarding the plasticity
of the amino acid sequences, it is also essential to prove that
TRP channel genes are under positive selection through evo-
lutionary analysis. The evolutionary plasticity of TRP chan-
nels with respect to alternative splicing or transcriptional con-
trol has not yet been fully examined. We still need to
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accumulate more data by systematically comparing the alter-
natively spliced variants and expression patterns of
orthologous TRP channels between different species. Given
the example of species- and tissue-specific alternative splicing
of TRPV1 in vampire bat TG, the evolutionary plasticity of
TRP channels at this level could also be quite common.

The key to understanding the evolutionary dynamics of
metazoan TRP channels is to learn more about the channels
in a variety of animals. Research on TRP has been primarily
limited to human and major model organisms so far; however,
it will be essential to expand the research to other species. The
channel properties of TRP can be studied using a heterologous
expression system in HEK293 cells or Xenopus oocytes.
Additionally, studying the physiological functions in non-
model organisms is now feasible using the TALEN [80] or
CRISPR [23] systems. Finally, the number of genome se-
quences available is expected to increase every year so that
identification and classification of TRP channels in diverse
genomes should also become possible. The above tools would
give us an opportunity to answer an important question: How
have metazoan TRP channels evolved in association with the
specific animal habitat and life history?
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