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Temperature is one of the most critical environmental factors
affecting survival, and thus species that inhabit different ther-
mal niches have evolved thermal sensitivities suitable for their
respective habitats. During the process of shifting thermal
niches, various types of genes expressed in diverse tissues,
including those of the peripheral to central nervous systems, are
potentially involved in the evolutionary changes in thermosen-
sation. To elucidate the molecular mechanisms behind the evo-
lution of thermosensation, thermal responses were compared
between two species of clawed frogs (Xenopus laevis and Xeno-
pus tropicalis) adapted to different thermal environments.
X. laevis was much more sensitive to heat stimulation than
X. tropicalis at the behavioral and neural levels. The activity and
sensitivity of the heat-sensing TRPA1 channel were higher in
X. laevis compared with those of X. tropicalis. The thermal
responses of another heat-sensing channel, TRPV1, also dif-
fered between the two Xenopus species. The species differences
in Xenopus TRPV1 heat responses were largely determined by
three amino acid substitutions located in the first three ankyrin
repeat domains, known to be involved in the regulation of rat
TRPV1 activity. In addition, Xenopus TRPV1 exhibited drastic
species differences in sensitivity to capsaicin, contained in chili
peppers, between the two Xenopus species. Another single
amino acid substitution within Xenopus TRPV1 is responsible
for this species difference, which likely alters the neural and
behavioral responses to capsaicin. These combined subtle
amino acid substitutions in peripheral thermal sensors poten-
tially serve as a driving force for the evolution of thermal and
chemical sensation.
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Animals have evolved sophisticated physiological systems
for sensing ambient temperatures, as fluctuations in environ-
mental temperature significantly affect various biological pro-
cesses. Species adapted to different thermal niches are likely to
have acquired specific thermal sensitivities suitable for their
respective habitats. Recent progress and understanding of the
molecular mechanisms behind thermosensation has enabled us
to elucidate the molecular basis for the evolution of thermosen-
sation in the process of shifting thermal niches (1-3).

In vertebrates, peripheral sensory neurons such as dorsal
root ganglion (DRG)” and trigeminal ganglion neurons relay
temperature information to the central nervous system. During
the initiation of signal transduction, thermal stimuli are trans-
duced into electrical signals and a subset of ion channels that
are thermally activated plays crucial roles in this process. These
ion channels belong to the transient receptor potential (TRP)
ion channel superfamily and are called “thermoTRP” (1-3).
Animals possess several kinds of thermoTRP channels, which
have distinctive temperature ranges for activation. For exam-
ple, TRPV1 is activated by heat (4-7), whereas TRPM8 is acti-
vated by cold (1-3, 8).

Temperature sensitivity among orthologous thermoTRP
channels has changed during the course of evolution (9).
TRPA1 was first reported to be activated by cold in rodents
(1-3); but was also reported to be activated by heat in several
vertebrate lineages such as amphibians, reptiles, and birds (10—
12) and is known as a non-temperature-sensitive channel in
human and zebrafish (13, 14). These observations imply that
functional changes in the peripheral thermosensors may have
served as a driving force for the evolution of thermosensation.
In addition to thermal perception, thermoTRP channels also
serve as receptors for various chemicals such as TRPV1, which
acts as a receptor for capsaicin, a substance contained in chili
peppers (4, 7). Differences in the chemical sensitivity of ther-
moTRP channels have been well reported among orthologous
channels (4-6, 10, 15, 16). Thus, they represent fascinating
target molecules for the investigation of whether functional
changes in sensory receptors have contributed to the evolution
of sensory perception and overall species divergence in behav-
ioral responses to specific stimuli.

3 The abbreviations used are: DRG, dorsal root ganglion; TRP, transient recep-
tor potential; TRPV1, transient receptor potential vanilloid 1; TRPAT, tran-
sient receptor potential ankyrin 1; Xla, X. laevis; Xtr, X. tropicalis.
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Comparative analyses among closely related species with
similar ecological and physiological traits, but that inhabit dif-
ferent thermal environments, are required for investigating the
evolutionary processes of thermal adaptation. Two species
belonging to the genus Xenopus (Xenopus laevis and Xenopus
tropicalis) are fully aquatic anurans and morphologically simi-
lar to each other (17); however, the optimal temperature range
for each of these two species is quite different. The optimal
temperature range of X. laevis is 16—22 °C, whereas that of
X. tropicalis is 22-28 °C (18, 19). Furthermore, X. laevis inhab-
its cooler regions compared with X. tropicalis, found in Africa,
and thus these two Xenopus species have adapted to different
thermal niches (17). In addition, the availability of genomic
sequence data for both species makes them suitable for cloning
and characterizing genes of interest (20). Previously, thermal
responses of cold-activated TRPM8 were compared between
X. laevis and X. tropicalis. However, there were no detectable
differences in the thermal responses of TRPMS8 between the
two Xenopus species (8).

In the present study, we attempted to compare the thermal
responses between X. [aevis and X. tropicalis at the behavioral,
sensory neuron, and temperature receptor levels. Nocifensive
behaviors to heat stimulation and thermal sensitivity of sensory
neurons were different between both species. Furthermore,
thermal responses of both TRPA1 and TRPV1 also differed
between the two Xenopus species. We found that three amino
acid substitutions are largely responsible for the species differ-
ences in TRPV1 heat responses. We also were able to show that
the sensitivity of TRPV1 to capsaicin differs between the two
Xenopus species, and this is dictated by another single amino
acid substitution. Subtle amino acid changes in thermoTRP
channels altered their functional properties, and this may have
contributed to the evolutionary shift in thermal and chemical
sensation.

Experimental Procedures

All procedures involving the care and use of animals were
approved by the committees for animal experimentation of the
National Institute for Physiological Sciences and Tottori Uni-
versity (Japan).

Frog Samples—The X. tropicalis strain used for all experi-
ments was the Yasuda strain, which was kindly provided by the
National Bio-Resource Project of the Ministry of Education,
Culture, Sports, Science and Technology in Japan (MEXT).
X. laevis was purchased from Hamamatsu Seibutsu Kyozai
(Hamamatsu, Japan). X. laevis and X. tropicalis (~5 cm) were
housed in large plastic tanks placed in the same room, main-
tained at 20-25 °C, and used for behavioral experiments and
the preparation of DRG neurons. Frogs were fed once every 2
days and kept on a 12-h light/dark cycle. Mature X. laevis
females were kept at ~18 °C for oocyte collection.

Behavioral Experiments—Behavioral experiments were per-
formed according to a previously described procedure (4).
Briefly, a single frog (~5 cm) was placed into a glass bowl with a
small amount of water (50 ml) and left for 20 min to habituate.
Then capsaicin was added directly to the water, and jumping
behaviors were counted before and after this addition. Capsai-
cin, purchased from Sigma, was dissolved into ethanol or
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dimethyl sulfoxide as a stock solution. The effect of heat stim-
ulation on the frogs was observed similarly to that of capsaicin.
In brief, after habituation, the water in the glass bowl was
replaced with water heated to a specific temperature. The glass
bowl containing the frog was then immediately immersed in a
water bath at the same temperature, and jumping behaviors
were counted.

Molecular Cloning of TRPV1 and TRPA1 Genes—Total RNA
was extracted from the brain, spinal cord, and peripheral neu-
rons excised from X. laevis and used as a template for reverse
transcription with GeneRacer oligo(dT) primer (Invitrogen).
To amplify the DNA fragment containing the full-length cod-
ing region of X. laevis TRPVI1a (Xla-TRPVIa), the aforemen-
tioned reverse transcription product was used as a template for
RT-PCR with the following primers: frog X. laevis TRPV1-F
(5'-gattcaacaaaatgaagaaaat-3') and X. laevis TRPV1-R (5'-gac-
agattcactcagecttg-3'); these were used to clone Xla-TRPV1a in
a previous study (21). Using this PCR product as a template,
nested PCR was performed with the following primers: X. laevis
TRPV1-F-Kpnl (5'-tcataaggtaccatgaagaaaatgggcagttc-3') and
X. laevis TRPV1-R-Notl (5'-tcataagcggccgetcactcagecttggat-
gtc-3'). The amplified DNA fragment derived from peripheral
neurons was cloned into the pOX+ vector (for expression in
X. laevis oocytes) with Kpnl and Notl. The TRPVI DNA frag-
ment was subcloned into the pVenus-NLS vector for HeLa cell
expression (4).

To amplify the DNA fragment containing the full-length
coding region of X. laevis TRPV1b (Xla-TRPV1b), RT-PCR was
performed using the reverse transcription product mentioned
above with the following primers: X. laevis TRPV1-F and X. lae-
vis TRPV1-R2 (5'-tcactgctgggatgtctc-3'). Using this PCR prod-
uct as a template, a second round of PCR was performed
with the following primers: X. laevis TRPV1-F3 (5'-atgaa-
gaaaatgggcagttccacc-3') and X. laevis TRPV1b-R3 (5'-tcact-
gctgggatgtctcttectg-3'). To attach the restriction enzyme rec-
ognition sites at both ends of the amplified DNA fragment, a
third round of PCR was performed using the second PCR prod-
uct as a template with the following primers: X. laevis TRPV1-
F-Kpnl and X. laevis TRPV1-R2-Notl (5'-taagcggccgctcact-
gctgggatgtctctte-3'). Note that the same forward primers
(X. laevis TRPV1-F and X. laevis TRPV1-F-Kpnl) were used for
cloning Xla-TRPV1a and Xla-TRPV1Ib, as both genes possess
the same nucleotide sequences near the start codon in the
genome sequence database. The amplified DNA fragment
derived from peripheral neurons was cloned into the pOX+
vector with Kpnl and Notl. Xtr-TRPVI was cloned into pOX+
and pVenus-NLS vectors in a previous study (4).

To amplify the DNA fragment containing the full-length
coding region of X. laevis TRPAla (Xla-TRPAla), RT-PCR was
performed using the reverse transcription product derived
from the brain, spinal cord, and peripheral neurons with the
following primers: X. laevis TRPAla-F (5'-cggcccatggcttattec-
atc-3') and X. laevis TRPA1-R (5'-gtaacatgcccacgtttggatg-3').
Using this PCR product as a template, a second round of PCR
was performed with the following primers: X. laevis TRPAla-
F2-BamHI (5'-taaggatcccgacatgacgtgetcgate-3') and X. laevis
TRPA1la-R2-Notl (5'-taagcggccgecacgtttggatgattacactgtgatg-
3"). The amplified DNA fragment derived from peripheral neu-
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rons was cloned into the pOX+ vector with BamHI and NotI.
Similarly, for amplifying the full-length DNA fragment of X/a-
TRPA1b, X. laevis TRPA1Db-F (5'-aaagcgacatgacgtgctcg-3') and
X. laevis TRPA1b-R2-Notl (5'-taagcggccgcaatttacttcattttctge-
aacatgc-3') primers were used for the first PCR, and then X. lae-
vis TRPA1b-F2-BamHI (5'-taaggatcccgacatgacgtgctcgatc-3')
and X. laevis TRPA1b-R3-Notl (5'-taagcggccgectagecatttetgg-
cttttacagc-3') primers were used for the second round of PCR.
The amplified DNA fragment derived from the brain was
cloned into the pOX+ vector with BamHI and Notl. The nucle-
otide sequences of newly cloned genes were determined for
multiple clones to confirm that no PCR errors were included.

Construction of Chimeric and Mutant TRPV1 Channels—
The LTL chimera, in which the central region of Xtr-TRPV1
was introduced into the background of Xla-TRPVI1a, was con-
structed (“L” and “T” refer to the portions of Xla-TRPV1a and
Xtr-TRPV1, respectively). First, the pOX+ vector harboring
Xtr-TRPV1 (Xtr-TRPV1/pOX) was digested with Accl to excise
the central portion of Xtr-TRPVI. Next, the pOX+ vector har-
boring Xla-TRPVIa (Xla-TRPVI1a/pOX) was also digested
with Accl to obtain the pOX vector possessing the N- and
C-terminal regions of X/a-TRPV1a at both ends, and then the
central portion of Xtr-TRPV1 was ligated into this pOX vector
to construct the LTL chimera. Similarly, to construct the
LLT chimera, Xla-TRPV1a/pOX and Xtr-TRPVI1/pOX were
digested with Kpnl and BglII, and the resulting DNA fragments
were swapped by conventional cloning procedures. To con-
struct the LTT chimera, BsrGI was used. To construct the
LTLL chimera, Pmel and Kpnl were used. To construct the
LTLLL chimera, the TLTT chimera was first constructed with
Pmel and Kpnl, and then the TLTT chimera was partially
digested with EcoRI. The resulting DNA fragment containing
the N-terminal portion of TRPV1 was ligated into Xtr-TRPV1/
pOX, which was digested with EcoRI.

Xenopus TRPV1 point mutants were constructed according
to the procedures described in the QuikChange site-directed
mutagenesis kit (Stratagene) with minor modifications. The
point mutation was introduced by PCR using the Xla-TRPVI1a/
pOX or Xtr-TRPVI/pOX as templates with oligonucleo-
tide primers containing the intended mutations. The amplified
PCR products were transformed into Escherichia coli, and then
pOX+ vectors containing TRPV1 were purified using standard
procedures. The entire coding sequences of TRPVI were deter-
mined to confirm that only the intended mutations were
introduced.

Two-electrode Voltage Clamp Method—Xenopus TRPV1 or
TRPA1 (Xtr-TRPV1, Xla-TRPV1a, Xla-TRPV1b, Xtr-TRPA1,
Xla-TRPA1la, Xla-TRPA1lb, TRPV1 chimeras, and TRPV1
mutants) were heterologously expressed in X. laevis oocytes,
and ionic currents were recorded using a previously described
two-electrode voltage clamp method (15). TRPV1 complemen-
tary RNA (cRNA) was synthesized using pOX(+) vectors con-
taining TRPV1 with the mMESSAGE MACHINE SP6 kit
(Ambion) according to the manufacturer’s instructions. Fifty nl
of TRPV1 cRNA (100 ng/ul) was injected into defolliculated
oocytes, and ionic currents were recorded 1-4 days post-injec-
tion using an OC-725C amplifier (Warner Instruments) with a
1-kHz low-pass filter and digitized at 5 kHz using Digidata 1440
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(Axon Instruments). Oocytes were voltage-clamped at —60
mV. Cinnamaldehyde (Wako) was dissolved into dimethyl sulf-
oxide as a stock solution and further dissolved into a ND96 bath
solution and applied to oocytes by perfusion. For heat stimula-
tion, heated ND96 was applied by perfusion. The temperature
was monitored with a thermistor located just beside the oocytes
using a TC-344B temperature controller (Warner Instru-
ments). To compare the current amplitudes elicited by heat
stimulation between the Xla-TRPV1a and Xla-TRPV1b (Fig.
3C), cRNA was injected into X. laevis oocytes prepared from
the same preparation from a single frog, and currents were
recorded side by side at 3 days post-injection in three indepen-
dent preparations. Current amplitudes among wild-type and
mutant Xenopus TRPV1 were compared by recording the cur-
rents from X. laevis oocytes at 3 days post-injection with two
independent preparations (Figs. 7 and 8B). To compare the
thermal activation thresholds of TRPV1 or TRPA1, currents
were recorded side by side from cRNA-injected oocytes from at
least three independent preparations (Figs. 3F and 11G).

Calcium Imaging in DRG Neurons and HeLa Cells—The pro-
cedures for DRG neuron preparation from frogs and subse-
quent calcium imaging were described previously in detail (4).
Frogs (~5 cm) were sacrificed by decapitation, and the isolated
DRGs were enzymatically dissociated in Liebowitz-15 (Gibco)
tissue culture medium supplemented with collagenase P (2.5
mg/ml), dispase II (2 mg/ml), and DNase (0.5 mg/ml) (all from
Roche Applied Science) for 30 min at 37 °C. Following enzyme
digestion, individual cells were dissociated mechanically. The
cell suspension was then centrifuged, and the cell pellet was
resuspended in culture medium. Aliquots were plated onto
glass coverslips coated with poly-L-lysine (Sigma) in a humidi-
fied atmosphere at ~25 °C. The cells were used for experiments
within 1 day post-preparation. To prepare HeLa cells express-
ing TRPV1, the pVenus-NLS vectors containing Xla-TRPAla
or Xtr-TRPVI were transfected into HeLa cells using Lipo-
fectamine reagent (Invitrogen). The transfected cells were
incubated at 37 °C, and cells were used for calcium imaging
experiments after a 24-h incubation.

Intracellular calcium concentration ([Ca**],) was measured
with a fluorescent calcium indicator, fura-2, by dual excitation
using a fluorescent imaging system with software-controlled
illumination and acquisition (Aqua Cosmos, Hamamatsu Pho-
tonics, Hamamatsu, Japan) as described previously (4). To load
fura-2, cells were incubated for 0.5-1 h at 37 °C with 10 um
fura-2 acetoxymethyl ester (Fura-2 AM, Molecular Probes) and
0.02% Cremophor EL (Sigma) in HEPES-buffered solution con-
taining the following (mm): 103 NaCl, 6 KCI, 1.2 MgCl,, 2.5
CaCl,, 10 HEPES (pH 7.4) with NaOH). A coverslip with fura-
2-loaded cells was placed in an experimental chamber mounted
on the stage of an inverted microscope (IX71, Olympus, Tokyo,
Japan) equipped with an image acquisition and analysis system.
[Ca®>*], was measured by exposing the cells to excitation lights
at 340 or 380 nm, and the intensity of the respective fluorescent
signals at 500 nm (F;,, and Fs4,) was recorded; then their ratios
(F340/F550) were calculated. All experiments were carried out at
room temperature (22—25 °C) except for heat stimulation. For
heat stimulation, heated HEPES-buffered solution was applied
by perfusion.
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FIGURE 1. Behavioral responses to heat and thermal sensitivity of sensory neurons differ between X. laevis and X. tropicalis. A, each bar represents the
number of jumping behaviors at 1-min intervals before and during the heat stimulations (n = 4 each for both X. laevis and X. tropicalis). The number of jumping
behaviors in the first 1-min interval during heat stimulation is summarized (bottom panel, n = 4, 5).*, p < 0.05, t test. Note that the data for X. tropicalis were
adopted from Ohkita et al. (Ref. 4, Fig. 7F therein). B. species differences in the heat response of Xenopus DRG neurons. Representative traces of [Ca>*];changes
in response to heat stimulation in DRG neurons from X. laevis (left) and X. tropicalis (right). The thermal activation threshold is defined as the point at which
[Ca®"];exceeds 10 nm from baseline. C, comparison of thermal activation thresholds of DRG neurons between the two Xenopus species (n = 13 for X. laevis and
n = 15 for X. tropicalis from 3 frogs/species). Each data point represents the mean = S.E. ¥, p < 0.05, t test.

Data Analysis—For Figs. 1, 4, and 9, part of the data for
X. tropicalis had been obtained and published in a previous
study (4). For data analysis regarding Figs. 1, 4, and 9, we
obtained several new sets of data for X. tropicalis and reana-
lyzed them along with the previously obtained data. For Figs. 14
and 10C, the data for X. tropicalis were adopted from Ohkita et
al. (4). All of the data, except those for Figs. 3F and 11G, are
presented as the mean = S.E. (n = number of observations).
Thermal activation thresholds for Xenopus TRPV1 and TRPA1
were determined with an Arrhenius plot that was performed
using Clampfit 10.4 and Origin 9] software. Statistical signifi-
cance was tested using an unpaired ¢ test for comparisons of
two groups. A two-way repeated-measures analysis of variance
followed by a Bonferroni multicomparison test was applied
for comparing the average current amplitudes obtained by
repeated heat stimulation between Xla-TRPVla and Xla-
TRPV1b groups.

For phylogenetic reconstruction, first, the amino acid
sequences of TRPV1 or TRPAI from terrestrial vertebrates
were aligned by ClustalW implemented in MEGAG6 (22). For
estimating the evolutionary distances, all positions containing
gaps were eliminated. Then the evolutionary distance (amino
acid substitutions) between each pair of TRPV1 or TRPA1
sequences was estimated by JTT (Jones, Taylor, and Thornton)
matrix-based methods (amino acid positions used were 691 and
1074 for TRPV1 and TRPA1, respectively) (23). Based on the
estimated evolutionary distances, a phylogenetic tree was recon-
structed using the neighbor-joining method (24). Bootstrap val-
ues were calculated with 1000 replications (25). All of the phy-
logenetic analyses were conducted using MEGA6. To examine
the syntenic relationships between scaffolds containing the
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TRPV1 (or TRPAI) paralogs of X. laevis, PipMaker was used to
perform the dot plot analysis (26).

Results

Behavioral and Sensory Neural Responses to Heat Stimula-
tion Differ between the Two Xenopus Species—To compare the
thermal responses between X. tropicalis and X. laevis, heat
stimulation was systemically applied to frogs, and nocifensive
behaviors were observed. The experimental setup for observing
nocifensive (jumping) behaviors was established in previous
studies (4, 11). Briefly, a single frog was put into a glass bowl
filled with a small amount of water. Heat stimulation was then
applied by changing the water temperature, and the number of
jumping behaviors was counted. Both species exhibited a sim-
ilar number of jumping behaviors at 40 °C (Fig. 14). However,
at 38 °C, the number of jumping behaviors of X. laevis was sig-
nificantly larger than that of X. tropicalis, suggesting the former
species is much more sensitive to heat. Next, the response of
sensory neurons to heat stimulation was compared. Primary
cultured DRG neurons were prepared from both species, and
changes in the intracellular Ca®>* concentrations ([Ca®"],) were
measured upon heat stimulation in Ca®>* imaging experiments.
The level of [Ca?"], in DRG neurons from both species
increased upon heat stimulation (Fig. 1B). The thermal activa-
tion threshold for X. laevis DRG neurons was significantly lower
than that for X. tropicalis (X. laevis, 36.2 = 0.5 °C, n = 13; X. tropi-
calis, 38.1 = 0.4 °C, n = 15 (Fig. 1C)). We reported previously that
TRPV1 and TRPA1 from X. tropicalis are activated by heat stim-
ulation and are highly co-expressed in most of the heat-sensitive
DRG neurons (~85%) (11). Therefore, the differences observed
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FIGURE 2. Phylogenetic relationship of vertebrate TRPV1 (A) and TRPA1
(B) including Xenopus species. Evolutionary distances were estimated by
comparing amino acid sequences, and phylogenetic trees were recon-
structed with the neighbor-joining method (24). Statistical confidence (boot-
strap value) is shown beside each node of the phylogenetic tree. Scale bar
indicates 0.05% amino acid substitutions/site.

between the two Xenopus species are potentially related to the
functional differences in TRPV1 and/or TRPA1.

Comparison of TRPV1 Channel Properties between the Two
Xenopus species—To address the possibility described above,
the channel properties of TRPV1 were compared between the
two Xenopus species. The TRPVI gene from X. tropicalis (Xtr-
TRPV1) was cloned and characterized in our previous study
(4). Therefore, we attempted to clone the TRPV1 gene from
X. laevis. TRPV1 was searched in the recently released genome
sequence database, and two copies were found (named Xla-
TRPVia and Xla-TRPVI1D). Xla-TRPV1a corresponds to the
TRPV1 cloned in a previous study by another research group,
although the channel properties for heat stimulation had yet to
be analyzed (21). Phylogenetic reconstruction of terrestrial
TRPV1I orthologs revealed that Xtr-TRPVI1 diverged earlier
than did Xla-TRPVI1a and Xla-TRPV1b (Fig. 2A). Two copies
of the Xla-TRPV1 genes were located within different scaffolds
in the genome sequence database, and syntenic relationships
were conserved around TRPV1 (data not shown). These obser-
vations suggested that the two copies of TRPVI were produced
by a genome duplication event (allopolyploidy), which occurred
in the ancestral Xenopus lineage after the split from the lineages
leading to X. tropicalis. RT-PCR was performed with cDNA
derived from the brain, spinal cord, and peripheral neurons,
and DNA fragments containing the full-length coding regions
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of both Xla-TRPVIa and Xla-TRPV1b were successfully
obtained from all three tissues examined.

The ion channel properties of TRPV1 were characterized by
expressing the channels in X. laevis oocytes (hereafter simply
referred to as Xenopus oocytes), and ionic currents elicited by
heat stimulation were examined. We first compared the chan-
nel properties between Xla-TRPV1a and Xla-TRPV1b. Heat
stimulation elicited inward currents in Xewmopus oocytes
expressing either channel (Fig. 3, A and B). However, heat-
evoked currents in Xenopus oocytes expressing Xla-TRPV1a
were significantly larger than those in Xenopus oocytes express-
ing Xla-TRPV1b (Fig. 3C); therefore, Xla-TRPV1a may play a
major role in response to heat. The maximal responses of Xeno-
pus oocytes expressing Xla-TRPV1a were elicited from the first
heat stimulation, and the responses subsequently became
smaller with repeated heat stimuli, thus exhibiting desensitiza-
tion properties to heat stimulation (Fig. 34). In contrast, the
first heat stimulation evoked only a partial response in Xtr-
TRPV1, and the current amplitudes gradually increased with
repeated heat stimulation (sensitization, Fig. 3D). Apparent
species differences in TRPV1 heat responses could be observed
when current amplitudes obtained from repeated heat stimu-
lation were normalized to the maximum current amplitudes
(Fig. 3E).

Thermal activation thresholds for TRPV1 were calculated
with Arrhenius plots using data obtained from the first heat
stimulation and were compared between the two Xenopus spe-
cies. The average temperature threshold for activation was sim-
ilar between Xla-TRPV1a (40.5 = 0.4°C, n = 31) and Xtr-
TRPV1 (40.8 = 0.4 °C, n = 18) (Fig. 3F). The average thermal
activation threshold values for Xtr-TRPV1 were slightly higher
than the values we reported previously (4). Because the average
thermal activation thresholds varied among different prep-
arations of Xenopus oocytes, in the present study we compared
the thermal activation thresholds between Xtr-TRPV1 and Xla-
TRPV1asside by side for eight independent preparations. How-
ever, we could not detect any species difference between Xtr-
TRPV1 and Xla-TRPV1a. We also compared the properties of
Xla-TRPV1a and Xtr-TRPV1 by expressing them in HeLa cells
and measuring [Ca®"],in Ca®" imaging experiments. The level
of [Ca®*], in HeLa cells expressing Xla-TRPV1a was signifi-
cantly higher than that in HeLa cells expressing Xtr-TRPV1 at
38 °C (Fig. 4). In summary, the responses of TRPV1 to repeated
heat stimulation were clearly different between the two Xeno-
pus species (Fig. 3).

Identification of Amino Acid Substitutions Responsible for
Species Differences in Xenopus TRPV1 Heat Response—Next,
we sought to identify the amino acids responsible for the
observed species differences in Xenopus TRPV1 in order to
understand the molecular basis for the evolutionary changes in
channel properties. The amino acid difference between Xla-
TRPV1a and Xtr-TRPV1 is 7.6% (64 amino acid substitutions
were observed throughout the channels). To narrow down the
region responsible for the species differences, various combina-
tions of Xenopus TRPV1 chimeras were constructed, and their
heat responses were examined (Fig. 54). When the central por-
tion of Xtr-TRPV1 (T) was introduced onto the Xla-TRPV1a
(L) background (we named it the LTL chimera), the chimera
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FIGURE 3. Species differences in heat response of TRPV1 between the two Xenopus species. A, B, and D, representative traces for current and temperature
in Xenopus oocytes expressing Xla-TRPV1a (A), Xla-TRPV1b (B), and Xtr-TRPV1 (D) in response to repeated heat stimulation. C, average current amplitudes
elicited by Xenopus oocytes expressing Xla-TRPV1a (n = 11) or Xla-TRPV1b (n = 12). For each channel, the same amount of cRNA was injected into the Xenopus
oocytes, and current measurements were performed 3 days post-injection with three independent preparations. Current amplitudes for Xla-TRPV1a were
significantly larger than those for Xla-TRPV1b (two-way repeated measures analysis of variance, p < 0.01). E, current amplitudes elicited by repeated heat
stimulations were normalized to the maximum currents (the first and third heat stimulation for Xla-TRPV1a and Xtr-TRPV1, respectively) obtained from Xenopus
oocytes expressing Xla-TRPV1a (n = 15) or Xtr-TRPV1 (n = 14) with three independent preparations. F, thermal activation thresholds for Xla-TRPV1a and
Xtr-TRPV1. Dots indicate individual values obtained from different Xenopus oocytes (eight independent preparations) expressing Xla-TRPV1a (n = 31) or

Xtr-TRPV1 (n = 18). Average values are shown by bars.

showed desensitization properties similar to Xla-TRPV1a (Fig.
5, A and B). Introducing the C-terminal region of Xtr-TRPV1
onto the Xla-TRPVla background (LLT) had no effect on
desensitization properties (Fig. 5B). In contrast, replacing the
N-terminal region of Xtr-TRPV1 with that of Xla-TRPVla
(LTT) altered the channel exhibiting a maximum response dur-
ing the first heat stimulation (Fig. 5C), suggesting that the
N-terminal region is responsible for the species differences.
When we constructed chimeras with shorter regions of Xla-
TRPV1a on the Xtr-TRPV1 background (TLTT and TLTTT),
the region responsible for the species difference was deter-
mined to be within the first three ankyrin repeat domains
(domains 1-3). This region was capable of shifting the Xtr-
TRPV1 channel properties to be similar to those of Xla-
TRPV1a (sensitization to desensitization (Fig. 5C)).
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Within ankyrin repeat domains 1-3, eight amino acid substi-
tutions exist between Xla-TRPV1a and Xtr-TRPV1. Among
these, amino acids are exchanged between residues having rel-
atively different properties in three amino acid positions clus-
tered together (positions 181, 185, and 188 in Xtr-TRPV1 (Fig.
6A)). Thus, we assessed the effect of these three substitutions by
introducing point mutations into Xtr-TRPV1 and examining
the responses of mutant channels to heat stimulation. Intro-
ducing a single mutation at position 181 or 185 (Xtr-TRPV1
N181K or Xtr-TRPV1 S185H) had little effect on the sensitiza-
tion properties (Fig. 6, B and C, left panels), whereas a mutation
at position 188 (Xtr-TRPV1 P188L) increased the responses to
the first heat stimulation (Fig. 6C, right panel). This mutant
channel exhibited close to the maximal response during the
first heat stimulation, and repeated heat stimulation elicited
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FIGURE 4. Comparison of Xla-TRPV1a and Xtr-TRPV1 heat responses by
expression in HeLa cells. Average increase in [Ca®"]; in response to heat
stimulation in Hela cells expressing Xla-TRPV1a (n = 10-16) or Xtr-TRPV1
(n = 9-15). Asingle heat stimulation was applied for each respective thermal
stimulation. Each data point represents the mean = S.E. ¥, t test, p < 0.05.

similar levels of activation (Fig. 6B). As Xtr-TRPV1 P188L did
not show the clear desensitization properties observed in Xla-
TRPV1a, we assessed the combinatory effects of mutations by
constructing double and triple mutants (Xtr-TRPV1 S185H/
P188L and Xtr-TRPV1 N181K/S185H/P188L). However, the
channel properties of both mutants were similar to those of
Xtr-TRPV1 P188L (Fig. 6B). Additionally, all of the Xtr-TRPV1
mutant channels possessing P188L mutations (Xtr-TRPV1
P188L, Xtr-TRPV1 S185H/P188L, and Xtr-TRPV1 N181K/
S185H/P188L) had a tendency to evoke larger current ampli-
tudes compared with those of the wild-type channel (Fig. 7A).
In contrast, the current amplitudes elicited by capsaicin stimu-
lation, which was applied after heat stimulation, were not sta-
tistically different between Xtr-TRPV1 P188L (—2.51 * 0.79
uA, n = 7) and Xtr-TRPV1 (—3.82 = 0.79 pA, n = 5) (mea-
surements were performed 3 days post-injection), suggesting
that the mutation at position 188 in Xtr-TRPV1 specifically
increased the heat activity of the mutant.

The effects of the mutations at the three positions described
above in TRPV1 were further examined in the reverse direction.
When the point mutations were introduced into Xla-TRPV1a
at position 186 (corresponding to position 188 of Xtr-TRPV1),
the current amplitudes to heat stimulation became smaller
compared with those of the wild-type channel (Fig. 7B). These
observations suggested that the substitution between leucine
and proline was not sufficient to explain all of the species dif-
ferences in the heat response of Xenopus TRPVI. It is worth
noting that Xla-TRPV1a K179N also showed reduced current
amplitudes, although the reverse mutation in the correspond-
ing position of Xtr-TRPV1 (N181K) had almost no effect (Figs.
6B and 7). This may indicate that the substitution from lysine to
asparagine at this position had a minor effect on species differ-
ences in the heat response of Xenopus TRPV1.

Mutational analysis thus far has identified a single amino
acid, which partly explains the species differences, although this
mutation alone could not account for all of the species differ-
ences such as the desensitization and activity. Therefore, we
sought to identify other amino acids within this region delin-
eated by chimeric analysis (Fig. 6A4). We selected positions at
which amino acids are shared between Xla-TRPV1a and Xla-
TRPV1b, although different in Xtr-TRPV1, because the former
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FIGURE 5. Ankyrin repeat domains (ARD) 1-3 in Xenopus TRPV1 are
responsible for the species differences in heat response. A, schematic
structures of the chimeras between the Xla-TRPV1a and Xtr-TRPV1 channels.
The orange and blue bars represent the fragments of Xtr-TRPV1 (T) and Xla-
TRPV1a (L), respectively. The names of the chimeras represent the combina-
tion of the fragments derived from the respective species. For example, in the
X.TRPV1 LTL chimera, the central region of Xtr-TRPV1 was introduced onto
the Xla-TRPV1a background. Band C, averaged normalized currents obtained
from repeated heat stimulation in Xenopus oocytes expressing Xla-TRPV1a,
Xtr-TRPV1, and various X.TRPV1 chimeras (n = 16 or 18 for Xtr-TRPV1,n = 12
or 14 for X.TRPV1 LTL,n = 15for Xla-TRPV1a,n = 11 or 12 for X TRPV1LLT,n =
9 or 11 for X.TRPV1 LTT, n = 16 or 17 for XTRPV1 TLTT, and n = 9 or 10 for
X.TRPV1 TLTTT). For each of the channels, the average current amplitudes
were calculated for the respective heat stimulation, and the current ampli-
tude with the largest average value was used for normalization.

1st 5th

two channels exhibit properties of desensitization to repeated
heat stimulation (Fig. 3, A—C). Four positions satisfied the cri-
terion (positions 141, 156, 180, and 232 in Xtr-TRPV1). Single
point mutants for each position were constructed. Among the
four mutants, two of them (Xtr-TRPV1 K156R and Xtr-TRPV1
E232Q) showed a relatively larger heat response in the first heat
stimulation compared with the wild type (Fig. 84). Further-
more, the double mutant Xtr-TRPV1 K156R/E232Q exhibited
close to the maximal response in the first heat stimulation (Fig.
8A). Notably, these three mutants (single mutants at either
position 156 or 232 and double mutants at both positions)
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FIGURE 6. A single amino acid substitution is involved in the species differences in TRPV1 heat responses in Xenopus. A, amino acid sequence alignment
of Xenopus TRPV1 within the region that was identified by the chimeric analysis shown in Fig. 5. Conserved residues are shown in red, and the residues
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positions of the ankyrin repeat domains were based on rat TRPV1 (38). B, normalized currents elicited by Xenopus oocytes expressing Xtr-TRPV1 mutants (n =
10 for Xtr-TRPV1, n = 13 for Xtr-TRPV1 N181K, n = 9 for Xtr-TRPV1 S185H, n = 12 for Xtr-TRPV1 P188L, n = 12 for Xtr-TRPV1 S185H/P188L, n = 12 or 13 for
Xtr-TRPV1 N181K/S185H/P188L, and n = 9 for Xla-TRPV1a). The currents were normalized to the maximum average current among five heat stimulations for
each channel (the first for Xla-TRPV1a, the second for Xtr-TRPV1 P188L and Xtr-TRPV1 N181K/S185H/P188L, the third for Xtr-TRPV1 N181K and Xtr-TRPV1
S185H/P188L, and the fourth for Xtr-TRPV1 and Xtr-TRPV1 S185H) C, representative traces for current and temperature in response to repeated heat stimulation
in Xenopus oocytes expressing Xtr-TRPV1 S185H (left) and Xtr-TRPV1 P188L (right).

showed similar current amplitudes to the wild type, suggesting
that mutations at positions 156 and 232 did not alter heat activ-
ity (Fig. 8B). However, these mutants did not exhibit desensiti-
zation properties like Xla-TRPV1a (Fig. 8A4). Therefore, combi-
natory effects with P188L mutations were further investigated
by assessing Xtr-TRPV1 D141E/P188L, Xtr-TRPV1 K156R/
P188L, Xtr-TRPV1 E180D/P188L, and Xtr-TRPV1 E232Q)/
P188L. All of these mutants possessed properties similar to
those of Xtr-TRPV1 P188L (Figs. 6B and 8C). That is, they
exhibited close to the maximal response from the first heat
stimulation; however, they did not show clear desensitization to
repeated heat stimulation. Additionally, the current amplitudes
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were much larger than those observed for the wild-type TRPV1
(data not shown). In summary, chimeric and mutagenesis anal-
yses identified three amino acid substitutions (at positions 156,
188, and 232 in Xtr-TRPV1) involved in the species differences
in TRPV1 heat responses between X. laevis and X. tropicalis.
A Single Amino Acid Substitution within TRPV1 Likely Dic-
tates the Difference in Behavioral Responses to Capsaicin
between the Two Xenopus Species—We reported previously
that the sensitivity of X. tropicalis TRPV1 to capsaicin is con-
siderably lower than that of rodent and human TRPV1, and a
single amino acid substitution in the third transmembrane
domain is responsible for the species differences (between ser-

JOURNAL OF BIOLOGICAL CHEMISTRY 11453



Molecular Basis for Evolution of Thermosensation

A 107

— - ) - Xtr-TRPV1
' = ~
.
81 - N — & - Xtr-TRPV1 N181K
R N
g 8 il IR AR —© - Xtr-TRPV1 S185H
=
g — & - Xtr-TRPV1 P188L
3
| - i‘ -- — B - Xtr-TRPV1 S185H/P188L
5] 3, = - ?
) N Y S
® S I 1 "l‘ — % - Xtr-TRPV1 N181K/S185H/P188L
0 — . . . .
1st  2nd  3d  4th  5th Xla-TRPV1a
Heat stimulations
B -23; I Xla-TRPV1a
T < - & -Xla-TRPV1a K179N
3
N
= 157 So — & - Xla-TRPV1a H183S
el l N = o
= N l l XlaTRPV1a L186P
e |
E 1 N
5 ) i
O o8 I~ —© -Xla-TRPV1a H183S/L186P
P RN
g S ~g: ~ea__ 1 —  —© -Xla-TRPV1a K179N/H183S/L186P
0.0 . . . — . Xtr-TRPV1

1st 2nd 3rd 4th 5th
Heat stimulations

FIGURE 7. Heat-induced activity differs among Xenopus TRPV1 mutants.
Average current amplitudes elicited by repeated heat stimulation in Xenopus
oocytes expressing Xenopus TRPV1 mutants. A, n = 7 for Xtr-TRPV1, n = 9 for
Xtr-TRPV1 N181K, n = 6 for Xtr-TRPV1 S185H, n = 9 for Xtr-TRPV1 P188L,n =
8 for Xtr-TRPV1 S185H/P188L, n = 9 or 10 for Xtr-TRPV1 N181K/S185H/P188L,
and n = 5 for Xla-TRPV1a. B, n = 5 for Xla-TRPV1a, n = 10 for Xla-TRPV1a
K179N, n = 7 for Xla-TRPV1a H183S, n = 7 for Xla-TRPV1a L186P, n = 8 for
Xla-TRPV1aH183S/L186P, n = 8 for Xla-TRPV1a K179N/H1835/L186P,and n =
7 for Xtr-TRPV1. For each of the channels, the same amount of cRNA was
injected into the Xenopus oocytes, and current measurements were per-
formed 3 days post-injection.

ine and tyrosine (Fig. 94)) (4). When the amino acid residues
are compared at this position, Xla-TRPV1b possesses a serine,
whereas Xla-TRPV1a possesses a cysteine. To assess the effect
of a cysteine residue at this position, the sensitivity of Xla-
TRPV1a to capsaicin was examined. HeLa cells expressing Xla-
TRPV1a exhibited clear responses to lower concentrations of
capsaicin compared with those expressing Xtr-TRPV1 (Fig. 9, B
and C). When the cysteine at position 521 of Xla-TRPV1a was
replaced with tyrosine (the same amino acid as in Xtr-TRPV1,
Xla-TRPV1a C521Y), the sensitivity of the mutant channel to
capsaicin became ~100 times lower than that of the wild-type
channel and was comparable to that of Xtr-TRPV1 (Fig. 9,
B-E). These observations indicated that a single amino acid
substitution occurred in TRPV1 between the two Xenopus spe-
cies that drastically shifted their sensitivity to capsaicin.

We next compared the sensitivity of primary cultured DRG
neurons to capsaicin between the two Xenopus species. As
expected, primary cultured DRG neurons from X. laevis
responded to lower concentrations of capsaicin compared with
those from X. tropicalis (Fig. 10A). All of the capsaicin-sensitive
DRG neurons also responded to high concentrations of K™,
which was used to confirm the viability of the DRG neurons.
The threshold concentration for X. laevis DRG neurons is
around 0.3 uMm, which is almost the same as that for HeLa cells
expressing Xla-TRPV1a. The sensitivity of X. laevis DRG neu-
rons to capsaicin was considerably higher than that of X. tropi-
calis neurons (Fig. 10B). We further compared the nocifensive
behaviors against capsaicin stimulation. The number of jump-
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FIGURE 8. Two conservative amino acid substitutions are also involved in
species differences in the TRPV1 heat response in Xenopus. A, normalized
currents elicited by repeated heat stimulation in Xenopus oocytes expressing
Xtr-TRPV1 mutants (n = 16 or 19 for Xtr-TRPV1, n = 12 or 13 for Xtr-TRPV1
D141E, n = 14 for Xtr-TRPV1 K156R, n = 12 for Xtr-TRPV1 E180D,n = 12 or 14
for Xtr-TRPV1 E232Q, and n = 14 or 15 for Xtr-TRPV1 K156R/E232Q). The
currents were normalized to the maximum average current among five heat
stimulations for each channel (the second for Xtr-TRPV1 K156R and Xtr-TRPV1
K156R/E232Q and the third for Xtr-TRPV1, Xtr-TRPV1 D141E, Xtr-TRPV1
E180D, and Xtr-TRPV1 E232Q) B, average current amplitudes elicited by
repeated heat stimulation in Xenopus oocytes expressing Xtr-TRPV1 mutants
(n=11o0r14forXtr-TRPV1,n = 7 or 8 for Xtr-TRPV1 D141E, n = 9 for Xtr-TRPV1
K156R, n = 7 for Xtr-TRPV1 E180D, n = 8 for Xtr-TRPV1 E232Q,andn =90r 10
for Xtr-TRPV1 K156R/E232Q). For each of the channels, the same amount of
cRNA was injected into the Xenopus oocytes, and current measurements were
performed 3 days post-injection. C, normalized currents elicited by repeated
heat stimulation in Xenopus oocytes expressing Xtr-TRPV1 mutants (n = 5 or
7 for Xtr-TRPV1, n = 4 for Xtr-TRPV1 D141E/P188L, n = 4 for Xtr-TRPV1 K156R/
P188L, n = 4 for Xtr-TRPV1 E180D/P188L,and n = 4 or 5 for Xtr-TRPV1 E232Q/
P188L). The currents were normalized to the second stimulation, except for
Xtr-TRPV1 in which currents were normalized to the third stimulation.

ing behaviors for X. laevis was drastically increased immedi-
ately after the addition of 10 um capsaicin and was substantially
decreased at 1 min after the addition (Fig. 10C, top panel). In
contrast, the number of jumping behaviors for X. tropicalis
increased only slightly upon exposure to 10 uMm capsaicin (Fig.
10C, middle panel). Again, X. laevis sensitivity to capsaicin was
considerably higher than that of X. tropicalis (Fig. 10C, bottom
panel). In summary, sensitivity to capsaicin was considerably
higher in X. laevis compared with X. tropicalis at the receptor,
neuron, and behavioral levels (Figs. 9 and 10).
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FIGURE 9. A single amino acid substitution drastically shifted TRPV1 sensitivity to capsaicin between the two Xenopus species. A, alignment of amino
acid sequences in transmembrane domain 3 of TRPV1. The arrow marks the amino acid known to be involved in TRPV1 sensitivity to capsaicin. The numbering
is based on that of Xla-TRPV1a. B-D, representative traces of dose-dependent changes in [Ca®*]; in HeLa cells expressing Xla-TRPV1a (B), Xtr-TRPV1 (C), and
Xla-TRPV1a C521Y (D) mutants in response to capsaicin stimulation with various concentrations. E, dose dependence of each channel in response to capsaicin
(n = 12-21 for Xla-TRPV1a, n = 9-13 for Xtr-TRPV1, and n = 10-12 for Xla-TRPV1 C521Y).

Heat Responses of TRPAI Differ between the Two Xenopus
Species—Next, we compared the thermal responses of TRPA1
between the two Xenopus species. First, the TRPA1 genes were
searched in the genome sequence database of X. laevis, and as
expected, two copies of TRPA 1 were found. Similar to TRPV1, a
syntenic relationship was observed between the scaffolds con-
taining TRPA 1 (data not shown), and their phylogenetic rela-
tionship (Fig. 2B) indicates that these two copies of TRPA 1 were
produced by a genome duplication event. The full-length cod-
ing sequence of Xla-TRPAla was amplified from cDNA
obtained from the brain, spinal cord, and peripheral neurons,
whereas that of Xla-TRPA 1b was amplified from the brain only.
Xenopus oocytes expressing either Xla-TRPAla or Xla-
TRPA1D elicited clear inward currents in response to heat and
cinnamaldehyde stimulation (Fig. 11, A and B). The heat-in-
duced currents showed clear desensitization during the first
stimulation. To compare the thermal activation thresholds
between Xla-TRPAlaand Xla-TRPA1b, heat-induced currents
were recorded side by side for three independent preparations.
The average thermal threshold was similar between TRPA1la
and TRPA1b (Xla-TRPA1a,36.9 = 0.7 °C, n = 17; Xla-TRPA1b,
36.3 = 0.7 °C, n = 22). In contrast, Xla-TRPA1la was found in all
three neural tissues including peripheral neurons, whereas Xla-
TRPA1b was found only in the brain, suggesting that Xla-
TRPAla may play a major role in thermal perception. Thus,
heat responses between Xla-TRPAla and Xtr-TRPA1 were
compared (Fig. 11, C and F). The thermal activation threshold
of Xla-TRPA1a was significantly lower than that of Xtr-TRPA1
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(Fig. 11G) (Xla-TRPA1la, 37.8 = 0.6 °C, n = 34; Xtr-TRPAI,
39.9 £ 0.5°C, n = 32; data obtained from four independent
preparations; ¢ test, p < 0.005). Because Xla-TRPAla and Xtr-
TRPA1 showed similar dose dependency to cinnamaldehyde
(Fig. 11H), heat-induced currents were normalized to the
currents elicited by 0.3 mm cinnamaldehyde stimulation, as
shown in Fig. 11, A and C. The results demonstrated that
normalized heat-induced currents for Xla-TRPAla were signif-
icantly larger than those for Xtr-TRPA1 (Fig. 111). These obser-
vations indicated that sensitivity and activity to heat for Xla-
TRPAla was considerably higher than that for Xtr-TRPAI.

Discussion

Here we have attempted to elucidate the evolutionary
changes in thermosensation between two closely related Xeno-
pus species adapted to different thermal niches and have found
clear species differences in heat sensitivity at both the behav-
ioral and neurosensory levels (Fig. 1). To investigate the molec-
ular mechanisms responsible for the species differences in heat
sensation, we characterized the channel properties of TRPV1
and TRPAI, which serve as heat sensors in a wide variety of
vertebrates (4—7, 10-12, 16). X. laevis retained duplicated
paralogs for both TRPV1 and TRPA1, which were likely to have
been produced by the allotetraploid event that occurred in the
ancestral lineage leading to X. laevis (Fig. 2) (27). The heat-
induced activity of Xla-TRPV1a was higher than that of Xla-
TRPV1b, suggesting that the former paralog may play a major
role in X. laevis (Fig. 3C). Thus, we compared the heat
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FIGURE 10. Species differences in sensory neuron and behavioral
responses to capsaicin between the two Xenopus species. A and B, repre-
sentative traces of dose-dependent changes in [Ca® "], in responses to capsa-
icin stimulation in DRG neurons from X. laevis (A, upper panel) or X. tropicalis
(A, lower panel) and their dose dependence (B) (n = 7-16 for X. laevis DRG and
n = 11-14 for X. tropicalis DRG). K*, 80 mm KCl. C, top and middle, each bar
represents the number of jumping behaviors in 1-min intervals before and
during capsaicin (Cap) stimulation. C, bottom, the number of jumping behav-
iors in the first three 1-min intervals during capsaicin stimulation is summa-
rized (n = 4 for X. laevis and n = 4 for X. tropicalis). Note that the data for
X. tropicalis were adopted from Ohkita et al. (Ref. 4, Fig. 7E therein).

responses of Xla-TRPV1a with those of Xtr-TRPV1 and found
that the responses to repeated heat stimulation were clearly
different between the two channels (desensitization versus sen-
sitization (Fig. 3, A, D, and E)). These observations can be inter-
preted as Xtr-TRPV1 being less active in response to heat stim-
ulation compared with Xla-TRPV1a, although the sensitivity
(thermal activation threshold) was similar between the two
channels (Fig. 3F).

In the case of X. laevis TRPA1, both of the duplicated copies
retained clear activity to heat stimulation with similar thermal
activation thresholds (Fig. 11, A and B). However, the tissue
distribution of Xla-TRPA1b was confined to the brain, whereas
Xla-TRPA1lawas widely expressed in the brain, spinal cord, and
peripheral neurons, suggesting that Xla-TRPA1a plays a major
role in thermosensation. The heat-evoked activity of Xla-
TRPAla was significantly higher than that of Xtr-TRPA1 (Fig.
111). More importantly, the thermal activation threshold of
Xla-TRPAla was significantly lower than that of Xtr-TRPA1,
which is highly consistent with the observations obtained from
DRG and behavioral experiments (Figs. 1 and 11G). These find-
ings strongly indicate a link between species differences in ther-
mal sensors and behavioral responses. Recently developed
genome editing technology using an artificial endonuclease will
help us in addressing whether functional differences in heat
sensors between the two Xenopus species directly alter sensory
perception and behavioral responses (28 -30). In summary,
comparative analyses of heat sensors revealed clear functional
differences between the two Xenopus species, which allowed us
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to propose the hypothesis that functional changes in heat sen-
sors contributed to evolutionary shifts in thermosensation dur-
ing adaptation to different thermal niches.

To understand the molecular basis for the evolutionary
changes in heat responses of Xenopus TRPV1, we identified
three critical amino acid substitutions by utilizing chimeric and
mutagenesis experiments. We used two different strategies to
identify the amino acid substitutions responsible for species
differences in TRPV1. The first strategy focused on the type of
amino acid substitution (substitutions occurring between
amino acids with relatively different properties), and the
second strategy focused on the pattern of substitutions
(between Xtr-TRPV1 and Xla-TRPV1a/Xla-TRPV1b). For-
tunately, we were able to identify critical mutations respon-
sible for the species differences in Xenopus TRPV1 using
both strategies. The single amino acid replacement of pro-
line with leucine at position 188 (P188L) in Xtr-TRPV1 is
largely responsible for the species differences in heat
response. However, this mutation alone cannot explain all of
the species differences, as Xtr-TRPV1 P188L did not show
desensitization properties like Xla-TRPV1a (Fig. 6). In addi-
tion, the reverse mutant (Xla-TRPV1a L186P) failed to
change channel properties similar to Xtr-TRPV1 (Fig. 7B).

In contrast, mutations at either position 156 or 232 in Xtr-
TRPV1 partially increased the first heat response, and combi-
natory mutations at these two positions altered the mutant
channel to be fully activated by the first heat stimulation (Fig. 8).
Furthermore, the heat activity of Xtr-TRPV1 K156R/E232Q
was similar to that of the wild type, which was in contrast to
Xtr-TRPV1 P188L. Thus these two conservative substitutions
at positions 156 and 232 better explain the species differences
than the single, somewhat radical substitution at position 188.
However, Xtr-TRPV1 K156R/E232Q again failed to show clear
desensitization properties. These observations imply that addi-
tional amino acid substitutions are involved.

In the present study, we compared only two species, and thus
the details of the broader evolutionary trajectory of TRPV1
channel properties have yet to be resolved. Therefore, the ques-
tion remains whether the identified amino acid substitutions
(at positions 156, 188, and 232 in Xtr-TRPV1) were involved
directly in the functional shift in TRPV1 heat responses or were
involved secondarily at a later evolutionary stage. The impor-
tance of ancestral sequence reconstruction when inferring the
functional evolution and amino acid residues involved in these
changes has been recognized recently (31, 32). To infer the
detailed evolutionary processes of TRPV1 thermal properties in
Xenopus lineages, multiple species comparisons are necessary.
Reconstruction of the ancestral amino acid sequences and
functional characterization will elucidate the detailed evolu-
tionary processes and the molecular basis for functional
changes in TRPV1 (31, 32).

What are the molecular mechanisms behind the functional
differences in TRPV1 between the two Xenopus species? In the
present study, we found contrasting thermal responses of
TRPV1 to repeated heat stimulation between X. laevis (desen-
sitization) and X. tropicalis (sensitization) (Fig. 3, A and D).
X. tropicalis TRPV1 is the first channel to show sensitization
properties to heat stimulation among all TRPV1 orthologs thus
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FIGURE 11.The heat response of TRPA1 differs between the two Xenopus species. A-C, representative traces for current and temperature in Xenopus
oocytes expressing Xla-TRPA1a (A), Xla-TRPA1b (B), or Xtr-TRPA1 (C) in response to heat and cinnamaldehyde (CA) stimulation. D-F, representative
Arrhenius plots for Xla-TRPA1a (D), Xla-TRPA1b (E), and Xtr-TRPA1 (F). G, thermal activation thresholds for Xla-TRPA1a and Xtr-TRPA1. Dots indicate
individual values obtained from different Xenopus oocytes (four independent preparations) expressing Xla-TRPA1a (n = 34) or Xtr-TRPA1 (n = 32);
unpaired t test with p < 0.005. H, dose dependence of Xla-TRPA1a or Xtr-TRPAT in response to cinnamaldehyde (each data point consists of 4-11
observations). I, normalized heat-induced currents for Xla-TRPA1a and Xtr-TRPA1. Heat stimulation was applied following 0.3 mm cinnamaldehyde
stimulation as shown in A and C. The current amplitude elicited by heat was normalized to that of cinnamaldehyde (Xla-TRPA1a, n = 29; Xtr-TRPA1, n =

38; four independent preparations, unpaired t test with p < 0.001).

far examined. Similar to X tropicalis TRPV1, mammalian
TRPV3 shows sensitization properties to repeated heat and
chemical stimulation (33, 34), whereas rat TRPV1 shows clear
desensitization (7). Regulatory mechanisms for TRPV channel
activity have been proposed in mammals. Calmodulin has been
reported to be involved in the sensitization properties of mam-
malian TRPV3 (35). Calmodulin is also known to be involved in
capsaicin-induced desensitization in rat TRPV1 by binding to
ankyrin repeat domain 3 and the C-terminal region (36 -38). In
the case of heat-induced desensitization of rat TRPV1, the
molecular mechanisms seem to be different from capsaicin-
induced desensitization, although the detailed molecular
mechanisms are not well understood (39, 40). In the present
study, the three amino acid substitutions responsible for the
species differences in Xenopus TRPV1 to heat stimulation were
identified in ankyrin repeat domain 1-3 (Fig. 6A). Thus, our
findings raise the possibility that regulatory factors such as cal-
modulin are also involved in the species differences in Xenopus
TRPV1 heat responses. Future biochemical and structural anal-
yses of Xenopus TRPV1 will help elucidate the detailed molec-
ular mechanisms behind the species differences in channel
properties.

TRPV1 is also known as a capsaicin receptor, and its sensi-
tivity to capsaicin is known to vary among a wide variety of
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vertebrate species (4—6, 16). Here we demonstrated that the
sensitivity of TRPV1 to capsaicin differed widely between
X. laevis and X. tropicalis, which can be explained by a single
amino acid substitution occurring in the third transmembrane
domain (Fig. 9). Species differences in the sensitivity to capsai-
cin can also be observed in DRG neurons and behavioral
responses (Fig. 10), suggesting that the single amino acid sub-
stitution that occurred in the TRPVI genes directly alters the
sensory perception and behavioral responses to capsaicin. This
is the first demonstration linking the species difference in
TRPV1 sensitivity to capsaicin with sensory and behavioral
responses. Xenopus species are not likely to be exposed to cap-
saicin in their native environments, and thus the amino acid
substitution that changed TRPV1 sensitivity to capsaicin may
be a neutral one, at least within Xenopus lineages. However,
these findings imply that a single amino acid substitution is
capable of changing the functional property of a sensory recep-
tor which, in some cases, can be related to the adaptive process
during the course of evolution.

In conclusion, we have hereby identified the functional dif-
ferences in the heat receptors TRPV1 and TRPA1 between two
Xenopus species that have adapted to different thermal niches.
Three amino acid substitutions are largely responsible for the
species differences in the TRPV1 heat response. Our findings
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will open up new opportunities to elucidate the mechanisms by
which animals have evolved thermosensation when adapting to
different thermal niches.
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