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To cope with temperature fluctuations, molecular thermosensors in animals play a piv-
otal role in accurately sensing ambient temperature. Transient receptor potential mela-
statin 8 (TRPM8) is the most established cold sensor. In order to understand how the
evolutionary forces bestowed TRPM8 with cold sensitivity, insights into both emer-
gence of cold sensing during evolution and the thermodynamic basis of cold activation
are needed. Here, we show that the trpm8 gene evolved by forming and regulating two
domains (MHR1-3 and pore domains), thus determining distinct cold-sensitive proper-
ties among vertebrate TRPM8 orthologs. The young trpm8 gene without function can
be observed in the closest living relatives of tetrapods (lobe-finned fishes), while the
mature MHR1-3 domain with independent cold sensitivity has formed in TRPM8s of
amphibians and reptiles to enable channel activation by cold. Furthermore, positive
selection in the TRPM8 pore domain that tuned the efficacy of cold activation appeared
late among more advanced terrestrial tetrapods. Interestingly, the mature MHR1-3
domain is necessary for the regulatory mechanism of the pore domain in TRPM8 cold
activation. Our results reveal the domain-based evolution for TRPM8 functions and
suggest that the acquisition of cold sensitivity in TRPM8 facilitated terrestrial adapta-
tion during the water-to-land transition.
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Given that temperature influences all biological operations, the evolution of thermosen-
sory adaptation is crucial in shaping the specialized temperature-dependent inhabita-
tion of an organism. At the cellular level, thermosensory neurons in the dorsal root
ganglia or trigeminal ganglia innervate the skin and transmit temperature information
to the spinal cord and the brain. To bestow such neurons with thermal sensitivity, ani-
mals have a toolkit of temperature-sensitive ion channels located on the cell membrane
at the molecular level. Accordingly, several members of the transient receptor potential
(TRP) superfamily with steep thermosensitivity (referred to as thermoTRP) have
attracted the general interest in the field of thermal biology, as they sufficiently cause
steep changes in depolarizing currents upon either heating or cooling and thus are con-
sidered as the primary molecular sensors of temperature (1–4). Therefore, the evolu-
tionary strategy for directly tuning the thermal activation in thermoTRPs can be
employed by animals for their specialized thermosensory adaptation, as seen in vampire
bats, pit-bearing snakes, platypus, penguins, squirrels, and camels (5–9).
As heat sensation (warmth and extreme heat) provides the precondition of a fundamen-

tal and conserved biological survival process, the genes that encode heat sensors are consid-
ered ancient in many metazoan organisms. The annotation of trpv1 is consistently available
in the genomes of fishes, insects, amphibians, reptiles, birds, and mammals. Despite the
species-specific temperature-sensitive ranges, a growing number of studies have reported
the functional convergence of these heat-sensitive thermoTRP orthologs at the protein level
(10), suggesting the essential role of these channels in heat perception across species.
Compared to heat sensors, the cold-sensitive thermoTRP likely evolved late. As the most
established cold sensor responsive to low temperatures and cooling compounds, transient
receptor potential melastatin 8 (TRPM8) was found in somatosensory neurons, and
genetic ablation of trpm8 either in the neurons or mice led to a largely decreased cold sen-
sitivity (4, 11–13). Interestingly, cold activation of amphibian TRPM8 has been tested
(14), while sequencing efforts indicated the absence of the trpm8 gene in 12 fish species
from 10 different orders (15). Several specific domains that may alter TRPM8 cold activa-
tion have been reported, including the pore domain, voltage sensing apparatus, and C ter-
minus (8, 16–19). Notably, although the efficacy of cold activation is largely altered by
residue substitutions in the pore domain, the channel mutants are still cold sensitive (8).
Therefore, these findings based on domain/residue swapping among cold-sensitive
TRPM8 orthologs may not draw an overall picture in functionally important domains
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responsible for cold sensitivity. How did the trpm8 gene originate?
How did TRPM8 integrate and modulate cold sensitivity through-
out evolution? The answers to such questions probably lead us to
understand the evolution of temperature perception and identify
the essential structural elements that shape TRPM8 cold activation.
In this study, we show the presence of the young trpm8 gene

in lobe-finned fishes, believed to be the ancestors that gave rise
to all land vertebrates (20). Such a young type of trpm8 derived
from the trpm2 exon shuffling was originated and formed dur-
ing the expansion of lobe-finned fish genomes. By detecting the
positive selection-rich domains, we described the formation
of the thermosensitive MHR1-3 domain in amphibian and rep-
tile species that enables TRPM8 to undergo conformational
changes at low temperatures. Furthermore, we found that the
TRPM8 pore domain of terrestrial vertebrates evolved to tune the
efficacy of cold activation, in which a cold-sensitive MHR1-3
domain is indispensable to achieve such a modulatory mechanism.
Together, our findings suggest that the trpm8 gene origination
and formation of the TRPM8 MHR1-3 domain contributed to
the transition of vertebrate life from water to land and that the
efficacy of cold activation tuned by the TRPM8 pore domain
diversified the setting of temperature-adaptive phenotypes in ter-
restrial vertebrates.

Results

The trpm2 Gene–Derived trpm8 in Lobe-Finned Fishes. Given
that the trpm8 gene can be observed in the whole genomes of
amphibian and reptile species, while absent in those of 12 fish
species from 10 different orders (14, 15, 21), we speculated
that trpm8 is necessary for modern tetrapods during the water-
to-land transition (Fig. 1 A, Left). We therefore, established a
phylogenetic tree, including representative ray- and lobe-finned
fishes, amphibians, and reptiles to confirm the fixation of the
trpm8 gene (Fig. 1 A, Right). In ray-finned fishes, trpm2 and
trpm2-like genes with a high sequence identity locate at the
same chromosome, where the fixation of trpm8 gene loci can
be found between trpm2 and trpm2-like genes in lobe-finned
fishes such as the African lungfish. Lungfishes can breathe air
through the lungs and develop their fins with a limb-like struc-
ture (Fig. 1 A, Left), which are believed to be the important
changes toward preadaptations for water-to-land transition.
Consistently, although the loss of the trpm2-like gene is com-
mon in most amphibian and reptile species, the trpm8 gene loci
were retained close to the trpm2 gene (Fig. 1A), suggesting the
syntenic relationship among these genes. In the genome of the
lungfish, more than 70% of the exons are highly conserved
among trpm2, trpm2-like, and trpm8 genes (SI Appendix, Fig.
S1), and hence the gene duplication and exon shuffling process
contributed to the origination of the trpm8 gene (Fig. 1B and
SI Appendix, Fig. S1). Although the animals involved in the
transitional events are extinct, the origination of the trpm8 gene
in lobe-finned fishes suggests that the ability to sense environ-
mental cold can be interpreted as one of the innovations associ-
ated with terrestrialization, due to a much faster response to
radiative forcings observed in land temperature compared with
oceanic temperature fluctuation (22).

Positive Selection of TRPM8 N Terminus in Fish–Tetrapod Evo-
lution. To understand the functional evolution of the trpm8
gene, we first tested the ligand sensitivity of several vertebrate
TRPM8 orthologs using menthol, a well-recognized cooling
compound that activates TRPM8 ion channels. Except for
the lungfish TRPM8 (Protopterus annectens, PaTRPM8), all the

orthologs from living amphibian and reptile species showed
robust menthol-evoked currents, yielding half maximal effective
concentration (EC50) values ranging from 0.15 to 2.7 mM (SI
Appendix, Fig. S2A). Among the TRPM8 orthologs, due to
basic architecture and function, we assumed that the trpm8
gene of the lungfish was retained in an earlier or more imma-
ture stage. In agreement with this idea, no response to the cold
temperature of 8 °C was seen in PaTRPM8-expressing cells
(Fig. 1C). We found that the TRPM8 orthologs (Rhinatrema
bivittatum, RbTRPM8 and Chelonia mydas, CmTRPM8) of
two species (caecilians and marine turtles) with menthol sensi-
tivity also did not show activation upon cooling (SI Appendix,
Fig. S2A and Fig. 1 C and D). This is interesting because cae-
cilians are a highly distinctive species without limb-based loco-
motion that locate throughout the amphibian tree of life in
early-branching anuran and salamander lineages (23). In addi-
tion, sea turtles are specialized open ocean cruisers with the
most distinct morphological traits among turtle species and
oceanic lifestyle, clustering away from semiaquatic and terres-
trial turtles (24). Therefore, we speculated that the acquisition
of cold sensitivity in TRPM8 might be related to the appear-
ance of terrestrial tetrapods during the water-to-land transition.
In addition, PaTRPM8, RbTRPM8, and CmTRPM8 possess
unique evolutionary information, which might offer the opportu-
nity to carry out a comparative study with other amphibian or
reptile TRPM8 orthologs exhibiting cold activation (Fig. 1 C and
D and SI Appendix, Fig. S2 B and C). We further employed Bayes
empirical Bayes (BEB) testing to identify the residues under posi-
tive selection among five species (Fig. 1 E, Top and SI Appendix,
Table S1), including a cold-sensitive TRPM8 ortholog (Xenopus
tropicalis, XtTRPM8). In the structural diagram of XtTRPM8, we
mapped nine residues under positive selection onto the channel
and found that six of them are located at the N terminus (Fig. 1
E, Bottom). Although none of the residue substitutions on the
six sites directly bestowed RbTRPM8 with cold activation (SI
Appendix, Fig. S2D), the distribution of positive selection signals
prompted us to test the contribution of the N terminus in cold
sensitivity acquisition. Consistently, the N terminus, rather than
other segments of XtTRPM8, bestowed RbTRPM8 with cold
sensitivity (Fig. 1 F and G and SI Appendix, Fig. S2E), while these
chimeric channels did not change menthol-induced activation (SI
Appendix, Fig. S2F). The incorporation of the RbTRPM8 N ter-
minus, as expected, disrupted the cold rather than the menthol
sensitivity of XtTRPM8 (Fig. 1 F and G and SI Appendix, Fig.
S2F). In addition, alanine substitution at the N terminus decreased
the cold activation of XtTRPM8 (SI Appendix, Fig. S3). These
results suggest that the evolution of the TRPM8 N terminus might
promote low-temperature detection via cold-induced TRPM8 acti-
vation, thus facilitating adaptation to the diurnal temperature fluc-
tuations in terrestrial environments.

Evolved MHR1-3 Domain Bestows TRPM8 with Cold Sensitivity.
Because the maximum menthol-induced open probability of
RbTRPM8 is around 12.6% (Fig. 2 A and B), we employed
cold-insensitive CmTRPM8 with a robust menthol activation
to further investigate the contribution of the N terminus in
TRPM8 cold sensitivity. As expected, replacing the CmTRPM8
N terminus with the corresponding part of XtTRPM8 introduced
discernible cold-induced activation (Fig. 2C). Given that four mel-
astatin homology regions (MHRs) account for more than 90% of
the N terminus in length, we constructed several chimeric chan-
nels following MHR structures to identify the apparatus within
the N terminus that bestows TRPM8 with cold sensitivity (Fig.
2C). We found that the MHR1-2, MHR3, MHR4, or cytosolic
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pre-S1 domain from XtTRPM8 failed to independently enable
CmTRPM8 to respond to cold temperatures, while the chimeric
CmTRPM8 with both MHR1-2 and MHR3 of XtTRPM8
(CmTRPM8_XtMHR1-3) exhibited discernible cold-induced
activation like wild-type XtTRPM8 (Fig. 2C). According to these
observations, MHR1-2 and MHR3 were considered as a function-
ally combined domain (MHR1-3) in this study for further chime-
ric channel construction. Importantly, swapping the MHR1-3
domain of any cold-sensitive TRPM8 ortholog induced cold
activation in these chimeric CmTRPM8s without affecting their
response to menthol (Fig. 2 D and G). Vice versa, we found that
the incorporation of the CmTRPM8 MHR1-3 domain disrupted
the cold rather than menthol response of cold-sensitive TRPM8

orthologs (Fig. 2 E and G), whereas the MHR1-3 domains of
cold-sensitive TRPM8 orthologs maintained their response to
cold temperatures when swapped between each other (Fig. 2 F
and G). In support of the MHR1-3 domain being an evolutionary
module for TRPM8 cold sensitivity, these results show functional
evidence by evaluating the electrophysiological properties of
TRPM8 chimeras.

Evolved MHR1-3 Is an Independent Apparatus with Cold Sen-
sitivity. We next questioned whether MHR1-3 could undergo
conformational changes upon cooling. Given that multiple
submolecular rearrangements may occur in diffuse areas during
TRPM8 cold activation, we first constructed plasmids to express

Fig. 1. The functional origination of trpm8 genes. (A) To show the skeletal reconstruction (from pectoral fin to forelimb) of representative animals in water-
to-land transition, bone and cartilage were stained in red (Alizarin red) and blue (Alcian blue), respectively. The location of trpm2 (black), trpm2-like (yellow),
and trpm8 (red) genes on one of their chromosomes is indicated by solid arrows (Left). Phylogenetic relationships are shown among fishes, amphibians, and
reptiles (Right). The presence or absence of trpm2 (black), trpm2-like (yellow), and trpm8 (red) genes is given. (B) Comparison of trpm2, trpm8, and trpm2-like
gene structures in P. annectens. Solid boxes represent exons. Homologous exons are aligned and colored in gray. By comparing these exons of the three
genes, the exons without sequence similarity are colored in black (trpm2), red (trpm8), or yellow (trpm2-like). (C) Representative temperature-driven activa-
tion of TRPM8 orthologs. The cold-activated currents were normalized to saturating menthol-induced activation at room temperature. (D) The maximum
cold-induced activation of TRPM8 orthologs was normalized to the current amplitude induced by saturating menthol. Data are given as average ± SEM,
n = 3. n.d., no data for the TRPM8 orthologs without menthol sensitivity; N.S., no significance. (E) Phylogenetic relationships among P. annectens (Pa),
Geotrypetes seraphini (Gs), R. bivittatum (Rb), X. tropicalis (Xt), and C. mydas (Cm) (Top). The species highlighted in red represent the trpm8 gene under signifi-
cant positive selection. Positive selection sites on TRPM8 are shown as dots in a structural diagram (Bottom). Dots within the N-terminal of TRPM8 are shown
in red. (F) Representative TRPM8 currents activated by cold bathing solution (8 °C). Rb_Xt(N) represents RbTRPM8 N-terminal substituted by the homologous
region of XtTRPM8, and vice versa [Xt_Rb(N)]. (G) Variance versus average current plot from TRPM8 current traces activated at different temperatures. The
open probability was determined as the ratio between the macroscopic current (after correcting for temperature-dependent single-channel conductance)
and the maximum current estimated using noise analysis.
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each separated domain, including MHR1-3, MHR4, and pre-S1.
By incorporating a fluorescence unnatural amino acid 3-(6-acetyl-
naphthalen-2-ylamino)-2-aminopropanoic acid (ANAP) (SI Appendix,
Fig. S4A), the conformational changes of these domains could
be reported by the shifts in emission peak of ANAP (25). We
incorporated ANAP at 35 sites throughout the N terminus of
XtTRPM8 and found that five mutants (P166ANAP,
I360ANAP, D413ANAP, L453ANAP, and L537ANAP) exhib-
ited a significant shift in their ANAP emission peaks upon
cooling (SI Appendix, Fig. S4B). As detailed in Fig. 3A, ANAP
substitution at four sites (P166ANAP, I360ANAP, L453ANAP,
and L537ANAP) exhibited a remarkable redshift in emission
peak, while it showed a striking blueshift at the position of D413
(D413ANAP). Interestingly, these mutated sites were clustered in
the MHR1-3 rather than MHR4 and pre-S1 domains (Fig. 3A),
implying that such a movement in MHR1-3 may exert a force

on surrounding structures in the cold-induced activation of
XtTRPM8. To test whether these sites are sufficient to indicate
the dynamics of the isolated MHR1-3 domain during cold activa-
tion, we further incorporated ANAP at these homologous posi-
tions in species-specific MHR1-3. We found that the shifted
ANAP emission signals successfully reported the conformational
changes of MHR1-3 from the cold-sensitive TRPM8 orthologs
(SI Appendix, Fig. S4C). In contrast, none of the ANAP signal
change exceeded the threshold (4 nm) in two functional TRPM8
orthologs without cold-induced channel opening (SI Appendix,
Fig. S4C). Although the ANAP fluorescence directly probed the
side-chain microenvironmental state of a certain position, it is also
necessary to evaluate whether the global structure undergoes
temperature-dependent dynamics. By controlling the column tem-
perature of a gel permeation chromatography, MHR1-3 of
XtTRPM8, but not that of CmTRPM8, exhibited different

Fig. 2. The evolved MHR1-3 domain bestows TRPM8 orthologs with cold sensitivity. (A) Representative TRPM8 currents activated by 5 mM menthol. Rb, R.
bivittatum; Cm, C. mydas. (B) Variance versus average current plots from TRPM8 currents activated by menthol at different concentrations. Open probability
was determined as the ratio between the macroscopic current and the maximum current estimated using noise analysis. (C) Schematic representation of the
chimeras (using CmTRPM8 amino acid number) between CmTRPM8 (gray) and XtTRPM8 (red). The responses of chimeras to cold and menthol are shown (n.d.,
no data for the channels without menthol sensitivity). (D–F) Representative temperature-driven activation of wild-type TRPM8 orthologs and chimeric channels.
The chimeric channels are named X1_X2. X represents the species-specific TRPM8 orthologs. X1_X2(M) represents the chimeric channel that the MHR1-3 domain
of X1TRPM8 was substituted by the homologous region of X2TRPM8. The cold-activated currents were normalized to saturating menthol-induced activation.
(G) Summary of the maximum cold response in wild-type TRPM8 orthologs and the chimeric channels (average ± SEM; n = 3; N.S., no significance).
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retention times at 30 °C and 10 °C (Fig. 3B). Consistently, we
found that decreasing the temperature significantly altered the
secondary structural features of XtTRPM8 MHR1-3 but not
CmTRPM8 MHR1-3 (Fig. 3C). More importantly, we simulta-
neously recorded the ANAP signals and currents on full-length
XtTRPM8 to test whether these sites determined by the isolated
domain assay also underwent similar conformational changes dur-
ing the cold activation of TRPM8. A substantial change in ANAP
emission at each of these sites was observed when the channels
transitioned from the closed state to the cold-activated state (Fig.
3D and SI Appendix, Fig. S4D). With constraints of the residues
with shifted ANAP emission peak (Fig. 3E) and multiple rounds
of kinematic loop modeling, we computationally modeled
XtTRPM8 structures at both the closed and cold-activated states
(Fig. 3F and SI Appendix, Fig. S5A). By comparing these models,
we found that the conformation of the MHR1-3 domain is

significantly changed during TRPM8 cold activation (Fig. 3F).
Furthermore, the significant change in solvent-accessible surface
area (SASA) of the five sites was also observed during the gating
transition of TRPM8 cold activation (SI Appendix, Fig. S5 B and
C). These observations together suggest that the MHR1-3 that
independently displays different conformation upon cooling is a
functional apparatus in species-specific TRPM8, thus correlating to
the cold sensitivity of TRPM8 orthologs.

Positive Selection of the Pore Domain in Mammalian TRPM8.
To echo our previous finding that residues (especially residue
919 in African elephant TRPM8) in the pore domain also play
a role in tuning the cold activation of TRPM8 (8), we first tested
the sites under positive selection among TRPM8 proteins from
terrestrial tetrapods with cold activation. Nine sites of camel
TRPM8 (CbTRPM8), including residue 915 (the homologous

Fig. 3. The MHR1-3 domain exhibits conformational changes upon cooling. (A) Summary of the shifts in emission peak of ANAP mutants in each domain
(average ± SEM; n = 3). The columns colored in red represent the ANAP emission peak shifted significantly upon cooling (larger than 4 nm). AP represents
the ANAP substitution. (B) Gel filtration chromatography of the MHR1-3 domain of XtTRPM8 (Top) or CmTRPM8 (Bottom). The temperatures of the column
are given. Glycine was used as a control. (C) Circular dichroism (CD) spectra of the MHR1-3 domain of XtTRPM8 (Top) or CmTRPM8 (Bottom) at cold (10 °C)
and moderate temperature (30 °C), respectively. (D) Representative currents and the ANAP emission peak induced by a temperature ramp were recorded
from HEK293 cells expressing ANAP-incorporated XtTRPM8. (E) Summary of the shifts in emission peak of ANAP mutants in full-length XtTRPM8 (average ±
SEM; n = 3). (F) Structural alignment of the XtTRPM8 model in the close state (gray) and cold-activated state (cyan). The pore region (S5–S6 segment) and
MHR1-3 domain exhibited discernible conformational rearrangements between these two states. The key sites with the shifts in emission peak of ANAP are
shown in these structures.
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site of residue 919 in our previous report) showed remarkable
selection signals by using BEB testing (Fig. 4 A and B and SI
Appendix, Table S2). The distribution of selection signals implies
that mutations in the TRPM8 pore domain amassed later than
that in the MHR1-3 domain throughout evolution. Based on
the understanding of MHR1-3, we were prompted to investigate
the relationship between the pore domain and MHR1-3 from the
perspective of the gating mechanism. As illustrated in Fig. 4C,
CbTRPM8 exhibited robust cold-induced activation, while its
pore domain failed to bestow CmTRPM8 with cold sensitivity.
Interestingly, once CmTRPM8 acquired cold-induced gating by
swapping XtTRPM8 MHR1-3, further replacement of the pore

domain on such a chimera could largely promote the efficacy of
cold activation (Fig. 4 C and D). Since altering the side-chain
hydrophobicity at residue 919 (amino acid number according to
African elephant TRPM8) led to specific tuning of the efficacy of
cold activation (8), we tested whether such a functional regulation
by single mutation also requires an evolved MHR1-3 domain.
Please note that the homologous site in CmTRPM8 is 906. Simi-
larly, no discernible cold activation was observed in CmTRPM8
by increasing the side-chain hydrophobicity at residue 906 (Fig. 4
E, Left). Based on the chimeric CmTRPM8 incorporated by
XtTRPM8 MHR1-3, changing the side-chain hydrophobicity of
residue 906 significantly altered the efficacy of cold activation as

Fig. 4. The evolved MHR1-3 domain is required for pore domain function in tuning cold activation. (A) Phylogenetic relationship of TRPM8 orthologs with
cold activation. The species-specific TRPM8s under significant positive selection are shown in red. (B) Positive selection sites of TRPM8 observed in Camelus
bactrianus and Rattus norvegicus were mapped on a structural diagram of TRPM8. The residue 915 (in CbTRPM8 number) is highlighted in red. (C) Normalized
maximum cold-induced currents of CmTRPM8 and the chimeric channels (average ± SEM; n = 3). The chimeric channels are named as X1_X2. X represents
the species-specific TRPM8. X1_X2(p) means the chimeric channel that the pore domain of X1TRPM8 was substituted by the homologous region of X2TRPM8.
X1_X2(M)_X3(p) means that the MHR1-3 and pore domain of X1TRPM8 were substituted by the MHR1-3 domain of X2TRPM8 and the pore domain of
X3TRPM8, respectively. The chimeric channels based on CmTRPM8 were constructed by homologous recombination using the Xt(M) segment (1 to 540, in
XtTRPM8 number) and/or the Cb(P) segment (856 to 976, in CbTRPM8 number). (D) Representative currents of chimeric TRPM8 channels activated by cold
bathing solution (8 °C) and 5 mM menthol. (E) Representative temperature-driven activation of CmTRPM8 point mutations (residue 906, in CmTRPM8
number) with or without the MHR1-3 domain of XtTRPM8. The cold-activated currents were normalized to saturating menthol-induced activation (Left).
Temperature threshold of the chimeric channels is shown with the MHR1-3 domain of XtTRPM8 (Middle). Q10 value of the chimeric channels is shown (Right).
Data are given as average ± SEM, n = 3, *P < 0.01. N.S., no significance. (F) Representative temperature-driven activation of CbTRPM8 and chimeric channels
(Left). Temperature threshold (Middle) and Q10 value (Right) of CbTRPM8 and chimeric channels. Data are given as average ± SEM, n = 3, *P < 0.01. (G) The
summary of TRPM8 functional evolution. The cryo-electron microscopy structure of TRPM8 (PDB: 6O77) was used (38).
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well as the sensitivity to temperature changes, while these substitu-
tions had no obvious effect on temperature threshold (Fig. 4E
and SI Appendix, Fig. S6). Furthermore, swapping the MHR1-3
domain was sufficient to alter the temperature threshold, but not
the robustness of the cold response (Fig. 4F). From the perspective
of channel gating, these findings suggest that the cold sensitivity
established by MHR1-3 serves as the prerequisite for the regula-
tory mechanism of the pore domain in TRPM8 cold activation.
In combination with the independent cold sensitivity of MHR1-3,
the conformational changes are expected to induce pore gating dur-
ing TRPM8 cold activation.

Discussion

The hard fossil evidence that shows the stages of Phanerozoic
water-to-land transition events has received enormous attention
in the field of biology. But what sophisticated functions are
aquatic animals equipped with that have enabled them to adapt
to such an extreme habitat shift? Although small and fragmentary
fossils have indicated many aspects of fish–tetrapod transition (26,
27), there is a wide array of changes in both morphology and
function for terrestrial adaptation that we can infer from the fossil
record to understand this transition, one of the greatest steps in
vertebrate history. Unexpectedly, our study suggested a strong cor-
relation among trpm8 gene formation, the appearance of TRPM8
cold activation, and terrestrial adaptation. The trpm8 found in
lobe-finned fishes can be considered as the intermediate type with-
out cold sensitivity at the protein level (Fig. 1 C and D). Our
results emphasize the importance of MHR1-3 evolution under
positive selection that enabled the domain to respond to low
temperatures, which further allowed semiaquatic and terrestrial
species to possess the TRPM8 channel with cold-induced gating.
Importantly, MHR1-3 from cold-insensitive TRPM8 orthologs
barely rearranged in different temperatures, while those from
cold-sensitive TRPM8s exhibited discernible conformational change
upon cooling (Fig. 3 and SI Appendix, Fig. S4 A–C). Although the
domains, residues, and atoms likely contribute to the thermody-
namic properties simultaneously, swapping results (Fig. 2) strongly
suggest that MHR1-3 acts as a unique domain required for thermo-
sensation in trpm8 gene evolution. Due to the exclusive monophyly
of extant marine turtles compared with the nonmarine lineages
(24), the sea turtle’s TRPM8 likely underwent a functional loss of
cold activation and possessed a cold-insensitive MHR1-3 domain.
Although the trpm8 gene arose in the lungfish’s genome, intrigu-
ingly, the cold sensitivity of TRPM8 is absent in tested aquatic
species (lungfish, marine turtle, and caecilian), while likely
equipped by all semiaquatic amphibians and turtles. Given the
higher effective heat capacity of water compared with that of
land, ambient temperature fluctuations are much more severe in
the terrestrial environment. Despite the direct heat exchange,
the heat loss by evaporation further accelerates the change in
body temperature of terrestrial species. In this sense, the acquisi-
tion of cold sensitivity in TRPM8 is necessary for detecting a
rapid drop either in ambient or body temperature, which is
barely essential in aquatic lifestyle. Therefore, we prefer the idea
that the cold-sensitive TRPM8 updated the system of molecular
thermometers during the water-to-land transition, which is
expected to be an essential prerequisite for terrestrial adaptation.
Among the known major functional changes (27–30), recent

studies highlighted sensory system innovations for terrestrial adap-
tation or preadaptation, including olfactory, visual, auditory, and
gustatory sensations (31–35). How the ancestors of tetrapods
coped with fluctuating temperature on land seems to be neglected.
As discussed above, we assume that the establishment of an acute

cold sensation contributed to the adaptive trait for land surface
and air temperature fluctuations. Accordingly, the cold-sensitive
TRPM8 orthologs in semiaquatic amphibians and reptiles contain
a well-evolved MHR1-3 domain, although these animals are
mostly confined to aquatic and relatively mesic terrestrial environ-
ments. In support of MHR1-3 being a functional domain with
independent thermosensitivity (Fig. 3), swapping the MHR1-3
domain among cold-sensitive TRPM8 orthologs was sufficient to
alter the temperature threshold, but not the robustness of the cold
response (Fig. 4F). Based on the formation of a cold-sensitive
MHR1-3 domain, further mutations clustered in the pore domain
under positive selection can be identified among terrestrial verte-
brates. In functional tests, we found that the tuning of efficacy of
cold activation by swapping the pore domain required an evolved
MHR1-3 domain in TRPM8 orthologs (Fig. 4 C–E). These
observations suggest that the pore domain unlikely serves as an
actual “temperature sensor” in the temperature-gating mechanisms
of TRPM8. Coincidently, our previous study showed that muta-
tions in the pore domain could tune the efficacy of open probabil-
ity rather than abolish the cold sensitivity of TRPM8 (8). For
semiaquatic and terrestrial species, the amino acid sequences of
the pore regions were diverse in these cold-sensitive TRPM8
orthologs to match species-specific habitat temperature. Therefore,
the cold activation of TRPM8 likely underwent a two-step model
to achieve functional diversity: 1) The cold-sensitive MHR1-3
domain located in the N terminus was established during the
water-to-land transition, which bestowed the channel with cold
sensitivity; and 2) terrestrial animals possessing cold-sensitive
TRPM8 tuned the maximum cold activation by altering the con-
figurational properties of the pore domain (Fig. 4G). In combina-
tion with the evolutionary and functional relationships between
MHR1-3 and the pore domain of TRPM8, our findings strongly
implicate that the MHR1-3 domain serves as a thermosensitive
region required for the cold sensitivity of TRPM8, and that the
MHR1-3 conformational changes likely lead to the pore opening
during TRPM8 cold activation. Furthermore, biophysical efforts
will hopefully pinpoint the physical coupling of these two evolu-
tionary units in the future.

Materials and Methods

A full description of materials and methods is available in SI Appendix.

Gene Prediction and Comparison. The trpm2, trpm2-like, and trpm8 genes
in P. annectens were predicted and annotated from the full genome (National
Genomic Data Center Accession No. GWHANVS00000000) by the GeneWise
sequence analysis tool (36). Coding sequence comparison of trpm2, trpm8, and
trpm2-like genes was performed using VISTA tools (37).

Data Availability. All study data are included in the article and/or supporting
information.
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