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Vertebrates sense ambient temperature through receptors in endings of primary
afferent sensory neurons. Especially the mammalian sensory system is capable of
detecting and discriminating thermal stimuli over a broad temperature spectrum,
ranging from noxious cold to noxious heat. At present, nine receptors are known to
react different ranges of temperature. These receptors belong to the transient
receptor potential (TRP) family. Among them four TRPV receptors responsible for
temperature over 30 degree (Celsius) are focused in this study. Phylogenetic
studies of these thermo-TRPs from mammals, birds, amphibians, fish and tunicates
show 1) the presence of orthologs in fish and two ancestral types of sequences in
tunicates, 2) acceleration of the amino acid substitution rate in the stem lineage
leading to birds and mammals, and 3) the concentration of these amino acid
substitutions in the C-terminal region of TRP molecules. Based on these
observations, I will discuss the relationship between these amino acid substitutions
and acquisition of homeothermy.

2)  The origin and diversity of temperature sensory receptors in mammals,
Annual Meeting of Society of Molecular Biology and Evolution (Tempe,
Arizona), 2006. 6. 25-28.

Mammals sense ambient temperature through receptors in endings of primary
afferent sensory neurons. The mammalian sensory system is capable of detecting
and discriminating thermal stimuli over a broad temperature spectrum, ranging from
noxious cold to noxious heat. At present, six receptors are known to react different
rages of temperature. These receptors belong to the transient receptor potential
(TRP) superfamily. Phylogenetic studies of these thermo-TRPs from mammals
and other vertebrates show 1) a few thermo-TRPs in vertebrate ancestors and
subsequent diversification in mammals, 2) evolutionary rate variation among gene
families, and 3) amino acid substitutions responsible for functional differentiation.
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Abstract

Animals sense ambient physico-chemical fluctuations through receptors in their sensory
systems. These temperature sensors are capable of detecting and discriminating stimuli over a
broad spectrum of temperatures. These molecules are members of three subfamilies (TRPV,
TRPM and TRPA) of the transient receptor potential (TRP) family. A larger number of TRP
paralogs have been found in terrestrial animal genomes than in the fish genome. In mammals,
there are nine such receptor genes, of which four (TRPV1~4) are responsible for sensing
either warm or hot. Phylogenetic studies of TRPV1~4 in vertebrates have revealed excessive
amino acid substitutions in the stem lineage of birds and mammals for each TRPV, suggesting
either accelerated substitution rates or frequent occurrences of convergent evolution. These
substitutions may be related to the development of body temperature controlling system in

warm-blooded animals.
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Living organisms sense and respond to environmental fluctuations often through ion
channels acting as cellular sensors that transfer ambient signals into cellular signal pathways.
One such sensor is the transient receptor potential (TRP) molecule, which was initially
identified in Drosophila photo-transduction as a light- and Ca®*- sensitive ion channel (Hardie
and Minke 1992). Vertebrate TRP homologs were first identified from Xenopus oocyte and
mouse brain cDNA libraries (Patterson et al. 1995), and the full-length human TRP homologs
have also been reported (Wise et al. 1995). Subsequently, a number of vertebrate TRP
homologs were cloned and sequenced (for reviews, see Minke and Cook 2002). Although
these molecules share the common structure of the six-fold trans-membrane (6TM) domain,
they differ in sequence and structure, especially at their C and N termini. These structural
differences allow classification of the vertebrate TRP gene family into six subfamilies; the
classical TRPs (TRPCs), the vaniloid receptor TRPs (TRPVs), the melastin TRPs (TRPMs),
the mucolipin TRPs (TRPMLs), the polycystin TRPs (TRPPs), and the ankyrin
transmembrane protein 1 (TRPA1). Each subfamily consists of one to eight members, and
these members mediate a variety of responses, such as to pheromones, mechanical and/or
chemical signals, temperatures, pH, osmolarity, vasorelaxation of blood vessels, and
metabolic stresses (Minke and Cook 2002; Clapham 2003; Moran, Xu, and Clapham 2004).

Thermo-TRPs have been most extensively studied with regard to function, structure and
10n-gate opening mechanisms. Up until now, nine different molecules (TRPV1, TRPV2,
TRPV3, TRPV4, TRPM2, TRPM4, TRPMS, TRPMS, and TRPA 1) have been identified as

thermo-receptors in humans and mice (Tominaga and Caterina 2004, Talavera et al. 2005;
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Togashi et al. 2006). Temperatures detected by these molecules range from noxious cold (<
15°C) to noxious hot (> 52°C), but the temperature ranges detected are specific to molecules:
TRPV3, TRPV4, TRPM2, TRPM4, and TRPMS for warm (15 to 38°C), TRPMS and TRPA1
for cold (< 15°C), and TRPV1 and TRPV?2 for hot (> 42°C) temperatures. These receptors are
expressed, not only at sensory nerve ends, but also in organs or tissues, allowing detection of
both internal and external temperatures. Despite progress in physiological studies, very little
is known about the evolution of these TRP members. In this letter, phylogenetic studies of
available vertebrate thermo-receptors and evolutionary characteristics of these receptors are
reported.

Thermo-TRP homologs are present in a wide variety of animal genomes, including
tunicate (Supplementary tablel, table 1), and worm (data not shown) genomes. By using the
full-length amino acid sequences of human thermo-TRPs as queries, two tunicate homologs
were identified, but these are paralogous to all vertebrate sequences and were therefore used
to root the tree. Thermo-TRP orthologs and paralogs were identified in fish, frog, chicken,
and mammal genomes (table 1). In zebrafish (Danio renio), a single TRPV sequence is
orthologous to both human heat-sensing TRPV1 and TRPV2, so that this gene is tentatively
designated as DareTRPV1/2. In the fish genome, an ortholog to warm-sensing TRPV4 is
Present, but orthologs to another warm-sensing 7RPV3 and cold thermo-sensing TRPMS are
absent (Tablel). Because thermal fluctuation is less severe in aquatic environments than in
terrestrial environments, fish may be able to lose several thermo-receptors or may not need to
develop them. On the other hand, the western African clawed frog (Xenopus tropicalis)

4
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possesses all but the TRPMS5 ortholog of temperature-sensing receptor molecules. In addition,
frog TRPV4 is duplicated several times in the genome (Saitou and Shingai 2006). However,
neo-functionalization of these duplicates is still poorly understood. Recently, reptile TRPV1
and TRPMB8 sequences have been reported (Seebacher and Murray 2007), but since these
sequences are partial (~ 120 a.a.), they are not included in this analysis.

Owing to frequent occurrences of indels and incompleteness of cDNA or genomic DNA
sequences, the amino acid sequences that can be compared for all nine TRPs are rather short.
Also, owing to the incompleteness of the TRPM?2 sequence in_frog, as well as absences of
TRPMA4 in chicken, TRPMS in frog and TRPMS in fishes, phylogenetic analyses were
restricted to the 7RPV subfamily from vertebrates. The human TRPV subfamily consists of six
distinct members (TRPV1~6), of which TRPV1~4 are responsible for temperature sensing.
Based on the amino acid sequence alignment (Supplementary fig. 1), ME, MP, and N7 trees
were reconstructed using MEGA3 (Kumar, Tamura, Nei 2003). Since these trees are nearly
identical topologically, only the NJ tree (Saitou and Nei 1987) with JTT-distances (Jones,
Taylor and Thornton 1992) is presented (fig. 1).

In this tree (fig. 1), TRPV1~4 form distinct clusters. Branching of DareTRPV1/2 occurs
earlier than the divergence between TRPVI and TRPV2, supporting the presence of the
common ancestral gene of TRPV1 and TRPV2 in the fish genome. On the other hand, chicken
lacks the ability to sense heat as mediated by capsaicin (major constituent of hot chili
Peppers) and which is mediated by TRPV1 in mammals (Jordt and Julius 2002). In fact, a

TRPV] ortholog exists in the chicken genome_and the branch length leading to chicken

5
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TRPV1 was found to be as short as that to mammalian TRPV 1. These findings indicate that
chicken TRPV1 remains functional and that loss of capsaicin sensitivity may be the result of
local modifications to the molecule (Jordt and Julius 2002).

Figure 1 shows that the branch lengths leading to the same OTUs for different TRPV
members varies. This is likely due to different degrees of functional constraint against
nonsynonymous substitutions. To quantify these differences, the ratio (f) of nonsynonymous
to the synonymous nucleotide divergences was computed for each TRPV member separately.
In the comparison between chicken and mammals, however, a large number of multiple
substitutions prevented the accurate inference of the actual number of synonymous
substitutions. So, f was computed for all branches leading from the common mammalian
ancestor to the dog, human, mouse and rat (Supplementary table 2). The resulting ratios (0.07
to 0.24) were comparable to or higher than the median value (0.115) in the comparison of
orthologous sequences between the human and mouse (Mouse Genome Sequencing
Consortium 2002). In particular, with the exception of TRPV4, fin each external branch was
relatively large in the lineage leading to human sequences (Supplementary table 2). This
suggests that relaxation of constraints or the functional alternation of these molecules
specifically took place in the lineage leading to humans (Satta 2001, Bakewell, Shi, and
Zhang 2007),

The numbers of amino acid substitutions on the internal and external branches in the tree
(fig. 1) are plotted (fig. 2a, b) against length of time for the vertebrate evolution (Kumar and
Hedges 1998, Hedges and Kumar 2003). Numbers of substitutions were roughly proportional

6
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to lengths of time of individual branches. The sole apparent exception is the large number
associated with branch AB that corresponds to ~ 55 myr. In four TRPVs, 59 amino acid
substitutions took place on branch AB. To examine the statistical significance of this
observation, the proportion of the number of amino acid substitutions on AB to BM branches
in each TRPV was tested against the inferred length of time. Given the expected proportion of
1:4 (AB =~ 55 myr and BM = ~ 215 myr), the number of substitutions on the AB branch for
TRPV1 and 2 were found to be significantly larger (P <0.005 for TRPVI and P < 0.01 for
TRPV2, Table 2). On the other hand, for housekeeping genes (malate dehydrogenase 1:
MDH1 and phosphoenolpyruvate carboxykinase 1:PKC1, Supplementary fig. 2), the number
of amino acid substitutions on theses branches were 5:15 for MDHI and 4:19 for PKC1 and
these are not significantly different from the expectation (X*=0.32, P> 0.8). For TRPV3 and
TRPV4, the tendency for more substitutions in AB branch than expectation was observed,
although differences were not significant.

The number of substitutions exceeding the expectation is likely due to either accelerated
amino acid substitution rates on branch AB or parallel substitutions in different lineages
leading to birds and mammals. Whatever the reason, it is likely that some of these amino acid
substitutions could cause functional changes in these molecules. In fact, 47 amino acids are
shown to be identical in birds and mammals but differ from those in any other TRPVs
(Supplementary fig. 3), and 28 (~60%) of them physico-chemically differ from those of the
frog ortholog,. In particular, amino acids at positions 153, 339, 346 and 947 are bird-mammal
specific in different TRPVs. These sites might be involved in the functional divergence

7
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between frog and birds/mammals. Interestingly, both birds and mammals developed
homeothermy and these bird-mammal specific amino acids may be related to the evolution of

the body temperature-controlling system: from poikilothermy to homeothermy.
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Figure Legends

Figure 1. NJ tree of vertebrate TRPV amino acid sequences.
The number of amino acid substitutions for each branch was estimated using the JTT
model (Jones, Taylor, Thomton 1992) under the option of complete deletion (MEGA 3:
Kumar, Tamura, Nei 2003). The total number of amino acids compared was 311 residues.
Abbreviations are the same as in Supplementary Table 1.

Figure 2. The inferred time frame of vertebrate evolution (a) and the number of amino acid
substitutions for each branch (b).
Assumed divergences in time are based on Kumar and Hedges (1998) and Hedges and
Kumar (2003). The number of substitutions for each branch was estimated under the JTT

model and is plotted against the actual lengths (in years) of the branches.
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Table 2. The observed (expected) number of amino acid substitutions in branch AB and

BM.
— TRPVI | TRPV2 TRPV3 TRPV4 PCKI | DMHI
I 311 311 311 311 333 622

BranchAB | 16 (8) [24(148)| 14(9.4) 5(3.0) 4(46) | 540
Branch BM | 24 (32) [50(59.2)| 33 (37.6) 10 (12.0) |19 (184)] 15 (16.0)
P(14) | P<0005] P<001 [005<P<01|0.1<P<05| P>05 | P>05

a- The number of compared amino acid residues

b: The statistical significance is examined by the chi-square test. For TRPV4, PCKI and
DMH]1, Fisher’s exact test gives the similar result.
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Supplementary Table 1. Accession numbers of sequences used in this study

Gene Accession number Gene Accession number

Bota TRPV1 XP_868940 Bota TRPV2 XP_584319

Cafa TRPV1 XP_855597 Cafa TRPV2 XP_546641

Orcu TRPV1 AAR34458 Rano TRPV2 NP_058903

Rano TRPV1 NP_114188 Mumu TRPV2  NP_035836

Mumu TRPV1  XP_112546 Hosa TRPV2 NP_057197

Hosa TRPV1 NP_542435 Gaga TRPV2 XP_415848

Gaga TRPV1 NP_989903 Xetr TRPV2 ENESCANO00000076067
Xetr TRPV1 ENSXETG00000005790 Dare TRPV1/2 XP_689695

Bota TRPV3 XP_601838 Cafa TRPV4 XP_543434

Cafa TRPV3 XP_548338 Rano TRPV4 NP_076460

Rano TRPV3 XP_573134 Mumu TRPV4  NP_071300

Mumu TRPV3  NP_659567 Hosa TRPV4 NP_067638

Hosa TRPV3 NP_659505 Gaga TRPV4 NP_990023

Gaga TRPV3 ENSGALG00000004660 Xetr TRPV4 FGENESH00000004971
Xetr TRPV3 FGENESHO00000119294 Dare TRPV4 ENSDARGO00000061941
Hosa TRPVS NP_062815 Ciin TRPV1 FGENESH00000073452
Hosa TRPV6 XP_499382 Ciin TRPV2 SNAP_CIONAO00000053090
Hosa TRPM2 AB166745 HosaTRPM4 AF497623

Cafa TRPM2 XM_544924 Cafa TRPM4 XM_541500

Mumu TRPM2  AJ344343 Mumu TRPM4  AJ575814

Rano TRPM2 AY 749166 Rano TRPM4 XM_574447

Hosa TRPV5 NM_014555 Hosa TRPMS8 NM_024080

Cafa TRPVS XM_540789 Cafa TRPMS8 XM_543296

Mumu TRPV5  NM_620277 Mumu TRPM8 NM_134252

Rano TRPV5 XM_344979 Rano TRPMS8 NM_134371

Hosa TRPA1 NM_007332

Cafa TRPA1 XM_544123

Mumu TRPA1 NM_177781

Rano TRPA1 NM_207608

Abbreviation: Bota, Bos Taurus, Cafa, Canis familiaris, Hosa, Homo sapiens, Mumu, Mus
musculus ; Orcu, Oryctolagus cuniculus, Rano, Rattus norvegicus;, Gaga, Gallus gallus;
Xetr, Xenopus tropicalis, Dare, Danio renio, Ciin, Ciona intestinalis
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Supplementary Table 2 The proportion of neutral fraction (f) in the external and internal
branches in the phylogeny of four mammalian species ((mouse, rat), (dog, human))

T/ gene

Branches® TRPVI TRPV2 TRPV3 TRPV4
External branch 1 (H) 0.217° | 032%*x | ( ]4%%k 0.03
External branch 2 (D) 0.11 0.24 0.08 0.05
External branch 3 (M) 0.12 0.18 0.07 0.03
External branch 4 (R) 0.21 0.27 0.06 0.04
Internal branch 0.17 0.19 0.12 0.11
Fraction of neutral susbsitutions (f,)° 0.16 0.24 0.09 0.07

a: (H), (D), (M), and (R) means a branch leading to humans, dogs, mice and rats, respectively

b: The value is defined as the ratio of total number of nonsynonymous substitutions to that of
synonymous ones under a given tree. The tree is given based on the consensus tree of
mammalian phylogeny. (((mice, rats), humans) cows)

c: #** indicates the significance level of 0.1%. The null hypothesis of the test is that the ratio
on the branch (H) is the same as that on the branch (M)
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Table 3 shared amino acids in birds and mammals
TRPV1 TRPV2 TRPV3 TRPV4
position* | |[B&M" | F [B&M |F |B&M B&M
59
69
74
111
114
119 R A
137
151 T L

133

T

T m| |~ <
i ial g 4 in)

o
~

~
—

172 T E
188 E
190
198
212 N S
218
244
274
288

) 289 A| P
Ankyrin 3 Q K

repeats 391

7] R
2 allwj

=<9z <
T Z| >~

330 D £ |[F| M
36 E| D
357
425 T| V
432 G| C
438 P
TM1 g |[498 A
™2 B |568 K| R
683 v C
™5 § [719 G| C
798 1l L
799 K| Q
863 R| W
887 K
900
921
33 K[ S
937
938
945
D47

=i A

2=l =] =

-3

o]

~
-

v
=

A A
TR =

7

a: position is based on the alignment of vertebrate TRPV (supplementary {igure 1)

b: “F" means "frogs’ and B & M™ means “birds and manumals™

¢: bluc airow and orange amrows mean the location of ankyrin repeats and trans -membranc
domain 1.2.and 5. in the alignment respectively.

Supplementary Figure 3
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®2 BERAKREEK - &K - 50K - B - 8 ORES T

1 RESSHRECTHEBNT DBEGTH
i B BEETHR BReEETH
HIE T (%) (%)
ETIFT4 v 133 35(26) 98(74)
A 94 54(57) 40(43)
i 888 478(54) 410(46)
=7+ 554 476(86) 78(14)
<A 1,391 354(25) 1,037(75)
BB 802 414(52) 388(48)
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LR & B TR % RS 2 08058 5.

73
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DIRTIRE VDN BREE ML DO Y ER
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T1R1, T1R2, T1R3: Taste receptor type 1, member 1, 2, 3.
T 2R © Taste receptor type 2.

PKD 1L 3 : Polycystic kidney disease 1-like 3.

PKD 2 L1 : Polycystic kidney disease 2-like 1.

ENaC ' sodium channel, nonvoltage-gated 1 gamma.
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