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Summary

Summary
Pain usually arises from noxious stimuli and alerts us to potential danger. Over the last
two decades, considerable advances have been made in understanding peripheral pain
mechanisms and the development of new analgesics. Transient receptor potential A1
(TRPA1), a member of the TRPA subfamily, has emerged as an important target for
studying several types of pain and inflammatory conditions. TRPA1 is known to be
activated by various nociceptive stimuli such as noxious cold, pungent natural products
like cinnamaldehyde (CA) and environmental irritants. Moreover, TRPA1 is mainly
expressed in nociceptive neurons in sensory ganglia, thus TRPA1 serves as a receptor
for pain sensation. Since TRPA1 acts as a nociceptive receptor, the development and
study of its specific antagonists could aid our understanding of pain relief mechanisms.
Many TRPA1 antagonists have been developed and some of them have entered preclinical trials. The discovery of selective TRPA1 antagonists has allowed studies to
address the role of TRPA1 in health as well as in various animal disease models.
Characterization of TRPA1 from various species revealed that their sensitivity to
antagonists differs species-specifically. For example, TRPA1 from either the wild type
western clawed frog Xenopus tropicalis (wt-fTRPA1) or the green anole lizard Anolis
carolinensis is not inhibited by A96 or AP-18 (potent TRPA1 antagonists) while both
wild type human TRPA1 (wt-hTRPA1) and mouse TRPA1 are inhibited by A96 and
AP-18. Effects of HC-030031 (HC), another selective TRPA1 antagonist also differ
among species. HC inhibits TRPA1 from human, green anole and chicken; however, it
failed to inhibit wt-fTRPA1. Due to this species diversity, comparative analyses of
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TRPA1 among different species have been proven to be informative for understanding
the structure-function relationships.
In this study, through comparative and mutagenesis experiments using TRPA1 from
different species, I identified important amino acid residues that are crucial for the
antagonistic activities of both A96 and HC in order to clarify the molecular mechanisms
of TRPA1 inhibition. By utilizing species-specific differences in TRPA1 inhibition by
A96, along with their sequence analysis, I identified two amino acid residues (Ser873
and Thr874) in the TM5 domain that are essential for the antagonistic action of A96. A
recent study reporting the detailed structure of wt-hTRPA1 confirmed the binding site
of A96 near the regions reported by my group and others via an “induced fit”
mechanism involving movement in the Ser873 and/or Thr874 residues. This further
supports my findings. I next attempted to identify the amino acid residues (or regions)
involved in the inhibitory effects of HC on TRPA1. For this, I also utilized the speciesspecific differences in TRPA1 inhibition between human and western clawed frog, and
generated a series of TRPA1 chimeras to identify the critical region(s) involved.
Further point mutation analyses based on species-specific differences in sequence
within the critical region of TM5-TM6 revealed that a single amino acid residue in the
linker region of TM4 and TM5 domain, Asn855 contributes significantly to the
inhibitory action of HC. Coincidently Asn855 in hTRPA1 was previously shown to be
associated with autosomal-dominant heritable familial episodic pain syndrome.
Because TRPA1 is a unique polymodal signal detector whose action differs by
species, it is important to add data from new species in order to understand its distinct
physiological functions.

I showed for the first time that HC failed to show any
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inhibitory effect on CA-evoked activation of wild type zebrafish TRPA1b (wtzTRPA1b) in a heterologous expression system with X. laevis oocytes. In addition, I
observed an increase in the sensitivity to HC for both fTRPA1 and zTRPA1b mutants
containing Asn855 counterpart, which further confirmed the importance of this single
amino acid residue.
Lastly, the data from molecular dynamics simulations using wt-hTRPA1 suggested
that this single amino acid (Asn855) potentially binds to HC by stable hydrogen
bonding. I also found that Asn855 synergistically interacts with the C-terminal region
resulting in complete TRPA1 inhibition by HC.
Taken together, the present investigation of the pharmacology of TRPA1 antagonism
in different species provided clues for identifying the structural basis of the inhibitory
mechanisms, which could facilitate our understanding of the structure-function
relationship of TRPA1 and provide novel insights into the search for new analgesic
medicines targeting TRPA1.
Keywords: A967079, HC-030031, pain, cinnamaldehyde, TRPA1, mutagenesis,
structural determinant, Xenopus oocyte
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Significance Statement
TRPA1, a wasabi receptor, is highly conserved across the animal kingdom acting as a
receptor for nociceptive chemical and physical stimuli. Although TRPA1 is a target for
pain therapy and a large body of evidence supports the therapeutic utility of TRPA1
antagonists for pain, respiratory disorders, itch, and other diseases, the structural basis
for TRPA1 inhibition by its antagonists is not well understood. Through speciesspecific differences in antagonist activity, the amino acids involved in TRPA1 inhibition
by A-967079 and HC-030031 were identified. The cryo-EM structure of wt-hTRPA1
(Paulsen et al., 2015) and our molecular dynamics simulation studies suggest stable
binding between the amino acids and both antagonists.

Characterization of the

antagonistic properties of TRPA1 in diverse animal species and identification of the
molecular determinants of TRPA1 antagonism will provide novel insights into the
structure-function relationship of TRPA1, as well as contribute valuable information to
the search for new analgesic medicines targeted against TRPA1.
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Introduction
Pain usually arises from noxious stimuli and alerts us to potential danger as well as
assists in the avoidance of similar experiences in the future. Over the last two decades,
considerable advances have been made in understanding peripheral pain mechanisms
and the development of new analgesics.

Mounting evidence suggests a subset of

transient receptor potential (TRP) ion channels are involved in signal transduction. TRP
channels are nonselective cation channels that form an ion channel superfamily based
on their structural similarity; this includes a six transmembrane (TM) domain with
intracellular carboxyl (C)- and amino (N)-termini (Liao et al., 2013). The length of
their cytosolic regions varies among the TRP channel subfamilies, as do their functional
domains. All TRP channels possess a tetrameric structure with a single pore present at
the central axis and the pore-forming selectivity filter positioned between the TM5 and
TM6 helices. To date, 28 mammalian TRP channels are known in mice (Clapham,
2003). TRPA1, a member of the TRPA subfamily, has emerged as an important target
for studying several types of pain and inflammatory conditions. TRPA1 is known to be
activated by various nociceptive stimuli such as noxious cold (potentially in rodents),
pungent natural products like cinnamaldehyde (CA) and environmental irritants like
acrolein. Moreover, TRPA1 is mainly expressed in nociceptive neurons in the dorsal
root ganglion, trigeminal ganglion and nodose ganglion (Story et al., 2003), thus
TRPA1 serves as a receptor for pain sensation. Since TRPA1 acts as a nociceptive
receptor, the development and study of its specific antagonists could aid our
understanding of pain relief mechanisms.
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Many TRPA1 antagonists have been developed and have entered pre-clinical
trials (Andrade et al., 2012). The discovery of selective TRPA1 antagonists has allowed
studies to address the role of TRPA1 in health (as a potential drug target to relieve pain)
as well as in various animal disease models (Kremeyer et al., 2010; Mukhopadhyay et
al., 2011). Several groups have demonstrated that AP-18 (a potent TRPA1 antagonist)
inhibits mammalian TRPA1 activation in vivo and in vitro (Petrus et al., 2007; Qihai
Gu, 2010). A967079 (A96), the structure of which is related to AP-18, was synthesized
to be one of the most potent mammalian TRPA1 antagonists (Chen et al., 2008) and it
effectively suppresses spontaneous and mechanically evoked firing of spinal neurons in
uninjured, CFA-inflamed, and osteoarthritic rats. Due to the low sensitivity of AP-18
compared to A96, the latter became an intriguing drug target. Given that inhibiting
peripheral activation of nociceptors by blocking the TRPA1 channel appears to be an
attractive approach for symptom relief in patients suffering from acute or chronic pain
conditions, there is great value in studying potent TRPA1 antagonists in order to
understand the molecular mechanism of TRPA1 inhibition.
TRPA1 is a crucial nociceptive receptor, and as such, it is widely conserved
among animal species. Characterization of TRPA1 from various species revealed that
its sensitivity to antagonists differs species-specifically, as some selective TRPA1
antagonists have been developed using mammalian TRPA1 (Saito and Tominaga,
2015). Due to this species diversity, comparative analysis of TRPA1 among different
species has proven to be informative for understanding structure-function relationships
(Nagatomo and Kubo, 2008; Xiao et al., 2008). For example, the inhibitory effects of
AP-18 and A96 on TRPA1 vary among species. TRPA1 from either the wild type
western clawed frog Xenopus tropicalis (wt-fTRPA1) or the green anole lizard Anolis
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carolinensis are not inhibited by A96 or chicken Gallus gallus domesticus nor AP-18
(Saito et al., 2012, 2014; Banzawa et al., 2014). In contrast, both human and mouse
TRPA1 are inhibited by A96 and AP-18. Apart from A96 and AP-18, HC-030031
(HC), another selective TRPA1 antagonist, has been identified using high-throughput
screening of chemical compound libraries (Eid et al., 2008). HC is based on a xanthine
core structure and is structurally different from AP18 and A96. HC has been shown to
be effective against inflammatory and neuropathic pain in animal models after oral
dosing (McNamara, 2007; Eid et al., 2008). The inhibitory effects of HC on TRPA1
also differ among species. HC inhibits TRPA1 from green anole and chicken; however,
it failed to inhibit wt-fTRPA1 in a heterologous expression system (Saito et al., 2012;
Banzawa et al., 2014).

Although it is important to understand the inhibitory

mechanisms of TRPA1, the structural basis for TRPA1 inhibition by HC or A96 has not
been well understood.
In this study, through comparative and mutagenesis experiments using TRPA1
from different species, I identified important residues that are crucial for the
antagonistic activity of both A96 and HC in order to clarify the molecular mechanisms
of TRPA1 inhibition. By utilizing species-specific differences in TRPA1 inhibition by
various antagonists, along with sequence analysis, I found two amino acids in the TM5
domain that are essential for the antagonistic action of A96. Furthermore, a recent study
reporting the detailed structure of wild type human TRPA1 (wt-hTRPA1) confirmed the
binding site of A96 (Paulsen et al., 2015) near the amino acids reported by my group
and others (Klement et al., 2013; Nakatsuka et al., 2013; Banzawa et al., 2014). I next
attempted to identify the amino acid residues (or regions) involved in the inhibitory
effects of HC on TRPA1. For this, I also utilized the species-specific differences in

Page 11

Introduction
TRPA1 inhibition between humans and western clawed frogs and generated a series of
TRPA1 chimeras to identify the critical region.

Further point mutation analysis

revealed that a single amino acid residue in the linker region of TM4 and TM5 is
involved in the inhibitory action of HC on TRPA1. In addition, data from molecular
dynamics simulations using wt-hTRPA1 suggested that this single amino acid
potentially binds to HC by hydrogen bonding. I also show that this single amino acid
synergistically interacts with the C-terminal region resulting in complete TRPA1
inhibition.

Thus, investigation into the pharmacology of TRPA1 antagonism in

different species provides clues for identifying the structural basis of the inhibitory
mechanisms. These findings based on species-specific differences can facilitate our
understanding of the structure-function relationship of TRPA1 and provide novel insight
into the search for new analgesic medicines targeting TRPA1.
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Two-electrode voltage-clamp method

wt-fTRPA1, wt-hTRPA1, wt-zebrafish (z) TRPA1a, zTRPA1b, chimeric and mutant
channels were heterologously expressed in X. laevis oocytes, and ionic currents were
recorded using the two-electrode voltage-clamp method described previously (Saito et
al., 2011). 50 nl of complementary RNA (cRNA; 50–150 ng/μl) for wt-fTRPA1, wthTRPA1, wt-zTRPA1a, wt-zTRPA1b, chimeric (or mutant) channels was injected into
defolliculated oocytes and kept at 17oC in MBSH-PS solution. Ionic currents were
recorded 2–5 days post-injection.

Oocytes were voltage-clamped at −60 mV and

resistance of the voltage pipette (<0.5-1 MΩ) and current pipette (<0.2-0.5 MΩ) were
maintained throughout the experiment. All chemicals were diluted in ND96 bath
solution containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM
Hepes, pH 7.4 (with NaOH), and applied to the oocytes by perfusion. ND96 Ca2+ free
solution was prepared by removing 1.8 mM CaCl2 from the mixture. All chemicals
were diluted in ND96 bath solution and applied to X. laevis oocytes by perfusion.
Expression vectors for wt-zTRPA1a and wt-zTRPA1b were kindly provided by Dr.
Prober (Prober et al., 2008).
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Molecular biology experiments

TRPA1 was cloned into a pox vector or pcDNA3.1 for expression in X. laevis oocytes
or HEK293T cells, respectively (Saito et al., 2011). All single and double amino acid
mutants for wt-hTRPA1, wt-fTRPA1 and wt-zTRPA1b were generated using the
PrimeSTAR Mutagenesis Basal kit (Takara) or QuickChange Site-Directed Mutagenesis
kit (Stratagene) with some modifications, using specific primers (Tables 1 and 2). The
entire coding region of all TRPA1 mutant clones was verified by sequencing using the
BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems).
Full-length chimeric TRPA1 cDNA was amplified either by overlap extension
polymerase chain reaction (PCR) or by the In-fusion cloning kit (Clontech). In the first
step, different DNA fragments of TRPA1, F-H (T1-Ct) [wt-hTRPA1(amino acid
positions 715 to 1119)], F-H (T1-T6)-F [wt-hTRPA1(715–975)], F-H (T3-Ct) [wthTRPA1(789 –1119)], F-H (T5-Ct) [wt-hTRPA1(844 –1119)], and F-H (Ct) [wthTRPA1(975 – 1119)] were amplified by PCR with an expression vector containing wthTRPA1 cDNA as a template and using a combination of primers listed in Table 1.
DNA fragments of TRPA1 cDNA, wt-fTRPA1(1–718) for F-H (T1-Ct), wt-fTRPA1(1–
718, 1001-1144) for F-H (T1-Ct)-F, wt-fTRPA1(1–811) for F-H (T3-Ct), wtfTRPA1(1–867) for F-H (T5-Ct), and wt-fTRPA1(1–999) for F-H (Ct) were also
amplified by PCR with an expression vector containing wt-fTRPA1 as a template and a
combination of primers listed in Table 3. In the second step, either overlap extension
PCR or an In-fusion cloning reaction was performed with a mixture of these DNA
fragments to amplify the chimeric TRPA1 cDNA which was then cloned using standard
procedures.
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Intracellular Ca2+ imaging experiments
The procedure for Ca2+ imaging was described previously (Saito et al., 2012). Briefly,
the pcDNA3.1 (+) vector containing wt-hTRPA1 or hTRPA1-N885S was transfected
into HEK293T cells using Lipofectamine reagent (Invitrogen) as per manufacturer’s
instructions. Cells were used for Ca2+ imaging experiments after incubation for ~24 h.
Fura-2 was loaded into cells by incubating at 37°C for 0.5–1 h with fura-2
acetoxymethyl ester (5 μM) in D-MEM (high glucose, Wako) containing heat-denatured
10% FBS (Gibco), 0.5% penicillin/streptomycin (Invitrogen) and 1% GlutaMax
(Invitrogen). Cells were transferred to recording chambers which were mounted on the
stage of an inverted microscope equipped with an image acquisition and analysis
system. All chemicals were applied by perfusing bath solutions.
To measure the intracellular calcium ion concentrations [Ca2+]i, cells were
illuminated every 3 s with light at 340 and 380 nm. The intensity of the fluorescent
signals emitted at 500 nm by excitation at 340 (F340) and 380 (F380) nm was recorded,
and the F340/F380 ratio was calculated. Cells were continuously superfused with bath
solution. All experiments were carried out at room temperature (~25 °C).

Chemicals

Cinnamaldehyde, HC-030031 and A-967079 were purchased from Wako, Sigma, and
Santa Cruz Biotechnology, respectively. All chemicals were dissolved in DMSO as
stock solutions (0.1–2 M).
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Molecular dynamics simulations

Molecular dynamics (MD) simulations were kindly performed by Drs. Okumura, Itoh
and Mori from the Institute of Molecular Sciences.

We prepared the initial

conformation of wt-hTRPA1 for the MD simulations as follows. The protein data bank
(PDB) structure (ID: 3J9P) was used; however, because several amino acid residues
were missing in the PDB structure, we complemented the residues 664-679, 748-763,
786-802, and 1007-1030 using the modeling program MODELLER (Martí-Renom et
al., 2000; Webb and Sali, 2014). We then utilized the docking program AutoDock
(Morris et al., 2009) to obtain the docking conformation of HC with hTRPA1-N855.
The N- and C-terminal residues (before residue 618 and after residue 1048) were
removed to perform the MD simulations.
HC is a non-standard organic molecule for MD simulation of biomolecules. We
therefore determined the parameters for calculating the potential energy and force of
HC.

To derive the partial atomic charge of HC, we followed the Restrained

Electrostatic Potential (RESP) charge method (Bayly et al., 1993) and the quantum
chemical calculations were performed using the Gaussian09 program (Frisch et al.,
2009). The structure optimization of HC and the electrostatic potential calculations
were carried out using the Hartree-Fock level of theory with the 6-31G(d) basis set. We
used the parameters of the general Amber force field other than the atomic partial
charges (Wang et al., 2004).
The Generalized-Ensemble Molecular Biophysics (GEMB) program developed by
one of the authors (H.O.) (Okumura et al., 2007; Okumura, 2012; Okumura and Itoh,
2014) was used to perform the MD simulations. The AMBER parm99SB force field
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(Hornak et al., 2006) was used for the TRP channel and the general Amber force field
was used for HC (Wang et al., 2004). A cubic simulation box was employed with
periodic boundary conditions.

The electrostatic potential was calculated using the

particle-mesh Ewald (PME) method (Essmann et al., 1995). The cut-off distance was
12Å for the Lennard-Jones potential.

Temperature was controlled at 298 K using the

Nosé-Hoover thermostat (Nosé, 1984 (a), 1984 (b); Hoover, 1985). Reversible multiple
time-step MD techniques were applied (Tuckerman et al., 1992). The time-step was
taken to be Δt = 0.5 fs for the bonding interactions and Δt = 2.0 fs for the non-bonding
interactions. To maintain the atomic structure of the TRP channel in a vacuum, the N,
Cα, and C atoms of the residues that form the α-helix structures were restrained with a
harmonic potential.

Data analysis
Data from the Ca2+ imaging experiments were obtained from at least three independent
transfections. For each transfection, 150-250 cells were analyzed for the respective
channel. Data from the current recordings were obtained from oocytes collected from at
least three different frogs. The data are presented as the mean ± S.E.M. (n = number of
observations). Statistical analyses were performed using a one-way ANOVA followed
by the Tukey-Kramer test with p values <0.05. The EC50 was determined using Origin
software (OriginLab). The amino acid sequences of TRPA1 from the various vertebrate
species were aligned using ClustalW implemented in MEGA5 (Thompson et al., 1994;
Tamura et al., 2011).
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Species-specific differences in the antagonistic action of A-967079 between fTRPA1
and hTRPA1 channels

The inhibitory effects of A96 differ among species. Thus, in order to compare the
detailed antagonistic effects of A96 on TRPA1 from humans and frogs, TRPA1 was
expressed in X. laevis oocytes and its response to CA was examined using a twoelectrode voltage-clamp method. CA concentrations were chosen based on two factors:
1) concentrations higher than the EC50 values of 0.13 mM for wild type hTRPA1 (wthTRPA1) as shown in Figure S1.1b and 0.39 mM for wild type fTRPA1 (wt-fTRPA1)
(Saito et al., 2012) were chosen and we waited for the CA-evoked currents to be
stabilized or desensitized and 2) a concentration which can reproduce similar current
amplitudes during the first and second applications of CA. Figure 1.1a and b show the
reversible current responses of wt-hTRPA1 and wt-fTRPA1 to repeated application of
0.3 and 0.5 mM CA, respectively.

TRPA1-mediated currents evoked by CA had

approximately similar amplitudes in the first and second stimulation in X. laevis oocytes
expressing either wt-hTRPA1 or wt-fTRPA1.

Although the second CA (0.3 mM)

evoked wt-hTRPA1 currents that were sometimes larger than the first stimulation (Fig.
1.1a) partly because CA could have been left in the oocytes even after washout, which
might lead to some overestimation.

The CA-evoked TRPA1 currents showed

desensitization after reaching the peak and returned to baseline levels upon CA washout
in X. laevis oocytes expressing either wt-hTRPA1 or wt-fTRPA1 as previously reported
for wt-hTRPA1 (Hinman et al., 2006). Next, I applied A96 prior to and simultaneously
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with CA during the second application to observe its antagonistic properties (Fig. 1.1c
and d). Simultaneous application of A96 and CA suppressed the CA-activated wthTRPA1 currents in X. laevis oocytes in a dose-dependent manner (Figs. 1.1e) but failed
to suppress the 0.5 mM CA-activated wt-fTRPA1 currents (Fig. 1.1f) that had been
sufficient to completely block the wt-hTRPA1 currents.

These data thus indicate

species-specific differences in inhibition by A96. I then used these species differences
in A96-based inhibition to identify the amino acid residue(s) responsible for its
antagonistic effect.

Two amino acid residues in the fifth transmembrane domain of human TRPA1 are
responsible for the antagonistic effects of A-967079

Using mutagenesis analyses, I next attempted to identify the amino acid residue(s) that
contribute to the antagonistic action of A96. The molecular determinants for inhibition
by AP-18, which is structurally related to A96, have been reported to be in the TM5
domain of mouse TRPA1. These amino acids, serine-876 and threonine-877, were
found by comparing mouse and Drosophila TRPA1 and analyzing their mutant channels
(Xiao et al., 2008).

Previously, my group reported that green anole TRPA1 was

insensitive to AP-18 antagonism (Saito et al., 2012). Comparison of the amino acid
sequences in the TM5 domain of wt-fTRPA1 and green anole TRPA1 to wt-hTRPA1
showed that serine-873 and threonine-874 in wt-hTRPA1 are substituted to isoleucine898 and valine-899 in wt-fTRPA1, and isoleucine-871 and alanin-872 in green anole
TRPA1, respectively (Fig. S1.1a). Therefore, I hypothesized that these amino acids
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might also be related to the insensitivity of wt-fTRPA1 and green anole TRPA1 to A96.
To test this hypothesis, I first constructed a point mutant of wt-hTRPA1 (S873I) and
studied the effects of A96 on this mutant channel.
As compared to wt-hTRPA1-expressing X. laevis oocytes, hTRPA1-S873I mutant
channels exhibited low sensitivity to CA (Fig.S1.1 b-c). Thus, a higher concentration of
CA (1 mM) was applied in order to obtain similar current amplitudes in the first and
second CA application (Fig. 1.2a). Upon application of 0.1 μM A96 prior to and
simultaneously with CA application, the antagonistic action of A96 at 0.1 μM (which
was sufficient to significantly inhibit the inward current induced by 0.3 mM CA) in wthTRPA1, was abolished in X. laevis oocytes expressing hTRPA1-S873I mutant channels
(Fig. 1.2c and e). However, 1 μM of A96 could still significantly suppress the inward
current evoked by CA in hTRPA1-S873I-expressing X. laevis oocytes (Fig. 1.2e). Since
partial reduction in sensitivity to A96 was obtained for both hTRPA1-S873I (Fig. 1.2e)
and hTRPA1-T874V single mutants (Nakatsuka et al., 2013), I next analyzed double
mutants in order to determine if A96 sensitivity of hTRPA1 could be further reduced. I
constructed double mutant hTRPA1-S873I-T874V and examined the inhibitory effect of
A96.

Similar to hTRPA1-S873I, the hTRPA1-S873I-T874V mutant also needed a

higher concentration of CA (1 mM) in order to reach the same current amplitudes in the
first and second CA applications (Fig. 1.2b). In X. laevis oocytes expressing hTRPA1S873I-T874V, application of both 0.1 μM and 1 μM of A96 failed to inhibit CA-evoked
currents, indicating that the double mutants are less sensitive compared to single
mutants (Fig. 1.2d and f). My data clearly showed that 1 μM A96, which was sufficient
to completely inhibit CA-evoked currents in wt-hTRPA1, had no antagonistic effect on
the hTRPA1-S873I-T874V double mutant channel. Finally, these results suggested that
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the two amino acid residues located in the TM5 domain are important for the
antagonistic action of A96.
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An increasing body of evidence suggests that TRPA1, which is highly conserved across
the animal kingdom, acts as a receptor of nociception (Macpherson et al., 2005; Bautista
et al., 2006). A previous study showed that AP-18 was unable to inhibit the wt-fTRPA1
channel (Saito et al., 2012). In the present study, I confirmed that not only AP-18, but
also A96, one of the most potent mammalian TRPA1 antagonists (Chen et al., 2011),
shows no antagonistic activity against wt-fTRPA1 (Fig. 1.1). By analyzing human–WC
frog mutant TRPA1 channels, I identified two amino acids that determine the inhibitory
effects of A96. Based on a previous report by Xiao et al. (2008) and the amino acid
sequence alignment of TRPA1 among various vertebrate species, I mutated two amino
acids in wt-hTRPA1, serine-873 and threonine-874, to isoleucine and valine, which
corresponded to amino acids I898 and V899 in wt-fTRPA1, respectively. Expectedly,
these mutant channels reduced the sensitivity to A96 when expressed in HEK293 cells
(Nakatsuka et al., 2013) and in X. laevis oocytes (Fig. 1.2). In addition, these mutant
channels were also insensitive to AP-18 (Nakatsuka et al., 2013). Unfortunately, in the
human-WC frog mutants, fTRPA1-I898S/V899T did not respond to CA even at higher
concentrations due to an unknown mechanism (Nakatsuka et al., 2013).
Species-specific pharmacological activity of TRPA1 has previously been reported.
Three key examples are described below. 1) Cysteine-attacking compound CMP1,
activates rat TRPA1 but suppresses wt-hTRPA1 (Chen et al., 2008). 2) Menthol
activates human and mouse TRPA1 but evokes no response in Drosophila TRPA1.
Moreover, menthol evokes a unique response in mouse TRPA1, i.e. it is activated by
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low concentrations but blocked by high concentrations. In contrast, wt-hTRPA1 is
solely activated by menthol (Xiao et al., 2008). 3) Molecules like AMG2504 and
AMG7160 potently block wt-hTRPA1 but activate rat TRPA1 (Klionsky et al., 2007). 4)
Caffeine activates mouse TRPA1, but inhibits human TRPA1 (Nagatomo and Kubo,
2008). These species differences in TRPA1 for caffeine are caused by a single amino
acid located in the N-terminal cytoplasmic region of mouse TRPA1 (Nagatomo et al.,
2010). Similarly, for species differences in menthol sensitivity, two amino acids located
in the TM5 domain are known to determine the effects of menthol on human and mouse
TRPA1, respectively (Xiao et al., 2008).

Interestingly, the same amino acids are

involved in the inhibitory effect of AP-18, and in the current study I confirmed that
these two amino acids located in the TM5 domain are also involved in the inhibitory
action of A96.

Thus, data suggest that small differences in amino acid sequence

between different species could account for TRPA1 sensitivity to specific agonists and
antagonists.
Collectively, the present study suggests that at least two amino acid residues (serine873 and threonine-874) may determine the antagonistic effect of A96. However, how
these two amino acids regulate the inhibitory effect of A96 in wt-hTRPA1 had yet to be
addressed when the high-resolution 3D structure of wt-hTRPA1 was published in 2015
(Paulsen et al., 2015). This study showed a specific A96 binding site based on unique
density within a pocket formed by TM5, TM6 and the first pore helix (Fig. S1.2a). The
amino acids thus far known to be involved in the A96 and AP-18 inhibitory effects on
TRPA1 have been localized within TM5 (Fig. S1.2a). A96 inhibits the channel activity
of TRPA1 through coordinated binding to TM5, TM6 and the first pore helix domain via
an “induced fit” mechanism involving movement in the Ser 873 and/or Thr 874 residues
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which are also located at the bottom of the binding pocket (Paulsen et al., 2015).
Numerous reports have shown that TRPA1 antagonists are important pain-relieving
agents (Andrade et al., 2012). Systemic injection of A96 decreases spontaneous and
mechanically-evoked firing of spinal neurons in uninjured, osteoarthritic, and inflamed
rats (McGaraughty et al., 2010). In addition, oral dosing with A96 produces analgesic
effects on the allyl isothiocyanate-induced nocifensive response and osteoarthritic pain
in rats (Chen et al., 2011). HC, another TRPA1 antagonist, reduces muscle nociception,
inflammatory pain, and neuropathic pain (Eid et al., 2008).

Chembrige-5861528,

structurally related to HC, relieves acute pain and neuropathic pain (Wei et al., 2011),
but the activity sites for both of these antagonists have yet to be identified. Thus, the
aim of the next project was to characterize the antagonistic properties of HC on TRPA1
in diverse animal species and identify the molecular determinants for TRPA1
antagonism by HC. This will further provide a great opportunity for developing new
analgesic medicines targeting TRPA1.

Declaration: project 1 has been published in 2013 “Identification of Molecular
Determinants for a Potent Mammalian TRPA1 Antagonist by Utilizing Species
Differences”, Journal of Molecular Neuroscience 51:754–762.
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Figure 1.1. Species-specific differences in A96 antagonism: (a and b) Representative
traces of wt-hTRPA1 (a) or wt-fTRPA1 (b) currents in response to repeated CA
application in X. laevis oocytes. (c and d) Representative traces showing the effect of 1
µM A96 inhibition on CA-evoked currents in wt-hTRPA1 (c), but not in wt-fTRPA1
(d). (e and f) Differences in the inhibitory effects of A96 (0.1 and 1 μM) on CAinduced currents in X. laevis oocytes expressing wt-hTRPA1 (e) or the effects of 1 μM
A96 on wt-fTRPA1 (f). Normalized current: ratio of the current amplitude in the
second CA stimulation to the first one with or without A96. (**P<0.01), one-way
ANOVA post-hoc Tukey test. Data are shown as the mean ± S.E.M. (e) wt-hTRPA1
(CA, n=9; CA + 0.1 μM A96, n=5; CA + 1 μM A96, n=6), (f) wt-fTRPA1 (CA, n=10;
CA + 1 μM A96, n=5).
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Figure 1.2. Amino acids responsible for the inhibitory effects of A96 on wthTRPA1: (a and b) Representative traces of hTRPA1-S873I (a) or hTRPA1-S873IT874V (b) currents in response to repeated CA application in X. laevis oocytes. (c and
d) Representative traces showing the reduced inhibitory effect by 0.1 µM A96 on CAevoked currents in hTRPA1-S873I (c), and the effects of 1 µM A96 on hTRPA1-S873I
–T874V (d). (e and f) Differences in the inhibitory effects of A96 (0.1 and 1 μM) on
CA-induced currents in X. laevis oocytes expressing hTRPA1-S873I (e) or hTRPA1S873I –T874V (f). Normalized current: ratio of the current amplitude in the second CA
stimulation to the first one with or without A96. (**P<0.01), one-way ANOVA posthoc Tukey test. Data are shown as the mean ± S.E.M. (e) hTRPA1-S873I (CA, n=9;
CA + 0.1 μM A96, n=7; CA + 1 μM A96, n=7), (f) hTRPA1-S873I –T874V (CA, n=9;
CA + 0.1 μM A96, n=6; CA + 1 μM A96, n=7).
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Figure S1.1. (a) Comparison of the amino acid sequences around TM5 in TRPA1 from
human, mouse, chicken, green anole, and WC frog. Mutated amino acids are shown in
bold letters. (b-d) Dose-response relationships of CA-induced currents in X. laevis
oocytes expressing (b) wt-hTRPA1 (EC50: 0.39 mM), (c) hTRPA1-S873I (EC50: 1.15
mM) and (d) hTRPA1-S873I-T874V (EC50: 1.17 mM). Each bar represents the average
current induced by each concentration of CA in oocytes expressing (b) wt-hTRPA1
(0.01 mM, n=7; 0.05 mM, n=7; 0.1 mM, n=7; 0.3 mM, n=9; 0.5 mM, n=9), (c)
hTRPA1-S873I (0.1 mM, n=2; 0.5 mM, n=5; 1 mM, n=5; 2 mM, n=5; 4 mM, n=3), and
(d) hTRPA1-S873I-T874V (all data, n=4). The current amplitude at each concentration
of CA was normalized to that at 0.3 mM (b), and 1 mM (c, d).
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Figure S1.2. (a) Modified cryo-EM structure (Paulsen et al., 2015) showing a unique
density corresponding to A96 (orange) that is located within a pocket formed by TM5
(yellow), TM6 (blue) and the first pore helix (green). Residues implicated in A96
antagonism by previous studies are indicated with arrows (Xiao et al., 2008; Klement et
al., 2013; Nakatsuka et al., 2013; Banzawa et al., 2014), many of which lie within this
pocket and undergo subtle conformational changes after antagonist binding especially
hTRPA1-S873I and hTRPA1-T874V (AITC model shown in white).

(b) Ribbon

diagrams depicting monomeric views of the TRPA1 subunit and the site of A96
antagonism reported in this study.
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TRPA1 inhibition by HC-030031
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Antagonistic activity of HC differs between human and frog TRPA1

In order to confirm whether A96 and HC have the same or different binding sites, I
performed an antagonist co-application assay. Low concentrations of HC and A96
which individually inhibit approximately 50% of CA-evoked currents were chosen. Coapplication of HC and A96 produced greater inhibition of CA-evoked currents in X.
laevis oocytes expressing wt-hTRPA1 compared to application of A96 or HC alone
suggesting different sites of action. I compared the antagonistic effects of HC between
human and frog TRPA1. I first used a two-electrode voltage-clamp method to examine
the responses of TRPA1 towards CA in X. laevis oocytes. Figure 1.1a and 1.1b show
the current responses of wt-hTRPA1 and wt-fTRPA1 to repeated application of 0.3 and
0.5 mM CA, respectively. TRPA1-mediated currents were activated by CA with similar
amplitude strength in the first and second stimulation in X. laevis oocytes expressing
either wt-hTRPA1 or wt-fTRPA1. Next, I applied HC along with CA during the second
application to observe its antagonistic properties (Fig. 2.1b). Simultaneous application
of HC and CA suppressed the CA-activated wt-hTRPA1 currents in X. laevis oocytes in
a dose-dependent manner (Figs. 2.1b and d). On the other hand, HC failed to suppress
CA-activated wt-fTRPA1 currents at any of the concentrations used (Fig. 2.1c and e).
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A region between TM5 and TM6 is involved in HC-induced inhibition

In order to specify the region responsible for the antagonistic effects of HC, chimeric
wt-hTRPA1 and wt-fTRPA1 channels were constructed and their channel properties
were examined in X. laevis oocytes. I generated several chimeric combinations between
wt-hTRPA1 and wt-fTRPA1 by introducing the N-terminus, different TM domains, and
the C-terminus of wt-hTRPA1 into wt-fTRPA1 (Fig. 2.2a). I used the following criteria
for examining dose-dependency to determine the CA concentrations for each chimera
(Fig. S2.2): (1) the concentration is higher than the EC50 value; (2) the CA concentration
evokes similar current amplitudes during the first and second application.
The N-terminus of wt-hTRPA1 was first replaced with that of wt-fTRPA1 [F-H (T1Ct)], and HC suppressed the CA-evoked currents in this chimera in a dose-dependent
manner (Figs. 2.2b and S2.3a). The next chimera was made by switching the N and Ctermini of wt-hTRPA1 with those of wt-fTRPA1 [F-H (T1-T6)-F], and HC significantly
inhibited the CA-activated currents in this chimera even at 10 µM, although no clear
dose-dependency was observed (Figs. 2.2c and S2.3b). These results indicated that the
major HC antagonistic site(s) of action are located within the region from the TM1 to
TM6 domains.
To further narrow down the region within the TM domains, F-H (T3-Ct) and F-H
(T5-Ct) chimeras were constructed (Fig. 2.2a), and these were also apparently inhibited
by HC in a dose-dependent manner (Figs. 2.2d-e and S2.3c-d) similar to wt-hTRPA1.
These results indicated that a region containing TM5 to TM6 plays a major role in
TRPA1 inhibition by HC. I also examined the involvement of the C-terminus by
replacing the wt-fTRPA1 C-terminus with that of wt-hTRPA1 [F-H (Ct)]. This chimera
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showed weak inhibition by HC in spite of its high sensitivity to CA (Figs. S2.2e and
S2.3e). Significant inhibition of chimeric channel activity by HC only occurred at 50
µM (Fig. 2.2f), confirming the greater involvement of TM5 and TM6 in HC-induced
inhibition. Thus, I decided to focus on the TM5 and TM6 domains to identify the
specific amino acid(s) involved in the inhibition by HC.

A single amino acid residue between TM4-TM5 in wt-hTRPA1 is responsible for
the antagonistic effects of HC

I searched for candidate amino acid residue(s) involved in the antagonistic activity of
HC by comparing the amino acid sequence of TRPA1 from 5 different species within
the region identified by the chimeric analyses above (Fig. 2.2). I examined only those
amino acids that are conserved (or similar) among TRPA1 from humans, mice,
chickens, and green anoles, but are different in wt-fTRPA1, since it is insensitive to HC
unlike TRPA1 from the other species (Saito et al., 2012, 2014). I hypothesized that
some of these amino acid(s) might be involved in the antagonistic activity of HC. All of
the potential amino acid candidates are shown in Figure 2.3a. To verify this hypothesis,
I constructed wt-hTRPA1 point mutants containing single or double amino acid
substitutions in which the amino acids were changed to the residue(s) found in wtfTRPA1. The inhibitory effects of 50 µM HC were examined in all hTRPA1 mutants
and most of them showed nearly complete inhibition except for a single mutant,
hTRPA1-N855S (Supplementary Table S2.1).
Next, I examined the detailed channel properties of the hTRPA1-N855S mutant in
side-by-side comparisons with wt-hTRPA1 in the same X. laevis oocyte preparations.
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CA (0.3 mM) evoked currents for the first and second stimulation had an approximately
similar size in X. laevis oocytes expressing either wt-hTRPA1 or hTRPA1-N855S (Figs.
2.1a and S2.4a).

Simultaneous application of 50 µM HC with CA completely

suppressed CA-evoked wt-hTRPA1 activation in X. laevis oocytes (Fig. 2.1c) while
hTRPA1-N855S showed less susceptibility to 50 µM HC (Fig. S2.4b).

I always

observed the transient activation of hTRPA1-N855S by CA in the presence of 50 mM
HC that was probably due to the reduction in the HC-sensitivity of the mutant, as I saw
for wt-hTRPA1 currents in the presence of lower concentrations of HC (data not
shown).

Although HC suppressed CA-evoked activity in both wt-hTRPA1 and

hTRPA1-N855S in a dose-dependent manner (Figs. 2.3b), hTRPA1-N855S showed
significantly less sensitivity to HC than wt-hTRPA1 at all concentrations examined
(Fig. 2.3b). In contrast, simultaneous application of A96 (0.1 and 1 µM) along with CA
suppressed CA-evoked currents in X. laevis oocytes expressing either wt-hTRPA1 or
hTRPA1-N855S (Figs. 2.3c, S2.4c and d) to nearly the same extent, indicating that
N855 in wt-hTRPA1 is specifically involved in HC-induced inhibition.
The above observations were further confirmed in a different expression system
using cultured mammalian cells (HEK293T). CA stimulation increased [Ca2+]i in a
dose-dependent manner in HEK293T cells expressing either wt-hTRPA1 or hTRPA1N855S (Figs. S2.5a and b) with apparently higher sensitivity than in X. laevis oocytes
(Nakatsuka et al., 2013).

The different chemical sensitivities of these expression

systems have been previously characterized in several reports (Saito et al., 2012). One
possible explanation for these differences is that the viscous yolk of X. laevis oocytes
could trap chemicals within thereby resulting in reduced chemical sensitivity. As it is
difficult to wash out CA from HEK293T cells, a single CA application was used and the
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responses were normalized to the ionomycin responses. While CA increased [Ca2+]i to
a similar extent in both WT and mutant channels (Figs. S2.5c-e), 20 µM HC showed
significantly less inhibition of the CA-induced increase in [Ca2+]i in hTRPA1-N855S
compared to wt-hTRPA1 (Figs. 2.4a-c). These results suggested that N855 in wthTRPA1 is important for the antagonistic activity of HC.
To further confirm the importance of N855 on the effects of HC in wt-hTRPA1, I
examined whether a reverse mutation at a corresponding position in wt-fTRPA1 alters
the effects of HC. The serine at position 880 in wt-fTRPA1 (corresponding to 855 in
wt-hTRPA1) was replaced with asparagine (fTRPA1-S880N). Although CA (0.5 mM)
evoked similar current amplitudes in the first and second stimulation in X. laevis
oocytes expressing either wt-fTRPA1 or fTRPA1-S880N (Figs. 2.1b and 2.5a), HC
reduced the CA-evoked currents in the second application in fTRPA1-S880N in a dosedependent manner, but not in wt-fTRPA1 (Figs. 2.1b, 2.5b and c). These results further
support the importance of the asparagine residue at position 855 in wt-hTRPA1, and
demonstrate its specificity for HC since the effects of A96 on fTRPA1-S880N were
unaffected (Fig. 2.5d).

Inhibitory effects of HC on zebrafish TRPA1

To further confirm the importance of the asparagine residue in HC inhibition of wthTRPA1, I examined the effect of HC on zebrafish TRPA1 since the corresponding
residue is arginine (not asparagine) in wild type zebrafish (wt-z) TRPA1a and TRPA1b
(Fig. 2.6a). To date, there have been no reports on the effects of mammalian TRPA1
antagonists on wt-zTRPA1. Therefore, I first examined the responses of both wt-
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zTRPA1a and wt-zTRPA1b to HC and A96.

Because both wt-zTRPA1a and wt-

zTRPA1b exhibited different sensitivities to CA (Figs. S2.6a and b), different
concentrations of CA were used (0.3 mM for wt-zTRPA1a and 1 mM for wtzTRPA1b). wt-zTRPA1a showed desensitization in the second CA application even at
low concentrations due to an unknown mechanism (Fig. S2.6c) while wt-zTRPA1b
exhibited similar CA-activated currents in both stimulations (Fig. S2.6d). Therefore, I
proceeded with wt-zTRPA1b for further analysis and found that neither HC nor A96
had any inhibitory effects on wt-zTRPA1b even at high concentrations in X. laevis
oocytes (Figs. 2.6 b-e).
In order to confirm the importance of arginine, I replaced the asparagine of wthTRPA1 at position 855 to the arginine (hTRPA1-N855R) found in wt-zTRPA1b at the
corresponding position. While CA (0.3 mM) evoked similar current amplitudes in the
first and second stimulation in X. laevis oocytes expressing either wt-hTRPA1 or
hTRPA1-N855R (Figs. 2.1a and S2.7a), hTRPA1-N855R exhibited reduced inhibitory
effects after simultaneous application of 50 µM HC (Fig. S2.7c) which completely
suppressed the CA-evoked wt-hTRPA1 currents (Fig. 2.1b). We observed transient
hTRPA1-N855R currents evoked by CA in the presence of HC (Fig. S2.7c), a
phenomenon similar to the hTRPA1-N855S-mediated currents (Fig. S2.4b) that may be
due to reduced HC sensitivity. Although HC suppressed CA-evoked activity in both wthTRPA1 and hTRPA1-N855R in a dose-dependent manner, hTRPA1-N855R showed
significantly less inhibition by HC (Fig. 2.7a). In contrast, the inhibitory effect of A96
remained unaffected in hTRPA1-N855R (Figs. 2.7b and S2.7e), indicating that the
effect of the mutation at position 855 in wt-hTRPA1 is specific to HC.
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I next examined the effect of HC in a reverse mutant by replacing arginine at
position 860 in wt-zTRPA1b with asparagine (zTRPA1-R860N). I examined the effects
of HC along with CA in the second application after confirming that repeated
applications exhibited similar activity (Fig. S2.7b). Concurrent application of HC with
CA in the second application resulted in reduced current amplitudes in zTRPA1-R860N
in a dose-dependent manner, although wt-zTRPA1b showed no inhibition (Figs. 2.7c
and S2.7d). As expected, this effect was specific to HC activity, as A96 failed to inhibit
either wt-zTRPA1b or zTRPA1b-R860N currents (Figs. 2.6c, 2.7d and S2.7f). These
results indicated that a single amino acid residue located in the linker region between
TM4 and TM5 plays an important role in the antagonistic effects of HC.

Synergistic effects between N855 and the C-terminus for complete HC inhibition of
hTRPA1

Given that I was unable to observe complete attenuation of the HC effects in any of the
above hTRPA1 point mutants, I searched for another site of HC activity. Since a high
concentration of HC exhibited significant inhibition of the F-H (Ct) chimera (Fig. 2.2f),
I performed point mutant analysis within the C-terminus. I made several mutants for
potential amino acid positions which satisfied the criteria previously described. All
potential amino acid candidates that satisfy the above formula are shown in Figure 2.8a.
I constructed hTRPA1 mutants containing single or double amino acid substitutions in
which the amino acids were changed to residues found in wt-fTRPA1. Unfortunately,
all of the mutants which I successfully generated showed complete inhibition by HC
(Fig. 2.8b).
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The high-resolution structure of wt-hTRPA1 was recently made available and can
provide a platform for understanding channel function (Paulsen et al., 2015). I thus
examined the amino acid at position N855 and found that it is near the C-terminal
domain (Fig. S2.9b), suggesting that N855 could interact with the C-terminus. In order
to examine this possibility, I introduced an 855-corresponding mutation into the F-H
(Ct) chimera [F-H (Ct) + S880N].

The response of this mutant to repeated CA

application was almost the same as in the F-H (Ct) chimera (Figs. S2.8a and b).
Surprisingly, F-H (Ct) + S880N showed dose-dependent inhibition by HC (Fig. S2.8c),
similar to wt-hTRPA1, although the F-H (Ct) chimera showed only partial inhibition by
HC (Figs. 2.9a-c). As anticipated, this effect was specific for HC as A96 failed to
inhibit either the F-H (Ct) + S880N or F-H (Ct) chimeras (Fig. 2.9d). Similar dosedependent inhibition by HC in wt-hTRPA1 (Fig. S2.8c) and F-H (Ct) + S880N (Fig.
2.9c) suggested that the single amino acid residue located in the linker region between
TM4 and TM5 displays synergistic effects with the human C-terminus on a wt-fTRPA1
background.
The cryo-EM structure of wt-hTRPA1 suggests that N855 is located just above the
unique TRP-like domain (Fig. S2.9b). In order to confirm the importance of the TRPlike box, I searched for amino acid(s) near hTRPA1-N855 which might act
synergistically to cause HC-induced inhibition. Based on the available wt-hTRPA1
structure as well as MD simulation analysis I generated two new point mutants. Since
HC is a bigger molecule than A96, it is possible that HC could interact with nearby
residues.

K969 and E981 are two such residues in wt-hTRPA1 which differ in a

species-specific manner (Fig. S2.9a) and which are also located in the vicinity of N855.
Therefore, I next constructed single and double mutants in which the amino acids were
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changed to the residue(s) found in wt-fTRPA1. Both hTRPA1-K969R and hTRPA1E981S showed complete inhibition by 50 µM HC (Table S2.1 and Fig. S2.9c) whereas
double mutants hTRPA1-N855S-K969R and hTRPA1-N855S-E981S only showed
partial inhibition by HC (Fig. S2.9c) as observed in the hTRPA1-N855S mutant (Fig.
2.3b). These results indicate that N855 does not synergistically interact with either
K969 or E981 in wt-hTRPA1.

HC stably binds to N855 in wt-hTRPA1

Lastly, we performed an MD simulation to investigate whether HC binds to N855 in
human TRPA1 for 100 ns. Figure 10a shows the conformation of HC and N855 at 0 ns
and 100 ns. A hydrogen bond was not formed between the O atom of the amide bond in
HC and the H atom in N855 at 0 ns, but it was formed immediately after the MD
simulation began. This hydrogen bond was maintained during most of the simulation
time. The definition of the secondary structure of the protein (Kabsch and Sander,
1983) was used to determine if a hydrogen bond was formed or not. We calculated the
time series of the distance between the O atom of HC and the H atom of N855 as
shown in Figure 10b. This distance mostly fluctuated only about 0.2 nm, although the
distance occasionally became longer than 0.2 nm. The hydrogen bond was broken at
this time, but it was immediately formed again. This suggests that HC stably binds to
N855. In addition, the hydrophobic portion of HC, as shown in Figure 10c, was bound
in the hydrophobic pocket near N855. This likely stabilizes the binding between HC
and hTRPA1 (Movie 1).
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Since TRPA1, a polymodal non-selective cation channel is located on sensory nerve
endings and has a strong and established presence in pain and inflammation researches,
it is now becoming an intriguing clinical drug target. Many researchers, including my
group, have previously attempted to characterize the binding mechanism or site of
antagonistic action of potent mammalian TRPA1 antagonists. Although structurally
similar activity sites for A96 and AP-18 were identified (Xiao et al., 2008; Klement et
al., 2013; Nakatsuka et al., 2013; Banzawa et al., 2014; Paulsen et al., 2015), those for
HC remained unknown. It is well documented that the effects of TRPA1 antagonists
differ by species; therefore, I utilized species-specific differences to identify the sites of
the antagonistic action of HC. In this study, I performed sequence analysis of TRPA1
from five species (human, mouse, chicken, green anole, and frog) which show different
HC sensitivity. Because TRPA1 is a unique polymodal signal detector whose action
differs by species, it is important to add data from new species in order to understand its
distinct physiological functions. This is the first report showing the effects of A96 and
HC on wt-zTRPA1, and I also confirmed the lack of inhibition by either antagonist (Fig.
2.6). HC failed to show any inhibitory effects on CA activation of wt-fTRPA1 or wtzTRPA1b (Figs. 2.1 and 2.6) in a heterologous expression system with X. laevis
oocytes, whereas HC showed dose-dependent inhibition of wt-hTRPA1 activity.
Through chimeric and mutant studies between different species, I found that the
single N855 amino acid within the linker region of the TM4 and TM5 domain is an
important residue for wt-hTRPA1 inhibition by HC. The reduced HC sensitivity of
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mutants in which N855 of wt-hTRPA1 was replaced with serine or arginine
(corresponding to residues in frog or zebrafish TRPA1, respectively) and the increased
HC sensitivity in reverse mutants (fTRPA1-S880N and zTRPA1b-R860N) in which
corresponding amino acids were changed to asparagine, further supports the importance
of this amino acid in TRPA1 channel function (Figures 2.3, 2.5 and 2.7). Interestingly,
hTRPA1-N855R showed less sensitivity towards HC than hTRPA1-N855S, which
could be partly explained by the fact that arginine is positively charged and that more
stable inter-subunit salt bridges were observed in hTRPA1-N855R with amino acids at
position 854 and 868 compared to hTRPA1-N855S, as described by Zíma et al. (Zíma et
al., 2015).
Remarkably, the same N855 residue in wt-hTRPA1 was previously reported to be
mutated to serine in a missense mutation associated with autosomal-dominant heritable
familial episodic pain syndrome triggered by cold, fasting and fatigue, resulting in
human upper body pain (Kremeyer et al., 2010). Similar to that study, I did not find any
major difference in the EC50 value for the effects of CA between wt-hTRPA1 and the
hTRPA1-N855S mutant using heterologous expression systems with X. laevis oocytes
and HEK293T cells. As reported, the hTRPA1 mutant (N855S) associated with familial
episodic pain syndrome was a gain-of-function mutation (Kremeyer et al., 2010). What
is the apparent correlation between the mutated amino acid found in the human disease
and the amino acid changes observed in wt-fTRPA1 and wt-zTRPA1b, both of which
show insensitivity to HC?

One possibility is that unknown endogenous TRPA1

inhibitors might act on the amino acid and its mutation could lead to increased channel
activity. Another possibility is that functional changes observed in the hTRPA1-N855S
mutant may originate, at least in part, from changes in inter-subunit interactions
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between hTRPA1-E854 and hTRPA1-K868 in the proximity of hTRPA1-N855 and
hTRPA1-E854, as proposed by Zíma et al. (Zíma et al., 2015). Regardless of the
relationship, these mutations or changes in amino acids provide clues to what may have
enabled the evolutionary change in nociception during the course of evolution while
retaining chemical sensitivity in spite of the high degree of sequence differences across
species.
The recently published high-resolution 3D structure of wt-hTRPA1 (Paulsen et al.,
2015) showed an A96 binding site based on the unique density within a pocket formed
by the TM5 and TM6 domain and the first pore helix. This helix is surrounded by
previously predicted sites but failed to show antagonistic HC activity. There are two
possibilities for the HC-induced inhibition: one is that HC interferes with the gating
mechanism by binding to hTRPA1-N855; alternatively, hTRPA1-N855 may be
indirectly involved in the inhibition by modulating the effects of HC. The single amino
acid residue (hTRPA1-N855) located in the linker region between TM4 and TM5
exhibited partial but significant involvement in the effects of HC; however, the mutation
of this amino acid together with the C-terminal replacement in wt-fTRPA1 caused
almost complete inhibition by HC, similar to that observed for wt-hTRPA1 (Fig. 2.9).
The 3D structure of wt-hTRPA1 suggests that hTRPA1-N855 is located just above the
TRP-like domain (in the C-terminus, Fig. 2.8a), thus there exists the possibility that HC
interacts with the TRP-like domain which serves as a nexus for allosteric gating near the
putative reactive-electrophile sensor (Brewster and Gaudet, 2015). Moreover, HC is a
structurally bigger molecule than A96, thus interactions with other nearby residues is
plausible and consistent with the synergistic effects observed in this point mutation
together with the C-terminus replacement in wt-fTRPA1. Our MD simulation results
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showed that HC forms a hydrogen-bond with hTRPA1-N855, and the hydrophobic part
of HC is surrounded by a hydrophobic pocket near hTRPA1-N855 (Figure 2.10), which
could suppress domain motion by preventing channel opening. One possible inhibition
mechanism is that the binding position of HC is located in the hinge between the
domains (for example TM4 and TM5) and this hinge required for domain motion could
be restricted by HC binding. In addition, HC could contact the TRP-like domain or
nearby residues either directly or indirectly by binding to the remaining distal part of the
C-terminus to inhibit channel activity. Alternatively, structural differences in the Ctermini between wt-fTRPA1 and wt-hTRPA1 could indirectly modify the structure of
the HC binding pocket.
In the last decade, several TRPA1 antagonists have been developed and entered preclinical trials; however, these drugs still need extensive pre-clinical exploratory trials
(Andrade et al., 2012). For instance, A96 was reported to reduce pain-related behaviors
in a model of osteoarthritis in rats (Chen et al., 2011); HC administration reduced cold
hyperalgesia in rats (Petrus et al., 2007); and HC and the TRPV1 antagonist AMG 9810
could synergistically reduce pain-related behaviors in a pancreatitis model (Schwartz et
al., 2011). However, these selective TRPA1 antagonists were developed using mouse
pain models and no information on the structural basis of their antagonism was
available. In the present study I have explored the structural basis for HC-induced
inhibition and identified hTRPA1-N855 in the linker region between the TM4 and TM5
domains of wt-hTRPA1 as an amino acid responsible for determining the sensitivity to
HC. Substitution of this single amino acid affected the sensitivity to HC in wt-hTRPA1,
wt-fTRPA1 and wt-zTRPA1b.

Hence, future studies to confront the challenges

emerging from species-specific HC activity should be extensively undertaken. This
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could also answer the persistent question of how TRPA1 antagonists directly affect
channel affinity to the drug, or change the structure by interrupting the entry pathway of
the compounds.
Lastly, this study will provide a great opportunity for classifying the molecular
determinants of TRPA1 antagonism and assist in the development of new analgesics
and anti-inflammatory drugs targeting TRPA1.
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Figure 2.1. Species-specific differences in HC antagonism (a) Synergistic
relationship between HC and A96. Normalized current: ratio of the current amplitude in
the second CA stimulation to the first one with or without HC or A96. (b and c)
Representative traces showing that 50 µM HC inhibited CA-evoked currents in wthTRPA1 (b), but not in wt-fTRPA1 (c). (d and e) Differences in the inhibitory effects
of HC (10, 25 and 50 μM) on CA-induced currents in X. laevis oocytes expressing wthTRPA1 (d) or wt-fTRPA1 (e). Normalized current: ratio of the current amplitude in
the second CA stimulation to the first one with or without HC. (**P<0.01), one-way
ANOVA post-hoc Tukey test. Data are shown as the mean ± S.E.M. (a) wt-hTRPA1
(CA, n=17; CA + 0.05 μM A96, n=6; CA + 1 μM HC, n=6; CA + 0.05 μM A96 + 1 μM
HC, n=6). (d) wt-hTRPA1 (CA, n=17; CA + 10 μM HC, n=20; CA + 25 μM HC, n=18;
CA + 50 μM HC, n=17). (e) wt-fTRPA1 (CA, n=12; CA + 10 μM HC, n=7; CA + 25
μM HC, n=13; CA + 50 μM HC, n=14).
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Figure 2.2. Effect of HC on various fTRPA1 and hTRPA1 chimeric TRPA1
channels: (a) Schematic representation of wt-hTRPA1 and wt-fTRPA1 chimeras. wthTRPA1 and wt-fTRPA1 are depicted in grey and white, respectively. The regions of
wt-hTRPA1 included in the chimeras are indicated by brackets. (b-f) The effects of HC
at different concentrations on CA-evoked currents. Normalized current: ratio of the
current amplitude in the second CA stimulation to that of the first with or without HC.
(**P<0.01), one-way ANOVA post-hoc Tukey test. Data are shown as the mean ±
S.E.M. (b) F-H (T1-Ct) (0.3 mM CA, n=11; CA + 10 μM HC, n=9; CA + 25 μM HC,
n=9; CA + 50 μM HC, n=10), (c) F-H (T1-T6)-F (0.5 mM CA, n=16; CA + 10 μM HC,
n=6; CA + 25 μM HC, n=12; CA + 50 μM HC, n=11), (d) F-H (T3-Ct) (0.5 mM CA,
n=15; CA + 10 μM HC, n=5; CA + 25 μM HC, n=10; CA + 50 μM HC, n=8), (e) F-H
(T5-Ct) (0.2 mM CA, n=7; CA + 10 μM HC, n=5; CA + 25 μM HC, n=7; CA + 50 μM
HC, n=8), (f) F-H (Ct) (0.1 mM CA, n=12; CA + 10 μM HC, n=5; CA + 25 μM HC,
n=5; CA + 50 μM HC, n=13).
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Figure 2.3. Search for the amino acid responsible for the inhibitory effect of HC on
hTRPA1: (a) Amino acid alignment of the regions delineated by the chimeric analyses
shown in Figure 2.2. Amino acids were evaluated using the following formula: (Human
TRPA1 ≈ Mouse TRPA1 ≈ Green anole TRPA1 ≈ Chicken TRPA1) ≠ (Frog TRPA1).
Candidate amino acids are highlighted in black. The arrow indicates the amino acid
involved in the inhibitory effect of HC. (b and c) Differences in the inhibitory effects of
varying concentrations of HC (b) and A96 (c) on CA-evoked currents in wt-hTRPA1 or
hTRPA1-N855S. Normalized current: ratio of the current amplitude in the second CA
stimulation to that of the first with or without HC. Each bar represents the mean ±
S.E.M. (**P<0.01), one-way ANOVA post-hoc Tukey test or t-test. (b) wt-hTRPA1
and hTRPA1-N855S (0.3 mM CA, n=5, 5; CA + 0.1 μM HC, n=6, 6; CA + 1 μM HC,
n=7, 6; CA + 3 μM HC, n=6, 6; CA + 10 μM HC, n=6, 6; CA + 25 μM HC, n=6, 7; CA
+ 50 μM HC, n=5, 7). (c) wt-hTRPA1 and hTRPA1-N855S (0.3 mM CA, n=11, 11;
CA + 0.1 μM A96, n=4, 5; CA + 1 μM A96, n=4, 5).
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Figure 2.4. The effect of HC on HEK293T cells expressing the hTRPA1-N855S
mutant: (a and b) The effects of HC (20 μM) on CA (0.1 mM)-evoked increases in
[Ca2+]i in HEK293 cells expressing hTRPA1-N855S. Each bar represents the mean ±
S.E.M. (*P<0.05), t-test. (c) Comparison of the normalized ratio to the ionomycin
responses between wt-hTRPA1 (n=5 with and 5 without HC) and hTRPA1-N855S (n=7
with and 7 without HC).
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Figure 2.5. Inhibitory effects of HC on fTRPA1 mutants: (a and b) Representative
traces of CA (0.5 mM)-evoked currents in X. laevis oocytes expressing fTRPA1-S880N
without (a) or with (b) HC (50 µM). (c and d) Effects of varying concentrations of HC
(c) or A96 (d) on CA-evoked currents in wt-fTRPA1 and fTRPA1-S880N. Normalized
current: ratio of the current amplitude in the second CA stimulation to that of the first
with or without HC. Each bar represents the mean ± S.E.M. (**P<0.01), t-test. (c) (CA,
n=12, 11; CA + 25 μM HC, n=5, 6; CA + 50 μM HC n=7,9). (d) (n=12,11; CA + 0.1
μM A96 n=6,5; CA + 1 μM A96 n=5,7).
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Figure 2.6. Effects of TRPA1 antagonists on wt-zTRPA1b: (a) Comparison of N855
in wt-hTRPA1 (indicated by an asterisk) with that in TRPA1 from mouse, chicken,
green anole, western clawed (WC) frog, and zebrafish. (b and c) Representative traces
of CA-evoked currents in wt-zTRPA1b in the presence of 50 µM HC (b) or 1 µM A96
(c). (d and e) Effects of varying concentrations of HC (d) or A96 (e) on CA (1 mM)evoked wt-zTRPA1b currents. Normalized current: ratio of the current amplitude in the
second CA stimulation to that of the first with or without HC. Each bar represents the
mean ± S.E.M. (**P<0.01), one-way ANOVA post-hoc Tukey test. (d) (CA, n=18; CA
+ 10 μM HC, n=11; CA + 25 μM HC, n=11; CA + 50 μM HC, n=13), (e) (CA, n=18;
CA + 0.1 μM A96, n=10; CA + 1 μM A96, n=10).
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Figure 2.7. Changes in the inhibitory effects of HC by a single point mutation in
wt-hTRPA1 and wt-zTRPA1b: (a-d) Effects of different concentrations of HC (a and
c) or A96 (b and d) on CA-evoked currents in wt-hTRPA1 and hTRPA1-N855R (a and
b) or on CA-evoked currents in wt-zTRPA1b and zTRPA1b-R860N (c and d).
Normalized current: ratio of the current amplitude in the second CA stimulation to that
of the first with or without HC. Each bar represents the mean ± S.E.M. (**P<0.01), ttest. (a) wt-hTRPA1 and hTRPA1-N855R (0.3 mM CA, n=9, 9; CA + 25 μM HC, n=8,
8; CA + 25 μM HC, n=7, 8; CA + 50 μM HC, n=7, 8), (b) wt-hTRPA1 and hTRPA1N855R (0.3 mM CA, n=9, 9; CA + 0.1 μM A96, n=4, 5; CA + 1 μM A96, n=4, 4), (c)
wt-zTRPA1b and zTRPA1b-R860N (1 mM CA, n=5, 6; CA + 10 μM HC, n=5, 6; CA +
25 μM HC, n=5, 6; CA + 50 μM HC, n=5, 6), (d) wt-zTRPA1b and zTRPA1b-R860N
(1 mM CA, n=5, 6; CA + 0.1 μM A96, n=4, 4; CA + 1 μM A96, n=4, 4).
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Figure 2.8. The effect of HC on C-terminal point mutations in wt-hTRPA1: (a)
Amino acid alignment of the C-terminal regions of TRPA1 from different species.
Amino acids were evaluated using the following formula: (Human TRPA1 ≈ Mouse
TRPA1 ≈ Green anole TRPA1 ≈ Chicken TRPA1) ≠ (Frog TRPA1). Candidate amino
acids are highlighted in black. (b) Effects of 50 µM HC on CA-evoked currents. The
average normalized current for CA with 50 µM HC was divided by the average
normalized current for CA alone. For each mutant, n=3-5. For the F1087C-F1091C
mutant, no currents were observed even at the high CA concentration of 1 mM (ND =
not determined).
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Figure 2.9: Synergistic interaction between N855 and the C-terminus of TRPA1 on
the inhibitory effect of HC: (a and b) Effects of 50 µM HC on CA-evoked currents in
the F-H (Ct) + S880N (a) or F-H (Ct) chimeras (b), respectively. (c and d) Effects of
varying concentrations of HC (c) or A96 (d) on CA-evoked currents in the F-H (Ct) +
S880N or F-H (Ct) chimeras. Normalized current: ratio of the current amplitude in the
second CA stimulation to that of the first with or without HC. Each bar represents the
mean ± S.E.M. (**P<0.01), t-test. (c) F-H (Ct) + fTRPA1-S880N and F-H (Ct) (CA,
n=8, 8; CA + 10 μM HC, n=9, 8; CA + 25 μM HC, n=9, 9; CA + 50 μM HC, n=9, 9),
(d) F-H (Ct) + fTRPA1-S880N and F-H (Ct) (CA, n=8, 8; CA + 1 μM A96, n=3, 3).
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Figure 2.10. Molecular dynamics simulations confirming the stable bond between
HC and N855: (a) Snapshots of the MD simulation at 0 ns (left) and 40 ns (right). The
HC molecule and amino acid residue N855 are shown by stick representations. These
snapshots were rendered using the Rasmol graphic software (Sayle and Milner-White,
1995). (b) Time series of the distance between the O atom of HC and the Nδ atom of
N855 in the MD simulation. (c) The hydrophobic (green) and hydrophilic (purple)
regions of the HC molecule are highlighted.
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Figure S2.1. (a) Species-specific antagonistic effects of A-967079, AP-18 and HC030031 on TRPA1 from different species and (b) structural differences among the
antagonists. *One report showed that A96 activates frog and chicken TRPA1 at higher
concentrations (Banzawa et al., 2014).
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Figure S2.2. Dose-dependent CA responses of wt-fTRPA1 and wt-hTRPA1 chimeric
channels. (a) F-H (T1-Ct), (b) F-H (T1-T6), (c) F-H (T3-Ct), (d) F-H (T5-Ct), and (e)
F-H (Ct) showing sensitivity to CA at different concentrations.
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Figure S2.3. Representative traces showing the inhibitory effect of 50 µM HC on CAevoked currents in (a) F-H (T1-Ct), (b) F-H (T1-T6)-F, (c) F-H (T3-Ct), (d) F-H (T5Ct), and (e) F-H (Ct).
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Figure S2.4. (a) A representative trace of hTRPA1-N855S currents in response to
repeated CA application. (b-d) Representative traces of CA-evoked currents in the
presence of 50 µM HC (b) or A96 (c and d) in hTRPA1-N855S (b and c) or wt-hTRPA1
(d).
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Figure S2.5. (a and b) CA stimulation increased [Ca2+]i in a dose-dependent manner in
HEK293T cells expressing either wt-hTRPA1 (a) or hTRPA1-N855S (b). (c and d)
Representative averaged traces for CA (0.1 mM)-evoked increases in [Ca2+]i in
HEK293T cells expressing wt-hTRPA1 or hTRPA1-N855S. Normalized current: ratio
of the current amplitude in the second CA stimulation to that of the first with or without
HC. Each bar represents the mean ± S.E.M. DMSO was used as the solvent for HC and
CA in Figs. 2.4a and b (c) Comparison of the normalized ratio between wt-hTRPA1
(n=5) and hTRPA1-N855S (n=7) from (c) and (b).
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Figure S2.6. (a and b) wt-zTRPA1a and wt-zTRPA1b exhibited different sensitivities
to CA. (c and d) Representative traces of CA-evoked currents in X. laevis oocytes
expressing wt-zTRPA1a or wt-zTRPA1b.
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Figure S2.7. (a and b) Representative traces of CA-evoked currents in X. laevis oocytes
expressing hTRPA1-N855R (a) or zTRPA1b-R860N (b). (c-f) Effects of 50 µM HC (c
and d) or 1 µM A96 (e and f) on CA-evoked currents in hTRPA1-N855R (c and e) or
zTRPA1b-R860N (d and f).
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Figure S2.8. (a and b) Representative traces of CA (0.1 mM)-evoked currents in X.
laevis oocytes expressing the F-H (Ct) chimera with the S880N mutation [F-H (Ct) +
S880N] (a) or the F-H (Ct) chimera alone (b). (c) Dose-dependent HC inhibition of 0.1
mM CA-evoked currents in wt-hTRPA1.

Normalized current: ratio of the current

amplitude in the second CA stimulation to that of the first with or without HC. Each bar
represents the mean ± S.E.M. (**P<0.01), one-way ANOVA post-hoc Tukey test. wthTRPA1 (0.1 µM CA, n=4; CA + 10 μM HC, n=4; CA + 25 μM HC, n=4; CA + 50 μM
HC, n=4).
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Figure S2.9. (a) Amino acid alignment around the TRP-like domain in the C-terminal
region of TRPA1 from different species. Candidate amino acids are highlighted in
black. (b) Ribbon diagram depicting a monomeric view of the TRPA1 subunit and the
HC antagonistic site reported in this study, candidate amino acids are marked by purple
spheres. (c) Effects of 50 µM HC on CA-evoked currents in hTRPA1-E981S, hTRPA1N855S-E981S and hTRPA1-N855S-K969R. Each bar represents the mean ± S.E.M.
(**P<0.01), one-way ANOVA post-hoc Tukey test or t-test. (c) hTRPA1- E981S (0.3
mM CA, n=5; CA + 50 μM HC, n=6), hTRPA1-N855S-E981S (0.3 mM CA, n=5; CA +
50 μM HC, n=6), and hTRPA1-N855S-K969R (0.3 mM CA, n=5; CA + 50 μM HC,
n=6).
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Table S2.1: Effect of 50 µM HC on different WT and hTRPA1 mutants

WT & Mutants

(CA+50 µM HC)/(CA)

wt-fTRPA1

1.12

N855S

0.26

V876L

0.13

L848I

0.1

E924K

0.06

L931I

0.05

L902F-S903A

0.03

M844V

0.03

L935F

0.02

K969R

0.02

H970N

0.01

R919E

0.01

wt-hTRPA1

0.01

L890F-N892Y

0.01

T908S

0

S900R

0

N929D

0

Q940H

0

Q1000K

0

E1097D

0

L1045W-Y1049N

0

L1107A

0

The effects of repeated application of CA alone or with 50 µM HC on different
hTRPA1 mutants are summarized. Currents from CA + 50 µM HC (average
normalized currents for CA with HC) were divided by the average normalized current
for CA alone. For all mutants, n=3-7.
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Table 1:
Sequences of primers used for construction of fTRPA1 and zTRPA1b mutants.

Primers

Sequence

Frog-TRPA1 S880N-F

CTC CAA AGG TTT GAA AAT TAT GG

Frog-TRPA1 S880N-R

CCA TAA TTT TCA AAC CTT TGG AG

Zebrafish-TRPA1b

TTT GAG AAT ATT GGG ATT TAC GTG GTG

R860N-F
Zebrafish-TRPA1b

CCC AAT ATT CTC AAA TCT CTG AAA GTA

R860N-R
hTRPA1-S873I-F

TTGAGGATTACAGTTGTATTTATCTTC

hTRPA1-S873I-R

AACTGTAATCCTCAACAAAGTTTTCAA

hTRPA1-S873I/T874V-F

GAGGATTGTAGTTGTATTTATCTTCCTT

hTRPA1-S873I/T874V-R

ACAACTACAATCCTCAACAAAGTTTTCAA
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Table 2:
Sequences of primers used for construction of hTRPA1 mutants

Primers

Sequence

M844V-F

GCT GTT TAC TTC TAT TGG GTT AAT TTC TTA TTG

M844V-R

CAA TAA GAA ATT AAC CCA ATA GAA GTA AAC AGC

L848I-F

CTT CTA TTG GAT GAA TTT CTT AAT TTA TCT TCA
AAG

L848I-R

CTT TGA AGA TAA ATT AAG AAA TTC ATC CAA TAG
AAG

N855S-F

GTA TCT TCA AAG ATT TGA AAG TTG TG

N855S-R

CAC AAC TTT CAA ATC TTT GAA GAT AC

V876L-F

GTT GAG GTC TAC AGT TCT GTT TAT CTT CCT TC

V876L-R

GAA GGA AGA TAA ACA GAA CTG TAG ACC TCA AC

L890F-N892Y-F

CTC AGC TTT TAC ATC TTT CTG TAT TTA CAG GAT
CCC TTC

L890F-N892Y-R

GAA GGG ATC CTG TAA ATA CAG AAA GAT GTA AAA
GCT GAG

S900R-F

CAG GAT CCC TTC AGC AGG CCA TTG C

S900R-R

GCA ATG GCC TGC TGA AGG GAT CCT G

L902F-S903A-F

GCT CTC CAT TGT TTG CCA TAA TCC AGA CCT TCA
GC

L902F-S903A-R

GCT GAA GGT CTG GAT TAT GGC AAA CAA TGG AGA
GC

T908S-F

GCT TTC TAT AAT CCA GTC ATT CAG CAT G

T908S-R

CAT GCT GAA TGA CTG GAT TAT AGA AAG C

R919E-F

GGA GAT ATC AAT TAT GAA GAG TCC TTC CTA GAA
CC
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R919E-R

GGT TCT AGG AAG GAC TCT TCA TAA TTG ATA TCT
CC

E924K-F

CGA GAG TCC TTC CTA AAA CCA TAT CTG AGA AAT G

E924K-R

CAT TTC TCA GAT ATG GTT TTA GGA AGG ACT CTC G

N929D-F

CCA TAT CTG AGA GAC GAA TTG GCA C

N929D-R

GTG CCA ATT CGT CTC TCA GAT ATG G

L931I-F

CTG AGA AAT GAA ATA GCA CAT CCA GTT C

L931I-R

GAA CTG GAT GTG CTA TTT CAT TTC TCA G

L935F-F

GGC ACA TCC AGT TTT TTC CTT TGC ACA AC

L935F-R

GTT GTG CAA AGG AAA AAACTG GAT GTG CC

Q940H-F

CTG TCC TTT GCA CAC CTT GTT TCC TTC

Q940H-R

GAA GGA AAC AAG GTG TGC AAA GGA CAG

K969R-F

GAC ATT GCT GAG GTC CAG GCA CAT GCA TCA TTG

K969R-R

CAA TGA TGC ATG TGC CTG GAC CTC AGC AAT GTC

H970N-F

GCT GAG GTC CAG AAA AAT GCA TCA TTG AAG

H970N-R

CTT CAA TGA TGC ATT TTT CTG GAC CTC AGC

Q1000K-F

CGC AAA GTG GAT AAG AAA TCC ACC

Q1000K-R

GGT GGA TTT CTT ATC CAC TTT GCG

L1040M-F

GCT GAT AAA TCT ATG GAA ATG G

L1040M-R

CCA TTT CCA TAG ATT TAT CAG C

L1045W-Y1049N-F

GAA ATG GAA ATA TGG AAG CAG AAA AAC CGG CTG
AAG G

L1045W-Y1049N-R

CCT TCA GCC GGT TTT TCT GCT TCC ATA TTT CCA
TTT C

L1057M-E1059Q-F

GGA TCT TAC TTT TAT GCT GCA GAA ACA GCA TGA
GC

Page 90

Tables

L1057M-E1059Q-R

GCT CAT GCT GTT TCT GCA GCATAA AAG TAA GAT
CC

F1087C-F1091M-F

GCC ATT GTT CTT GTC AAG ACA GGA TGA AGA AAG
AGC

F1087C-F1091M-R

GCT CTT TCT TCA TCC TGT CTT GAC AAG AAC AAT
GGC

E1097D-F

GAG CAG ATG GAT CAA AGG AAT AGC

E1097D-R

GCT ATT CCT TTG ATC CAT CTG CTC

L1107A-F

GGA ATA CTG TGG GGA GAG CAG TCA AGG C

L1107A-R

GCC TTG ACT GCT CTC CCC ACA GTA TTC C
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Table 3:
Sequences of primers used for construction of chimeras between hTRPA1 and fTRPA1.

Primers

Sequence

frog TRPA1-F-KpnI

TCA TAA GGT ACC ATG AGG AGG TCG ATC AGA AG

F-H (T1-Ct)-R

F-H (T1-Ct)- F

ATG AGC TCT AAA TCC ATA GGC CAT CCA TTT CAT
AAG C
GAA ATG GAT GGC CTA TGG ATT TAG AGC TCA TAT
GAT GAA T

human TRPA1-R-

TCA TAA GCG GCC GCCTAA GGC TCA AGA TGG TGT

NotI

G

F-H-(T1-T6)-F-Fwd

TTG TAT CTC CAA AGG TTT GAA AGT TAT G

frog TRPA1-NotI-

TAG ACT CGA GCG GCC GCCTAA ACG TTC TTA CAG

pOX-R

GAT TTT ACA G

F-H (T3-Ct)-F*

AGA GGC GGG GCA AAT TTT CCA ACA G

F-H (T3-Ct)-R*

F-H (T5-Ct)-F*

ATT TGC CCC GCC TCT TTT ACA ATT CCA AAT AGA
CTC
GTT TGC ATC TTG GAT GAA TTT CTT ATT GTA TCT
TCA AAG

F-H (T5-Ct)-R*

ATC CAA GAT GCA AAC ACA GCA A

F-H (Ct)-F*

GAA AAG GAT AGC TAT GCA GGT GGA ACT TC

F-H (Ct)-R*

ATA GCT ATC CTT TTC AAG CAT GCA TTT CG

*chimeras constructed using the In-fusion cloning kit by Clontech.
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