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Identification of Transmembrane Domain 5 as a Critical
Molecular Determinant of Menthol Sensitivity in
Mammalian TRPA1 Channels
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'Department of Cell Biology, The Scripps Research Institute, La Jolla, California 92037, and 2Genomics Institute of the Novartis Research Foundation, San
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TRPA1 is a member of the transient receptor potential (TRP) family of ion channels and is expressed in a subset of nociceptive neurons.
An increasing body of evidence suggests that TRPA1 functions as a chemical nocisensor for a variety of reactive chemicals, such as
pungent natural compounds and environmental irritants. Activation of TRPA1 by reactive compounds has been demonstrated to be
mediated through covalent modification of cytoplasmic cysteines located in the N terminus of the channel, rather than classical lock-
and-key binding. TRPAI activity is also modulated by numerous nonreactive chemicals, but the underlying mechanism is unknown.
Menthol, a natural nonreactive cooling compound, is best known as an activator of TRPMS, a related TRP jon channel required for cool
thermosensation in vivo. More recently, menthol has been shown to be an activator of mouse TRPA1 atlow concentrations, and a blocker,
athigh concentrations. Here, we show that human TRPA1 is only activated by menthol, whereas TRPA1 from nonmammalian species are
insensitive to menthol. Mouse-human TRPAI chimeras reveal the pore region [including transmembrane domain 5 (TM5) and TM6] as
the critical domain determining whether menthol can act as an inhibitor. Furthermore, chimeras between Drosophila melanogaster and
mammalian TRPA1 highlight specific residues within TM5 critical for menthol responsiveness. Interestingly, this TM5 region also
determines the sensitivity of TRPAI to other chemical modulators. These data suggest separable structural requirements for modulation
of TRPA1 by covalent and nonreactive molecules. Whether this region is involved in binding or gating of TRPA1 channels is discussed.
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Introduction

TRPAL1 is a member of the transient receptor potential (TRP)
family of nonselective cation channels, many of which are in-
volved in sensing diverse chemical and physical stimuli
(Clapham, 2003; Voets et al., 2005; Dhaka et al., 2006). In mam-
mals, TRPAL1 is expressed in nociceptors and functions as an
important component of the pain transduction machinery (Story
et al., 2003; Jordt et al., 2004). TRPA1 is activated by pungent
compounds (Bandell et al., 2004; Jordt et al., 2004; Macpherson et
al., 2005; Kwan et al., 2006), noxious cold (Story et al., 2003;
Sawada etal., 2007), hyperosmotic stress (Zhang et al., 2008), and
intracellular Ca®™ (Doerner et al., 2007; Zurborg et al., 2007).
Although the role of TRPAL1 in sensing noxious cold and somatic
mechanosensation in vivo remains unsettled (Obata et al., 2005;
Bautista et al., 2006; Kwan et al., 2006; Petrus et al., 2007), a role
for TRPALI is established as a chemical nocisensor for a wide
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variety of reactive compounds, including pungent natural sub-
stances such as mustard oil (MO), cinnamaldehyde, and allicin,
environmental irritants such as acrolein, endogenous lipid prod-
ucts such as 4-hydroxynonenal, and formalin (Bautista et al.,
2006; Kwan et al., 2006; Macpherson et al., 2007b; McNamara et
al., 2007; Trevisani et al., 2007; Andersson et al., 2008). In addi-
tion to these reactive chemicals, numerous nonreactive organic
chemicals have also been shown to activate TRPA1, such as icilin
(Story et al., 2003), trinitrophenol (Hill and Schaefer, 2007), far-
nesyl thiosalicylic acid (FTS) (Maher et al., 2008), and clotrim-
azole (Meseguer et al., 2008).

To function as a broad polymodal nocisensor, it is conceivable
that TRPA1 has used multiple mechanisms for sensing chemi-
cally diverse compounds signaling a broad repertoire of chemi-
cals. Recently, two independent research groups have demon-
strated that reactive compounds activate TRPA1 by covalently
modifying cysteine residues located in the N terminus of the
channel, rather than a classical lock-and-key binding mechanism
(Hinman et al., 2006; Macpherson et al., 2007a). Mutating spe-
cific cytoplasmic cysteine residues markedly impaired the sensi-
tivity of TRPALI to those reactive compounds. In contrast, the
mechanism underlying the modification of TRPA1 by nonreac-
tive organic chemicals is unknown.

Menthol, a nonreactive compound derived from mint, is
known to elicit a cool sensation. It is generally believed that men-
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thol sensation by mammalian sensory neurons is mediated by
TRPMS8 (McKemy et al., 2002; Peier et al., 2002), another mem-
ber of cold-activated TRP channels required for cool thermosen-
sation in vivo (Bautista et al., 2007; Colburn et al., 2007; Dhaka et
al., 2007). However, many of these sensory chemicals have been
shown to be promiscuous, affecting more than one thermoTRP.
For example, we originally reported the inhibition of mouse
TRPA1 (mTRPA1) activity by high concentrations of menthol
(Macpherson et al., 2006). Interestingly, Karashima et al. (2007)
have since shown that menthol has a bimodal action on
mTRPAL. They confirmed the inhibitory action of menthol at
high concentrations and importantly found that low concentra-
tions resulted in channel activation. Here, we explore the molec-
ular determinants of TRPA1 sensitivity to menthol.

Materials and Methods

Molecular cloning and mutagenesis. mTRPA1 full-length ¢cDNA was
cloned in the pcDNA5/FRT vector and in the IRES-yellow fluorescence
protein (YFP) expression vector. human TRPA1 (hTRPA1) and Dro-
sophila melanogaster TRPA1 (dTRPA1) full-length cDNA were cloned in
pcDNAS/FRT vector, whereas TRPA1 from Takifugu (Fugu-TRPAI)
and Anopheles gambiae (mosquito-TRPA1) were cloned in pcDNA3.1
vector. All chimeras were constructed using Stratagene QuickChange XL
site-directed mutagenesis kit according to the manufacturer’s instruc-
tions. Constructs were sequenced to confirm mutations and absence of
errors. Amino acid compositions of important chimeric constructs are
listed in supplemental Table 1. Other chimeras are depicted in supple-
mental Figure 1 (available at www.jneurosci.org as supplemental
material).

Transient expression. Mammalian cell lines were transfected with
mTRPA1-IRES-YFP or cotransfected with hTRPA1 or chimeras together
with the YFP-expressing vector construct using FuGene 6 transfection
reagent (Roche Diagnostics) according to the manufacturer’s instruc-
tions. Chinese hamster ovary (CHO) and human embryonic kidney
293T (HEK293T) cells were used for ratiometric calcium imaging and
electrophysiological experiments, respectively. The choice of CHO cells
for calcium imaging and HEK293T cells for electrophysiological experi-
ments was based solely on the relative ease of single cell calcium imaging
and patch-clamp recording from these cells, respectively. The conclu-
sions drawn from data obtained from these cell lines using different
experimental techniques were similar. For fluorometric imaging plate
reader (FLIPR) studies, channel constructs were transfected in the ab-
sence of YFP.

Ratiometric Ca®* imaging and FLIPR. Ratiometric Ca®" imaging and
FLIPR experiments were performed essentially as previously described
(Macpherson et al., 2006). All calcium imaging graphs are averaged ratios
of 20—80 individual cells. FLIPR experiments were used for ECy, and
IC5, determinations. For the determination of menthol ICs, 100 um MO
was coapplied with a range of menthol concentrations to the cells. For
determination ICy, values for (Z)-4-(4-chlorophynyl)-3-methylbut-3-
en-2-oxime (AP18) and 4-methoxy-N-(2,2,2-trichloro-1-((4-chloro-
phenyl)sulfanyl)ethyl)benzamide (AMG5445), cells were exposed to a
range of concentrations of either AP18 or AMG5445 for 3 min before the
application of 30 um MO. Each point shown in the ECs, and ICs, curves
is the average response of three or four wells and normalized to the
response evoked by 100 um MO.

Electrophysiology. Whole-cell patch-clamp recordings were performed
as described previously by Bandell et al. (2006) and Macpherson et al.
(2007a) with the following modifications. Transfected HEK293T cells
used for electrophysiological studies were usually cultured in the pres-
ence of 10 uMm ruthenium red and maintained for 12-18 h at 37°C fol-
lowed by further incubation at 33°C for 1-3 d in 5% CO, before testing.
Control coverslips were treated similarly. In most experiments studying
menthol block of TRPA1 activation, a Ca?" containing extracellular
saline (ES) was used (2 mm Ca>* ES), which contained (in mm) 136
NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, and 10 HEPES, pH 7.4 with NaOH. In
experiments studying the activation of TRPALI, the pipette solution [0
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mM Ca’" intracellular saline (IS)] contained (in mm) 124.5 CsCl, 5

EGTA, and 10 HEPES, pH 7.3 with CsOH. In some experiments, the
pipette contained 100 num free Ca?* buffered by BAPTA (1 mm) (in mm):
130 methanesulfonate, 1 MgCl,, 0.483 CaCl,, 1 BAPTA-K salt, and 10
hemi-Na-HEPES, pH 7.3 with CsOH.

TRPALI activity was usually monitored using repetitive voltage ramps
(at 5 s intervals) in the whole-cell configuration. Cells were held at —50
mV, stepped to —120 mV briefly before a 2.8 mV/ms ramp to +120 mV
and then held at +120 mV for 9 ms before returning to the holding
potential. Using this protocol, small voltage-activated TRPA1-
dependent currents are observed above approximately +80 mV (see Fig.
2 A-C, left, black traces) consistent with the reported voltage dependence
of TRPA1. To quantify the effects of TRPA1 modulators on TRPAI ac-
tivity, averaged inward currents at —120 mV and averaged (over the first
~5 ms) outward currents at +120 mV were measured (see Fig. 24, C,
middle). For statistical analysis, the currents were normalized to cell
capacitance. In all voltage-ramp protocols a short step to —75 mV was
performed at the beginning of each sweep to monitor membrane resis-
tance and assess the stability of the access resistance (see Fig. 2 B, left).
Cells were continuously perfused with external saline and maintained at
25-27°C unless indicated. The time of compound arrival and initiation
of washout was marked by the arrival of a small bubble between solu-
tions. Cells in whole-cell configuration were challenged with a voltage
step protocol to investigate the current—voltage relationship for TRPA1
activation by voltage. The series resistance compensation was 50%. Tail
currents were measured at —120 mV (supplemental Fig. 4 B, inset, avail-
able at www.jneurosci.org as supplemental material). Noisy TRPA1 ac-
tivity was observed on top of a smooth outward current with a bell shaped
voltage dependence (data not shown). Before rupturing the patch to
achieve a whole-cell recording, voltage protocols were applied to the
cell-attached patch and voltage-dependent activation of TRPA1 channel
activity was monitored (supplemental Fig. 4A,G,I, available at www.
jneurosci.org as supplemental material).

Glutathione adduct formation. Compound reactivity was assayed as
described previously (Macpherson et al., 2007a). Briefly, equimolar con-
centrations of TRPA1 modulators and glutathione (Sigma) were mixed
in water and reacted at room temperature for 2 h. Samples were then
diluted in MeOH and subject to electrospray ionization mass spectrom-
etry analysis.

Modeling and molecule docking. The mouse TRPA1 homology model
was built using Prime 1.6 software from FirstDiscovery suite (Shelley et
al., 2007) and KcsA (1BL8.pdb) (Doyle et al., 1998) as a template. The
tetramer structure was embedded into a 70 X 70 A bilayer composed of
POPE (1-palmytoyl-2-olcoyl-sn-glycero-3-phosphatidylethanolamine)
lipid molecules and solvated in a TIP3P water box in the presence of 0.5
M NaCl. The complex was subject to molecular dynamics simulation
under periodic boundary conditions (90 X 90 X 100 A). The simulation
was initiated by minimizing the entire system in which protein backbone
atoms were restrained with harmonic force of 10 kcal/mol A 2. That was
followed by 150 ps of constant volume and subsequent 1 ns of constant-
pressure molecular dynamics (MD) run at 310 K. Bonds involving hy-
drogen atoms were constrained via the SHAKE algorithm. A 12 A cutoff
distance was used for all nonbonded interactions. The time step for in-
tegration was 1 fs, and the coordinates of all atoms were saved every 5 ps.
All simulations were performed using the NAMD software package
(Phillips et al., 2005) with a charm27 force field. All calculations were
performed on a cluster consisting of 256 2.4 MHz Opteron processors.
Each MD simulation was run in parallel distributed over 16 processors
and required on average 1 week to complete a 1 ns MD simulation run.

The optimized complex was used for docking calculations with Glide
2.6 (Shelley et al., 2007). The putative binding site of menthol and AP18
in the equilibrated complex was identified using SiteMap tool from First-
Discovery suite (Shelley et al., 2007).

Reagents. (—)-Menthol, thymol, MO (allylisothiocyanate), trinitro-
phenol, ruthenium red, and AMG5445 were purchased from Sigma-
Aldrich. FTS was purchased from Toronto Research Chemicals. AP18
was purchased from Maybridge or Biomol International. 2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-isopropyl-
phenyl)acetamide (HC030031) was purchased from Chembridge. For
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preparing stock solutions, trinitrophenol and ruthenium red were dis-
solved in H,O. (—)-Menthol and thymol were dissolved in ethanol. MO,
FTS, AMG5445, AP18, HC030031 were dissolved in DMSO. The chem-
ical structures of (—)-menthol, thymol, FTS, AP18, AMG5445, and
4-methyl-N-[2,2,2-trichloro-1-(4-nitro-phenylsulfanyl)-ethyl]-
benzamide (CMP1) (Chen et al., 2008) are depicted in supplemental
Figure 2 (available at www.jneurosci.org as supplemental material).

Data analysis. EC, and IC,, values were determined by fitting data
with a Hill Equation using IgorPro (Wavematrics). Data in all figures are
shown as mean = SEM. Statistical significance was evaluated using un-
paired Student’s ¢ test.

Results

mTRPA1 and hTRPAL1 respond differently to menthol

To determine the repertoire of functional effects of the cooling
compound menthol on wild-type mTRPA1 and hTRPAL, the
recombinant channels were expressed in CHO or HEK293T cells
by transient transfection and their responsiveness to menthol and
the TRPA1 agonist MO were assayed by ratiometric calcium im-
aging, FLIPR, and electrophysiology. All in vitro assay paradigms
revealed that menthol modulated TRPA1 in a species-specific
manner. In ratiometric calcium imaging, 250 um menthol in-
duced an increase in intracellular Ca®" in cells expressing
hTRPA1, but not in those expressing mTRPA1 (Fig. 1A). How-
ever, subsequent rapid washout of menthol led to an increase in
intracellular Ca*" in cells expressing mTRPA1 that was not ob-
served in cells expressing hTRPA1 (Fig. 1 A). This “off-response”
phenomenon of mTRPA1 has been described previously
(Karashima et al., 2007). As reported previously (Macpherson et
al., 2006), 250 um menthol blocked the response of mTRPAL1 to
MO (Fig. 1 B). In contrast, there was no effect of 250 um menthol
on the magnitude of the MO-induced increase in Ca®" in
hTRPA1-expressing cells (Fig. 1 B).

We next determined the menthol concentration—response of
hTRPA1 and mTRPA1 using the FLIPR. Menthol activated
hTRPA1 (Fig. 1C, Table 1). In addition, menthol did not block
the response of hTRPA1 to 100 um MO even at the highest con-
centration we tested (3 mm) (Fig. 1 D). These data indicate that
menthol acts as an agonist of hTRPA1 over a wide range of con-
centrations. In contrast, and similar to that reported by
Karashima et al. (2007), mTRPA1 displayed a bell-shaped con-
centration—response curve to menthol (Fig. 1C). Whereas a
concentration-dependent increase in intracellular Ca** levels in
mTRPA1-transfected cells revealed activation at concentrations
below100 uMm menthol, Ca?* levels declined in a concentration-
dependent manner >100 uM. The ability of menthol to inhibit
responses to 100 uM MO was also determined (Fig. 1D). A
concentration-dependent inhibition of the MO response at
mTRPA1 was observed, reminiscent of the dependence observed
during the declining phase of the bell-shaped agonist curve (IC,
= 734 *£ 11.5 um) (Fig. 1D). The maximum activation of
mTRPA1 by menthol was <50% of that induced by 100 um MO,
likely attributable to competing effects (Fig. 1D), so the efficacy
of menthol activation of mTRPA1 is an underestimation. These
data indicate that low concentrations of menthol activate
mTRPA1, and that high concentrations inhibit the channel.

The responses of mMTRPA1 and hTRPA1 to menthol were fur-
ther characterized by whole-cell patch-clamp recordings from
transiently transfected HEK293T cells. Consistent with the ago-
nistic effect of menthol on hTRPA1 observed in calcium imaging
and FLIPR, 250 uM menthol evoked robust currents in cells ex-
pressing h\TRPA1(Fig. 2A) (59.0 = 10.2 pA/pFat +120 mV; n =
11) but not control cells expressing YFP (0.2 = 0.6 pA/pF at +120
mV; n = 6; p < 0.0005). Voltage-ramp-induced currents in the
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Figure 1. Distinct responses of hTRPA1 and mTRPA1 to menthol as assayed by ratiometric

calcium imaging and FLIPR. A-D, The responsiveness of mTRPAT and hTRPA1 to menthol was
assayed by ratiometric calcium imaging (4, B) and FLIPR (C, D). A, Activation effect of menthol
on CHO cells expressing hTRPA1 (red trace) and mTRPAT (blue trace). Untransfected CHO cells
responded neither to menthol nor to MO (green trace). Menthol (250 pum) induced a robust
increase in intracellular Ca®* in cells expressing hTRPA1, but not in cells expressing mTRPA1.
Notably, removal of menthol led to a rapid increase in intracellular Ca%* in cells expressing
mTRPA1. This phenomenon is termed “off response” and is a characteristic response of mTRPA1
to menthol activation. B, Inhibitory effect of menthol on MO-evoked hTRPAT (red trace) or
mTRPAT activity (blue trace). ¢, Menthol concentration—response relationships of hTRPA1
(open squares) or mTRPAT (open circles). Note the bell-shaped sensitivity of mTRPA1 to men-
thol. D, Concentration dependence of menthol to inhibit MO (100 wm)-evoked Ca”* responses
in HEK293T cells expressing hTRPAT (open squares) or mTRPA1 (open circles).
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Table 1. Summary of the responsiveness of hTRPA1, hTRPA1-dTM5, and hTRPA1-5873V/T874L to TRPA1 modulators

Compound Effect hTRPATEC or ICy, (pum) hTRPAT-dTM5 ECyq or Iy (um) hTRPA1-S873V/T874L EC, or ICsq (jam)
Menthol Activation 28436 No activation 161.2 £31.5

Thymol Activation 62.5 =32 No activation >400°

FTS Activation 7311 No activation 11.8 £83

Trinitrophenol Activation 3838 £5.7 367.9 = 76.7 2186 = 3.6

MO Activation 233 £0.74 132+ 0.46 0.98 = 0.24

AP18 Inhibition 0.60 = 0.17 No inhibition No inhibition

AMG5445 Inhibition 223 £0.58 No inhibition No inhibition

HC030031 Inhibition 12.87 = 2.67 11.47 £ 2.39 851+ 1.36

Ruthenium red Inhibition 1.5+0.2 0.48 = 0.03 0.64 = 0.13

“Could not be accurately fit with a Hill Equation.

presence of menthol revealed outward rectification and deactivating
tail currents (Fig. 2 A, left, green trace) similar to currents activated
by 100 um MO (Fig. 2 A, left, brown trace). The response to menthol
was fully reversible after washout (Fig. 2 A, right) and subsequent
MO responses were similar to those observed in vehicle (0.05%
ethanol)-treated controls (data not shown). Menthol acted as an
agonist whether Ca** was present or absent in internal and external
recording salines suggesting that the agonistic effect of menthol on
hTRPALI is independent of Ca*™.

mTRPA1 was also strongly activated by 25-50 wM menthol
(Fig. 2B). Whole-cell current density at +120 mV was signifi-
cantly greater in mTRPA1-transfected cells (45.4 = 12.0 pA/pF;
n = 6) compared with vector-transfected YFP-positive control
cells (0.6 = 0.6 pA/pF; n = 4; p < 0.02). Menthol induced out-
wardly rectifying currents that revealed slowly deactivating tail
currents at —120 mV (Fig. 2 B, left, green trace). Menthol caused
a strong shift in voltage-dependent activation to more negative
potentials readily observed in both the voltage step protocol and
the prepulse voltage-dependent activation of tail currents similar
to that reported by Karashima et al. (2007) (data not shown).

In agreement with the results obtained in calcium imaging stud-
ies, mTRPAL1 differed from hTRPA1 when challenged with high
concentrations of menthol. We independently corroborated the re-
sults reported by Karashima et al. (2007) that menthol at 500 pum was
apoorly efficacious agonist (Fig. 2C). Only very small if any increases
in voltage-ramp-induced currents were observed during challenge
with 500 uM menthol (Fig. 2C, top left, green trace; top right, current
at +120 mV shortly after application of menthol). Subsequent ap-
plication of MO together with menthol revealed only a small in-
crease in conductance consistent with menthol-dependent block of
MO sensitivity (Fig. 2C, top left, brown trace; top right, currents at
+120 mV under brown bar). Vehicle (0.05% ethanol) had no effect
on cellular conductance and MO was an effective agonist in its pres-
ence (Fig. 2C, bottom). Significant menthol-dependent inhibition of
the MO response was observed using these protocols. Peak whole-
cell nTRPALI currents at + 120 mV elicited by 100 um MO in the
presence of 500 uM menthol or vehicle were measured and normal-
ized to the leak-subtracted current activated by step to +180 mV in
each cell (as described by Macpherson et al., 2007a). MO-induced
currents were significantly reduced in the presence of menthol com-
pared with those in the presence of vehicle [16 * 7% (n = 7) vs
143 * 34% (n = 4) of the currents elicited at +180 mV, respectively;
p < 0.05]. Identical conclusions are drawn when MO responses are
normalized to cell size.

The region spanning transmembrane domain 5 and
transmembrane domain 6 determines the distinct sensitivity
of mTRPA1 and hTRPA1 to menthol

To systematically identify the molecular basis underlying the dis-
tinct sensitivity of mTRPA1 and hTRPA1 to menthol, we con-

structed chimeras between the two channels. We first swapped
three regions between mTRPA1 and hTRPA1: the cytoplasmic N
terminus, the region spanning all transmembrane domains
(TM1-TMS6), and the cytoplasmic C terminus. The generated
chimeras were expressed in CHO cells and assayed by calcium
imaging. We found that swapping either the N terminus or the C
terminus between mTRPA1 and hTRPAL1 did not affect the men-
thol sensitivity of the host channel (data not shown). In contrast,
hTRPA1-mTM1-6, a chimera constructed by introducing the
transmembrane region from mTRPA1 into hTRPA1 (Fig. 3A),
essentially recapitulated the bimodal sensitivity of mTRPALI to
menthol in Ca’* imaging studies (Fig. 3B,C), whereas the re-
verse chimera mTRPA1-hTM1-6 behaved like hTRPA1 (Fig.
3D,E). Specifically, as observed for wild-type mTRPAI,
hTRPA1-mTMI1-6 was not activated by 250 um menthol, dis-
played the off-response characteristic of mTRPAL1 (Fig. 3B), and
revealed no MO response in the presence of 250 uM menthol (Fig.
3C). However, mTRPA1-hTM1-6 was effectively activated (Fig.
3D), but not inhibited by menthol (Fig. 3E). These data demon-
strate that the molecular determinant for differential menthol
modulation resides within the region of TRPA1 between the start
of TM1 and the end of TM6.

To further narrow down the region/amino acids responsible
for the differences observed between mTRPA1 and hTRPA1, we
constructed the chimera hTRPA1-mTM1-4 by introducing the
region including mTRPA1 TM1 through TM4 into hTRPA1 and
the chimera hTRPAI-mTM5-6 by introducing the region in-
cluding mTRPA1 TM5 through TM6 into hTRPA1 (Fig. 3A).
Swapping TM1-4 between mouse and human TRPA1 was inef-
fective at switching menthol response (Fig. 3 B, C), indicating that
this region does not contribute to the differential phenotype.
However there was a functional switch when TM5-6 was
swapped. hTRPA1-mTM5-6 behaved like wild-type mTRPALI in
response to menthol (Fig. 3 B,C). In the reverse swap, the men-
thol response of the chimera mTRPAI-hTM5-6 behaved as
hTRPA1 (Fig. 3D,E). In FLIPR, mTRPA1-hTM5-6 was acti-
vated by menthol with an EC5, of 43.9 = 6.4 um and it was not
significantly inhibited by menthol (Fig. 3F,G). However,
hTRPA1-mTM5-6 showed a bimodal bell-shaped response to
menthol activation and was completely inhibited by menthol
with an ICs, of 71.0 = 16.5 uM (Fig. 3F, G). These data demon-
strate that the distinct menthol sensitivity of mTRPA1 and
hTRPALI is determined by the region including TM5 through
TM6.

Sequence alignment of the region TM5 through TM6 revealed
17 nonidentical amino acids between mTRPA1 and hTRPA1
(Fig. 4A). To identify residues accounting for the different re-
sponses of mMTRPA1 and hTRPA1 to menthol, we made mini-
ature chimeras and point mutations that switched specific amino
acids between mTRPA1 and hTRPAI. Characterizing these mu-
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Figure 2.  Menthol modulation of TRPAT is species- and concentration-dependent as as-
sayed by electrophysiology. A, Menthol activates hTRPAT. Left, Both menthol (250 ) and MO
(100 pum) similarly increase whole-cell currents in HEK293T cells transiently transfected with
hTRPA1. Representative current traces are shown before (black), at the peak of the menthol
response (green), and at the peak of the MO response (brown) after reversal of the menthol
effect. Cells were challenged every 5 s with voltage ramps between —120and +120 mV (2.8
mV/ms) from a holding potential of —50 mV (protocol shown below). The currents at —120
(red) and +120 (black) mV were measured and plotted over the entire time course of the
experiment (right). Menthol and MO application is indicated by the green and brown bars,
respectively. Vertical dashed linesindicate the times that either the indicated compound arrived
at the bath or washout was initiated. Note that during the gap between 1100 and 1370's, the
cell was challenged with voltage step protocols (extracellular saline, 2 mm Ca®* ES; pipette
saline, 0ommCa 2™ 19). Responses of cells tested in 0 mm Ca 2+ ES were similar to those obtained
in 2 mm Ca>" ES and combined. B, Low concentrations of menthol activate mTRPA1. Left,
Menthol (50 wum) increases whole-cell currents in HEK293T cells transiently transfected with
mTRPAT. Representative current traces are shown before (black) and at the peak of the menthol
response (green). Right, Exposure to menthol isindicated by the green bar. Note that during the
gap between 220 and 380 s, the cell was challenged with voltage step protocols (extracellular
saline, 0 mm Ca %™ ES; pipette saline, 0 mum Ca 2H9).¢, High concentrations of menthol block
subsequent responses to MO (100 wum) applied in the presence of menthol (500 wum). Top left,
Representative current traces are shown before (black), at the peak of the menthol response
(green), at the peak of the MO/menthol response (brown), and at the peak of the washout
response (blue). Top right, The whole-cell currents at — 120 (red) and +120 (black) mV were
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tants by both calcium imaging and FLIPR revealed that the amino
acid in TM5 predicted to be approximately one-third of the way
along the a helix (G878 in mTRPA1 and V875 in hTRPA1) was a
major contributor to the species-specific gating by menthol:
hTRPA1-V875G displayed menthol sensitivity similar to that of
mTRPA1, was activated by menthol in a bimodal manner, and
was inhibited by menthol with an ICs, of 118.7 = 16.5 uM (Fig.
4B, C,F,G), although this IC;, value is right shifted by twofold to
threefold compared with wild-type mTRPA1. These data demon-
strate that V875 in TM5 of hTRPA1 (and the corresponding
amino acid G878 in mTRPA1) is a major determining factor of
sensitivity to menthol.

Three other mutants hTRPAI-L867F (TMS5), hTRPA1-
L894F/P897A/S900T/I905L (pore helix), and hTRPA1-V9421/
S943A/1946M (TM6) showed subtle changes in response to men-
thol compared with hTRPAL1 (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). We next substi-
tuted all nine amino acids that contributed to a switch phenotype
(Fig. 4A, residues shown in red) (hnTRPA1-FGFATLIAM) and
found that this channel recapitulated mTRPALI fully: hTRPA1-
FGFATLIAM was completely inhibited by menthol with an ICs,
0f 36.6 * 9.0 uM, similar to mTRPA1 (Fig. 4E,G), and its activa-
tion by menthol became bimodal (Fig. 4D, F). Together, these
data demonstrate that nine residues from TM5-TM6 of hTRPA1
when replaced by the equivalent mTRPA1 amino acids com-
pletely switch the menthol-sensitivity to a mouse TRPAI1-like
phenotype.

To test whether the identified residues play a more general
role in determining species-dependent modulation of TRPA1 by
other chemicals, we examined the response of the mutant
hTRPA1-FGFATLIAM to AMG5445, a compound reported to
partially activate mTRPA1 and inhibit A TRPA1 (the reverse ob-
served for menthol sensitivity) (Klionsky et al., 2007). Consistent
with this previous report, AMG5445 activated mTRPA1 and its
maximum efficacy was ~50% of that of 100 um MO (Fig. 4H),
and completely inhibited hTRPA1 (Fig. 4I). Importantly, the
modulation by AMG5445 was switched in hTRPAI-
FGFATLIAM compared with wild-type hTRPA1 and behaved
like wild-type mTRPAL1 (Fig. 4 H,I). These data demonstrate that
residues at these positions govern the species-specific responses
of TRPA1 not only to menthol but also to other compounds that
reveal species specific effects as well.

The TM5 domain determines menthol sensitivity of TRPA1

Studying the chimeras of hTRPA1 and mTRPALI led us to the
identification of key residues accounting for the agonistic vs an-
tagonistic effects of menthol. However, because both human and
mouse TRPALI respond to menthol, they might also share do-
mains that are involved in menthol sensitivity. For example, it is
possible that both human and mouse TRPA1 have a common
menthol-binding site, which might translate into ion channel
activation or inhibition based on the residues identified in the
pore domain. Toward this end, we studied menthol sensitivity of
nonmammalian TRPAI orthologs, including dTRPA1. dTRPA1
has been shown to function differently from mammalian TRPA1

<«

measured and plotted over the entire time course of the experiment. The durations of exposure
to menthol and MO are indicated by the green and brown bars, respectively. Bottom left,
Ethanol (0.05%) had no effect on whole-cell conductance (gray trace) and 100 pm MO elicited
a large response (brown trace). Bottom right, The currents at =120 mV are shown over the
course of the experiment (extracellular saline, 2 mm Ca™ ES; pipette saline, 0 mm Ca 2™ [S).
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Determinants of the distinct responses of hTRPA1 and mTRPA1 to menthol reside in the region from TM5 to TM6. 4,

domain from dTRPAI in mTRPA1 back-
ground, completely lost menthol sensitiv-
ity while retaining normal MO responsive-

Schematic representations of mTRPA1-hTRPAT chimeras. The amino acid compositions of the indicated chimeras are described in
the supplemental Table 1 (available at www.jneurosci.org as supplemental material). B—E, The responsiveness of hTRPA1 (purple
traces), hTRPA1T-mTM1-6 (blue traces), hTRPA1-mTM5- 6 (red traces), and hTRPA1-mTM1—4 (green traces) to menthol (acti-
vation) and menthol-dependent inhibition of MO activation (inhibition) is shown in B and C, respectively, whereas the respon-
siveness of mTRPAT (blue traces), mTRPAT-hTM1- 6 (red traces), and mTRPA1-hTM56 (green traces) to menthol activation and
inhibition is displayed in D and E, respectively. F, Concentration—responsive relationships of menthol activation of hTRPA1-
mTM5-6 (open squares) or mTRPA1-hTM5— 6 (open circles). G, Concentration— dependence curves of menthol inhibition of 100
fum MO-evoked hTRPA1-mTM5—-6 (open squares) or mTRPA1-hTM5—-6 (open circles) activity. Note that hTRPA1-mTM5-6
recapitulates the sensitivity of mTRPAT to menthol, whereas mTRPA1-hTM5— 6 behaves like hTRPA1.

ness. In calcium imaging, 250 uM menthol
neither activated mTRPA1-dTM5 nor
produced an off response during its wash-
out (Fig. 5D, blue trace). Furthermore, the
inhibitory effect of high concentrations of
menthol on MO responsiveness was abol-
ished (Fig. 5E, blue trace). These results
were corroborated in FLIPR experiments

in that it is not activated by reactive compounds such as MO, and
itisactivated by warm instead of cold temperatures (Viswanath et
al., 2003).

We tested whether dTRPA1 heterologously expressed in
HEK293T cells was functional using the whole-cell configuration
of the patch-clamp technique. Raising the bath temperature from
near 20°C to 33°C evoked outwardly rectifying currents (Fig. 5A)
that reversed during cooling (Fig. 5B). In contrast, 250-500 um
menthol was ineffective: the change in evoked current at +120
mV was not significant over 3 min of recording, similar to cells
transfected with vector alone (Fig. 5C, leftmost bars). Similar
results were obtained with as low as 2.5 uM menthol throughout
the voltage range studied (within the range of 25-100 um men-
thol: —0.53 = 0.3 pA/pF at +120 mV; n = 7). Furthermore, the
presence of 500 um menthol during the warming protocol did

(Fig. 5F, G). Consistent with the profound

effect of dTM5 on mTRPA1 menthol sen-
sitivity, insertion of dTM5 into hTRPA1 abolished menthol de-
pendent activation (Fig. 5D-G). The insertion of dTM5 into
hTRPA1 did not alter the MO EC;, (supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material), although it
appears to enhance the decay of MO-evoked Ca*™ responses
(Fig. 5D,E).

We further characterized the two dTM5-containing chimeras
using electrophysiological methods. mTRPA1-dTM5 revealed
qualitatively similar voltage dependence of activation to that re-
ported previously for mTRPA1 (supplemental Fig. 4A, B, avail-
able at www.jneurosci.org as supplemental material) and the cur-
rent elicited by a step to +180 mV could be used to normalize
compound sensitivity. Swapping in dTM5 completely abolished
the activation of mMTRPA1 by 50 uM menthol (Fig. 5H). Further-
more, the inhibition of mMTRPA1 at high concentrations of men-
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thol (Fig. 5I, leftmost bars) was abolished
in the mTRPA1-dTM5 chimera (Fig. 51,
rightmost bars; supplemental Fig. 4D, E,
available at www.jneurosci.org as supple-
mental material); MO responses were sim-
ilar to those treated with vehicle alone (Fig.
51, rightmost bars; supplemental Fig. 4F,
available at www.jneurosci.org as supple-
mental material).

Consistent with a critical role for TM5
in menthol responsiveness, the activation
of human TRPA1 by 250 uM menthol was

A ™5

Pore Helix

Selectivity Filter
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Figure 4.

Residues within TM5—-TM6 govern species-specific response of TRPA1 to menthol and AMG5445. A, Sequence
alignment of the region from TM5 to TM6 reveals a total of 17 nonidentical amino acids (red and blue) in mTRPA1 and hTRPA1.
Residues shown in red are responsible for the distinct responses of mTRPA1 and hTRPA1 to menthol and AMG5445; those in blue

did not alter the host channel response to menthol. The predicted positions of TM5, pore helix, selectivity filter, and TM6 (the rest

Specific residues in TM5 are required
for menthol sensitivity of TRPA1

The amino acid sequence of dTM5 is
poorly conserved with that of mTMS5 or
hTMS, particularly in the predicted cyto-
plasmic side of TM5 (Fig. 6A). We made a
chimera by introducing the divergent part
of dTM5 to hTRPA1 (hTRPA1-dTM5a).
Calcium imaging results demonstrate that
hTRPA1-dTM5a revealed no menthol activation (Fig. 6B,C,).
Within this stretch of 16 aa, 7 of them are conserved between
mTRPA1 and hTRPAL, but divergent from dTRPA1 (Fig. 6A,
residues highlighted in yellow). We made four mutants to sub-
stitute these seven amino acids in mTRPA1. These mutants
included mTRPAI1-K871Q, mTRPA1-S876V/T877L,
mTRPA1-1881S/F8821, and mTRPA1-L8841/L8851. Calcium
imaging revealed that mTRPA1-K871Q and mTRPA1-1881S/
F882I did not respond to MO (potentially nonfunctional),
whereas mMTRPA1-L8841/L8851 responded to both MO and men-
thol (data not shown). Strikingly, mTRPA1-S876V/T877L com-

of TM6 is identical between mTRPA1 and hTRPA1 and, thus, is not shown) are also depicted. B, €, Calcium imaging experiments
revealed that hTRPA1-V875G behaved partially like mTRPA1 in response to menthol activation (displaying a slight activation and
pronounced off response, green trace) (B) and inhibition (C). D, E, hTRPA1-FGFATLIAM recapitulates the sensitivity of mTRPA1 to
menthol activation (D) and inhibition (E). F, G, Concentration— effect relationships of mTRPA1 (open circles), hTRPA1-V875G
(open squares), and hTRPA1-FGFATLIAM (open triangles) to menthol activation and inhibition. H, Concentration—response rela-
tionships of mTRPA1 (open circles), hTRPA1 (open squares), and hTRPA1-FGFATLIAM (open diamonds) to AMG5445. Note that
AMG5445 acts as a partial agonist at mTRPA1 and hTRPA1-FGFATLIAM and has no agonist activity at hTRPAT. I, Concentration—
response relationships of AMG5445 inhibition of 30 um MO-induced responses mediated by mTRPAT (open circles), hTRPA1 (open
squares), and hTRPA1-FGFATLIAM (open diamonds) activity. Note that AMG5445 is a full antagonist at hTRPAT.

pletely lost its menthol sensitivity while retaining a relatively nor-
mal MO response (supplemental Table 2, available at www.
jneurosci.org as supplemental material) as assayed by both cal-
cium imaging and FLIPR (Fig. 6 B—E). We also made the corre-
sponding mutant in hTRPA1 (hTRPA1-S873V/T874L, in which
the corresponding Ser-873 and Thr-874 of hTRPA1 were mu-
tated to Val and Leu of Drosophila). Whereas the MO induced
responses of hnTRPA1-S873V/T874L were normal (supplemental
Table 2, available at www.jneurosci.org as supplemental mate-
rial), the menthol sensitivity was severely reduced compared with
hTRPA1 (Fig. 6 B-E, Table 1).
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Figure 5.  Warm-activated Drosophila TRPA is insensitive to (—)-menthol, and replacement of mammalian TM5 with dTM5 abol-
ishes modulation of mammalian channels by menthol. 4, A dTRPA1-transfected cell was challenged with a voltage ramp (from —120to
~+120mV)at 22°C (black trace) and 32°C (red trace). The warming-induced current was —35.5and +85 pA/pFat —120and +120mV,
respectively. This cell revealed no activation by menthol (at either 25 or 250 w; 0 mm Ca 2+ ES/0mmCa® ™ IS). B, Time course of currents
measured at —120mV and -+ 120 mV before and during warming and recovery from warming for the cell shown in A. Heating-induced
currents often revealed apparent desensitization. WC, Whole cell. €, dTRPA is neither activated by 250 —500 wum nor inhibited by 500 um
menthol. The two leftmost bars indicate the change in whole-cell current density at + 120 mV during exposure to 250 —500 M menthol
at ~20-24°Cforthe number of vector or dTRPAT-transfected cells shown above each bar. Similar results were obtained for cells recorded
with or without external calcium, or in 0 mm Ca* - or 100 nm Ca* -containing intracellular saline, and were combined. Cells were
exposed to menthol for at least 3 min, which was at least three times the latency of menthol to activate hTRPA1 under similar conditions.
The set of gray bars are the means == SEM for the increases in current density at +120 mV during heating to 33—35°C from 20-22°C.
Similar results were obtained when currents were measured at —120 mV (data not shown). Whereas control HEK293T cells (“vector”)
revealed a heating-induced increase in conductance, the response of dTRPA1-transfected cells is significantly larger. The threshold for
activation by warming was near 27°C, as described previously for dTRPA1 expressed in oocytes (Viswanath et al., 2003). To determine
whether menthol could inhibit dTRPA1-mediated warm responses, the heat stimulus was applied in the presence of either 500 pm
menthol or 0.05% ethanol (dTRPA1/Ethanol vs dTRPA1/Menthol) in the presence of external calcium. Although a slight suppression was
observedinthe presence of menthol, the effect was not significant. Only dTRPA1 cells that revealed heat responses atleast 2 SDs larger than
the vector control heat response were included in this analysis. YFP-positive cells were tested up to 5 d after transfection with vector alone
ordTRPA1. D, E, Menthol (250 pum) neither activated (D) nor inhibited (E) both mTRPA1-dTM5 (blue trace) and hTRPA1-dTM5 (red trace)
as assayed by ratiometric calcium imaging. £, G, Concentration-dependence curves of menthol activation (F) and inhibition (G) of
mTRPAT-dTM5 (open circles) and hTRPAT-dTMS5 (open squares). H, In whole-cell voltage clamp, mTRPA1-dTM5 was not activated during
3min exposure to 50 umat ~25°Cand was comparable to vector-transfected cells. The response of wild-type mTRPAT to 50 ummenthol
is significantly greater. ], mTRPA1-dTM5 is not inhibited by high concentrations of menthol. The peak mTRPA1-dTM5 whole-cell current
response to 100 um MO was not significantly affected by the presence of menthol (500 um; right set of bars, green) compared with ethanol
(0.05%; brown). Data from wild type (left bars) are included for comparison. The analysis was as described in Figure 2. Examples of
MO-induced responses in the presence of MO or vehicle are presented in supplemental Figure 4B (available at www.jneurosci.org as
supplemental material). Conclusions were identical when data were expressed as MO response normalized to cell size.J, hTRPAT-dTMS5 is
not activated by menthol. There was no significant effect of 250 um (—)-menthol on cells expressing hTRPA1-dTM5 compared to wild
type. Values were not significantly different from vector-transfected cells ( p > 0.1).
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Sequence alignment of TRPA1 from
different species revealed that TRPAI
from Anopheles gambiae (mosquito-
TRPAL) and Takifugu (fugu-TRPA1), like
dTRPA1, do not have Ser and Thr at these
two positions (Fig. 6 F). In line with the
importance of Ser and Thr at these posi-
tions in determining menthol sensitivity,
we found that mosquito-TRPA1 and fugu-
TRPA1 were not sensitive to menthol
(supplemental Fig. 5, available at www.
jneurosci.org as supplemental material),
but were activated by MO, albeit with
lower affinity than mouse or human
TRPA1 (supplemental Table 2, available at
www.jneurosci.org as supplemental mate-
rial). Thus, Ser and Thr at these two posi-
tions critically determine the menthol sen-
sitivity of TRPAL.

The molecular determinants of menthol
determines the sensitivity of TRPAL1 to
other TRPA1 modulators

To test whether the residues critical for
menthol sensitivity may serve as more gen-
eral determinants of TRPA1 modulation,
we examined the responses of wild-type or
mutant hTRPA1 to a series of compounds
known to modulate TRPA1 (Table 1).
Thymol, a natural compound found in
thyme, is structurally related to menthol,
and has essentially the same effect on
mTRPA1 (Karashima et al.,, 2007) and
hTRPAI1 (Lee et al., 2008) as menthol. Not
surprisingly, we found that replacing
dTMS5 into hTRPALI nearly abolished the
response to thymol, and hTRPA1-S873V/
T874L was poorly responsive (Table 1).
FTS, a lipid compound, activated both
hTRPA1 and hTRPA1-S873V/T874L, but
failed to activate hTRPA1-dTMS5, suggest-
ing that the determinants of FTS sensitiv-
ity also reside in the TM5 domain but may
differ from those of menthol. In contrast,
there was no effect on activation of these
mutants by trinitrophenol or MO (Table
1). AP18, AMG5445 and HC030031 have
been reported to be hTRPA1 antagonists.
Strikingly, we found that AP18 and
AMGS5445 did not inhibit the MO re-
sponses of hTRPA1-dTM5 and hTRPA1-
S873V/T874L. However, the responses of
these mutants to ruthenium red, an exter-
nal pore blocker, and HC030031 remained
normal (Table 1).

We further tested AP18 on mTRPA1
and its mutants. AP18 inhibited 30 uMm
MO-induced mTRPA1 activity (Fig.
7A,B). The IC5, was 0.69 £ 0.09 um as
assayed by FLIPR. In contrast, the inhibi-
tory effect of AP18 was totally abolished in
the mutant mTRPA1-S876V/T877L (Fig.
7 A, B). It should be noted that AP18 is not
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(Fig. 8A). We chose KcsA over Kv1.2 as

**:

el e

the template because the sequence
around the predicted selectivity filter of
mTRPA1 does not align with Kv1.2. The
optimized mTRPA1 homology model
was used for molecule docking calcula-
tions. These studies revealed a potential
putative menthol binding pocket formed
by TM5 (Fig. 8). Interestingly, the exper-
imentally identified residues Thr-877

Figure6.  Specific residues in TM5 determine menthol sensitivity of TRPA1. A, Sequence alignment around the TM5 domain of
mTRPA1, hTRPA1, and dTRPAT. The blue box (TM5a) indicates the region that was swapped from dTRPAT into hTRPA1 (hTRPAT-
dTM5a). Residues highlighted by yellow within the TM5a region are identical between mTRPAT and hTRPAT and divergent from
dTRPA1. B, C, The chimera hTRPAT-dTM5a (B, C, red traces) was unresponsive to menthol. mTRPA1-S876V/T877L (blue traces)
lost both menthol activation (B) and inhibition (C; note the lack of an off response in B), whereas the activation of hTRPA1-S873V/
T874L by 250 m menthol was minimal (green trace, B). D, E, Concentration-dependence curves of menthol activation (D) and
inhibition (E) of mTRPAT (black open circles), mTRPA1-S876V/T877L (red open circles), hTRPA1 (black open squares), and
hTRPA1-5873V/T874L (red open squares). F, Sequence alignment around the TM5 domains of TRPAT from mouse, rat, human,
fugu, fly, and mosquito reveals that the Ser and Thrresidues critical for menthol sensitivity are conserved in mammalian TRPAT but
not in other species.

and Gly-878, which are critical for men-
thol sensitivity of mTRPAI1, are pre-
dicted to be located within the pocket (Fig. 8 B,C). According
to this model, Gly-878 (which was identified as one of the
major determinants of distinct mouse-human menthol re-
sponse) makes extensive hydrophobic contacts with menthol,
and Thr-877 (important for menthol sensitivity that is con-
served between mouse and human) may form a hydrogen
bond with the molecule. Furthermore, in line with the impor-
tance of Ser-876 and Thr-877 in determining mTRPA1 inhi-
bition by AP18, AP18 is also able to dock into the menthol
pocket and potentially forms a hydrogen bond with Thr-877
(Fig. 8 D). These modeling results put forward the hypothesis that
TMS5 contributes directly to a binding pocket. However, the ap-
parent consistencies between experimental and modeling results
by no means constitute evidence for binding. Indeed, this model
should be considered cautiously given the limited sequence ho-
mology between mTRPA1 and KcsA (Fig. 8A).

Discussion

Menthol is best known to elicit a cooling sensation in humans
(Eccles, 1994). In mice, TRPMS8 has been demonstrated recently to
underlie temperature sensation at cool temperatures (Bautista et al.,
2007; Colburn et al., 2007; Dhaka et al., 2007). In addition to its
cooling properties, menthol can produce a burning and painful sen-
sation (Green, 1992). The molecular mechanism underlying this
pronociceptive effect remains unknown. Here, we report that men-
thol is an efficacious agonist of human TRPALI, suggesting that
TRPA1 could contribute to the menthol-induced burning sensation
in humans. Furthermore, we found striking species-specific varia-
tion of menthol effects on TRPAI. In contrast to human TRPA1,
TRPA1 orthologs from fly, mosquito, and fugu are insensitive to
menthol, whereas murine TRPA1 reveals a bell-shaped concentra-
tion dependence as previously reported (Karashima et al., 2007).
Although the biological significance of acquiring menthol sensitivity
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Figure7. Residues critical for menthol sensitivity determine the sensitivity of TRPATto AP18

and AMG5445.A, AP18 (50 pum) inhibited MO (30 wum)-evoked responsein cells transfected with
mTRPAT (black trace), but not in cells transfected with mTRPA1-S876V/T877L (gray trace). B,
Concentration-dependence curves of AP18 inhibition of mTRPA1 (open circles) or mTRPAT-
S876V/T877L (filled circles) activity evoked by 30 um MO. €, Concentration—response relation-
ships of activation of mTRPA1 (open circles) and mTRPA1-5876V/T877L (filled circles) by
AMG5445. D, Concentration—dependence curves of AMG5445 inhibition of 30 um MO-evoked
Ca®" responses in cells transiently transfected with either hTRPAT (open squares) or hTRPA1-
S873V/T874L (filled squares).

(with different pharmacological profiles) in mammalian TRPA1 re-
mains unclear, the unique menthol response profiles of various
TRPAL orthologs enabled a chimeric structure—function approach
from which three major conclusions can be drawn. First, the TM5
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domain critically determines the ability of TRPA1 to sense menthol.
Second, switching nine pore domain residues in human TRPALI to
the mouse residues reverses how hTRPA1 responds to menthol,
turning menthol from a pure agonist to an apparent antagonist.
Third, the identified structural domains required for menthol sensi-
tivity also determine the sensitivity of mammalian TRPAI to an
array of TRPA1 modulators, including thymol, FTS, AP18, and
AMG5445.

Initial studies identified menthol as an inhibitor of mTRPA1
when applied at high concentrations (=250 uM) (Macpherson et
al., 2006). Subsequent studies further identified agonist activity
of menthol at low concentrations (Karashima et al., 2007). The
mechanisms underlying this bimodal effect of menthol on
mTRPA1 have not been determined. Nilius and colleagues
(Karashima et al., 2007) have proposed that menthol may have
two separate binding sites on mTRPA1: one responsible for acti-
vation, the other for inhibition (Karashima et al., 2007). An al-
ternative interpretation postulates a single binding site where
block is observed as a consequence of activation. It is possible that
menthol at high concentrations initially activates mTRPA1 but
the channel rapidly switches into a nonconducting state (e.g.,
inactivation state), which has access to the open state after wash-
out of menthol (off response). The response of mTRPA1 to men-
thol is reminiscent of voltage dependent activation of human
ether-a-go-go-related gene (hERG) potassium channels: strong
depolarizations cause hERG to transit through the open state to
an inactivated state and, after repolarization, return to the open
state before closing (Sanguinetti etal., 1995; Trudeau etal., 1995).

Regardless of the complexity of menthol effects on mTRPA1,
it is striking that mTRPA1-dTM5 and mTRPA1-S876V/T877L
are neither activated nor inhibited by menthol. How could spe-
cific residues in the TM5 domain determine the complicated
menthol sensitivity of mouse TRPA1? One hypothesis is that the
TM5 domain may constitute a binding site for menthol. Our
modeling and docking studies reveal a putative menthol-binding
site in TM5 regions. However, it is important to note that there is
no direct evidence that menthol specifically binds to TRPA1. It is
entirely possible that the effects of menthol are indirect, through
modifications of the lipid bilayer, for example. At present, a
cross-linkable menthol analog does not exist, and thus the sites of
contact with the TRPA1 channel cannot be directly identified.

The existence of a ligand binding pocket in TM5 appears to be
inconsistent with the general observation that most thermoTRPs
have putative ligand binding sites within TM2 through TM4, partic-
ularly TM2 (Jordt and Julius, 2002; Vriens et al., 2004; Gavva et al.,
2005; Voets et al., 2007). Interestingly, Bandell et al. (2006), using a
high-throughput random mutagenesis screen, identified Tyr-745 in
TM2 as a critical determinant of menthol sensitivity of mTRPMS.
Given this precedence, it is possible that the region from TM2 to
TM4 in TRPA1 may contain a common binding site for nonreactive
TRPA1 modulators, whereas the TM5 domain is involved in trans-
lating initial binding to channel gating. To test whether a conserved
role of tyrosine in determining menthol sensitivity exists in
mTRPA1, we individually mutated the two tyrosine residues (Tyr-
788 and Tyr-875) located in the TM2 and TM3 of mTRPAL to ala-
nine. We found that these mutations do not affect mTRPA1 men-
thol sensitivity (data not shown). We also made a series of mMTRPA1-
dTRPA1 chimeras. Unfortunately, most of these resulted in
nonfunctional channels, and specific involvement of TM2-TM4 in
menthol sensitivity could not be addressed. However, we are able to
conclude that the TM1-TM4 region is not involved in the distinct
responses of mMTRPA1 and hTRPA1 to menthol. Regardless of its
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direct involvement in menthol binding or in A
gating, the TM5 domain critically deter-
mines the ability of TRPALI to sense menthol.

How could TM5 mechanistically deter-

KCSA

mine the menthol sensitivity of TRPA1? mTRPAL
TRPALI is predicted to have a similar struc- KcsA
ture as voltage-gated K™ channels in which

TMS5 forms the outer helix of the pore and

the TM4-TMS5 linker helix is critical for elec- fl'r(IIEE.AI

tromechanical coupling by opening or clos-
ing the gate located in TM6 (Long et al.,
2005). In both mammalian TRPA1 chan-
nels, Ser and Thr residues located in the pre-
dicted inner side of TM5 were identified as
critical for the sensitivity of mouse (and to a
large extent, human) TRPAI to menthol.
Perhaps important for sensitivity to menthol
as well as the gating phenotype of methanol,
the Ser and Thr residues are followed by a
Gly residue (G878) in mTRPAL. Interest-
ingly, all of these amino acids are known to
break a-helical symmetry (Levitt and Greer,
1977; Levitt, 1978). Given the properties of
these residues, it is possible that TM5 may
form a hinge at this location. In line with this
idea, our molecular dynamic simulation of
mTRPAI reveals a kink in TM5 helix at these
Ser and Thr residues in mammalian TM5.
Thus, it is conceivable that either direct men-
thol interactions or conformational changes
sensed by these residues after menthol bind-
ing to distant regions could be transmitted to
TMB6, leading to channel gating. The residues
at these positions in TRPA1 from nonmam-
malian species are a-helix favoring (Val and
Leu), which may preclude this proposed mechanism. Interestingly,
Grimm et al. (2007) have found that a naturally occurring helix-
breaking mutation in TM5 (Ala-419-Pro) of TRPML3 leads to con-
stitutive channel activation. They further demonstrated that the in-
ner one-third of TM5 from TRPMLI, TRPML2, TRPV5, and
TRPVE6 is highly susceptible to proline-based kinks. Together with
the present study, these data suggest that TM5 may play a critical role
in TRP channel function.

Not only have we identified residues crucial for modulation of
mammalian TRPA1 by menthol, we also identified nine residues
from the pore module that specifically accounts for the species-
specific responses of TRPA1 to menthol (activator vs inhibitor) (Fig.
8A, Gly878, amino acids highlighted in red). It is possible that
Gly878 immediately after Ser-Thr in mouse TM5 makes the hinge
too floppy to confer full agonism in mouse TRPA1 and/or it alters
other properties of the pore region that then confers the blocking
effect of menthol at high concentrations. In support of this hypoth-
esis, hTRPA1-V875G revealed a menthol “inhibitory phenotype,”
albeit incomplete. Interestingly, Chen et al. (2008) found recently
that CMP1, an electrophilic reactive compound, activates mTRPA1
but inhibits hTRPA1. They identified the same residues in the upper
part of TM6 as determinants of species-specific gating. Based on
their findings, they proposed that covalent modification of TRPAI
can lead to different functional consequences of the channel. How-
ever, it is not clear how CMP1 could inhibit MO-activated hTRPA1
if both CMP1 and MO act through covalent modifications of cys-
teine residues. Chen et al. (2008) argued that the covalent modifica-
tion of cysteines in TRPA1 by MO is rapidly reversible. However, the

Figure 8.
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Homology model for the TM5—-TM6 domain of mTRPAT and molecule docking. A, Sequence alignment of mTRPA1
and KcsA. The outer helix, pore helix, selectivity filter, and inner helix of KcsA are depicted. The selectivity filter of KcsA (TVGYGD)
aligns with SMMLGD of mTRPA1, which may potentially form the selectivity filter of mTRPA1. B, Diagram presentation of one
subunit from the mTRPA1 homology model. The residues critical for mTRPA1 to sense menthol (5877 and T878) are highlighted in
blue. The G878 residue, which is a major determinant of mTRPA1-specific response to menthol (compared with human), is
highlighted in red. Other residues from TM5, pore region, and TM6 contributing to the species-dependent response of mTRPA1
and hTRPAT to menthol and AMG5445 (red in A) show side chains. The menthol molecule (purple) is docked in the mTRPA1
homology model. €, Surface view of the predicted putative menthol binding pocket. The blue area shown at the side is contributed
by S876; the gray area is contributed by G878; the blue area located in the bottom of the cavity is contributed by T877. Distance
coordinates suggest that the residues T877 and G878 directly interact with the menthol molecule. D, Diagram view of one subunit
of mTRPAT homology model and the docked molecule AP18.

half-life of isothiocyanate-cysteine adducts was reported to be in the
order of approximately 1 h at physiological pH and temperature
(Conaway et al., 2001). Furthermore, the successful labeling of MO
alkyne adducts on TRPALI by click chemistry also suggests that MO
adducts remain rather stable because the click reaction itself takes 1 h
to complete (Macpherson et al., 2007a). Given these concerns, we
raise another possibility: CMP1 inhibits hTRPA1 through a nonco-
valent mechanism. In support of this, mTRPAI and hTRPALI re-
sponsiveness to AMG5445, a structural analog of CMP1, is essen-
tially determined by the same residues as those for nonreactive
menthol. This suggests that menthol and AMG5445 share a similar
mechanism of action at TRPA1. These studies also raise the possibil-
ity that some reactive modulators of TRPA1 may simultaneously use
both the covalent and noncovalent activation mechanisms.

In summary, we have demonstrated that TM5 determines the
sensitivity of TRPAL1 to various chemical modulators and identi-
fied specific residues governing species-dependent gating of
TRPAL. These findings not only reveal a novel mechanism of
TRPA1 modulation, but also have important implications for
efforts to identify specific small molecule TRPAL1 inhibitors.
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