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Abstract Transient receptor potential A1 (TRPA1) is impli-
cated in somatosensory processing and pathological pain sen-
sation. Although not strictly voltage-gated, ionic currents of
TRPA1 typically rectify outwardly, indicating channel activa-
tion at depolarized membrane potentials. However, some re-
ports also showed TRPA1 inactivation at high positive poten-
tials, implicating voltage-dependent inactivation. Here we
report a conserved leucine residue, L906, in the putative pore
helix, which strongly impacts the voltage dependency of
TRPA1. Mutation of the leucine to cysteine (L906C)
converted the channel from outward to inward rectification
independent of divalent cations and irrespective to stimulation

by allyl isothiocyanate. The mutant, but not the wild-type
channel, displayed exclusively voltage-dependent inactivation
at positive potentials. The L906C mutation also exhibited
reduced sensitivity to inhibition by TRPA1 blockers,
HC030031 and ruthenium red. Further mutagenesis of the
leucine to all natural amino acids individually revealed that
most substitutions at L906 (15/19) resulted in inward rectifi-
cation, with exceptions of three amino acids that dramatically
reduced channel activity and one, methionine, which mim-
icked the wild-type channel. Our data are plausibly explained
by a bimodal gating model involving both voltage-dependent
activation and inactivation of TRPA1.We propose that the key
pore helix residue, L906, plays an essential role in responding
to the voltage-dependent gating.
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Introduction

Transient receptor potential A1 (TRPA1) is a nonselective
cation channel highly expressed in a subpopulation of primary
afferent sensory neurons of the dorsal root and trigeminal
ganglia [16, 42] and implicated in somatosensory processing
and pathological pain sensation, particularly inflammatory
and neuropathic pain [36]. TRPA1 is activated by a plethora
of natural and synthetic compounds, including both electro-
philic chemicals and oxidants that covalently modify cysteine
residues at the cytoplasmic N-terminus and nonelectrophilic
agents that bind to the channel in noncovalent fashions [8, 47].
In addition, the channel is sensitive to intracellular Ca2+ and
pH [12, 29, 44, 47, 60], as well as membrane depolarization
[29]. The ability of TPRA1 to respond to multiple stimuli is
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consistent with its role in sensing pain stimuli as well as
irritants and allergens [4, 7, 20, 25, 26, 32, 36, 42, 46].

Similar to other TRP channels, e.g., TRPV1 and TRPM8
[48], TRPA1 displays voltage dependence, showing marked
outward rectification, especially under weakly activated con-
ditions, such as activation by low temperature, CO2, O2, or
intracellular Ca2+ [42, 60]. The rectification becomes less
pronounced as the channel is activated strongly by certain
chemical ligands [19, 20] or stimulated for a long time period
by electrophilic compounds [51], indicating a shift of voltage
dependence to more negative potentials. In general, the com-
monly used TRPA1 agonists, e.g., allyl isothiocyanate (AITC)
and cinnamaldehyde, elicit currents with variable degrees of
outward rectification depending on the agonist concentration
and stimulation duration [51]. Ironically, however, some stud-
ies also showed leveling off or inactivation at high positive
potentials (e.g., at>+50 mV) for mouse and human TRPA1
expressed in CHO andHEK293 cells [1, 3, 22–24, 35, 36, 45],
giving rise to an inwardly rectifying appearance in the cur-
rent–voltage (I–V) relationships. It was not made clear under
which conditions the inward rectification tended to occur and
often both linear and inwardly rectifying I–V curves were
displayed in the same study. Based on single channel mea-
surements from cell-attached patches, the open probability of
TRPA1 clearly shows inactivation at positive potentials [35].
Therefore, it appears that TRPA1 has both voltage-dependent
activation and inactivation.

Like other TRP channels, TRPA1 may have the same
architecture as voltage-gated, Shaker-type K+ channels, for
which two molecular gates exist. The inner gate is formed by
bundle crossing of the four S6 transmembrane segments near
the cytoplasmic side, while the outer gate involves the selec-
tivity filter situated in the pore loop between the S5 and S6
transmembrane segments [6, 28]. Mutational analyses at the
pore loops of TRPV1 [31, 39] and TRPA1 [9] revealed that
residues adjacent to the selectivity filter are important for TRP
channel gating, suggesting a significant contribution of the
outer gate in TRP channel activation. Here, we report an
unexpected finding involving L906 in the pore helix of
TRPA1. When substituted by another amino acid, including
cysteine and 14 others, the resultant channel displays only
inward rectification, showing stronger activity at negative than
at positive potentials. Such an effect was unaffected by diva-
lent cations. Our results suggest a strong influence of pore
helix in voltage-dependent gating of TRPA1.

Materials and methods

cDNA and mutagenesis

The mouse TRPA1 cDNA was a gift from Dr. Gina Story
(Washington University in St. Louis). Point mutations were

introduced using the QuikChange II site-directed mutagenesis
kit (Stratagene, La Jolla, CA) and the standard PCR overlap
extension technique. The mutations were verified by DNA
sequencing.

Cell culture and transfection

HEK293 cells were grown in DMEM containing 10 % (vol/vol)
fetal bovine serum (FBS), 2 mM L-glutamine at 37 °C in a
humidity-controlled incubator with 5 % CO2. All cell culture
reagents were purchased from Invitrogen. The conditions for
transient transfection of cells with Lipofectamine 2000
(Invitrogen, Carlsbad, CA) in serum-free conditions were opti-
mized. The mediumwas exchanged for FBS-containing DMEM
6 h after transfection. Transfection efficiency was monitored
through cotransfection with an EGFP vector, coding for the
enhanced green fluorescent protein. Electrophysiological record-
ings were performed between 24 and 36 h after transfection.

Electrophysiology

Whole-cell patch-clamp experiments were performed at room
temperature (22–24 °C) using an EPC-9 or an EPC-10 ampli-
fier and the PatchMaster software (HEKA). Patch pipettes had
a resistance of 2–4 MΩ. Series resistance was compensated at
60–80 %. The normal internal solution consisted of 140 mM
CsCl, 10 mM HEPES, 5 mM EGTA, 0.1 mM CaCl2, and
1 mM MgCl2, with pH adjusted to 7.2 by CsOH. The free
Ca2+ concentration was ~13–14 nM based on the calculation
using Theo’s Chelator program (http://maxchelator.stanford.
edu/CaEGTA-TS.htm). The divalent cation-free internal solu-
tion contained 140 mM CsCl, 10 mM HEPES, and 10 mM
BAPTA, with pH adjusted to 7.2 by CsOH. The standard or
physiologically relevant external solution contained 140 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, and 10 mM HEPES, with pH adjusted to 7.4 by
NaOH. For the Ca2+-free external solution, the 2-mM CaCl2
was replaced by 0.5 mM EGTA in the standard external
solution. For the divalent cation-free solution, MgCl2 was
omitted from the Ca2+-free external solution. The N-methyl-
D-glucamine (NMDG+) solution contained 150mMNMDG+,
10 mMHEPES, and 5.5 mM glucose, with pH adjusted to 7.4
by HCl. The Na+-only solution contained 150 mM NaCl,
10 mM HEPES, and 5.5 mM glucose, with pH adjusted to
7.4 by NaOH. The osmolarities of external solutions were
adjusted to 300 mOsmwith sucrose. Except the results shown
in Figs. 1 and 2, all recordings were performed using the Ca2+-
free external solution unless otherwise stated. Solutions were
switched using a gravity-fed continuous focal perfusion sys-
tem. AITC was used at 100 μM for all experiments. Unless
stated otherwise, TRPA1 currents were elicited by applying
voltage ramps every 2 s from −100 to +100 mV from the
holding potential of 0 or +30mVover a period of 300ms, with
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a 20-ms step at −100 mV before and a 20-ms step at +100 mV
after the ramp.

For estimation of NMDG+ permeability, the cell was exposed
sequentially to NMDG+ and Na+-only solutions, while currents

were recorded using the voltage ramp protocol.PNMDG/PNa was
determined as the exponential function for the difference be-
tween reversal potentials of NMDG+ and Na+ multiplied by F/
RT, where F, R , and T have their usual meanings.

Fig. 1 Mutation of L906 at the pore helix of mouse TRPA1 to cysteine
converts the channel from outward to inward rectification. a Sequence
alignment of putative pore regions of mammalian TRPA1 and TRPM
channels. Equivalent regions of known channel structures (KvAP,
Kv1.2, KcsA, NaKbc, NaChBac, NavAb, and NavRH) are shown for
comparison. Shaded areas indicate minimal spans of pore helices and
selectivity filters, adapted for TRPMs from Refs. [27, 34]. Residues
mutated in mouse TRPA1 in the current study (Pro904, Leu905, and
Leu906) and the Asp (D918) previously shown to determine the Ca2+

selectivity of TRPA1 [51] are underlined. b Whole-cell current recording
of a HEK293 cell expressing wild-type mouse TRPA1 in the normal
extracellular solution containing 2 mM Ca2+ and 1 mM Mg2+. A 300-ms

ramp from −100 to 100mVwas applied every 2 s, from a holding potential
of 0 mV and current measured at −100 mV (filled circles) and +100 mV
(open circles) during each ramp is plotted as a function of time. AITC
(100μM)was applied during the time indicated by the horizontal bar. The
graph below the current traces shows changes in rectification ratio ([R=
I−100/I+100] for the same cell during the same time period. The bottom plot
shows current–voltage (I–V) relationships recorded from the same cell by
the voltage ramp collected at basal (black line), the peak of AITC response
(red line), and the end of time course (blue line). c As in b , but for a cell
that expressed L906C mutant of mouse TRPA1. Note the inwardly recti-
fying I–V relationships and the large R values

Fig. 2 Inward rectification of L906C is independent of divalent cations.
Similar to Fig. 1b, c, but the recording was performed using a Ca2+-free
(omitting Ca2+ and adding 0.5 mM EGTA) bath solution (a , b) or divalent
cation-free bath (omitting Ca2+ and Mg2+ and adding 0.5 mM EGTA) and

pipette (omitting Ca2+ andMg2+ and adding 10 mMBAPTA) solutions (c ,
d). Representative traces are shown as for Fig. 1b, c for cells that expressed
wild-type mouse TRPA1 (a , c) or its L906C mutant (b , d)
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Simulation of voltage-dependent activation and inactivation

The conductance–voltage (G–V ) relationships for voltage-
dependent activation and inactivation were estimated using the
Boltzmann sigmoidal equation: G =Gmin+(Gmax−Gmin)/(1+
exp(−(V −V1/2)/s)), in which Gmax and Gmin for the maximum
and minimum conductance were set to be 1 and 0, respectively;
V1/2, representing the voltage for reaching 50 % of maximum
conductance, was set to a desired value for activation or inacti-
vation; s (=RT /zF), representing the slope factors, were set to be
47 for activation based on the mean value estimated from
previous publications [24, 44, 60] and −20 for inactivation
according to the current study. The voltage-dependent conduc-
tance for a given potential was estimated as G (v)=Gact×G inact.
For a more realist prediction of I–V relationships, we included
5% equivalent of theGmax as voltage-independent conductance
to account for leak and voltage-independent TRPA1 activities.
Therefore, the total conductance at a given potential wasG total=
0.05+0.95G (v) and the relative current was determined as I /
Imax=(V−Vrev)×G total, where the reversal potentialVrev, was set
to 0 for TRPA1.

Chemicals

AITC, HC-030031, menthol, and ruthenium red (RR)
were purchased from Sigma-Aldrich Co.

Statistical analysis

Data are presented as means ± SEM. Statistical significance was
assessed using Student’s t test unless otherwise stated. For all
results, asterisks indicate the following: *p<0.05, **p<0.01,
and ***p<0.001.

Results

Mutating L906 converts TRPA1 into an inwardly rectifying
channel

Because of the limited sequence homology, the published
alignments between TRPA1 and channels of known struc-
tures, e.g., KcsA, at the pore region differ between studies
[51, 53]. We have adopted the alignment used by Xiao et al.
[53] and added the equivalent regions of several other K+

channels, nonselective cation channels, and the recently re-
solved bacterial Na+ channels [57], as well as that predicted
for TRPM channels [27, 34], to the alignment in order to
define the minimal motifs for pore helix and selectivity filter
of TRPA1 (Fig. 1a). Because aspartic acid 918 (D918) of rat
TRPA1 determines Ca2+ permeability and is included in the
selectivity filter [51], it is also reasonable to assume that
residues preceding D918 constitute the selectivity filter and

pore helix of TRPA1. We focused on the proline–leucine–
leucine (PLL) motif because it represents the start of an alpha
helix according to secondary structure prediction, and in some
Kv channels, the PAG or PVP motif in the S6 segment has
been proposed to form a “hinge” that contributes to channel
gating [15, 40, 52, 57]. To test the role of the PLL motif in
TRPA1 channel function, we changed PLL individually into a
cysteine by site-directed mutagenesis. We then expressed the
mutant construct in HEK293 cells by transient transfection
and examined ionic currents under basal and AITC-stimulated
conditions using whole-cell recordings.

Cells expressing wild-type mouse TRPA1 displayed mini-
mal current under the basal nonstimulated condition in the
physiological external solution containing 2 mM Ca2+ and
1 mM Mg2+. Perfusion with AITC (100 μM) produced an
increase in membrane currents, which was slow initially but
became robust after 10–20 s. This fast phase of current devel-
opment was followed by rapid decreases of currents at both
positive and negative potentials, indicating desensitization
(Fig. 1b). The complex kinetics of AITC-induced current
changes represent slow action of AITC as an agonist and a
strong potentiation, followed by inhibition, by Ca2+ that entered
the cell through the activated TRPA1 channels [3, 5, 36, 51].
Under these conditions as outlined, the currents were outwardly
rectifying (Fig. 1b), with the rectification ratio (R), calculated as
the ratio of absolute current amplitude at −100mVover that at +
100mV,maintained at less than 1 (0.72±0.07, n =12). Here, we
use R <1 to indicate outward rectification and R >1 for inward
rectification. The values are also informative for relative recti-
fications at outward and inward directions. For the three muta-
tions at PLL, P904C displayed similar phenotype as the wild-
type channel. L905C had a reduced and slower response
to AITC stimulation, but the rectification ratio did not
differ from the wild-type channel. Surprisingly, L906C
displayed constitutive currents, which were larger in the
negative potentials than in the positive ones, with an
average R value of 2.93±0.43 (n =13). Stimulation by
AITC (100 μM) further enhanced the currents at both
negative and positive potentials, with kinetic profiles resem-
bling that of the wild-type channel, i.e., activation followed by
desensitization (Fig. 1c). The R value at the peak of AITC-
stimulated currents was 3.16±0.40 (n =13) (Fig. 1c). The I–V
curves for L906C obtained by voltage ramps from −100 to +
100 mV showed inward rectification with current decreased at
high positive potentials and a reversal potential near 0 (1.0±
1.3 mV, n =13), which was not different from that of wild-type
TRPA1 (0.8±1.4, n =12, p =0.9 vs L906C by unpaired t test).
Despite the large change in the rectification ratio, the current
densities at −100mVat the peak of AITC stimulation were not
significantly different between wild type (−0.59±0.10 nA/pF,
n =12) and L906C (−0.36±0.08 nA/pF, n =13, p =0.084 vs
wild type by unpaired t test). We therefore focused on muta-
tions at L906 in subsequent studies.
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The inward rectification of L906C is not dependent
on divalent cations

Pore block by divalent cations is a common cause of rectifica-
tion for many ion channels [33], including some TRP channels
[49, 54]. Although outward rectification of the wild-type
TRPA1 channel is not dependent on the presence of divalent
cations in the extracellular solution [51], Ca2+ and/or Mg2+,
which are typically found in physiological solutions, could in
some way contribute to the rectification behavior of the channel
when they are present in the intracellular and/or extracellular
solutions. We therefore examined whether divalent cations
were responsible for the inward rectification of the L906C
TRPA1 mutant. First, we used a Ca2+-free external solution
(omitting Ca2+ and adding 0.5 mM EGTA) and found that
removal of extracellular Ca2+ markedly slowed the activation
and desensitization kinetics without changing the overall cur-
rent densities (−0.45±0.17 nA/pF for wild type and −0.58±
0.09 nA/pF for L906C at −100 mV, n =7 for each) and rectifi-
cation behaviors (R =0.40±0.02 for wild type and 8.42±0.58
for L906C, n =7 for each) of wild-type TRPA1 and its L906C
mutant (Fig. 2a, b). We then used divalent cation-free extracel-
lular (omitting Ca2+ and Mg2+ and including 0.5 mM EGTA)
and intracellular (omitting Ca2+ and Mg2+ and including
10 mM BAPTA) solutions. For the wild-type channel, removal
of divalent cations resulted in the loss of rectification (R =1.05±
0.01, n =5, p <0.05 vs the R value for wild-type TRPA1 in
normal physiological solutions) at the peak of the response to
AITC. Consistent with the previous report [51] and with the
response in the Ca2+-free external solution, the currents devel-
oped slowly in response to AITC and strong outward rectifica-
tion was seen during the first minute of the agonist stimulation
(Fig. 2c). Noticeably, under both conditions, the outward cur-
rents developed faster and also entered desensitization earlier
than the inward currents. The overall rates of current develop-
ment and desensitization in the external Ca2+-free and divalent
cation-free conditions were slower than in the presence of Ca2+

and Mg2+, indicating that although divalent cations, especially
Ca2+, are not required for TRPA1 current development and
desensitization, they strongly influence the kinetics of these
processes.

On the other hand, removal of divalent cations from both
bath and pipette solutions did not significantly alter inward
rectification of the L906C mutant channel under basal and
AITC-stimulated conditions (R =3.1±2.3 and 3.7±1.5 at bas-
al and the peak of AITC stimulation, respectively) (Fig. 2d).
Therefore, the inward rectification of the L906C mutant was
not due to a change in the pore block by divalent cations.
Similar to wild-type TRPA1, the kinetics of activation and
desensitization of the L906C mutant in response to AITC
stimulation were also markedly slowed under the divalent
cation-free conditions (Fig. 2d), suggesting that Ca2+ and/or
Mg2+ could still facilitate the activation of L906C by AITC

and the resultant desensitization. In the divalent cation-free
solutions, the current densities at −100 mV at the peak of
AITC stimulation, −2.03±0.15 nA/pF for wild type (n =5)
and −1.93±0.19 nA/pF for L906C (n =4), were higher than
those in normal physiological solutions or in the Ca2+-free
external solution, which could result from removal of the
inhibitory effect of Mg2+ on TRPA1 currents [51]. Together,
these observations are consistent with the idea that divalent
cations are generally inhibitory to TRPA1 function despite
initial facilitation. Furthermore, the cysteine substitution at
L906 did not alter the effect of divalent cations on channel
function. Because the Ca2+-free external solution slowed de-
sensitization without affecting current density, we used it as
the bath solution for all subsequent experiments.

L906C is inactivated at positive potentials
in a time- and voltage-dependent manner

The representative I–V trace for L906C obtained from the
voltage ramp protocol shows a gradual decline of the outward
currents after reaching the peak (Fig. 1c), indicative of a
voltage- and time-dependent “inactivation.” To examine this
possibility, we recorded the basal and AITC-stimulated cur-
rents of L906C at −100, −60, and +60 mVusing voltage steps
from the holding potential of 0 mV. As shown in Fig. 3,
currents developed rapidly at all potentials and were increased
in response to AITC with activation and desensitization kinet-
ics similar to those obtained from the voltage ramps. However,
while the current at −100 and −60 mV remained relatively
consistent during the 500-ms steps, that at +60 mV declined
exponentially and rapidly such that the steady-state current at
the end of the 500-ms step approached 0 (Fig. 3c). The time-
dependent inactivation at +60 mV occurred in the absence or
presence of AITC and during desensitization; therefore it was
independent of the stimulation status of the channel.

To further explore the voltage dependence of the L906C
mutant, we applied a series of voltage steps from −100 to +
100 mV with a 20-mV increment from the holding potential of
0mV, followed by a hyperpolarization step to −100mV (inset in
Fig. 4a) to cells that expressed either the wild-type mouse
TRPA1 or its L906C mutant. Consistent with previous studies
[29], wild-type TRPA1 was only activated at high positive
potentials in the absence of an agonist (Fig. 4a). In contrast,
the L906C mutant displayed nearly steady currents during the
800-ms voltage steps at all negative potentials. Only a small
decrease in current was observed at hyperpolarized negative
potentials (<20 % at −100 mV). In contrast, all currents at
positive potentials showed rapid inactivation (Fig. 4b). Plotting
the time constants of inactivation at +20, +40, +60, +80, and +
100 mV against voltages revealed a clear trend of voltage-
dependent acceleration of inactivation for L906C (Fig. 4c).
The I–V curves generated from the steady-state currents at the
end of the 800-ms voltage steps clearly show that themutation at
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L906 switched the polarity of voltage dependence of TRPA1,
converting the channel from outwardly to inwardly rectifying
(Fig. 4d). This change was caused, apparently, by constitutive
opening of the mutant channel at negative potentials and
voltage-dependent inactivation at positive potentials (Figs. 3c
and 4c). Interestingly, while the inactivation of L906C at positive
potentials was time-dependent, the “re-opening” was very rapid
upon stepping to the hyperpolarized potential (−100 mV). Tail
current traces from all positive potentials nearly overlapped
(Fig. 4b), indicating a very quick recovery from inactivation.

To quantify the voltage dependence of the mutant channel,
we applied a series of voltage steps from −100 to +100 mV
with a 10-mV increment from the holding potential of +30 mV,
followed by a step to +100 mV, to cells that expressed L906C

under basal and AITC-stimulated conditions (Fig. 4e). Because
of the time-dependent changes during activation and desensiti-
zation induced by AITC (for example, see Fig. 3), the activity
levels were not stable throughout the time period needed to
complete all steps (~20 s). Therefore, to calibrate the relative
activity level for each step, a 50-ms pre-step to −40 mV was
included before the test step (see voltage protocol in the inset of
Fig. 4e), and the current amplitude at the end of the pre-step
was used to normalize the tail current measured at +100 mV
before the relative conductance (normalized I tail or G /Gmax)
was calculated and plotted against the step voltage. Fitting the
conductance–voltage (G–V) plots with the Boltzmann equa-
tion yielded half voltage for inactivation (V1/2) of −2.6±1.6mV
(n =12) and 9.8±1.6 mV (n =14) for basal and AITC-
stimulated conditions, respectively (Fig. 4e). These values are
lower than that reported for wild-type TRPA1 (34.5 mV) based
on single channel open probability recorded from cell-attached
patches [35]. The negative slopes of the G–V curves (slope
factors of −21.9±1.2 for basal and −18.4±1.1 for AITC-
stimulated) are consistent with the mutant channel being acti-
vated by hyperpolarization rather than depolarization.

L906C mutation results in additional property changes

AITC is an electrophilic compound that activates TRPA1
through covalent modification of cysteine residues at the
cytoplasmic N-terminus [8, 47]. Since L906C is constitu-
tively active, it is unlikely that the inward rectification
resulted from interaction between AITC and the introduced
cysteine residue. Nonetheless, because TRPA1 is also ac-
tivated by some nonelectrophilic compounds, such as men-
thol [22], we tested the effect of menthol on L906C. To
our surprise, although menthol (200 μM) activated wild-
type TRPA1 with outwardly rectifying I–V relationships, it
failed to change the activity of L906C (Fig. 5a, b, d). At
higher concentrations, menthol also inhibits TRPA1 [22].
Interestingly, despite the lack of stimulatory effect at
200 μM, 1 mM menthol significantly inhibited the basal
constitutive current of L906C (Fig. 5c, d).

Another property of TRPA1 is that it undergoes pore
dilation in response to agonist stimulation [10]. We exam-
ined this property by comparing the permeability to
NMDG+ with that to Na+. As determined using reversal
potential values obtained in isotonic NMDG+ and Na+

extracellular solutions, for wild-type TRPA1, PNMDG/PNa

ratio changed from 0.15±0.01 (n =7) immediately follow-
ing AITC (100 μM) application to 0.27±0.03 (n =7) at
3 min after AITC treatment. However, the PNMDG/PNa

ratio (0.16±0.01 before and 0.18±0.01 at 3 min after
AITC application) was not significantly changed for
L906C. This result suggests that unlike the wild-type
channel, the L906C mutant of TRPA1 does not undergo
pore dilation in response to AITC stimulation.

Fig. 3 Time-dependent inactivation of L906C at positive potentials.
Representative current traces of TRPA1 L906C mutant expressed in
HEK293 cells recorded by voltage-step protocols. The cell was held at
0 mV and stepped to −60 mV (a), −100 mV (b), or +60 mV (c) for
500 ms at 5 s intervals. Left panels show current traces before (basal,
dashed lines), at the peak of (peakAITC, solid black lines), and at the end
of (desensitized, solid gray lines) AITC stimulation. Right panels show
time courses of currents at the beginning (instantaneous, open circles)
and the end (steady-state, filled circles) of the voltage steps during AITC
stimulation. Before the step protocols, the standard voltage ramp protocol
was applied to test whether the cell could respond to AITC. Thus, the
starting point of the time course was not time 0. Similar phenomena were
observed in more than three cells for each experiment
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We also tested the response of L906C to TRPA1 blockers.
L906 is located in the pore helix of TRPA1 close to D918
(Fig. 1a), which is considered a part of the selectivity filter and
critical for Ca2+ permeation [51]. Consistent with its pore local-
ization, themutation at L906markedly reduced sensitivity of the
channel to inhibition by the nonspecific pore blocker, ruthenium
red (RR), at negative potentials (Fig. 6a–c). The IC50 of RR for
current at −100 mV changed from 0.76±0.06 μM for wild-type
TRPA1 (n=5) to 8.06±0.31 μM for L906C (n=4, p<0.01 vs
wild type). Similar to that of wild-type channel, the outward
currents of L906C at positive potentials were not very sensitive
to RR (Fig. 6a, b). Interestingly, the L906C mutation also
dramatically reduced the inhibitory capability of HC030031, a
noncharged TRPA1 selective inhibitor [13]. For the wild-type
TRPA1, 30 μM HC030031 almost completely inhibited both
the inward and outward currents (Fig. 6d). However, the same
concentration of HC030031 only slightly inhibited the cur-
rents of L906C (Fig. 6e). Accordingly, the concentration–
response curve to HC030031 was right-shifted for L906C as

compared to the wild-type channel (Fig. 6f), with the IC50 for
currents at −100 mV increased from 10.10±0.07 μM for wild-
type TRPA1 (n=4) to 37.8±0.49 μM for L906C (n=3, p<0.05
vs wild type). This decrease in the inhibitory effect of
HC030031 could suggest that the site of action of this compound
might also be near the pore region; however, further experimen-
tation is needed to test this possibility.

Side chain properties for residue at position 906 to confer
inward rectification

We further examined the side chain properties that confer
inward rectification of TRPA1 at residue position 906 by
substituting the leucine with all other 18 amino acids. Upon
expression in HEK293 cells, the L906P, L906D, and L906E
mutants showed very small basal currents, which were only
slightly increased by stimulation with 100 μMAITC (Fig. 7a,
also see Fig. 8 for representative I–V traces). With the low
activity, rectification was not obvious for these mutants, but

Fig. 4 Voltage-dependent
inactivation of L906C.
a , b Representative current
traces induced by the step
protocol indicated in the inset
from HEK293 cells expressing
wild-type TRPA1
(a) and its L906C mutant
(b) under basal unstimulated
conditions. c Histogram showing
time constants of inactivation of
outward currents of L906C at
indicated step potentials. The time
constant was calculated by fitting
the currents with a single-
exponential equation. Data are
means ± SEM for three cells.
d I–V relationships based on the
steady-state currents at the end of
the voltage steps for wild-type and
mutant TRPA1 channels. Data are
means ± SEM for three cells.
e Conductance–voltage (G–V)
relationships for L906C under
basal and AITC-stimulated
conditions. To correct for the
changing activity levels during
AITC stimulation, a 50-ms pre-
step to −40 mV was included
before the test step (inset at bottom
right) and the current amplitude at
the end of the pre-step was used to
normalize the tail currentmeasured
at +100 mV. Representative traces
are shown to the right of the G–V
curves, which were fitted by the
Boltzmann sigmoidal equation,
with V1/2 values indicated
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the currents at −100 mV were largely reduced by ruthenium
red (10 μM) or when extracellular Na+ was replaced with
NMDG+ (Fig. 8), indicating cation conductance, likely
through the expressed mutant channels. For the other 15
substitutions, all but one, L906M, showed inward rectification
(Fig. 7a, b). Many of the mutants also displayed high, inward-
ly rectifying basal activities. Stimulation by AITC (100 μM)
elicited quite variable responses with no obvious correlation to
the side chain property of the residue. Remarkably, conserved

substitutions of the leucine with valine and isoleucine also
resulted in inward rectification, with L906V showing high
basal activity and moderate further increase in response to
AITC while L906I displayed low basal current and robust
response to the channel agonist (Fig. 7a, d). Typically, AITC
either did not change or increased the rectification ratios of the
mutant channels with exception of L906F, which showed a
marked decrease in the rectification ratio in response to AITC
(p =0.0049, n =9, basal vs AITC by paired t test) (Figs. 7a, b

Fig. 5 Effect of menthol on L906C. a , b Representative I–V traces (left)
and time courses at +100 and −100 mV (right) of whole-cell currents
obtained by voltage ramps from cells that expressed L906Cmutant (a) and
the wild-type (b) constructs of TRPA1. Menthol (men, 0.2 mM) was
applied as indicated. I–V traces show basal and during menthol

application. c Similar to a , but 1 mM menthol was applied to the cell that
expressed L906C, which caused inhibition. d Summary data (means±
SEM, n=6) for experiments shown in a–c . *p<0.05, **p<0.01, ***p<
0.001 vs basal by paired t test

Fig. 6 Reduced sensitivity of L906C to inhibition by ruthenium red and
HC030031. a–c Inhibitory effects of ruthenium red (RR). a , b Repre-
sentative I–V traces under basal, AITC (100 μM)-stimulated, and AITC
plus RR (10 μM) conditions obtained from voltage ramps for cells that
expressed wild-type TRPA1 (a) and its L906C mutant (b). c Concentra-
tion–response curves of RR for wild type and L906C at −100 mV. Data
are means ± SEM for four to five cells and fitted with the Hill equation.

d–f Inhibitory effects of HC030031 (HC). d , e Representative I–V traces
under basal, AITC (100 μM)-stimulated, and AITC plus HC (30 μM)
conditions obtained from voltage ramps for cells that expressed wild-type
TRPA1 (d) and its L906C mutant (e). f Concentration–response curves
of HC for wild type and L906C at −100 mV. Data are means ± SEM for
three to four cells and fitted with the Hill equation
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and 8). The L906Mmutation had relatively low basal activity,
but responded to AITC with robust current, which had a
nearly linear I–V relationship (R =0.92±0.05, n =8) and was
blocked by RR (Fig. 7a–c). In addition to the examples shown
in Fig. 7c–e, the representative I–V traces for all other tested
mutants are shown in Fig. 8. Together, these data demonstrate
the unique role and absolute requirement for leucine at posi-
tion 906 to confer the outwardly rectifying voltage depen-
dence of the TRPA1 channel. Substitutions at this position by
most other amino acids render a reversal of the voltage de-
pendence, with few exceptions, e.g., methionine. A few sub-
stitutions also severely compromised channel function (aspar-
tate, glutamate, and proline).

Discussion

Bimodal voltage dependency of TRPA1

Although TRPA1 and other thermosensitive TRP channels, such
as TRPV1 and TRPM8, are not activated by voltage alone
within physiologically relevant potentials, they show voltage
dependence [48]. Other physical and chemical stimuli can shift
the voltage dependence to the physiological range, leading to the
proposal of this being a main mechanism underlying TRP
channel activation [48, 58]. Compared to TRPV1 and

TRPM8, the voltage-dependent regulation of TRPA1 appears
more complex, showing both activation and inactivation at
positive voltages by different research groups [1, 3, 5, 23, 29,
36, 44, 51, 60]. It is also not uncommon that linear I–V rela-
tionships are reported between −100 and +100 mV when the
channel is strongly activated. Outward rectification is commonly
observed when activated by certain chemical agonists, low
temperature, and intracellular Ca2+ [29, 60].

There are two major mechanisms for voltage dependence
(rectification) of TRP channels: (a) voltage-dependent pore
block by divalent cations and (b) intrinsic voltage-dependent
gating [34]. For TRPA1, strong outward rectification was ob-
served in bath solutions that contained neither Ca2+ nor Mg2+

[51] and likewise inactivation at positive potentials was also
shown in Ca2+-free external solutions [3, 36], suggesting that
the contribution of divalent cations to TRPA1 voltage depen-
dence was minimum. However, because of the complex effect
of entering Ca2+ on channel activity [32, 51], divalent cations
can affect the apparent rectification via modulation of intrinsic
voltage dependence. In this study, we intentionally prolonged
the duration of AITC application to allow full current develop-
ment and its conversion to desensitization. In the presence of
Ca2+/Mg2+, AITC induced a biphasic development of TRPA1
currents, with an initial slow phase followed by a rapid in-
crease, which then entered a rapid desensitization in the con-
tinued presence of AITC (Fig. 1b). This complex behavior can

Fig. 7 Most mutations at L906 convert the TRPA1 channel to
inward rectification. a , b Current densities (a) at +100mV (upper graph)
and −100 mV (lower graph) and the rectification ratios (b) under basal
(open bars) and AITC-stimulated (100 μM, filled bars) conditions for
HEK293 cells expressing wild-type mouse TRPA1 (L) and its mutations
with L906 substituted by the indicated amino acids. Dashed line in
b indicates R =1, which separates outward rectification (R<1) from

inward rectification (R>1). Data are means ± SEM from 4 to 13 cells for
each construct. c–e Left panels, representative I–V traces under basal (black
lines), AITC-stimulated (100 μM, red lines), and AITC plus ruthenium red
(RR, 10 μM, blue lines) conditions for selected L906 substitutions as
indicated. Right panels, time courses of currents at −100 and +100 mV for
the corresponding mutants shown to the left. AITC and RR were applied as
indicated by the horizontal bars
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be explained by Ca2+-dependent potentiation and then inacti-
vation, both involving Ca2+ entry through the open TRPA1
channels [51]. Supporting this idea, removal of extracellular
Ca2+ alone slowed both activation and desensitization without
affecting maximal current and rectification ratio (Fig. 2a). This
would be consistent with the slow and cumulative nature of
TRPA1 activation through covalent cysteine modification by
the electrophilic AITC [17]. The rectification ratio increased
rapidly with Ca2+ but slowly without Ca2+, indicative of neg-
ative shifts of the voltage dependence by agonist stimulation.
Interestingly, under both conditions, the rectification ratio
remained nearly constant during desensitization (Figs. 1b and
2a), indicating that the desensitization results mainly from
proportional closure (or removal) of activated channels rather
than returning them to a prestimulated state. Removal of diva-
lent cations allowed for more complete, but slower, activation
by AITC and eventual loss of outward rectification (Fig. 2c).
However, outward rectification (R <1) was clearly evident

during the extended initial activation phase despite the com-
plete lack of Ca2+ and Mg2+ (Fig. 2c). Together, these data
confirm that divalent cations are not required for outward
rectification of TRPA1, and the loss of rectification and en-
hanced current amplitude in divalent-free solutions are results
of a more negative shift of voltage dependence in the absence
of Ca2+/Mg2+-dependent inhibition. Therefore, intrinsic volt-
age dependence may be the main mechanism underlying out-
ward rectification of TRPA1 currents.

Mutations at L906 convert TRPA1 into inward rectification
independent of divalent cations

Interestingly, although the wild-type mouse TRPA1 only
displayed outwardly rectifying or linear currents under our
experimental conditions, the majority of mutations at L906,
located in the pore helix of TRPA1, showed exclusively
inwardly rectifying currents with inactivation at positive

Fig. 8 I–V relationships of L906 mutants. Representative I–V traces
obtained using voltage ramps from −100 to +100 mV at basal (black),
peak of stimulation by AITC (100 μM, red), after addition of ruthenium
red (RR, 10μM, blue), or replacement of cations in the bath solution with
NMDG+ (green) for HEK293 cells that expressed L906 mutants of

mouse TRPA1 as indicated. Whole-cell recordings were performed using
the Ca2+-free bath solution as described in “Materials and methods.”
Summary data for current densities and rectification ratios under basal
and AITC-stimulated conditions are shown in Fig. 7a, b
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potentials. This unexpected finding revealed the importance of
TRPA1 pore helix in channel gating. The pore loop of TRPA1
has been suggested to contribute to channel gating based on
the finding that A946S and M949I substitutions in the upper
portion of S6 segment of rat TRPA1 converted the effect of
electrophilic thioaminal-containing compounds from activa-
tion to inhibition [9]. T633 in TRPV1 pore helix has also been
implicated in channel gating by protons [39] and camphor
[30]. Mutations in F640 and T641 of TRPV1 also led to
constitutive activation and loss of proton response [31].
Interestingly, TRPV1 T633 is in the equivalent position as
TRPA1 L906 (Fig. 9a), but mutations at TRPA1 L906 caused
more dramatic changes in channel gating. Importantly, only
leucine or methionine at this position gives rise to outward
rectification or linear currents; 15 other amino acids caused
TRPA1 to rectify only inwardly; the remaining three had very
low activity. Therefore, L906 is absolutely required for normal
voltage-dependent gating of TRPA1. Consistently, the leucine
is conserved in nearly all vertebrate TRPA proteins, with the
exception of phenylalanine in the frog Xenopus tropicalis
(Fig. 9b). The L906F substitution is also unique among others
with its markedly reduced rectification ratio in response to
AITC (Figs. 7b and 8). In insects and nematodes, the position
contains a methionine (Fig. 9b), the only other amino acid in
our study that permitted large agonist-induced response with-
out inward rectification.

Removal of divalent cations had very little impact on
inward rectification of L906C, ruling out the possibility that
the mutation acquired a gain-of-function unidirectional pore
blockade by Ca2+/Mg2+. Similar to wild-type TRPA1, remov-
al of divalent cations increased the AITC-evoked peak cur-
rents of L906C at −100 mV, indicating that Ca2+/Mg2+ inhi-
bition was unaffected by the mutation. It was recently shown
that a cluster of acidic residues in the distal C-terminus of
TRPA1 may be critical for the Ca2+-induced responses [44].
Since L906 is 12 residues upstream from D918, which deter-
mines the Ca2+ selectivity and is in the permeation pathway
[51], L906 is likely situated outside of the selectivity filter and
thus unlikely involved in pore block by divalent cations.

Voltage-dependent inactivation of L906C

The L906 mutations reveal an interesting feature of intrinsic
voltage dependence of TRPA1. Previously, residues in the S6
segment of human TRPA1 have been shown to influence
channel rectification [5]. While some of the mutations
displayed strong outward rectification without or with little
inward currents, G958R, located near the C-terminal end of
S6 segment close to the putative helix bundle, showed strong
inwardly rectifying constitutive activity with weak response to
AITC (200 μM). However, G958R differs from L906C in that
the outward currents at positive potentials showed little inac-
tivation during voltage steps. The~−13-mV shift in reversal

potential of G958R also suggests a change in permeability [5].
Therefore, the inward rectification of G958R likely resulted
from permeation block.

By contrast, the L906mutations represent a change in intrinsic
voltage dependence. We show clearly that L906C is inactivated
at positive potentials in a time-dependent manner and the time
constant of inactivation is dependent on voltage. TheG–V curve
for L906C has a negative slope, similar to hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels. AITC stimu-
lation shifted theG–V curve by about ~12 mV to more positive,
but the V1/2 remains more negative than that for the wild-
type TRPA1 determined from cell-attached single channel
recordings [35].

Bimodal voltage-dependent gating model for TRPA1

Our data provide a clear demonstration of voltage-dependent
inactivation of TRPA1 and suggest an interesting possibility that
may explain the bimodal voltage dependence of TRPA1 report-
ed by different research groups. Assuming that both voltage-

Fig. 9 TRPA1 pore helix and selectivity filter. a Alignment of mouse
TRPA1 and TRPVs at putative pore helices (gray) and selectivity filters
(yellow ). L906 of TRPA1 and T633 of TRPV1 are indicated in
red . b Alignment of pore helices and selectivity filters for TRPA1 from
selected animal species. The conserved PXLS motif in terrestrial verte-
brates is highlighted in gray and the phenylalanine in frog and methio-
nines in insects and nematode at the position equivalent to mouse L906
are highlighted in yellow. GenBank accession numbers are indicated in
square brackets
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dependent activation and inactivation are involved in TRPA1
gating, then one should be able to predict the different rectifica-
tion patterns (outward and inward rectifications as well as linear)
by changing the V1/2 values for activation and inactivation as
illustrated in Fig. 10. In this simulation, the V1/2 for inactivation
is assumed to vary greatly under different experimental condi-
tions. This is possible because large voltage shifts in response to
stimuli (or modulators) are predicted by the thermodynamic
principle from the small gating charge of TRP channels [34].
When V1/2 for inactivation is high (≥+150 mV), its contribution
to the I–V between −100 and +100 mV is negligible and the
voltage dependence follows the same principle that has been
well described for other TRP channels, i.e., changing from
outward rectification to linear as V1/2 for activation shifts to
more negative [34, 48]. Conceivably, factors in recording
conditions under certain experimental settings could also
negatively shift the inactivation voltage such that voltage-
dependent inactivation becomes detectable within the com-
monly applied potential range (e.g., Fig. 10c). Thus, our
model offers a plausible explanation for the bimodal voltage
dependence of TRPA1. More importantly, the inward rectifi-
cation behaviors of TRPA1 L906 mutants can be readily
explained using the measured inactivation V1/2 value, with
the assumption that activation V1/2 is also largely shifted to
very negative voltages (e.g., <−150 mV, see Fig. 10d).

Our data thus suggest that the pore helix plays a critical role
in voltage-dependent gating of TRPA1. The L906C substitu-
tion shifted both activation and inactivation voltages to more
negative, leading to constitutive activation at negative and
inactivation at positive potentials. Interestingly, L906C is
constitutively active and the currents can be further enhanced
by AITC but not menthol. While AITC caused ~12 mV
positive shift of the inactivation voltage, such a change cannot
explain the doubled current density of L906C by AITC
(Fig. 10d), nor can any change of the activation voltage
account for such an increase (simulation data not shown). It
is thus likely that in addition to altering the voltage depen-
dence of TRPA1, AITC also increases channel availability.
About twice the number of the channel would have to become
available in order to simulate the effect of AITC on L906C
(Fig. 10d). On the other hand, menthol may activate TRPA1
only through negatively shifting the activation voltage. This
idea is consistent with the previous observation that menthol
dramatically shifted the activation V1/2 of TRPA1 from 121 to
−285 mV [22]. Such an action would not be expected to
enhance L906C current, given the already very negative acti-
vation V1/2 under basal conditions. Ironically, the inhibitory
effect of menthol was still readily detectable on L906C. This
action does not appear to be voltage dependent. Furthermore,
pore dilation was not detected for L906C in response to AITC.
This could suggest that pore dilation is associated with the
change in voltage-dependent activation, a possibility that re-
quires further investigation.

Our model that both voltage-dependent activation and in-
activation are involved in TRPA1 gating is reminiscent of
similar bimodal voltage dependence of classical voltage-
gated channels [14, 18, 41, 43, 50, 59]. A major distinction
between TRPA1 and the well-characterized voltage-gated
channels with prominent voltage-dependent inactivation
seems that for the latter, the inactivation V1/2 tends to be more
negative than activation V1/2, giving rise to the “window
currents,” which are pivotal for the physiological function of

Fig. 10 Simulation of I–V relationships of TRPA1 using the bimodal
voltage-dependent gating model. Left plots show G–V curves for activa-
tion (solid blue) and inactivation (dot-dash red) using V1/2 values as
indicated and other parameters described in “Materials and methods.”
Right plots show I–V curves between −100 and +100 mV predicted from
theG–V relationships at the left side. a–c For wild-type TRPA1, outward
rectification (a), linear I–V (b ), and inward rectification (c) can be
generated by separately changing the V1/2 values for activation and
inactivation without altering any other parameter. d For L906C, the
characteristic inwardly rectifying I–V relationship can be predicted using
the measured inactivation V1/2 values for basal (dashed blue) and AITC
stimulated (solid red) conditions from Fig. 4e. The activation V1/2 is
assumed to be very negative (<−150 mV). However, to account for the
increased current density in response to AITC, channel availability needs
to be doubled (solid black)
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these channels [2, 38, 43, 50]. However, for TRPA1, given the
very positive activation V1/2 under resting conditions (121 to
155 mV) [22, 44, 60], the relatively negative inactivation V1/2

(34.5 mV) [35] should prevent detection of its current at most
potentials. It is interesting that menthol dramatically shifted
activation V1/2 of TRPA1 to more negative potentials about
400 mV (to −285 mV) [22] and a rise in intracellular Ca2+

level could also shift it about 150 mV (to −1 mV) [60]. These
large changes are expected because of the small gating charge
for TRPA1 activation (~0.4e to 0.8e ) [24, 44, 60]. The inac-
tivation gating charge for TRPA1 is estimated to be~−1.3e
based on our results with L906C (Fig. 4) or −2.4e for the wild-
type TRPA1 [35]. It would be interesting to compare the
effects of different stimuli on both voltage-dependent activa-
tion and inactivation of TRPA1.

While molecular determinants for voltage-dependent activa-
tion and inactivation can be different [37, 38, 43, 56], the outer
mouth of the pore loop has been implicated in voltage-dependent
inactivation of HERGK+ channels [21, 41, 59]. Our data suggest
that L906 located in the putative pore helix of TRPA1 is critical
for both voltage-dependent activation and inactivation. At least
for L906C and several other substitutions, voltage-dependent
activation was not evident at potentials >−100 mV regardless of
the stimulation status. However, the voltage-dependent inactiva-
tion was quite prominent in these mutants, suggesting that both
voltage-dependent activation and inactivation had been shifted to
more negative as compared to wild type. Alternatively, the muta-
tions could be viewed as having lost the voltage-dependent
activation. Further investigations are warranted to distinguish
these possibilities and to decipher the differences of voltage
dependency among various L906 substitutions.

How would mutations at pore helix switch the polarity of
response to voltage? It has been suggested for TRPV5 that
gating is accompanied with a rotation of the pore helix [55].
Perhaps, voltage sensor movements are translated to pore helix
rotations in TRPA1 to subsequently control its gating. The side
chain of L906 appears optimal for keeping TRPA1 closed at
physiological potentials. Substitutions at this position could
place the pore helix at different rotation angles and alter the
activation/inactivation responses to voltage sensor movements.
In this context, L906 is not necessarily a part of the voltage
sensor, but rather a gate keeper. The rotation of the pore helix
could affect gating by changing (a) conformation of the selec-
tivity filter and (b) orientation of the S6 segment, which is in
close proximity to the pore helix [11] and directly controls the
helix bundle. Therefore, either the outer or the inner gate, or
both, may be regulated by the pore helix rotation.

Our findings thus suggest that both voltage-dependent acti-
vation and inactivation are involved in TRPA1 gating and the
pore helix plays a pivotal role in this bimodal channel regulation
by voltage. The notion that TRPA1 is under bimodal regulation
by voltage should help explain the complexity of TRPA1 gating
and I–V relationships observed under different conditions and in

different laboratories. Our data that L906 is critical for control-
ling TRPA1 gating offers important new insights into the struc-
tural mechanisms governing pore conformational changes in
response to various stimuli, which form the main theme of
functional regulation of TRP channels.
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