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Agonist-Induced Changes in Ca®>" Permeation through the Nociceptor
Cation Channel TRPA1
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ABSTRACT The Ca?"-permeable cation channel TRPA1 acts as an ionotropic receptor for various pungent compounds and as
a noxious cold sensor in sensory neurons. It is unclear what proportion of the TRPA1-mediated current is carried by Ca®" ions
and how the permeation pathway changes during stimulation. Here, based on the relative permeability of the nonstimulated
channel to cations of different size, we estimated a pore diameter of ~11 A. Combined patch-clamp and Fura-2 fluorescence
recordings revealed that with 2 mM extracellular Ca?*, and at a membrane potential of —80 mV, :17% of the inward TRPA1
currentis carried by Ca?*. Stimulation with mustard oil evoked an apparent dilatation of the pore of 3 A and an increase in divalent
cation selectivity and fractional Ca®* current. Mutations in the putative pore that reduced the divalent permeability and fractional
Ca®* current also prevented mustard-oil-induced increases in Ca®" permeation. It is interesting that fractional Ca®" currents
for wild-type and mutant TRPA1 were consistently higher than values predicted based on biionic reversal potentials using the
Goldman-Hodgkin-Katz equation, suggesting that binding of Ca®" in the pore hinders monovalent cation permeation. We

conclude that the pore of TRPA1 is dynamic and supports a surprisingly large Ca®" influx.

INTRODUCTION

The nonselective cation channel TRPAT is highly expressed
in a subpopulation of primary afferent sensory nociceptive
neurons, where its activation causes pain (1-4). TRPALI
can be gated by various stimuli, including noxious cold
(1,5), intracellular Ca>" and Zn>" ions (6-8), intracellular
alkalinization (9), and a plethora of pungent and/or noxious
chemical compounds (10—-12). Many of the TRPA1 agonists,
including isothiocyanates such as mustard oil and reactive
aldehydes such as cinnamaldehyde or acrolein, are thiol-
reactive electrophiles that activate TRPA1 through a covalent
binding with cysteine and lysine residues in the cytosolic
part of the channel (13,14). Other, nonelectrophile agonists
of the channel include icilin, THC, menthol and menthol-
analogs, clotrimazole, dihydropyridines, nicotine, and
general anesthetics such as propofol (1,11,15).

In contrast with the overwhelming information on TRPA1
activators/modulators (16—19), relatively few reports have
addressed the biophysical properties of the TRPA1 pore. It
has been recently shown that Ca®" selectivity is affected
by mutations of a conserved aspartate residue (Asp®'®) in
the putative selectivity filter (20). Yet, it is unclear how
much of the inward TRPAI current is actually carried by
Ca”", or whether this Ca*" permeability can be dynamically
modulated. Reports on the permeability of Ca’" (Pc,) rela-
tive to that of monovalent cations as determined from
reversal-potential measurements are inconsistent, yielding
values for Pc,/Pn, ranging from 0.84 (1) to 3.3 (20). Accu-
rate determination of the amount of Ca>" entering via the
TRPAL pore is particularly important for several reasons.
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First of all, Ca>" entry through the TRPA1 pore can heavily
modulate TRPAT activation and subsequent desensitization
during agonist-induced stimulation (6,7,20,21). Moreover,
Ca®" entry into nociceptor neurons can modulate the activity
of other channels and induce the release of neurogenic
peptides such as substance P. In addition to the entry of
Ca®", TRPAI may also mediate passage of larger cations,
but the dimensions of the TRPA1 permeation pathway are
currently unknown.

Here, we present a systematic study of the pore of TRPAT,
including a determination of the apparent diameter of the
pore and of the contribution of Ca*" to the inward TRPA1
current. Our results reveal a wide pore of at least 11 A in
diameter and indicate that Ca®" contributes to a larger extent
to the inward current than would be expected based on
reversal-potential measurements. Moreover, we present
evidence for a dynamic regulation of the pore during agonist
stimulation, leading to an apparent dilatation of the pore, an
increased divalent permeability, and a larger fractional Ca*"
current.

MATERIALS AND METHODS
Cell culture

Tetracycline-inducible Chinese hamster ovary (CHO) cells stably expressing
mouse TRPAT1 (kindly provided by Dr. A. Patapoutian, Scripps Research
Institute, La Jolla, CA) were grown in Dulbecco’s modified Eagle’s medium
containing 10% (v/v) human serum, 1% (v/v) nonessential amino acids,
2 mM L-glutamine, 2 units/ml penicillin, 2 mg/ml streptomycin, 100 ug/ml
hygromycin B, and 5 g/ml blasticidin at 37°C in a humidity-controlled incu-
bator with 5% CO,. To induce expression of TRPA1, 0.5 ug/ml tetracycline
was added to the culture medium, and cells were used 3—12 h after induction.
In an alternative preparation, regular CHO cells were grown in Ham’s F12
medium containing 10% (v/v) human serum, 2 mM L-glutamine, 2 units/ml
penicillin, and 2 mg/ml streptomycin at 37°C in a humidity-controlled
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incubator with 5% CO, and then transiently transfected with wild-type (WT)
or mutant mouse TRPAI cloned in the bicistronic pCAGGS-IRES-GFP
vector using TransIT-293 transfection reagent (Mirus, Ggteborg, Sweden).
Transfected cells were identified by their green fluorescence and used
between 16 and 24 h after transfection.

Solutions and drugs

Extracellular solutions were applied via a gravity-driven perfusion system
whose outlet was placed within 500 um of the cells under investigation;
full solution exchange was achieved within 2 s.

To study the relative permeability of monovalent cations we used extracel-
lular solutions containing (in mM) 10 glucose, 10 HEPES, and 150 XCl,
where X" represents the monovalent cation. These solutions were titrated
to pH 7.4 with the appropriate base (XOH). To measure the relative perme-
ability of Ca?" or Mg*" extracellular solutions containing 10 glucose,
10 HEPES, and 100 CaCl, or MgCl, (pH 7.4 with Ca(OH), or Mg(OH),)
were used. The pipette solution for these experiments contained (in mM)
150 NaCl, 5 ethylene-glycol-O,0’-bis(2-aminoethyl)-N,N,N’,N'-tetraacetic
acid (EGTA), and 10 HEPES, pH 7.2 with NaOH.

For the fractional Ca>* current experiments, the intracellular solution con-
tained (in mM) 150 NaCl, 1 MgCl,, 10 HEPES, and 5 KsFura-2, pH 7.2 with
NaOH. All of the extracellular solutions in these experiments contained
1 MgCl,, 10 glucose, and 10 HEPES, with an added 150 NaCl and
1 EGTA for the Ca*'-free solutions, 150 NaCl and 2 CaCl, for the
2-Ca®* solution, and 100 CaCl, for the isotonic Ca" solution.

The pipette solutions used for cell-attached and inside-out recordings con-
tained (in mM) 1 or 5 MgCl,, 150 NaCl, and 10 HEPES, pH 7.4. For the
cell-attached recordings, the bath solution contained 150 CsCl, 1 MgCl,,
3 CaCl,, 5 EGTA, and 10 HEPES, pH 7.2 with CsOH. The estimated free-
Ca>" concentration of this solution is 250 nM. For inside-out recordings,
this bath solution was supplemented with 2 MgATP to prevent run-down.

The extracellular solution used in ratiometric [Ca“]i measurements
contained (in mM) 140 NaCl, 5 KCl, 1 MgCl,, 5 glucose, and 10 HEPES,
supplemented with either 2 CaCl, or | mM EGTA and titrated to pH 7.4.
The extracellular solution used in FM1-43 uptake experiments contained
(in mM) 140 NaCl, 5 KCl, 1 MgCl,, 5 glucose, and 10 HEPES, pH 7.4.

Mustard oil (MO; allyl isothiocyanate) and ruthenium red were purchased
from Sigma (St. Louis, MO), HC030031 from Tocris (Bristol, United
Kingdom), KsFura-2 from TEF Labs (Austin, TX), and FM1-43 (Synapto-
Green C4) from Biotium (Hayward, CA). Experiments were performed at
room temperature (22-25°C).

Electrophysiology

Whole-cell currents and single-channel currents were measured using EPC-7
or EPC-9 patch-clamp amplifiers (HEKA Elektronik, Lambrecht, Germany).
Patch electrodes had a DC resistance between 2 and 4 MQ when filled with
the different recording solutions. In whole-cell recordings, between 50 and
80% of the series resistance was electronically compensated to minimize
voltage errors, and currents were sampled at 2.5-5 kHz and filtered off-
line at 1-5 kHz. The whole-cell ramp protocol consisted of a 500-ms
ramp from —150 to +150 mV from a holding potential of 0 mV. The
protocol used for the fractional Ca>" current measurements consisted of a
10-s step to +80 mV, during which solution exchange was achieved, fol-
lowed by a 1-s step to —80 mV and a 2-s step to +80 mV. Single-channel
traces were sampled at 2 kHz and not filtered. The single-channel step
protocol consisted of a 250-ms voltage step to —80 mV from a holding
potential of 0 mV, followed by a 250-ms voltage step to voltages between
460 and +140 mV. The single-channel ramp protocol consisted of a
650-ms ramp from —100 to +-100 mV from a holding potential of 0 mV.

During fractional Ca>" current experiments, the cell was illuminated at
380 nm using a monochromator-based system (Polychrome IV, Till
Photonics, Munich, Germany), and the Fura-2 fluorescence was detected
using a photodiode. Illumination and fluorescence detection were controlled
with Patchmaster software.
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Measurement of intracellular Ca%"

Cells were incubated with 2 uM Fura-2 acetoxymethyl ester for 30 min at
37°C. The fluorescent signal was measured during illumination alternating
between 350 and 380 nm on a CelIM fluorescence microscope (Olympus,
Melville, NY). After correction for the individual background fluorescence
signals, the ratio of the fluorescence values at the two excitation wavelengths
(F3s50/F350) was determined. Absolute [Ca*"]; values were calculated from
fluorescence ratios using the Grynkiewicz equation (22), with parameters
obtained during an in vivo calibration procedure.

Calculation of the relative permeability
of mono- and divalent cations

The permeability of different monovalent cations relative to that of Na™
(Px/Pna) was calculated from the reversal potential under biionic conditions
according to

P./Pxa = exp (v x F/RT), (1)

where V., is the measured reversal potential after correction for liquid junc-
tion potentials, F is Faraday’s constant, R is the universal gas constant, and
T is the absolute temperature (23). Permeability of the divalent cations Ca>*
and Mg?" relative to that of Na™ was calculated from the absolute reversal
potential measured with 100 mM of the respective cation in the extracellular
solution, according to

Na*].
P./Pra = Tna[Na ] exp(VrevF/RT)

g [X2+ ] @)
x (1 + exp (VmF/RT)),

where yn, and vy represent the activity coefficients for Na* and divalent
cations, respectively (24). Activity coefficients were calculated according
to the Debye-Hiickel equation.

Quantification of FM1-43 uptake

To examine the cellular uptake of FM1-43, the fluorescence at 488 nm was
monitored on an Olympus CelIM fluorescence microscope at 5-s intervals.
Cells were perfused with 10 uM FM1-43 for 90 s, and the sustained increase
in fluorescence intensity was determined 90 s after washout of FM1-43. MO
(20 uM) or ruthenium red (10 uM) was added to the extracellular solution, as
described below.

Data analysis

Electrophysiological data were analyzed using the WinASCD software
(G. Droogmans, Leuven, Belgium, http://www.kuleuven.be/fysio/trp/
content/winascd-manual). Statistical analysis and graphical presentations
were performed using the Origin version 7.0 software (OriginLab, Norh-
tampton, MA). Pooled data are given as the mean = SE. Amplitude histo-
grams were obtained from Gaussian multipeak fitting routines from Origin.
Significance was tested using Student’s paired #-test, and P < 0.05 was
considered statistically significant. In the figures, significance is indicated
by a single or double asterisk (P < 0.05 and P < 0.01, respectively).

RESULTS

Monovalent cation permeability and the TRPA1
pore diameter

We analyzed the permeability of TRPA1 to a set of inorganic
and organic monovalent cations, to obtain information on the
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field strength of the pore as well as on its diameter at the nar-
rowest point. The permeability of different monovalent
cations relative to that of Na™ (Py/Pn,) was determined by
measuring the biionic reversal potential of the constitutive
TRPAT1 current after complete substitution of extracellular
Na' by the specific cation. For inorganic monovalent
cations, this analysis yielded (Fig. 1, A and B) Pgrp/Pna =
1.30 = 0.02 (n = 6), Px/Pna = 1.29 = 0.01 (n = 6),
Pcs/Pny = 1.22 £ 0.01 (n = 12), and Pp;/Pn, = 0.84 =+
0.07 (n = 4). The deduced monovalent cation permeability
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FIGURE 1 Monovalent cation permeability of TRPAl. (A) Current-
voltage (IV) relations for anorganic monovalent cation currents through
nonstimulated TRPA1 channels. The internal solution contained 150 mM
Na™ and the external solutions contained 150 mM of the indicated cation.
(B) Px/Pna values for the different anorganic monovalent cations obtained
from the reversal potential of experiments in A. (C and D) IV relations for
external solutions containing 150 mM of Na*t or the indicated organic
cations obtained before (C) and during (D) stimulation with 20 uM MO.
(E) Plot of the Px/Pn, values for the different (an)organic cations versus their
minimum diameters. For the organic cations, values were determined both
before (black) and during (red) stimulation with 20 uM MO. Solid lines
represent best fits to the data for the four largest cations, using Eq. 3, which
yielded pore diameters of 11.0 and 13.8 A before and during MO stimula-
tion, respectively. Each data point represents the mean + SE from at least
five cells.
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sequence (Rb" > K* > Cs* > Na® > Li") corresponds
to Eisenman sequence III or IV, implying a weak field
strength site.

We next investigated the channel’s ability to allow
passage of organic cations with increasing diameter by
measuring the relative permeability of monomethylammo-
nium (MA™; diameter (a) = 3.6 A), dimethylammonium
(DMA™; a = 4.6 A), trimethylammonium (TriMA™; a =
5.2 A), tetramethylammonium (TetMA™; ¢ = 5.8 A), and
N-methyl-D-glucamine (NMDG™"; a = 9 A) compared to
that of Na™ (¢ = 1.9 A; Fig. 1 C). Fig. 1 E plots the obtained
permeability ratios of the different organic cations versus
their estimated diameter. The data for the four largest cations
were fitted using the excluded-volume equation (25)

2
py  K(1-a/d)
= ©

which yielded an apparent pore diameter (d) of 11.0 A.

It was recently shown that the relative permeability of
TRPA1 to NMDG" increases upon agonist stimulation
(26), suggesting agonist-dependent TRPA1 pore dilatation
similar to what has been shown for the related TRPV1
channel. In line herewith, we found a significant increase
of the relative permeability of TRPAI1 to the larger cations,
TriMA™, TetMA™', and NMDG™, after stimulation with
MO (Fig. 1, D and E). A fit of the data using the
excluded-volume equation yielded an apparent pore diam-
eter of 13.8 A, suggesting that stimulation with MO leads
to a dilatation at the narrowest point of the TRPA1 pore
of ~3 A.

To exclude the possibility that the MO-induced changes in
biionic reversal potential for the large cations were due to
activation of a TRPAl-independent leak conductance, we
also performed some experiments using HC030031. This
compound inhibits TRPA1 with a half-maximum inhibitory
concentration value of ~1 uM and has little effect on other
conductances (27), although some inhibitory effect on rat
TRPV1 was recently reported (28). This approach allowed
us to determine the reversal potential of the HC030031-
sensitive current, which in CHO cells is exclusively
mediated by TRPA1 channels. Using NMDG™ as the sole
extracellular cation, we found that reversal potential of the
HC030031-sensitive current changed from —84 = 6 mV
before stimulation to —34 *= 8 mV during stimulation
with MO (Fig. S1 in the Supporting Material). These data
correspond to a change in Pyypg/Pna from 0.035 to 0.25,
and thus fully endorse the results shown in Fig. 1. We
conclude that the MO-induced changes in biionic reversal
potential are due to genuine alterations of the pore properties
of TRPA1, and that the contribution of TRPA1-independent
leak conductance to the measured reversal potential is small.

As an independent assay to estimate the minimum pore
diameter, we also tested whether TRPA1 can function as
an entry pathway for FM1-43, a cationic dye (a = 10.5 A)
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that is known to permeate other nonselective cation channels,
including TRPV1, P2X,, and hair-cell mechanotransduction
channels (29,30). To address this, we exposed naive and
TRPA1-expressing CHO cells to FM1-43 for 90 s and deter-
mined the amount of FM1-43 uptake by measuring the
difference between the fluorescence intensity before applica-
tion of the dye and 90 s after washout of the dye (Fig. 2, A
and B) at 475 nm. These experiments were performed
in Ca?"-free medium to prevent the contribution of Ca®"-
dependent processes such as exo- and endocytosis to
FM1-43 internalization. We found that FM1-43 uptake was
significantly higher in TRPAIl-expressing CHO cells
compared to naive CHO cells (Fig. 2 C), in line with the
known basal activity of TRPA1l at room temperature
(5,21). Inhibition of the TRPA1 pore with 10 uM ruthenium
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FIGURE 2 TRPAIl-dependent uptake of FM1-43. (A) Representative
brightfield image (leff), and fluorescence images (excitation at 488 nm)
before (middle) and after (right) incubation of TRPA1-expressing CHO cells
with FM1-43 (10 uM). (B) Representative time course of the fluorescence
signal at 488 nm (Fygg). Cellular FM1-43 uptake was quantified as the
persistent increase in Fygg after full washout of FM1-43 (AFgg). (C)
Comparison of FM1-43 uptake by naive CHO cells, cells expressing
TRPAI, and TRPAl-expressing cells treated with agonist (MO, 20 uM)
or antagonist (ruthenium red, 10 uM), with 50-200 cells/condition.
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red reduced the level of FM1-43 uptake in TRPA1-express-
ing cells to that in naive CHO cells (Fig. 2 C). FM1-43
uptake in TRPA1-expressing CHO cells, but not in naive
CHO cells, was further enhanced by application of the
TRPAT1 agonist MO (Fig. 2 C). These data indicate that
FM1-43 can enter cells via the TRPA1 pore, indicating a
pore diameter of >10.5 A. It should be noted that these
experiments do not allow a quantitative comparison of the
actual rate of FM1-43 flux through the channel, because
the data in Fig. 2 C provide a measure of the steady-state
increase in cellular FM1-43 fluorescence, not the rate of fluo-
rescence increase.

We next investigated whether the MO-induced alterations
in the TRPAL1 pore also affect the channel’s single-channel
conductance. In cell-attached recordings, we found that
application of MO caused a significant alteration of the
single-channel current at +80 mV, which increased from
8.6 = 0.2 pA before to 10.0 = 0.5 pA during application
of MO (n =5, P = 0.02; Fig. 3, A and B). The single-channel
conductance for outward currents at potentials between +60
and +140 mV increased from 113 to 134 pS (Fig. 3 C),
whereas the inward single-channel conductance was not
significantly altered (Fig. 3, A-C). A similar increase in
outward conductance was observed in cell-attached patches
(Fig. 3, D and E). We conclude that MO-induced changes
in the TRPA1 pore also lead to small but significant alter-
ations in the ion flux rate through individual open channels.

Divalent cation permeability and the fractional
Ca®"' current

Previous works have revealed that TRPA1 is a Ca*"-perme-
able, nonselective cation channel (reported Pc,/Pn. values
range from 0.84 to 3.28) (1,20), and that mutations at
Asp®'® in the putative pore region have a drastic effect on
the channel’s relative Ca>" permeability (20). In addition,
it has been reported that Mg>" can permeate TRPA1, with
a Pye/Pn, value of 1.23 (1). We were interested to investi-
gate whether MO stimulation also influences the permeation
of divalent cations through WT TRPA1 and TRPA1 mutated
at Asp”'®. It should be noted here that the estimated diameter
of aCa®>" ion (a = 1.95 A) is almost identical to that of a Na™
ion, whereas Mg2+ is clearly smaller (¢ = 1.3 A). Thus,
solely based on molecular sieving, an expansion of the
pore is not expected to increase the relative permeability of
these divalent cations. However, we considered that dynamic
changes in the TRPA1 pore would alter the electrostatic
properties of the conduction pathway, which may potentially
affect the relative permeability of divalent versus monova-
lent cations.

To investigate this, we first compared Pc,/Pn. and
Pyig/Pna for WT TRPAI, both for nonstimulated channels
and after channel stimulation with MO, by measuring the
bionic reversal potential after complete substitution of extra-
cellular Na™ by 100 mM CaCl, (Fig. 4, A, B, and E) or



Dynamic Pore Properties of TRPA1

A +80 mV B

y=105pS +MO

777

c FIGURE 3  Stimulus-dependent chan-

ges in single-channel conductance.
(A and B) Comparison between single-
channel current traces in inside-out
patches before (A) and during (B) stimu-
lation with 20 uM MO. The pipette
solution contained 5 mM MgCl,.
Current amplitudes were determined
from the corresponding histograms
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MgCl, (Fig. 5, A, B, and E). Under basal conditions, this
yielded values for Pc,/Pna and Pye/Pna of 5.71 £ 0.38
and 1.72 * 0.10, respectively (Figs. 4 E and 5 E). After
determination of the basal Ca*" and Mg®" permeability
ratios, cells were stimulated in divalent-cation-free solution
with 20 uM MO for 3 min, and the bionic reversal potentials
in 100 mM CaCl, or MgCl, were determined again (Figs.
4 B and 5 B). It should be noted that this analysis revealed
a significant increase in relative permeability for both
cations, with Pc,/Pn, and Pye/Pn, values of 7.91 + 0.60
and 3.75 *= 0.08, respectively (Figs. 4 E and 5 E). Note
that these Pc./Pn. values are significantly higher than
recently published values determined under comparable
conditions by Wang et al. (20). We attribute this to the fact
that those authors (20) based their calculations on ion
concentrations, whereas we used ionic activity, as described
in Eq. 2, which leads to Pc,/Pn., values ~2.5-fold higher.

We then analyzed how mutations at Asp®'® in the putative
TRPAL pore affect divalent cation permeability of TRPAI.
In line with previous work, we found that different charge-
neutralizing mutants (D918A, D918C, and D918Q) ex-
hibited a significantly reduced relative Ca®" permeability
(20), with Pc,/Pn, values of 0.47 + 0.03, 1.06 = 0.06,
and 1.04 = 0.08, respectively (Fig. 4, C and E). Likewise,
the Mg>" permeability of these three mutants was much
lower than in WT TRPA1 (Pyg/Pna values of 0.27 =+
0.05, 0.73 £ 0.03, and 0.74 = 0.12, respectively; Fig. 5,
C and E). In contrast to WT TRPA1, MO stimulation of these
pore mutants led to a decrease rather than an increase in rela-
tive Ca>" or Mg*" permeability (Figs. 4, D and E, and 5, D
and E).

It should be noted that the above-described Pc,/Pn, values
quantify the relative permeability of Ca*" versus Na ™ at the

0 50 100 This experiment is representative of five

similar cell-attached recordings.

biionic reversal potential, and with a nonphysiological extra-
cellular Ca®" concentration (100 mM). They do not provide
conclusive information on the Ca®" flux through TRPA1 at
membrane potentials and ionic conditions experienced by
TRPA1-expressing cells such as sensory neurons or even
transfected cell lines. When measuring the intracellular
Ca®" concentration ([Ca®"];) in CHO cells bathed in a solu-
tion containing 2 mM Ca’", we observed significantly
elevated [Ca”>"]; levels, not only in cells expressing WT
TRPAT1 but also, to a lesser extent, in cells expressing the
D918A, D918C, and D918Q mutants, which indicates
a significant basal Ca*" influx (Fig. S2). Moreover, applica-
tion of 2 mM Ca”" after preactivating the channels with MO
evoked a rapid rise in cells expressing WT TRPA1 and the
different pore mutants, indicating robust MO-stimulated
Ca”" influx through these channels (Fig. S2). As expected
from the Pc./Pna. values, stronger Ca®" signals were
observed in the cells expressing WT TRPA1 compared to
those expressing pore mutants. However, these data do not
allow a quantitative determination and comparison of the
Ca*" flux through the WT and mutant pores, because critical
factors such as membrane potential and channel density were
not controlled.

To address this point, we used combined patch-clamp and
photometry measurements (31) to accurately estimate the
fraction of the TRPA1-mediated current that is carried by
Ca’" (Pf%) at a membrane potential of —80 mV and with
typical extracellular ionic concentrations of Ca*" (2 mM),
Mngr (1.5 mM), and Nat (150 mM). Cells expressing WT
or mutant TRPA1 were kept in a Ca>"-free medium and dia-
lyzed for >5 min with a patch pipette containing a high
concentration (2 mM) of the calcium-sensitive dye Fura-2.
Because Fura-2 acts as a high-affinity Ca>" chelator, this
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ensures that the cytosolic Ca>" level is strongly buffered at
low nanomolar concentration (<20 nM). Moreover, in the
dialyzed cells, Fura-2 is in strong excess over the endoge-
nous Ca’>" buffers of the cell, such that virtually all Ca>"
ions entering the cytosol bind to Fura-2 (31). Hence, total
Ca”" influx is directly related to the decrease of Fura-2 fluo-
rescence at 380 nM (Fsgg).

After full equilibration, the membrane potential was step-
ped to +80 mV and the extracellular medium was rapidly
changed to a solution containing 2 mM Ca*". Then, a 1-s
voltage step to —80 mV was imposed, causing an inward
TRPA1 current and a concomitant decrease in F3gg (Fig. 6 A).
After this procedure, the cells were kept in Ca**-free solu-
tion to allow restoration of the low intracellular Ca*"
concentration and recovery of Fzgo. After a recovery
period of 5 min, the voltage step procedure was repeated,
but now using an extracellular solution containing isotonic
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CaCl, (100 mM; Fig. 6 A). Under this condition, the
inward TRPA1 current is carried by Ca®" ions exclusively,
which allows determination of the relation between inward
Ca’" current and the decrease of Fsg for each cell. Pf%
was then determined as

Loodt
/ 100 AF 350
X

Pf% = 100 x ,
/Izdt AF380,100

“

where I, and [, represent the current during the 1-s voltage
step to —80 mV in 2 and 100 mM Ca”", respectively, and
AF3g0, and AF3g0 190 the corresponding decreases in Fura-
2 fluorescence at 380 nM. For WT TRPA1, in the absence
of agonist stimulation, this analysis yielded a Pf% of 17.0 =
1.7% (n = 5). It should be noted that we obtained a sig-
nificantly higher Pf% value of 23.3 = 1.3% (n = 5) after
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stimulation for 2 min with MO, in agreement with the
reversal potential measurements (Fig. 6 B). These data indi-
cate that even in physiological ionic conditions, a substantial
fraction of the TRPA1 current is carried by Ca2+, and that
this fraction further increases upon MO stimulation. To
exclude the possibility that these Pf% measurements are
influenced by TRPAl-independent Ca*" influx or leak
current, we repeated these latter experiments in the presence
of 20 uM of the TRPA1 antagonist HC030031. Under this
condition, both AF3g, and the integrated inward current
were reduced by ~95% (Fig. S3), indicating that the influ-
ence of TRPA1-independent conductances on the Pf% esti-
mates is small.

Similar experiments were performed in cells transfected
with the three pore mutants. This yielded Pf% values signif-
icantly lower than those for WT TRPAIL: 1.4 = 0.4% for

D918C

DI18A, 4.6 = 0.5% for D918C, and 53 = 1.5% for
D918Q (Fig. 6 C). Moreover, in contrast to WT TRPAI,
MO stimulation did not cause a significant change in Pf%
in these mutants (Fig. 6 C).

DISCUSSION

TRPA1 is a Ca*"-permeable nonselective cation channel that
acts as a sensor for noxious cold and a variety of chemicals
in nociceptive neurons (1-3,5,27). Ca®* not only acts as
a permeant ion, but also controls activation and desensitiza-
tion of TRPAI, resulting in a complex dependence of
TRPAL activity on extracellular Ca*t (20,21). Until now, the
actual Ca*>" flux through an open TRPA1 pore under physio-
logical conditions was not known, nor was it understood
how agonists influence the channel’s permeability profile.
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The results presented in this article provide important novel
information on the dimensions of the TRPA1 pore and the
contribution of Ca*" to the inward TRPA1 current. Further-
more, we present evidence that stimulation of TRPA1 with
the strong agonist MO evokes both pore dilation and
increased Ca>" permeability and selectivity.

The most striking finding of our study is the large contribu-
tion of Ca?" to the inward TRPA1 current under conditions
that resemble those experienced by the channel in its native
environment, i.e., with 2 mM extracellular Ca®" ions and at
a membrane potential of —80 mV. Using combined patch-
clamp and Fura-2 fluorescence measurements, we measured
a fractional Ca®" current of 17% for basal TRPA1 activity
and up to 23% after stimulation with MO. Assuming the
validity of the Goldman-Hodgkin-Katz (GHK) equation for
ionic currents, which implies independent movement of
ions in the pore (32), Pf% values can be directly calculated
from Pc./Pna values according to the equation
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D918C

2+
Pf% = 100 x 4“;Ca[ca Jo —,
4y, [Ca? ]+ PNayNa [Na*](1 —en")
Ca
4

where [Na'] represents the symmetrical Na* concentration
present in the intra- and extracellular solutions (150 mM in
our Pf% experiments; see Frings et al. (33)). In Fig. 6, exper-
imental Pf% values for WT and mutant TRPA1, both before
and after MO stimulation, are plotted versus the correspond-
ing Pc,/Pn. values obtained from biionic reversal potentials,
and compared with the predictions of the GHK equation. It
should be noted that Pf% values for WT TRPA1 and mutants
D918C and D918Q are significantly higher than would be
predicted from reversal potential measurements. In contrast,
Pf% values for the Ca>" currents through acid- or capsaicin-
activated TRPV1 (24,34) are significantly lower than would
be expected from Pc,/Pn, measurements (Fig. 7). Thus,



Dynamic Pore Properties of TRPA1

20

o TRPATWT
TRPA1 D918A

TRPA1D918Q
TRPA1 D918C

TRPV1WT

*4pue

%4 b0

Pf%

P_IP

Ca  Na
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symbols represent the current activated by pH 5 and 100 nM capsaicin,
respectively (values taken from Chung et al. (24) and Samways et al.
(34)). Solid line represents the prediction of the GHK-equation (Eq. 5).
The dotted line represents a modified GHK equation assuming that Ca>" ions
provoke 35% block of the monovalent cation current.

despite the fact that the relative Ca’™" permeability (Pca/Pna)
of TRPV1 under different stimulation conditions is two- to
fourfold higher than that of TRPA1, the latter channel seems
better able to allow inward Ca®" fluxes under physiological
conditions. This implies that for a similar level of channel
activity, TRPA1 will evoke a larger Ca®" signal than
TRPV1, which may have important consequences for the
Ca”"-dependent processes that occur in nociceptor neurons,
including the release of neuropeptides and regulation of the
activation and inactivation of TRPV1 and TRPAI. The
high Pf% of TRPAI may also help to explain why
TRPA1-overexpressing cells are generally overloaded with
Ca’", as evidenced by average cytosolic Ca’" levels of
~1 uM (see, e.g., Fig. S1).

What could be the mechanism underlying the high frac-
tional Ca*" current through the TRPA1 pore? In highly
Ca’"-selective pores, such as those of TRPV5/6, Cay, and
calcium-release-activated calcium channels, selectivity for
Ca®>" over Na' is thought to arise from the binding of
Ca®" to one or more high-affinity sites in the lumen of the
pore (23,32). In the absence of Ca’", these channels carry
large monovalent cation currents, but low micromolar
concentrations of Ca®" (or other divalents) are generally
sufficient to fully prevent the monovalent current. Although
such a micromolar affinity block of monovalent cation flow
does not occur in TRPA1, there are indications that milli-
molar concentrations of Ca>" or other divalent cations can
hinder monovalent cation currents. As indicated by the
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dotted line in Fig. 6, the Pf% values for WT TRPAI1 can
be reproduced assuming that Ca®" induces a partial block
(~35%) of the monovalent cation current, in line with pub-
lished single-channel measurements (21).

In line with previous work, we found that charge-neutral-
izing mutations at Asp’'® in the putative pore region of
TRPAL strongly reduce Pc,/Pna and Pye/Pn, values, sug-
gesting that this residue is a critical determinant of the
channel’s Ca*" selectivity (20). Yet, intracellular Ca’t
recordings revealed that these channels still mediate substan-
tial Ca®" influx under basal and MO-stimulated conditions,
and Pf% values determined for these mutants ranged from
1.4% for D918A to 5.3% for D918C. Although these values
are significantly lower than those for WT TRPAI, they fall
within the range of values obtained for other Ca®"-perme-
able nonselective cation channels, such as TRPV1 or the
ionotropic receptors for glutamate or acetylcholine (34-36).
At first glance, it may seem surprising that MO stimulation
caused a small decrease, rather than an increase, of the
Ca®" permeability of mutants D918A and D918C. It should
be noted, however, that Ca>" and Na™ ions have virtually the
same dimensions, and that their relative permeability thus is
determined by factors other than the diameter of the selec-
tivity filter at its narrowest point, in particular, the distribu-
tion of charges in the permeation pathway. In the mutants
where the dominant Asp918 is neutralized, the relative
Ca*" permeability will depend on the distribution of other,
less dominant charges in the pore. Apparently, the MO-
induced changes in the TRPA1 pore alter the distribution
of these charges in such a way that Ca®" permeability is
slightly decreased.

Our analysis of the relative permeability of large organic
cations and the cellular uptake of FM1-43 yielded an esti-
mated TRPA1 pore diameter of at least 11.0 A under basal
conditions. This large pore diameter is comparable to esti-
mates obtained for other Ca’"-permeable nonselective
TRP channels including TRPV1 (10.1 A) (24), TRPM6
(11.5 A) (37), and TRPP2 (> 11 A) (38), but is significantly
larger than estimates for the highly Ca®"-selective TRPV5
(7.5 A at pH 7.4) (39) and TRPV6 (5.4 A) (25). We note
that the relative permeability of large organic cations
increased significantly upon stimulation with the agonist
MO, indicative of dilatation of the TRPA1 pore by at least
2 A. In line herewith, we also found that MO alters the
single-channel conductance of TRPA1. Our results are in
agreement with those of a recent study showing agonist-
induced increases in the permeability of TRPA1 for
NMDG™ (26). Note that the study by Chen et al. (26) did
not address the actual dimension changes, the alterations at
the single-channel level, or the changes in divalent cation
permeability and fractional Ca®" current. Agonist-dependent
pore dilation has also been reported for TRPV1 (with capsa-
icin) (24) and TRPVS (upon alkalinization) (39). In the case
of TRPVS, evidence has been presented that pH-dependent
changes in pore diameter reflect a rotation of the pore helix.
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Further research is needed to investigate whether a similar
mechanism modulates the pore diameter and divalent perme-
ability of TRPAL.

In conclusion, we have shown that TRPA1 has a wide
pore that allows a much larger flux of Ca>" ions than would
be predicted from previous reversal potential measurements.
Moreover, our results provide evidence for a stimulus-
dependent regulation of the Ca®" permeability and diameter
of the TRPA1 pore. Due to the high and stimulus-dependent
Ca*" flux through its pore, TRPA1 may represent an impor-
tant determinant of the Ca>" signal in nociceptors, thereby
regulating various Ca”’"-dependent processes, including
TRPAT1 activation and inactivation, TRPV1 desensitization,
and the release of neurotransmitters and inflammatory
mediators.
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