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ABSTRACT

The nonselective cation channel TRPA1 (ANKTM1, p120) is a
potential mediator of pain, and selective pharmacological mod-
ulation of this channel may be analgesic. Although several
TRPA1 activators exist, these tend to be either reactive or of
low potency and/or selectivity. The aim of the present study,
therefore, was to identify novel TRPA1 agonists. Using a com-
bination of calcium fluorescent assays and whole-cell electro-
physiology, we discovered several compounds that possess
potent, selective TRPA1-activating activity, including several
lipid compounds (farnesyl thiosalicylic acid, farnesyl thioacetic
acid, 15-deoxy-A'?"*-prostaglandin J,, and 5,8,11,14-eicosa-

tetraynoic acid), and two marketed drugs: disulfiram (Antabuse;
a compound used in the treatment of alcohol abuse) and the
antifungal agent chlordantoin. Farnesyl thiosalicylic acid acti-
vates the channel in excised patches and in the absence of
calcium. Furthermore, using a quadruple TRPA1 mutant, we
show that the mechanism of action of farnesyl thiosalicylic acid
differs from that of the reactive electrophilic reagent allyliso-
thiocyanate. As a TRPA1 agonist with a potentially novel mech-
anism of action, farnesyl thiosalicylic acid may be useful in the
study of TRPA1 channels.

TRPA1 (ANKTM1, p120) is a nonselective cation channel
that belongs to the transient receptor potential (TRP) su-
perfamily. To date, TRPA1 is the only member of the TRPA
subfamily in mammals. TRPA1 was first identified as a
transformation-sensitive mRNA in cultured human lung
fibroblasts (Jaquemar et al., 1999). Subsequent studies
indicated that TRPA1 was also highly expressed in sensory
neurons of the dorsal root, trigeminal, and nodose ganglia,
and in hair cells of the inner ear (Story et al., 2003; Corey
et al., 2004; Nagata et al., 2005; Diogenes et al., 2007).
Furthermore, TRPA1 expression seems to be restricted to
sensory neurons, with little or no expression in nonsensory
neurons or in a variety of organs and tissues (Story et al.,
2003; Nagata et al., 2005), although recent evidence indi-
cates that TRPA1 expression may be more widespread
than originally thought (Stokes et al., 2006). In sensory
neurons, TRPA1 expression is most prevalent in small-
diameter neurons where it colocalizes with markers of
peptidergic nociceptors such as TRPV1, calcitonin gene-
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related peptide, and substance P (Story et al., 2003; Bau-
tista et al., 2005; Nagata et al., 2005; Diogenes et al.,
2007).

The finding that TRPA1 is expressed in small-diameter
nociceptors has led to the suggestion that this channel may
be involved in pain sensation. Indeed, a number of additional
observations support this suggestion. For example, TRPA1
expression can be increased by inflammatory mediators such
as nerve growth factor (Diogenes et al., 2007) and after nerve
injury or inflammation (Obata et al., 2005; Frederick et al.,
2007). Bradykinin, a potent algogenic peptide released at
sites of injury and inflammation, can activate TRPA1 via G
protein-coupled bradykinin B2 receptors (Bandell et al.,
2004). In addition, TRPA1 can be activated by a range of
pungent or irritant compounds that can elicit pain in animals
and humans, such as mustard oil [allyl isothiocyanate (AITC)],
cinnamaldehyde, acrolein, allicin, and formalin (Bandell et al.,
2004; Namer et al., 2005; Bautista et al., 2006; Fujita et al.,
2007; McNamara et al., 2007). TRPA1 may also be activated by
noxious cold (<17°C), although this remains controversial (Ban-
dell et al., 2004; Jordt et al., 2004; Nagata et al., 2005). In
behavioral studies, intrathecal TRPA1 antisense oligode-
oxynucleotide suppressed inflammation and nerve injury-in-
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duced cold allodynia (Obata et al., 2005). Moreover, mustard
oil-induced pain behaviors and bradykinin-induced acute pain
and hyperalgesia are abolished in TRPA1—/— mice (Bautista et
al., 2006; Kwan et al., 2006). Although these findings support a
role for TRPA1 in some forms of pain sensation, its exact role is
not fully understood. Despite deficits in bradykinin and mus-
tard oil-induced pain, TRPA1 null mice show no deficit in either
complete Freund’s adjuvant-induced thermal hyperalgesia or
nerve injury-induced mechanical allodynia (Bautista et al.,
2006; Kwan et al., 2006).

Further studies to explore the role of TRPA1 would be
greatly facilitated by the availability of potent, selective
TRPA1 modulators. Although several TRPA1 activators ex-
ist, these tend to be either reactive or of low potency and or
selectivity. For example, agents such as mustard oil (AITC),
cinnamaldehyde, allicin, and acrolein are highly reactive
electrophiles that activate TRPA1 by reversible covalent
modification of cysteine and lysine residues in the N termi-
nus of the channel (Hinman et al., 2006; Macpherson et al.,
2007). The reactive nature of these compounds makes it
highly likely that they could modify other proteins in addi-
tion to TRPA1. Furthermore, they are not suitable for use in
high-throughput screening assays, because they have the
potential to react with other assay reagents. Other nonreac-
tive agents, such as URB597 (Niforatos et al., 2007), methyl
p-hydroxybenzoate and related compounds (Fuyjita et al.,
2007), WIN55212-2 (Jeske et al., 2006), and A°-tetrahydro-
cannabinol (Jordt et al., 2004), are of questionable value as
pharmacological tools because of their low potency and/or
poor selectivity. We therefore set out to identify novel TRPA1
agonists. Using a combination of calcium fluorescent assays
and whole-cell electrophysiology, we have identified several
compounds that possess potent, selective TRPAl-activating
activity, including several lipid compounds, such as farnesyl
thiosalicylic acid (FTS), farnesyl thioacetic acid (FTA), 15-
deoxy-A'*'*prostaglandin J2 (15d-PGJ,), and 5,8,11,14-
eicosatetraynoic acid (ETYA), along with disulfiram (Ant-
abuse; a compound used in the treatment of alcohol abuse)
and the antifungal agent chlordantoin. Furthermore, using a
quadruple TRPA1 mutant, we show that the mechanism of
action of FTS differs from that of AITC. Agents such as FTS
may be useful in the study of TRPA1 channel regulation.

Materials and Methods

Plasmid Constructs and Cell Lines. Human TRPA1 (se-
quence identical to accession no. NM_007332.1) was cloned into
pcDNA4/TO. CHO-TREx cells (Invitrogen, Carlsbad, CA) were
stably transfected with pcDNA4/TO-TRPA1 using standard tech-
niques to generate a clonal cell line that expressed human TRPA1
in a tetracycline-inducible manner. The culture medium was Ham’s
F-12 supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
5 pg/ml blasticidin, and 200 pg/ml zeocin. The mustard oil-insensi-
tive TRPA1 quadruple mutant (TRPA1-M4; Hinman et al., 2006)
containing C621S, C641S, C665S, and K710R (numbering according
to NP-015628.1) was prepared by site-directed mutagenesis accord-
ing to standard methodology. TRPA1-M4 was transiently transfected
into HEK293 using Lipofectamine 2000 (Invitrogen). For electro-
physiological experiments, cells were cotransfected with truncated
CD4 (pMACs 4.1; Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many). Assays were performed 48 h after transfection.

Clonal cell lines stably expressing rat TRPV2 (accession no.
BC089215; Neeper et al.,, 2007), human TRPV4 (accession no.
NM_021625), and canine TRPMS8 (accession no. DQ273165; Liu et

al., 2006) were prepared by liposomal transfection in HEK293
cells. Cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. The media were also
supplemented with the antibiotic selection marker G-418 (Gene-
ticin; Invitrogen).

Calcium Fluorescence. For all cell types, intracellular Ca2*
concentrations were monitored using FLIPR (Molecular Devices,
Sunnyvale, CA). Cells were seeded in black-walled clear-bottomed
96-well plates at a density of 50,000 cells/well, and they were cul-
tured overnight at 37°C with 5% CO, in culture medium supple-
mented with 1 ug/ml tetracycline if appropriate. On the day of the
experiment, cells were washed three times with HEPES-buffered
saline (137 mM NacCl, 0.5 mM MgCl,, 2 mM KCI, 5 mM dextrose, 2
mM CaCl,, and 10 mM HEPES, pH 7.4). Cells were then loaded with
calcium-sensitive fluorescent dye by incubation in the presence of 4
uM Fluo-3/acetoxymethyl ester (TefLabs, Austin, TX) at room tem-
perature in the dark for 60 min. After incubation with dye, cells were
washed in assay buffer, and, if appropriate, antagonists were added
at this time. After a further 30-min incubation, cells were assayed in
FLIPR. Changes in fluorescence were monitored for 3 min after the
addition of test agonist. Responses were normalized to the fluores-
cence change induced by a positive control (100 uM AITC unless
otherwise noted).

The concentration of calcium in the assay buffer varied, depending
on the cell line being studied. In tetracycline-induced CHO-TREx-
TRPA1 cells, AITC-induced increases in calcium fluorescence could
not be blocked with ruthenium red (RR) when using normal (2 mM)
extracellular calcium, presumably because of high expression levels.
Therefore, we reduced the extracellular calcium concentration to 20
uM, to optimize for ruthenium red block. In contrast, cells tran-
siently transfected with the quadruple mutant TRPA1-M4 had much
lower expression, necessitating the use of higher (2 mM) extracellu-
lar calcium. In experiments involving zero extracellular calcium,
calcium was first removed by preincubating cells for 2 min in buffer
containing zero added calcium and 1 mM EGTA. Agonists were then
applied in zero calcium assay buffer.

Untransfected cells, HEK-TRPV2, HEK-TRPMS8, and HEK-TRPV4
were also tested in 2 mM extracellular calcium, whereas HEK-TRPV1
was tested in 20 uM calcium. These conditions were chosen by match-
ing the potency of known agonists to literature values. Capsaicin in-
creased calcium fluorescence in the HEK-TRPV1 assay, with an ECj,
value of 11 nM. 2-Aminophenyl borate activated HEK-TRPV2 in this
assay, with an EC;, value of ~100 uM (Hu et al., 2004). 4-a-phorbol-
12,13-didecanoate (4aPDD) (EC;, value of ~1 uM) and a hypo-osmotic
stimulus (threshold ~240 mOs) activated HEK-TRPV4 (Nilius et al.,
2003). Icilin activated HEK-TRPMS, with an EC,, value of ~100 nM
(Andersson et al., 2004).

Data Analysis. Concentration-response data were normalized to
positive and negative controls (specified below for the individual
experiments). Concentration-response data were fitted to a Hill func-
tion using the nonlinear analysis routine in Origin 7 (OriginLab
Corp., Northampton, MA). Averages of multiple measurements are
reported as mean * S.D. unless otherwise noted.

Rat DRG. The protocol for the isolation of rat dorsal root ganglia
was approved by the Institutional Animal Care and Use Committee
of Johnson & Johnson Pharmaceutical Research & Development,
L.L.C. Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN)
were housed in cages with corncob bedding, with ad libitum access to
chow and water. L4-L6 dorsal root ganglia were aseptically excised,
washed in ice-cold Tyrode’s solution (145 mM NaCl, 4 mM KCl, 1 mM
CaCl,, 1.2 mM MgCl,, 10 mM dextrose, and 10 mM hemisodium
HEPES, pH 7.3), supplemented with 50 mg/l gentamicin, and incu-
bated in Tyrode’s solution containing 2 mg/ml collagenase and 1
mg/ml protease for 45 min at 37°C with 5% CO,. After digestion,
ganglia were washed in Tyrode’s solution, transferred into 1 ml of
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum,
and single cells were liberated by gentle mechanical agitation using



a disposable transfer pipette. Cells were plated on poly-D-lysine-
coated coverslips, and they were maintained at 37°C.

Electrophysiology. Cells for use in electrophysiological assays
were plated at low density onto glass coverslips 24 to72 h before
recording, and they were maintained in appropriate media. On the
day of the experiment, glass coverslips were placed in a bath on the
stage of an inverted microscope, and they were perfused (approxi-
mately 1 ml/min) with extracellular solution of the following compo-
sition: 137 mM NaCl, 2 mM CaCl,, 5.4 mM KCl, 1 mM MgCl,, 5 mM
glucose, and 10 mM HEPES, pH 7.4. In some experiments, extracel-
lular calcium was replaced with barium. Pipettes were filled with an
intracellular solution of the following composition: 40 mM KCI, 100
mM potassium fluoride, 2 mM MgCl,, 10 mM EGTA, and 10 mM
HEPES, pH 7.3 to 7.4, and they had a resistance of 2 to 4 M.
All recordings were made at room temperature (22-24°C) using a
Multiclamp 700A amplifier and pClamp 9 software (Molecular De-
vices, Sunnyvale, CA). Transfected HEK293 cells were identified
using anti-CD4-coated beads (Dynabeads; Invitrogen). Inward
TRPA1 currents were measured using the whole-cell configuration of
the patch-clamp technique at a holding potential of —60 mV. In some
experiments, TRPA1 currents were elicited with voltage ramps from
—80 to +40 mV. Current records were acquired at 2 to 5 KHz, and
they were filtered at 1 to 2 KHz. Agonists were applied using an
SF-77B Fast-Step Perfusion device (Warner Instruments, Hamden,
CT). The liquid junction potential was calculated to be 7.1 mV at
20°C, and voltage commands were not corrected.

For inside-out patch recordings, both bath and pipette solutions
contained 140 mM NacCl, 2 mM MgCl,,5 mM EGTA, 7 mM sucrose,
and 10 mM HEPES, pH 7.4. Pipette resistance was 2 to 4 M.
TRPA1 currents elicited at holding potentials between +80 and —80
mV were acquired at 10 KHz and filtered at 2 KHz (eight-pole Bessel
filter, —3 dB; Frequency Devices, Haverhill, MA). Amplitude histo-
gram plots were generated using ClampFit 9.2 (Molecular Devices).
Potentials indicated are membrane potentials (i.e., potential of the
inner side of the membrane relative to the outside).

Test Compounds. The identified lipid compounds were pur-
chased from BIOMOL Research Laboratories (Plymouth Meeting,
PA). Disulfiram, allyl isothiocyanate, and ruthenium red were pur-
chased from Sigma-Aldrich (St. Louis, MO). Chlordantoin was ob-
tained from a proprietary compound collection. Stock solutions of
compounds were solubilized in DMSO at 10 to 100 mM. For potency
determinations, serial dilutions of compounds were performed into
extracellular solution. Solubility in saline was determined by neph-
elometry 30 min after the final dilution into saline. Final DMSO
concentration did not exceed 0.1% in electrophysiology experiments
and 0.5% in calcium fluorescence experiments. These DMSO concen-
trations were without effect on TRPA1 activity (data not shown).

Results

Identification of TRPA1l Agonists: Calcium Fluores-
cence Studies. FTS, FTA, disulfiram, chlordantoin, 5d-PGdJ.,,
and ETYA (structures shown in Fig. 1), along with the known
TRPA1 agonist AITC, increased calcium fluorescence in
CHO-TREx-TRPA1 cells. As illustrated in Fig. 2A, 25 uM
AITC induced a large and sustained increase in fluorescence
in TRPA1-expressing cells. In these experiments, intracellu-
lar calcium levels remained elevated for the duration of the
experiment. Comparable increases were observed with 10
puM FTS (Fig. 2B). All agents increased calcium fluorescence
in a concentration-dependent manner as illustrated for AITC
and FTS in Fig. 2, C and D, respectively. In these experi-
ments, increases in calcium fluorescence were normalized to
the fluorescence level measured in the presence of 100 uM
AITC at the end of the 3-min exposure. EC;, values and the
maximal response relative to 100 uM AITC for all the ago-
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nists are shown in Table 1. The response to ETYA was
essentially linear over the range of agonist concentrations
tested, and it reached levels far larger than the saturating
responses of the other agonists. As a result, the EC;, value
and the maximal response could not be determined accu-
rately for this compound (Table 1). In contrast to the effects
observed in TRPA1-expressing cells, AITC, FTS, disulfiram,
chlordantoin, and 15d-PGdJ, exerted little or no effect in
CHO-WT cells. For example, AITC had no effect in CHO-WT
cells at concentrations up to 100 uM (Fig. 2, A and O),
whereas FTS only induced a response in CHO-WT cells at
concentrations of 50 uM or above (Fig. 2, B and D). EC,,
values determined in CHO-WT cells are summarized in Ta-
ble 1. These values show that AITC, FTS, disulfiram, chlor-
dantoin, and 15d-PGJ,, only exerted effects in CHO-WT cells
at concentrations that were considerably higher than those
required to activate TRPA1. Conversely, FTA and ETYA
increased fluorescence in CHO-WT cells at concentrations
that were only marginally higher than those required for
TRPA1 activation (Table 1).

Several known TRP channel agonists, such as capsaicin,
resiniferatoxin (TRPV1 agonists), camphor (TRPV3 agonist),
4aPDD (TRPV4 agonist), and menthol (TRPMS8 agonist),
were without effect in our TRPA1 calcium fluorescence assay.
2-Aminophenyl borate (a nonselective TRP channel agonist)
induced a weak activation at a concentration of 200 uM (data
not shown). Given that two farnesyl-containing compounds
were active in our assay (i.e., FTS and FTA), we also screened
several farnesyl-related compounds, including N-acetyl-S-
farnesyl-L-cysteine, N-acetyl-S-geranyl-L-cysteine, S-farnesyl-L-
cysteine methyl ester, farnesylpyrophosphate, geranylgeraniol,
geranylgeranyl-pyrophosphate, a-hydroxyfarnesylphosphonic
acid, and farnesylthiotriazole. All were inactive in the fluores-

cence assay (data not shown).
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Fig. 1. Structures of novel TRPA1 agonists.
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RR is a potent, membrane-impermeant antagonist of each agonist that were near-saturating for TRPA1 activity
AITC-induced TRPA1 currents (Nagata et al., 2005). We but had minimal effects in CHO-WT cells. As summarized in
investigated whether RR could inhibit the increase in fluo- Table 1, preincubation of cells with RR resulted in a concen-
rescence in CHO-TREx-TRPA1 induced by concentrations of tration-dependent inhibition of the subsequent response to
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Fig. 2. Activation of TRPA1 by AITC and FTS. Top, time course of calcium-sensitive dye fluorescence after application of 25 uM AITC (A) and 10 uM
FTS (B). Test compounds were added at ¢ = 10 s, and the fluorescence was monitored in FLIPR. Each trace is the average of three wells. CHO-TRPA1
(), CHO-TRPA1 without extracellular calcium (A), and untransfected CHO-WT (O). Middle, concentration-response curves for AITC (C) and FTS (D)
as determined in the FLIPR assay. Symbols and error bars represent the mean + S.D. of three independent experiments. Solid lines are Hill fits to
the data. CHO-TRPA1 ([J) and untransfected CHO-WT (O). Data were normalized to the response of cells expressing TRPA1 to 100 M AITC. Bottom,
inhibition of the responses to 15 uM AITC (E) and 10 uM FTS (F) by ruthenium red. The average calcium response (n = 3) to the addition of agonist
in the presence of varying concentrations of ruthenium red were normalized to the unblocked response to 100 uM AITC. The curves are Hill fits to
the data.



each agonist. RR fully blocked the response to 15 uM AITC,
10 uM FTS, 50 uM FTA, 50 uM 15d-PGd,, and 10 uM
disulfiram, with IC;, values ranging from 50 to 500 nM
(Table 1). Representative RR concentration-response curves
for block of AITC and FTS are shown in Fig. 2, E and F,
respectively. It is noteworthy that RR only partially blocked
the response to 50 uM ETYA and 10 uM chlordantoin. Given
the small degree of separation between activity in TRPA1-
expressing cells and CHO-WT for ETYA, partial inhibition by
RR is perhaps not surprising. However, the reasons for the
lack of complete block for chlordantoin are not clear.

To study the requirement for calcium influx, responses to
near-saturating concentrations of agonist were measured in
the presence and absence of extracellular calcium. As de-
scribed above, all agonists induced large and sustained in-
creases in fluorescence in TRPA1-expressing cells. However,
in the absence of extracellular calcium, the effects of the
putative TRPA1 agonists were substantially reduced. This is
illustrated for 25 uM AITC and 10 uM FTS in Fig. 2, A and
B, respectively.

Selectivity. To assess selectivity, we screened the TRPA1
agonists identified in the present study against four related
cation channels: human TRPV1, human TRPV4, canine
TRPMS, and rat TRPV2. AITC was devoid of activity on all
four related TRP channels at concentrations up to 100 uM
(Fig. 3A). FTS also exhibited a high degree of selectivity for
TRPA1 over other TRP channels (Fig. 3B). Although FTS did
exert small effects at the higher concentrations (50 and 100
uM), these effects were similar in magnitude to the effects
seen in untransfected cells (Fig. 2D). Likewise, disulfiram
and chlordantoin exerted little or no effect on any of the four
related TRP channels, at concentrations up to 100 uM (data
not shown). Given the lower potency of FTA, 15d-PGJ, and
ETYA against TRPA1, coupled with tendency of these com-
pounds to increase calcium fluorescence in WT-HEK cells, it
was difficult to fully evaluate the selectivity of these agents.

Electrophysiology. To confirm TRPA1 agonistic activity
using a more direct approach, we studied the activity of
selected compounds against human TRPA1 using the whole-
cell patch-clamp technique.

A representative example of an agonist concentration-re-
sponse experiment is shown in Fig. 4. In the example shown,
FTS was applied to a TRPAl-expressing cell at a holding
potential of —60 mV, starting at 0.1 uM and increasing in
half-log increments to 10 uM. In this experiment, FTS did

TABLE 1
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not change holding current at concentrations of 0.1 to 1 uM.
At a concentration of 3 uM, FTS induced a small, sustained
inward current that declined back to baseline on removal of
the compound. Application of 10 uM FTS induced a large
inward current that was transient. Similar observations
were made in a total of three cells. Replacement of extracel-
lular calcium with barium to limit calcium-induced desensi-
tization (Nagata et al., 2005) did not consistently prevent the
appearance of transient currents at higher agonist concen-
trations, particularly when currents were large, and in all
experiments, a second application of 10 uM FTS resulted in
the appearance of a current that was much smaller than that
induced by the first application. Therefore, it was not possi-
ble to accurately determine potency in these experiments.
Instead, we used the threshold concentration in the presence
of 2 mM calcium (i.e., the minimal concentration required to
elicit an inward current) to define the relative potency of the
novel TRPA1 agonists. Threshold concentrations were 3 uM
for FTS, 0.3 uM for disulfiram, and 1 uM for chlordantoin.
An example of an experiment designed to evaluate the
current-voltage relationship and ruthenium red sensitivity of
the drug-induced current is shown in Fig. 5. Voltage ramps of
1-s duration from —80 to +40 mV were run every 40 s during
continuous recording of membrane current at a holding po-
tential of —60 mV. In the absence of agonist, holding current
was minimal and voltage ramps elicited small, linear or
weakly outwardly rectifying currents. Application of 5 uM
FTS induced a sustained increase in inward current (Fig. 5a),
and a voltage ramp in the continued presence of FTS elicited
a large current that was characterized by a negative slope
conductance between —70 and —30 mV, strong outward rec-
tification at positive potentials, a reversal potential of ~6 mV
(approximately —1 mV after correction for the liquid junction
potential), and a large inward tail current on repolarization
to —60 mV (Fig. 5b). Application of 10 uM RR completely and
reversibly inhibited the inward drug-induced current (Fig.
5A). Holding current and ramp-induced currents decayed to
predrug levels on removal of FTS. Similar currents were
never seen in untransfected CHO-TREx +tet cells (Fig. 5¢).
Disulfiram (1 M), 3 uM chlordantoin, 50 uM FTA, and 50
uM 15d-PGd, all induced similar, outwardly rectifying cur-
rents in TRPA1l-expressing cells (data not shown), and the
inward currents induced by disulfiram and chlordantoin
were blocked by 10 uM RR (data not shown). The sensitivity

Summary of the activity of TRPA1 agonists in CHO.TREx.TRPA1 and untransfected CHO.TREx cells
Maximal response is the ratio of the high-concentration response relative to the response of CHO.TREx.TRPA1 to 100 uM AITC. Values are the mean + S.D. of nonlinear

least-squares fit parameters for n = 3 to 5 concentration-response experiments.

TRPA1 CHO-WT
Agonist Solubility Limit RRICs,
ECjq Maximal Response ECs Maximal Response
wM wM uM wM
AITC 100 5+1 1.0 — — 0.06 = 0.02
FTS 100 5+3 1.3x0.1 415 1.20 0.45 = 0.05
FTA 400 90 = 40 1.3+0.1 100 = 10 0.8 £0.2 0.18 = 0.05
Disulfiram 50 32 1.0 0.2 — — 0.08 = 0.02
Chlordantoin 100 3+1 1.1+0.1 >100 N.D. 0.13 = 0.03
15d-PGd, 400 18£8 1.47 = 0.08 100 N.D. 0.08 = 0.02
ETYA 25 3¢ N.D. 207 N.D. 0.18 = 0.06

—, <20% response at the highest concentration tested; N.D., not determined.

¢ Could not be fit accurately with a Hill function. Instead of an ECj, value, the threshold concentration (i.e., the average concentration required to increase the normalized

response by 20%) is provided for this compound.



1230

Mabher et al.

of FTA- and 15d-PGd,-induced currents to RR block was not
studied.

TRPA1 channels are likely regulated by a variety of intra-
cellular second messengers, including calcium (Jordt et al.,
2004; Doerner et al., 2007; Zurborg et al., 2007) and other
products of phospholipase C activation (Bandell et al., 2004).
To determine whether the mechanism of action of FTS in-
volved cytosolic factors, we studied the effects of this com-
pound on TRPA1 activity in excised inside-out membrane
patches from CHO-TREx-TRPA1 cells. In these experiments,
the intracellular side of the membrane faces the recording
solution, allowing complete and rapid removal of the normal
intracellular milieu. In addition, the pipette and bath solu-
tions used in these experiments were identical calcium-free
solutions. As indicated in Fig. 6, TRPA1 channel openings
were rare in the absence of FTS. Single channel openings
became more frequent shortly after exposure of the patch to
10 uM FTS via the intracellular (bath) solution, especially at
positive membrane potentials, and multiple openings became
apparent on continued exposure to FTS (Fig. 6A). At positive
membrane potentials, Gaussian fits of single channel ampli-
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Fig. 3. TRP channel selectivity of AITC and FTS. Concentration-response
curves for AITC (A) and FTS (B) against TRPA1 (l), TRPMS ((]), TRPV1
(©), TRPV2 (A), and TRPV4 (¢) as determined in the FLIPR assay.
Symbols and error bars represent the mean * S.D. of the response of
three independent experiments. Solid lines are Hill fits to the data. Data
were normalized to 100 uM AITC (TRPA1), 150 nM capsaicin (TRPV1),
100 nM icilin (TRPMS8), 300 uM 2-aminophenyl borate (TRPV2), or 10 uM
4aPDD (TRPV4).

tudes were 7.2 and 5.1 pA at +80 and +60 mV, respectively
(Fig. 6B), corresponding to single channel slope conductances
of 90 and 85 pS (Fig. 6C). Single channel amplitudes at
negative membrane potentials were typically smaller (—6.7
and —4.9 pA at —80 and —60 mV, respectively, correspond-
ing to a single channel slope conductance of 84 and 82 pS)
(Fig. 6B) (see also Kim and Cavanaugh, 2007). These findings
are similar to those reported previously for mustard oil act-
ing on single human TRPA1 channels (~90 pS; Macpherson
et al., 2007; Kim and Cavanaugh, 2007). On average, single
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Fig. 4. Representative whole-cell patch-clamp recordings from TRPA1-
expressing cells. a, the cell was held at —60 mV, and increasing concen-
trations of FTS were applied. The threshold concentration of FTS for
TRPA1 activation was ~3 puM (b) and higher concentrations produced
large, desensitizing currents (c). Desensitization to FTS was also ob-
served when extracellular calcium was replaced with barium (d). Hori-
zontal bars, 10 s.
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Fig. 5. FTS induces an outwardly rectifying current in CHO-TREx-
TRPAL. Voltage ramps were applied to a CHO.TRPA1 cell in whole-cell
mode, with a holding potential of —60 mV between ramps. a, application
of 5 uM FTS rapidly activated an inward current that was blocked by 10
uM RR and reversed upon washout of FTS. b, current-voltage relation-
ships at time points 1, 2, and 3 from a. The FTS-induced current was
outwardly rectifying, with a region of negative slope conductance (c).
Similar currents were not observed in untransfected CHO-TREx cells.



channel slope conductance were found to be 79 = 1 pS (n = 6)
(Fig. 6C).

Rat Dorsal Root Ganglion Studies. To determine
whether FTS could activate native TRPA1 channels, we stud-
ied its effects on cultured rat DRG cells. Because little is
known about potential species differences in TRPA1 sensi-
tivity to FTS, we studied the effects of this compound at a
single, high concentration of 30 uM. DRG cells studied were
small to medium diameter (~30 um), and they were all
capsaicin-sensitive (Fig. 7, A and C). In 5 of 15 cells, 30 uM
FTS activated a small, slowly developing, and noisy inward
current at a holding potential of —60 mV. A representative
example is shown in Fig. 7A. All cells that responded to FTS
also responded to 100 uM AITC. Where studied, FTS-induced
inward currents were blocked by 10 uM RR (Fig. 7B). Ten of
15 cells were insensitive to 10 uM FTS. These cells were also
insensitive to 100 uM AITC (Fig. 7C).

Mechanism of Action. Reversible covalent modification
of cysteine residues in the N terminus of TRPA1 is thought to
underlie the agonist activity of chemically reactive com-
pounds such as AITC and cinnamaldehyde (Hinman et al.,
2006; Macpherson et al., 2007). In particular, the quadruple
mutant (TRPA1-M4) containing C621S, C641S, C665S, and
K710R (numbering according to NP-015628.1) has been
shown previously to be fully functional but completely insen-
sitive to AITC (Hinman et al., 2006). To determine whether a
similar mechanism underlies the activity of the novel TRPA1
agonists described above, we studied the effects of these
agents on calcium fluorescence in HEK293 cells transiently
transfected with TRPA1-M4. HEK293 cells were used for
these studies because we were unable to express the mutant
channel in the CHO-TREx cell line. We also tested TRPA1
transiently transfected into HEK293 cells, to allow a direct
comparison of the wild-type and mutant channels in the
same cellular background. Responses were normalized to the
response of HEK-TRPA1 to 100 uM FTS. AITC was devoid of
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activity in the TRPA1-M4-expressing cells (Fig. 8A), confirm-
ing the findings of Hinman and colleagues (2006), whereas
the activity of disulfiram, chlordantoin, and 15d-PGJ, was
substantially reduced (Table 2). In contrast, and as illus-
trated in Fig. 8B, FTS retained the ability to increase fluo-
rescence in TRPA1-M4-transfected cells, albeit at reduced
potency compared with the effects seen in HEK-TRPAL1 cells.
Similar results were obtained with FTA (Table 2). Whole-cell
electrophysiological experiments were conducted to confirm
the activity of FTS on the TRPA1-M4 mutant channels, in
the same way as described above for the wild-type channel.
The results of a representative experiment are shown in Fig.
8C. FTS was without effect at 1 uM but elicited an inward
current at concentrations of 3 and 10 uM. FTS-induced cur-
rents were generally smaller than those measured in CHO-
TREx-TRPA1 cells, but the threshold FTS concentration for
activation of TRPA1-M4 was identical to that determined for
activation of TRPA1 (compare Fig. 4 and 8C). The whole-cell
currents activated by FTS in TRPA1-M4 expressing cells
were blocked by 10 uM RR (data not shown). ETYA also
increased calcium fluorescence in cells expressing TRPA1-
M4. However, the concentrations required for activity in the
transiently transfected HEK293 cells were similar to those
that caused increases in fluorescence in HEK-WT. Hence, it
is not clear whether this compound activates TRPA1-M4.

Discussion

In this study, we have identified several TRPA1 agonists.
These agents include several lipid compounds (farnesyl thio-
salicylic acid, farnesyl thioacetic acid, and 15-deoxy-A'%14-
prostaglandin J,), disulfiram, and the antifungal agent
chlordantoin.

Of the TRPA1 agonists identified, we characterized the ef-
fects of FTS in most detail. This compound activated TRPA1
channels in both fluorescent and electrophysiological assays at
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ter application of 10 uM FTS to the bath
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concentrations that were devoid of effects on untransfected cells
and on related TRP channels. Concentration-response curves
for FTS were quite steep in both calcium fluorescence experi-
ments and patch-clamp studies, suggesting there is not a 1:1
relationship between binding and channel activation. The rea-
sons for this are not clear. This could be indicative of some
degree of cooperative binding. Alternatively, it may represent a
degree of positive feedback as a result of the permeating cal-
cium ions exerting direct effects on TRPA1 (Doerner et al., 2007,
Zurborg et al., 2007). The effects of FTS in the fluorescence
assay were substantially reduced in the absence of extracellular
calcium, indicating that FTS stimulated calcium entry through
calcium-permeable TRPA1 channels is primarily responsible
for the increased calcium fluorescence observed (rather than
intracellular calcium release). The effects of FTS were also
inhibited by the nonselective TRP channel blocker RR. The
effect of FTS seems to be specific and not a general property of
lipophilic farnesyl-containing compounds, because a number of
related compounds were either significantly less potent (FTA)
or inactive as TRPA1l agonists. Collectively, these findings
strongly suggest that FTS represents a novel TRPA1 agonist. In
contrast to AITC, FTS retained activity on an AITC-insensitive
quadruple cysteine/lysine mutant. Although the activity of FT'S
was slightly lower on the mutant compared with the WT chan-
nel in fluorescence studies, we reasoned that this apparent shift
in potency might be a consequence of lower expression levels of
TRPA1-M4 compared with the wild-type TRPA1 construct. The
finding that the threshold FTS concentration for activation of
TRPA1-M4 was identical to that determined for activation of
TRPA1 in whole-cell electrophysiological studies supports this
conclusion. Therefore, studies using the quadruple cysteine/
lysine mutant demonstrate that the mechanism of action of
FTS differs from that of reactive agents such as AITC. The
precise mechanism by which FTS activates TRPA1 remains
unclear. FTS is an inhibitor of prenylated protein methyltrans-
ferase, an enzyme responsible for methylation of prenylated
cysteine of Ras and other prenylated proteins (Marom et al.,
1995). TRPA1 agonist activity was also observed with a second

ez a

200pA
60s

Fig. 7. FTS activates a ruthenium red sensitive current in cultured rat
DRG neurons. A, representative whole-cell currents in a DRG neuron.
Cells were held at —60 mV. FTS (30 uM) induced a slowly activating
inward current. This same cell also responded to 100 uM AITC and to 1
uM capsaicin. B, an expanded view of a 30 uM FTS-induced current in a
second DRG cell. Application of 10 uM ruthenium red rapidly blocks the
FTS-induced inward current. C, a different DRG neuron, sensitive to
capsaicin but not to AITC, is also unresponsive to FTS. Solid bar, FTS (30
uM); hatched bar, AITC (100 wM); open bar, capsaicin (1 uM); gray bar,
RR (10 uM).

methyltransferase inhibitor, FTA (Tan et al., 1991), but not
with the structurally related methyltransferase substrate N-
acetyl-S-farnesyl-L-cysteine (Tan et al., 1991). Because some
precedent exists for regulation of ion channels by methylation,
it is possible that inhibition of a methyltransferase may be
involved in TRPA1 activation by FTS (Becchetti et al., 2000;
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Fig. 8. Effect of TRPA1 agonists on TRPA1-M4. Concentration-response
curves for agonists were determined in the FLIPR assay. Cells were
transiently transfected with either WI-TRPA1 (M) or TRPA1-M4 (O).
Responses were compared with the effects of agonists in untransfected
HEK293 cells (A). Error bars represent the S.D. of three independent
experiments. Data were normalized to the response to 100 uM FTS. Solid
lines are Hill fits to the data. A, AITC. B, FTS. C, concentration-depen-
dent activation of human TRPA-M4 by farnesyl thiosalicylic acid in a
whole-cell patch-clamp experiment. Increasing concentrations of FTS
were applied to a TRPA1-M4 expressing cell at a holding potential of —60
mV, with washout between each concentration. The threshold concentra-
tion for activation of TRPA1-M4 was ~3 uM, which is the same as the
threshold concentration for activation of WT-TRPA1.



Chen et al., 2004). However, a simpler explanation for our
findings is that FTS binds to TRPA1 to directly activate the
channel, in a manner analogous to capsaicin-induced activation
TRPV1. A direct effect on TRPA1 is supported by the demon-
stration of TRPA1l agonist activity in excised membrane
patches. Although TRPA1 channel activity is generally low in
excised patches, as recently described by Kim and Cavanaugh
(2007), we found that FTS can stimulate residual TRPA1 activ-
ity in inside-out patches. This observation suggests that FTS
does not require the presence of diffusible intracellular factors
for its activity. Because our recording solutions were calcium
free, these patch-clamp studies also rule out the involvement of
calcium in the actions of FTS.

In addition to activating recombinant human TRPA1, FTS
also induced an inward current in approximately one third of
capsaicin-sensitive rat DRG neurons. Cells that were FTS-
sensitive were also AITC sensitive. The proportion of cells
activated by FTS in our study is similar to that activated by
TRPA1 agonists, such as AITC, formalin, 4-hydoxy-2-non-
enal, and 15d-PGdJ, in other studies (Jordt et al., 2004; Mc-
Namara et al., 2007; Trevisani et al., 2007; Taylor-Clark et
al., 2008). Our findings are also consistent with molecular
studies that show TRPA1 expression in a subpopulation of
TRPV1-positive sensory ganglion cells. For example, Story et
al. (2003) have found that TRPA1 is expressed in approxi-
mately 30% of TRPV1-positive DRG cells.

As a TRPA1 agonist with a potentially novel mechanism of
action, FTS may be useful in the study of TRPA1 channels.
For example, it will be particularly interesting to define the
nature of the FTS binding site on the TRPA1 channel and to
understand how drug binding can influence channel activity.
In addition, because the identity of the pathophysiologically
relevant TRPA1 agonist(s) in the setting of inflammation is
unclear, the availability of surrogate agonists acting via dif-
ferent sites and mechanisms should increase the likelihood of
identifying antagonists with efficacy under pathophysiologi-
cally relevant conditions.

The two other lipid-based TRPA1 activators identified in
this study were 15d-PGdJ, and ETYA. Our data show that
15d-PGdJ,, can activate TRPA1 at low micromolar concentra-
tions. The effects of 15d-PGdJ, are substantially reduced in
the TRPA1-M4 mutant, suggesting that this prostaglandin
may activate TRPA1 via a similar mechanism to AITC. This
conclusion is supported by a recent report showing that
TRPA1 activation is also observed with other electrophilic A-

TABLE 2
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and J-series prostaglandins, but not by their nonelectrophilic
precursors, PGE2, PGD2, or PGB2 (Taylor-Clark et al., 2007).
Our findings and the findings of Taylor-Clark and colleagues
suggest that reactive prostanoids may be able to directly acti-
vate sensory neurons via a TRPAIl-dependent mechanism.
ETYA, a somewhat related structure to 15d-PGd,, has previ-
ously been shown to be a TRPA1 agonist (Bandell et al., 2004).
Although our studies confirm this observation to some extent,
this compound increases calcium fluorescence in WT-CHO cells,
suggesting that ETYA can activate both TRPA1-dependent and
TRPA1-independent calcium-mobilizing mechanisms.

Our work also identified two nonlipid TRPA1 agonists.
Disulfiram (Antabuse) is an irreversible inhibitor of alde-
hyde dehydrogenase used in the aversion therapy of recov-
ering alcoholics. Inhibition of this enzyme results in ele-
vated levels of acetaldehyde on alcohol ingestion, leading
to acute sensitivity to alcohol, characterized by a series of
unpleasant physical responses including nausea, vomiting,
headache, skin flushing, and tachycardia. Disulfiram in-
hibits aldehyde dehydrogenase by inducing the formation
of an intramolecular disulfide bridge involving key cysteine
residues in the enzyme active site (Lipsky et al., 2001). The
inability of disulfiram to activate the TRPA1-M4 mutant
channel suggests that modification of critical cysteine resi-
dues may also underlie the TRPA1 agonist activity of this
compound. Whether the TRPA1 agonist activity contributes
to the alcohol-sensitizing effects of disulfiram in any way is
unclear.

The final TRPA1 agonist identified in the present study
is chlordantoin [5-(1-ethylamyl)3-trichloromethyl thiohy-
dantoin; Sporostacin], a topical antifungal agent. Although
chemically distinct, chlordantoin, like AITC and cinnama-
ldehyde, is electrophilic and it would be expected to react
with the free thiol of a cysteine residue. Given its chemical
nature, it is not surprising that this compound is without
effect on the TRPA1-M4 mutant.

In summary, we have used a combination of calcium
fluorescent assays and whole-cell electrophysiology to
identify several TRPA1 agonists, including several lipid
compounds (farnesyl thiosalicylic acid, farnesyl thioacetic
acid, and 15d-prostaglandin J,), disulfiram, and chlordan-
toin. These agents may help in understanding the molec-
ular pharmacology of TRPA1 that may ultimately facili-
tate the identification of novel analgesic agents.

Summary of the activity of TRPA1 agonists in HEK293 cells transiently expressing TRPA1 and TRPA1-M4, and in untransfected cells

Values are the mean *= S.D. of nonlinear least-squares fit parameters for n = 3 to 5 concentration-response experiments. Maximal response is the ratio of the
high-concentration response relative to the response of HEK293-TRPA1 to 100 uM FTS.

TRPA1 TRPA1 Mutant HEK-WT
Agonist

ECsq Maximal Response ECjq Maximal Response ECj, Maximal Response

M uM uM
AITC 5+2 0.77 — — — —
FTS == 1.3+0.1 11+5 0.95 = 0.04 — —
FTA 100 + 40 1.0 £0.1 160 = 40 0.9 +0.2 — —
Disulfiram 32 0.8 £0.1 — — — —
Chlordantoin 31 09*0.1 30 £ 10 0.43 = 0.07 — —
15d-PGd, 22+ 17 1.2*0.1 210 =70 1.2*+0.2 3007 N.D.
ETYA 4 N.D. 25 N.D. 25 N.D.

—, <20% response at the highest concentration tested; N.D., not determined.

¢ Could not be fit accurately with a Hill function. Instead of an ECj, value, the threshold concentration (i.e., the average concentration required to increase the normalized

response by 20%) is provided for this compound.
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