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ABSTRACT
S-Nitrosylation, the addition of a nitrosyl group to cysteine thiols,
regulates various protein functions to mediate nitric oxide (NO)
bioactivity. Recent studies have demonstrated that selectivity in
protein S-nitrosylation signaling pathways is conferred through
transnitrosylation, a transfer of the NO group, between proteins via
interaction. We previously demonstrated that sensitivity to activa-
tion by synthetic NO-releasing agents via S-nitrosylation is
a common feature of members of the transient receptor potential
(TRP) family of Ca21-permeable cation channels. However, strate-
gies to confer subtype selectivity to nitrosylating agents targeted
to TRP channels are yet to be developed. Here, we show selective
activation of TRPA1 channels by novel NO donors derived from
the ABBH (7-azabenzobicyclo[2.2.1]heptane) N-nitrosamines,
which exhibit transnitrosylation reactivity to thiols without releasing
NO. The NNO-ABBH1 (N-nitroso-2-exo,3-exo-ditrifluoromethyl-7-

azabenzobicyclo[2.2.1]heptane) elicits S-nitrosylation of TRPA1
proteins, and dose-dependently induces robust Ca21 influx via
both recombinant and native TRPA1 channels, but not via other
NO-activated TRP channels. TRPA1 activation by NNO-ABBH1
is suppressed by specific cysteine mutations but not by NO
scavenging, suggesting that cysteine transnitrosylation underlies
the activation of TRPA1 by NNO-ABBH1. This is supported by the
correlation of N–NO bond reactivity and TRPA1-activating potency
in a congeneric series of ABBH N-nitrosamines. Interestingly,
nonelectrophilic derivatives of ABBH also activate TRPA1
selectively, but less potently, compared with NNO-ABBH1. Thus,
ABBH N-nitrosamines confer subtype selectivity on S-nitrosylation
in TRP channels through synergetic effects of two chemical pro-
cesses: cysteine transnitrosylation andmolecular recognition of the
nonelectrophilic moiety.

Introduction
Nitric oxide (NO) controls diverse biological processes such

as vascular relaxation and neurotransmission (Moncada et al.,
1991), and is produced in vivo by the family of NO synthase
(NOS) isoforms (Alderton et al., 2001). In addition to the well
characterized binding of NO to the heme iron of soluble
guanylate cyclase, physiologic NO-based protein modification
might also be mediated by S-nitrosylation, the covalent
attachment of an NO moiety to the sulfur atom of cysteine

residues to form S-nitrosothiol (Hess et al., 2005). A large
number of S-nitrosylated proteins (.1000) have been identi-
fied (Seth and Stamler, 2011), supporting the notion that NO
exerts its biological activity via S-nitrosylation.
NO is highly reactive and diffusible within cells, posing the

question of howS-nitrosylation–dependent regulation of cellular
signaling is achieved with any selectivity. Recent studies have
identified protein–protein transnitrosylation, the transfer of the
NO group between proteins in the absence of apparent NO
release, as a potentially important targeting pathway (Stamler
and Hess, 2010; Anand and Stamler, 2012; Nakamura and
Lipton, 2013). Transnitrosylation has been reported for anion
exchanger-1 by hemoglobin, caspase-3 by thioredoxin (and vice
versa), X-linked inhibitor of apoptosis by caspase-3, and various
nuclear proteins by glyceraldehyde-3-phosphate dehydrogenase
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ABBREVIATIONS: ABBH, 7-azabenzobicyclo[2.2.1]heptane; AP-18, (Z)-4-(4-chlorophenyl)-3-methylbut-3-en-2-oxime; 2-APB, 2-aminoethyl diphenyl-
borinate; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid; [Ca21]i, intracellular Ca

21 concentration; carboxy-PTIO, 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; DTT, dithiothreitol; EGFP, enhanced green fluorescent protein; eNOS, endothelial NOS; GFP, green
fluorescent protein; HEK, human embryonic kidney; HPDP-biotin, N-[6-(biotinamido)hexyl]-39-(29-pyridyldithio)propionamide; NCHO-ABBH, N-formyl-2-
exo,3-exo-ditrifluoromethyl-7-azabenzobicyclo[2.2.1]heptane; NEM, N-ethylmaleimide; NH-ABBH, N-H-2-exo,3-exo-ditrifluoromethyl-7-azabenzobicy-
clo[2.2.1]heptane; NMe-ABBH, N-methyl-2-exo,3-exo-ditrifluoromethyl-7-azabenzobicyclo[2.2.1]heptane; NNO-ABBH1, N-nitroso-2-exo,3-exo-ditrifluor-
omethyl-7-azabenzobicyclo[2.2.1]heptane; NO, nitric oxide; NOR3, (6)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide; NOS, NO synthase; RT-PCR,
reverse-transcription polymerase chain reaction; siRNA, small interfering RNA; SNAP, S-nitroso-N-acetyl-DL-penicillamine; TRP, transient receptor
potential.
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(Pawloski et al., 2001; Mitchell and Marletta, 2005; Kornberg
et al., 2010; Nakamura et al., 2010). The negative impact of
binding-disruptive mutations on transnitrosylation demon-
strates the importance of protein-protein binding to this reaction
(Kornberg et al., 2010; Nakamura et al., 2010).
Drosophila melanogaster transient receptor potential (TRP)

protein and its homologs are putative six-transmembrane
polypeptide subunits that assemble into tetramers to form
Ca21-permeable cation channels (Clapham, 2003; Clapham
et al., 2005). Mammalian TRP channels comprise six related
protein subfamilies: TRPC, TRPV, TRPM, TRPA, TRPP, and
TRPML. TRP channels are activated by diverse stimuli,
including receptor stimulation, heat, osmotic pressure, me-
chanical stress, and environmental irritants from the extra-
cellular and intracellular milieu. Somemembers of the TRPC,
TRPV, TRPM, and TRPA subfamilies act as cell sensors for
redox mediators (Hara et al., 2002; Aarts et al., 2003; Hinman
et al., 2006; Yoshida et al., 2006; Macpherson et al., 2007;
Andersson et al., 2008; Bessac et al., 2008; Salazar et al., 2008;
Takahashi et al., 2008, 2011; Taylor-Clark et al., 2008; Xu
et al., 2008). We and others have described the S-nitrosylation
of TRP channels. Receptor-activated (TRPC5, TRPC1, and
TRPC4) and thermosensor (TRPV1, TRPV3, TRPV4, and TRPA1)
TRPs are activated by the exogenous NO-releasing donors
SNAP (S-nitroso-N-acetyl-DL-penicillamine) andNOR3 ((6)-(E)-
4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide) through
oxidative cysteine modification (Yoshida et al., 2006; Sawada
et al., 2008; Takahashi et al., 2008; Miyamoto et al., 2009), but
with very limited TRP selectivity. Endowing NO donors with
TRP channel subtype specificity mediated by transnitrosyla-
tion is an attractive strategy for the improvement of these
agents.
To begin the development of transnitrosylation-based

subtype-selective activators of TRP channels, it is necessary
to first identify a synthetic NO donor that has only trans-
nitrosylative reactivity. S-Nitrosoglutathione is a biological
transnitrosylating agent, but also releases NO (Foster et al.,
2003; Makita et al., 2013). N-Nitroso derivatives of ABBH (7-
azabenzobicyclo[2.2.1]heptanes) constitute a new class of NO
donors that, at physiological pH and temperature, trans-
nitrosylate thiols to generate S-nitrosothiols without releasing
NO (Ohwada et al., 2001, 2011; Yanagimoto et al., 2007; Karaki
et al., 2012). This article describes the development of ABBH
N-nitrosamines into subtype-selective nitrosylation activators
of TRP channels.

Materials and Methods
Synthesis of ABBH Derivatives. The details of the synthesis of

ABBH derivatives are provided in the Supplemental Materials and
Methods.

Reagents. AP-18 [(Z)-4-(4-chlorophenyl)-3-methylbut-3-en-2-oxime]
was synthesized as previously reported (Takahashi et al., 2011). Dithio-
threitol (DTT) was purchased from Nacalai Tesque (Kyoto, Japan).
Carboxy-PTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide] was purchased from Dojindo (Kumamoto, Japan). SNAP,
2-APB (2-aminoethyl diphenylborinate), and NEM (N-ethylmaleimide)
were purchased from Sigma-Aldrich (St. Louis, MO). Ascorbic acid was
purchased fromWako Pure Chemical Industries (Osaka, Japan). HPDP-
biotin (N-[6-(biotinamido)hexyl]-39-(29-pyridyldithio)propionamide) was
purchased from Thermo Scientific (Rockford, IL). Derivatives of ABBH
were prepared as stock solutions in N-methyl pyrrolidone and were
diluted at working concentrations in aqueous solutions containing 0.1%

N-methyl pyrrolidone. These were protected from light. AP-18, SNAP,
2-APB, and carboxy-PTIO were prepared as stock solutions in dimethyl-
sulfoxide and were diluted at working concentrations in aqueous
solutions containing 0.01% or 0.1% dimethylsulfoxide. DTT was directly
dissolved in aqueous solutions at working concentrations.

Cell Culture. Human embryonic kidney (HEK) 293 and HEK
293T cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 30 unitsml–1 penicillin, and 30mgml–1

streptomycin at 37°C under 5% CO2. WI-38 cells were cultured in mod-
ified Eagle’s medium containing 10% fetal bovine serum, 30 units ml–1

penicillin, and 30 mg ml–1 streptomycin at 37°C under 5% CO2. WI-38
(RCB0702) was purchased from RIKEN BRC through the National
Bio-Resource Project of the MEXT (Tsukuba, Japan).

cDNA Cloning and Recombinant Plasmid Construction.
Plasmids carrying human TRPA1 cDNA were prepared as previously
described (Takahashi et al., 2011). TRPA1 and TRPA1 cysteine
mutants were subcloned into the expression vector pCI-neo (Promega
Corporation, Madison, WI) or the enhanced green fluorescent protein
(EGFP) expression vector, pEGFP-C (Clontech Laboratories, Mountain
View, CA). Plasmids of pCI-neo vector carrying mouse TRPC5, mouse
TRPC1a, mouse TRPC4b, human TRPV1, human TRPV3, or human
TRPV4 cDNA were used (Yoshida et al., 2006; Takahashi et al., 2011).
Plasmid of pEGFP-N vector carrying TRPV1 was also used.

cDNA Expression in Cells. HEK 293 cells and HEK 293T cells
were transfected with recombinant plasmids using SuperFect trans-
fection reagent (Qiagen, Valencia, CA) and Lipofectamine 2000 trans-
fection reagent (Invitrogen/Life Technologies Corporation, Grand Island,
NY), respectively, according to the manufacturer’s instructions. In
intracellular Ca21 concentration ([Ca21]i) measurement and electrophys-
iological measurements, recombinant plasmids were cotransfected
with pEGFP-F (Clontech Laboratories) and pEGFP-N1 (Clontech Labo-
ratories), respectively, and HEK cells with green fluorescence were
analyzed. Transfected cells were grown for 36–40 hours prior to [Ca21]i
measurement and electrophysiological measurements, and were grown
for 48 hours prior to S-nitrosylation assay.

Small Interfering RNA. The TRPA1 small interfering RNA
(siRNA) sequence targeting the coding region of TRPA1 mRNA (59-
AAACTTTGTTGAGGTCTACAG-39) was used. To construct siRNA
oligomers, the Silencer siRNA construction kit (Ambion/Life Technologies
Corporation) was used. The glyceraldehyde-3-phosphate dehydrogenase
siRNA was used as the control provided with the kit. Transfection of
siRNAs at 200 nM to WI-38 cells was carried out using Lipofectamine
2000. The cells treated with siRNAs were subjected to reverse-
transcription polymerase chain reaction (RT-PCR) or [Ca21]i measure-
ment 48 hours after transfection.

RT-PCR. Total RNA of siRNA-transfected WI-38 cells was
extracted using ISOGEN (Wako Pure Chemical Industries). Reverse
transcription of total RNA to cDNA was performed using the RNA LA
PCR Kit (TaKaRa-Bio, Shiga, Japan). Suppression of RNA expression
was confirmed by RT-PCR analyses. The primer pairs used for TRPA1
and b-actin were as follows: TRPA1, 59-GACCACAATGGCTGGA-
CAGCTT-39 (forward) and 59-GTACCATTGCGTTGAGGGCTGT-39
(reverse); b-actin, 59-CATCCGCAAAGACCTGTACGCCAACAC-39
(forward) and 59-CTCGTCATACTCCTGCTTGCTGATCCAC-39 (re-
verse). RT-PCR was conducted under the following conditions: 94°C
for 5 minutes followed by 33 cycles for TRPA1 or 25 cycles for b-actin
at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 40 seconds,
and finally 72°C for 7 minutes. Predicted lengths of products were 540
and 228 base pairs for TRPA1 and b-actin, respectively.

[Ca21]i Measurement. Transfected HEK cells, WI-38 cells, and
siRNA-transfected WI-38 cells were subjected to [Ca21]i measurement
3–16 hours after plating onto poly-L-lysine–coated glass coverslips.
The fura-2 (Dojindo) fluorescence was measured in HEPES-buffered
saline containing the following: 107 mM NaCl, 6 mM KCl, 1.2 mM
MgSO4, 2 mM CaCl2, 11.5 mM glucose, and 20 mM HEPES (pH
adjusted to 7.4 with NaOH). Fluorescence images of the cells were
recorded and analyzed with the video image analysis system
AQUACOSMOS (Hamamatsu Photonics, Shizuoka, Japan) according
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to themanufacturer’s instructions. The 340:380-nm ratio images were
obtained on a pixel-by-pixel basis. Fura-2 measurements were carried
out at 21 6 1°C in HEPES-buffered saline. The 340:380-nm ratio
images were converted to Ca21 concentrations by in vivo calibration
using 10 mM ionomycin (Calbiochem/EMDChemicals, San Diego, CA)
as described previously (Takahashi et al., 2008).

Electrophysiology. For electrophysiological measurements, cov-
erslips with cells were placed in dishes containing bath solutions.
Currents from cells were recorded at room temperature (22–25°C)
using patch-clamp techniques in whole-cell mode and excised inside-
outmode, with anEPC-10 (HekaElektronik, Lambrecht/Pfalz, Germany)
patch-clamp amplifier as previously described (Okada et al., 1999).
The patch electrodes prepared from borosilicate glass capillaries had
a resistance of 2–4 MV for whole-cell recordings and 5–7 MV for
single-channel recordings. Current signals were filtered at 2.9 kHz
with a 4-pole Bessel filter and digitized at 20 kHz. Patchmaster (Heka
Elektronik) software was used for command pulse control, data
acquisition, and analysis. For whole-cell recordings, series resistance
was compensated (to 70–80%) to minimize voltage errors. Ramp
pulses were applied every 5 seconds from1100 to –100 mV at a speed
of 4 mV ms–1 after a 50-millisecond step to 1100 mV from a holding
potential of 0 mV. The bath solution contained the following: 140 mM
NaCl, 5 mM KCl, 5 mM EGTA, 1 mM MgCl2, 10 mM glucose, and
10 mMHEPES (pH 7.4 adjusted with NaOH, and osmolality adjusted
to 320 mOsM with D-mannitol). The pipette solution contained the
following: 140 mM Cs-aspartate, 5 mM BAPTA [1,2-bis(2-amino-
phenoxy)ethane-N,N,N9,N9-tetraacetic acid], 1.374 mM Ca-gluconate,
2 mM Na2ATP, 2 mM MgSO4, 1 mM MgCl2, and 10 mM HEPES (pH
7.4 adjusted with CsOH, and osmolality adjusted to 300 mOsM with
D-mannitol). The free Ca21 concentration was 30 nM, calculated with
CaBuf software (provided by Dr. Droogmans, G., Katholieke Uni-
versiteit Leuven, Leuven, Belgium). Single-channel recordings were
performed in inside-out excised patches configuration. Single-channel
events were detected using the 50% threshold detectionmethod. From
the single-channel events list, the NPO (N, number of channels; PO,
open probability) of single-channels was calculated by dividing the
total time spent in the open state by the total time of continuous
recording (30 seconds) in the patches containing active channels. The
amplitude of single-channel currents was measured as the peak-to-
peak distance in Gaussian fits of the all-point amplitude histogram.
The pipette solution contained the following: 100 mM CsCl, 1 mM
EGTA, 1mMMgCl2, and 10mMHEPES (pH 7.4 adjusted with CsOH,
and osmolality adjusted to 300 mOsM with D-mannitol). The
intracellular side was exposed to the bath solution, which contained
the following: 50 mMCsCl, 50 mMCs-aspartate, 10 mMEGTA, 1 mM
CaCl2, 1 mM MgCl2, 1 mM Na5P3O10, and 10 mM HEPES (pH 7.4
adjusted with CsOH, and osmolality adjusted to 300 mOsM with
D-mannitol).

S-Nitrosylation Assay. The S-nitrosylation assay was performed
as described previously (Jaffrey et al., 2001; Yoshida et al., 2006)
with a few modifications. Microsomal fractions were prepared from
transfected HEK 293T cells. In brief, cells were washed with
phosphate-buffered saline, collected with a cell scraper, and homoge-
nized with HEN buffer (250 mM HEPES, pH 7.7, 1 mM EDTA, and
0.1 mM neocuproine). The resulting homogenate was centrifuged at
2000g for 10 minutes. The supernatant was subsequently centrifuged
at 100,000g for 1 hour to pellet the microsomal fraction. The fraction
was incubatedwith 1mMABBHderivatives or 1mMSNAP in the dark
at room temperature for 10minutes. After the centrifuge, the pellet was
solubilized in HEN buffer containing 1% Triton X-100 (ICN Biomed-
icals, Aurora, OH). The extracts were incubated with 20 mMNEM and
2.5% SDS at room temperature for 30 minutes. Excess NEM was
removed by precipitation with –20°C acetone. After resuspending the
proteins in HEN buffer containing 1% SDS, ascorbic acid (20 mM final
concentration) and HPDP-biotin (1 mM final concentration) were
added. Themixtures were incubated for 1 hour at room temperature in
the dark with intermittent vortexing. Residual HPDP-biotin was
removed by precipitation with an equal volume of –20°C acetone.

The pellet was resuspended in 0.1 ml HEN buffer containing 1%
SDS. Two volumes of neutralization buffer (20 mM HEPES, pH 7.7,
100 mMNaCl, 1 mMEDTA, and 0.5% Triton X-100) were added, and
biotinylated proteins were incubated batch-wise with NeutrAvidin-
Plus beads (Thermo Scientific) overnight at 4°C with constant
shaking. Beads were rinsed three times with neutralization buffer
containing 600 mMNaCl. The proteins were eluted in sample buffer
containing DTT (50 mM) at room temperature for 30 minutes and
analyzed by 7.5% SDS-PAGE and Western blotting with an antibody to
green fluorescent protein (GFP) (Clontech Laboratories).

Griess Assay. The Griess assay was performed as described
previously (Yanagimoto et al., 2007). The strength of the N–NO bond
of ABBH N-nitrosamines, or the propensity to release NO1 or NO in
acidic solution, can be estimated with the Griess method. NO reacts
with oxygen in water to generate nitrite ion NO2

2, which yields NO1

in an acidic medium (Griess solvents). The visible absorption at
570 nm of the red dye formed upon diazo coupling of the Griess
reagents provides a measure of the amount of NO and NO1 formed by
cleavage of N–NO bonds of ABBHN-nitrosamines. The dye formation
was estimated after 5 hours at 37°C.

Statistical Analyses. All data are expressed as means 6 S.E.M.
We accumulated the data for each condition from at least three
independent experiments. The statistical analyses were performed
using Student’s t test. A value of P , 0.05 was considered significant.

Results
Transnitrosylating ABBH N-Nitrosamine Shows High

Subtype Selectivity for TRPA1 Channels. It was
shown previously that NNO-ABBH1 (N-nitroso-2-exo,3-exo-
ditrifluoromethyl-7-azabenzobicyclo[2.2.1]heptane) (Fig. 1A)
does not generate free NO by using electron spin resonance
spin trap experiments under neutral cell-free conditions, and
that NNO-ABBH1 participates in transnitrosylation reactions
with a model thiol, triphenylmethylthiol, to yield S-nitrosothiols
(Yanagimoto et al., 2007). However, NNO-ABBH1 has yet to be
tested for protein thiol transnitrosylation activity (Fig. 1B).
The activation of homomeric TRPV1, TRPV3, TRPV4, TRPC5,

and TRPA1 channels and heteromultimeric TRPC1/TRPC5 and
TRPC4/TRPC5 channels by the exogenous NO-releasing donor
SNAP is well characterized (Yoshida et al., 2006; Takahashi
et al., 2008). We therefore tested whether the transnitrosylating
agent NNO-ABBH1 activates these SNAP-sensitive TRP chan-
nels. In [Ca21]i measurements, 300 mM NNO-ABBH1 stimula-
tion of HEK 293T cells recombinantly expressing TRPA1 elicited
robust elevation in [Ca21]i (Fig. 1C). In contrast, responses were
completely absent in cells expressing TRPV1, TRPV3, TRPV4,
TRPC5, TRPC1/TRPC5, and TRPC4/TRPC5. As a positive
control, the same cells were stimulated with 300 mM SNAP as
previously reported (Yoshida et al., 2006; Takahashi et al., 2008),
and all were found to be activated (Fig. 1D). These experiments
revealed an amazing activation selectivity of the transnitrosylat-
ing agent NNO-ABBH1 to TRPA1 channels.
NNO-ABBH1–elicited [Ca21]i increases in HEK 293 cells

expressing TRPA1 occurred in a concentration-dependent
manner (Fig. 1E). NNO-ABBH1–induced Ca21 responses were
attributable mainly to Ca21 entry through the TRPA1 channel,
because NNO-ABBH1 did not evoke [Ca21]i elevation in
TRPA1-expressing HEK 293 cells in the absence of extracellu-
lar Ca21 (Fig. 1F). Furthermore, Ca21 influx evoked by NNO-
ABBH1 in HEK 293 cells expressing TRPA1 was significantly
suppressed by AP-18, a selective blocker of TRPA1 (Petrus
et al., 2007) (Fig. 1G).
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In whole-cell mode of patch clamp recordings, we found that
NNO-ABBH1 increasedwhole-cell currents inTRPA1-expressing
HEK 293 cells (Fig. 2, A and B). NNO-ABBH1–activated
whole-cell currents showed an outward-rectifying current-
voltage (I-V) relationship and a reversal potential (Erev)
characteristic of nonselective cationic channels (Erev 5 1.2 6
0.63 mV, n 5 5). In cell-free excised inside-out patches,
single-channel currents were prominently enhanced by
NNO-ABBH1 (Fig. 2, C and D), and single-channel conduc-
tance at –60 mV was 97.9 6 3.97 pS, as previously reported
(Takahashi et al., 2011). These results suggest that NNO-
ABBH1 activation of TRPA1 occurs by direct interaction
rather than via intracellular components.
Activation of TRPA1 by ABBH N-Nitrosamines Is by

Transnitrosylation. To biochemically identify S-nitrosylation
of TRPA1proteins, we treatedTRPA1-expressingHEK293T cells
with NNO-ABBH1 and subjected them to an S-nitrosylation

assay (Jaffrey et al., 2001; Yoshida et al., 2006). Cysteine S-
nitrosylation of GFP-TRPA1 proteins was detected after the
selective conversion of nitrosylated residues into biotinylated
cysteines, and was induced by NNO-ABBH1 (Fig. 3A). S-
Nitrosylation of TRPA1 was increased even more dramat-
ically by SNAP, indicating the relative promiscuity of SNAP
compared with NNO-ABBH1 in nitrosylating TRPA1 cysteine
residues. Interestingly,S-nitrosylation of TRPV1-GFP proteins
was induced by SNAP but not by NNO-ABBH1 (Fig. 3B),
supporting the selective action of NNO-ABBH1 via S-nitro-
sylation on TRPA1.
The N–NO bond strength of the N-nitroso derivatives of

ABBH can be controlled by changing the distal substituents
(Yanagimoto et al., 2007) (NNO-ABBH2–NNO-ABBH5; Fig.
4A). The reactivity of the N-nitrosamine N–NO bonds can be
estimated through their propensity to release NO1 or NO by
cleavage of the N–NO bond in acidic conditions (pH 5 2.1) in

Fig. 1. Highly selective activation of TRPA1
channels by ABBH N-nitrosamine. (A) The
chemical structure of NNO-ABBH1. (B) The
chemical mechanism underlying the trans-
nitrosylating action of NNO-ABBH1 on the
protein thiol group. (C) [Ca2+]i changes
evoked by 300 mM NNO-ABBH1 in HEK
293T cells expressing TRPA1, TRPV1,
TRPV3, TRPV4, TRPC5, TRPC1/TRPC5,
TRPC4/TRPC5, or vector. Averaged time
courses and maximum increases in [Ca2+]i
(Δ[Ca2+]i) (n = 47–107). ***P , 0.001
compared with vector. (D) Δ[Ca2+]i evoked
by 300 mM SNAP in HEK 293T cells
expressing TRPA1, TRPV1, TRPV3, TRPV4,
TRPC5, TRPC1/TRPC5, TRPC4/TRPC5, or
vector (n = 22–111). *P, 0.05; ***P, 0.001
compared with vector. (E) Dose-response
relationships for NNO-ABBH1–induced
Δ[Ca2+]i in HEK 293 cells expressing TRPA1
or vector during 5 minutes of stimulation
(n = 15–70). The plots were fitted to the Hill
equation: f (x) = A0 + (Amax 2 A0)/[1 + (EC50/
x)n], where A0 is the basal response, Amax is
the maximum response, x is the NNO-
ABBH1 concentration, and n is the Hill
coefficient. The EC50 value is 5.67 mM, and
the Hill coefficient is 1.65. (F) [Ca2+]i
changes induced by 30 mM NNO-ABBH1
in Ca2+-free, 0.5 mM EGTA-, or 2 mM
Ca2+-containing external solution in HEK
293 cells transfected with TRPA1 or vector.
Averaged time courses and Δ[Ca2+]i (n =
28–31). ***P , 0.001. (G) Effects of 30 mM
AP-18 on 30 mM NNO-ABBH1–induced
[Ca2+]i increase in HEK 293 cells expressing
TRPA1. Averaged time courses and Δ[Ca2+]i
(n = 15–27). **P , 0.01. Data points are the
mean 6 S.E.M.
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the Griess assay (Ohwada et al., 2001; Yanagimoto et al.,
2007). An aromatic group (NNO-ABBH1–NNO-ABBH4) and
electron-withdrawing groups, such as trifluoromethyl (NNO-
ABBH1) and ester (NNO-ABBH2 and NNO-ABBH3) groups,
enhanced N–NObond cleavage (NNO-ABBH1.NNO-ABBH2
. NNO-ABBH3 . NNO-ABBH4 . NNO-ABBH5; Fig. 4B).
Using this series of ABBH N-nitrosamine compounds, we
investigated the correlation between TRPA1-activating capacity
and N–NO bond reactivity. N–NO bond reactivity was well

correlated with the [Ca21]i elevation induced by these com-
pounds in TRPA1-expressing HEK 293 cells (Fig. 4, C and D).
We then measured the contribution of free NO to the NNO-
ABBH1–induced activation of TRPA1 using the NO scaven-
ger, carboxy-PTIO (Akaike et al., 1993). Incubation of TRPA1-
expressing HEK 293 cells with 300 mM carboxy-PTIO had no
significant effect on TRPA1 activation by NNO-ABBH1 (Fig.
4E). In contrast, carboxy-PTIO inhibited TRPA1 activation by
SNAP (Fig. 4F). Thus, it is probable that ABBHN-nitrosamines

Fig. 2. Electrophysiological characterization of TRPA1 activation by NNO-ABBH1. (A) Whole-cell currents evoked by 10 mMNNO-ABBH1 in HEK 293
cells transfected with TRPA1 or vector. Representative time courses of outward and inward currents recorded at +100 and –100 mV, respectively, under
ramp clamp. Corresponding I-V relationships at the time points 1 and 2. (B) Peak current densities at –100 and +100 mV before and during the
application of 10 mM NNO-ABBH1 (n = 5). *P , 0.05. (C) Single-channel activities evoked by 10 mM NNO-ABBH1 at –60 mV in inside-out patches
excised from TRPA1- or vector-transfected HEK 293 cells. Time-expanded current traces before and during the application of 10 mM NNO-ABBH1 are
shown at time points 1 and 2. Arrowheads represent the closed state. (D) Averages ofNPO representing single TRPA1 channel activity before and during
the application of NNO-ABBH1 (n = 5). **P , 0.01. Data points are the mean 6 S.E.M.

Fig. 3. S-Nitrosylation of TRPA1 protein by NNO-ABBH1. S-Nitrosylation labeling assay of TRPA1 (A) and TRPV1 (B). Microsomal fractions prepared
from transfected HEK 293T cells with and without treatment of NNO-ABBH1 (1 mM) or SNAP (1 mM) were subjected to S-nitrosylation assay. Western
blotting (WB) of total lysates indicates comparable protein expression (lysate).
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activate TRPA1 through transnitrosylation rather than through
the release of NO.
Identification of the TRPA1 Cysteine Residues Criti-

cal for the Activation by NNO-ABBH1. The cell-permeable
reducing agent DTT, which reverses disulfide formation and
nitrosylation of cysteine sulfhydryls (Macpherson et al., 2007;
Takahashi et al., 2008), was used to examine whether NNO-
ABBH1 activates the TRPA1 channel via oxidative sulfhydryl
modification. DTT significantly diminished NNO-ABBH1–
induced TRPA1-mediated [Ca21]i responses (Fig. 5A). We next
mutated 29 individual cysteine residues in human TRPA1 to
serine (Takahashi et al., 2011) and tested the responsiveness of
theseTRPA1mutants. Comparedwithwild type,mutantsC414S,
C421S, C540S, C641S, and C665S showed significantly sup-
pressed responses toNNO-ABBH1 (Fig. 5B). C414S and C421S
are likely to have deleterious effects on channel function because
they also significantly suppressed responses to 100 mM 2-APB
(Fig. 5C), which normally activates TRPA1 independently of
cysteine modification (Hinman et al., 2006). TRPA1 nitro-
sylation by NNO-ABBH1 was prominently suppressed by the
C540Smutation, andmoremoderately by the C641S andC665S
mutations (Fig. 5D). These results suggest that Cys540, Cys641,
and Cys665 are putative TRPA1 target sites of NNO-ABBH1.
Modulation of TRPA1 by Nonelectrophilic Analogs of

NNO-ABBH1. To further explore the structure-function
relationship of the profound selectivity of NNO-ABBH1 for
TRPA1, we developed a new group of nonelectrophilic analogs
of NNO-ABBH1, including N-H (NH-ABBH), N-formyl

(NCHO-ABBH), and N-methyl (NMe-ABBH) derivatives of
2-exo,3-exo-ditrifluoromethyl-7-azabenzobicyclo[2.2.1]heptane
(Fig. 6A). These analogs were less potent than NNO-ABBH1
in activating TRPA1, but maximum responses to the analogs
were similar to those induced by NNO-ABBH1 (Fig. 6B).
Importantly, S-nitrosylation of GFP-TRPA1 proteins was

induced by NNO-ABBH1, but not by NMe-ABBH (Fig. 6C). In
[Ca21]i measurements, TRPA1 activity evoked by NMe-ABBH
took a time course to decrease after the treatment byDTT similar
to the washout of NMe-ABBH (Fig. 6D). Furthermore, compared
with wild type, cysteine mutants C540S, C641S, and C665S
showed similar [Ca21]i responses to NH-ABBH, NCHO-ABBH,
and NMe-ABBH (Fig. 6E). These results suggest that oxidative
modification of cysteine residues is not critical for the activation
of TRPA1 by nonelectrophilic analogs of NNO-ABBH1.
Interestingly, the NMe-ABBH sensitivity of TRPA1 was

significantly enhanced by SNAP at a subthreshold concentra-
tion (10 mM) (Fig. 6F), in support of the idea of positive
synergistic effects between nitrosylation and molecular recog-
nition on TRPA1 activation. It is important to note that TRPC5
and TRPV1 failed to respond to NMe-ABBH (Fig. 6G). Thus,
molecular recognition of chemical groups other than NO
contributes to the selective activation of TRPA1.
Native TRPA1 Channels Are Activated by ABBH N-

Nitrosamines. The action of ABBH N-nitrosamines on en-
dogenous TRPA1 channels was characterized inWI-38 human
lung fibroblasts, which are known to express functional TRPA1
(Jaquemar et al., 1999; Hu et al., 2010). NNO-ABBH1 induced

Fig. 4. Activation of TRPA1 by N-nitroso derivatives of ABBH through transnitrosylation. (A) The chemical structures of N-nitroso derivatives of ABBH
(NNO-ABBH2–NNO-ABBH5). (B) Estimation of reactivity of the N–NObond ofN-nitroso derivatives of ABBHby the Griess assay. The dye formation of 25,
50, and 100 mM NNO-ABBH1–NNO-ABBH5 is examined. (C) Dose-response relationships for NNO-ABBH1–NNO-ABBH5–induced Δ[Ca2+]i in HEK 293
cells transfected with TRPA1 or vector during 5 minutes of stimulation (n = 12–73). *P , 0.05; **P , 0.01; ***P, 0.001 compared with NNO-ABBH1. (D)
Relationship between the dye formation by eachN-nitroso derivative of ABBH in the Griess assay and Δ[Ca2+]i in response to 100 mMNNO-ABBH1–NNO-
ABBH5. Data points are plotted using the data shown in B and C. (E) Effects of carboxy-PTIO on TRPA1 responses evoked by NNO-ABBH1 in HEK 293
cells. Five minutes prior to the treatment with 30 mM NNO-ABBH1 and continuing during the treatment, cells are incubated with or without 300 mM
carboxy-PTIO. Averaged time courses and NNO-ABBH1–induced Δ[Ca2+]i (n = 19–25). (F) Effects of carboxy-PTIO on TRPA1 responses evoked by 30 mM
SNAP in HEK 293 cells. Averaged time courses and SNAP-induced Δ[Ca2+]i (n = 20–24). *P , 0.05. Data points are the mean 6 S.E.M.
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[Ca21]i increases in a concentration-dependent manner (Fig.
7A), and these were suppressed by the absence of extracellular
Ca21, indicating the role of Ca21 influx in these responses (Fig.
7B). Ca21 influx evoked by NNO-ABBH1 was significantly
suppressed by AP-18 (Fig. 7C) and by transfection of an siRNA
for TRPA1, which suppressed the RNA expression of TRPA1
in WI-38 cells (Fig. 7, D and E). These results suggest that
endogenous TRPA1 in WI-38 cells mediates Ca21 entry in
response to NNO-ABBH1.
In agreement with the results from TRPA1-expressing HEK

293 cells, the N–NO bond reactivity of NNO-ABBH1–NNO-
ABBH5 was correlated with the evoked [Ca21]i increases in

WI-38 cells (Fig. 7F), and the reducing agent DTT significantly
diminished NNO-ABBH1–induced [Ca21]i responses (Fig. 7G).
The NO group was essential for the action of NNO-ABBH1,
because NH-ABBH, NCHO-ABBH, and NMe-ABBH gave sig-
nificantly smaller responses compared with NNO-ABBH1 in
WI-38 cells (Fig. 7H). Thus, ABBH N-nitrosamines potently
activate native TRPA1 channels in WI-38 cells.

Discussion
In the present study, with the aim of establishing novel TRP

subtype-selective nitrosylating agents, we have characterized

Fig. 5. Identification of cysteine residues contributing to NNO-ABBH1–induced activation of TRPA1. (A) Effects of 5 mMDTT on 10 mMNNO-ABBH1–
induced [Ca2+]i increase in HEK 293 cells expressing TRPA1. Averaged time courses and [Ca2+]i increases at 660 seconds (n = 20–38). *P , 0.05
compared with NNO-ABBH1. (B) Relative [Ca2+]i responses evoked by 10 mM NNO-ABBH1 in HEK 293 cells expressing each of TRPA1 cysteine
mutants during 5 minutes of stimulation (n = 25–81). ***P, 0.001 compared with wild type. (C) Relative [Ca2+]i responses induced by 100 mM 2-APB in
HEK 293 cells expressing each of TRPA1 cysteine mutants during 5 minutes of stimulation (n = 22–34). *P , 0.05; ***P , 0.001 compared with wild
type. Data points are the mean6 S.E.M. (D) Effects of mutations C540S, C641S, or C665S on S-nitrosylation of TRPA1 proteins by 1 mMNNO-ABBH1.
Western blotting (WB) of total lysates indicates comparable TRPA1 expression (lysate).
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several ABBHN-nitrosamines, a new series of NO donors that
transnitrosylate thiols without releasing NO. The TRPA1
selectivity of these ABBH N-nitrosamines is likely mediated
through the synergetic effects of two chemical processes:
cysteine transnitrosylation and molecular recognition of a
nonelectrophilic moiety.
In [Ca21]i measurements and whole-cell mode of patch-clamp

recordings, NNO-ABBH1 robustly activated TRPA1. There is
a possibility that NNO-ABBH1 reacts with intracellular

components to generate NO-bound intracellular components
that modulate TRPA1 activity, because the cytoplasm contains
high concentrations of glutathione, metals, and proteins that
can bind to NO. However, in excised inside-out patches, single-
channel currents were enhanced by NNO-ABBH1, suggesting
that intracellular components are not required for the activa-
tion of TRPA1 by NNO-ABBH1. S-Nitrosylation assay strongly
showed that TRPA1 proteins are S-nitrosylated by NNO-
ABBH1. In a congeneric series of ABBH N-nitrosamines,

Fig. 6. Modulation of TRPA1 by nonelectrophilic derivatives of NNO-ABBH1. (A) The chemical structures of NH-ABBH, NCHO-ABBH, and NMe-
ABBHwhich are nonelectrophilic derivatives of NNO-ABBH1. (B) Dose-response relationships for Δ[Ca2+]i induced by ABBH derivatives (NNO-ABBH1,
NH-ABBH, NCHO-ABBH, and NMe-ABBH) in HEK 293 cells transfected with TRPA1 or vector during 5 minutes of stimulation (n = 6–70). *P , 0.05;
**P, 0.01; ***P, 0.001 compared with NNO-ABBH1. (C) S-Nitrosylation labeling assay of TRPA1 with treatment of 1 mMNMe-ABBH or 1 mMNNO-
ABBH1. Western blotting (WB) of total lysates indicates comparable TRPA1 expression (lysate). (D) Effects of 5 mM DTT on 100 mM NMe-ABBH–
induced [Ca2+]i increase in HEK 293 cells expressing TRPA1. Averaged time courses and [Ca2+]i increases at 660 seconds (n = 22–27). (E) Relative [Ca2+]i
responses evoked by 100 mM NH-ABBH, 300 mMNCHO-ABBH, or 100 mM NMe-ABBH in HEK 293T cells expressing each of TRPA1 cysteine mutants
during 5 minutes of stimulation (n = 12–48). ***P, 0.001 compared with wild type. (F) Effects of SNAP on NMe-ABBH dependence of [Ca2+]i responses
of TRPA1 in HEK 293 cells. The treatment of 10 mM SNAP was started 2 minutes prior to the treatment with NMe-ABBH. Averaged time courses and
dose-response relationships for Δ[Ca2+]i (n = 25–65). *P, 0.05; **P, 0.01. (G) Δ[Ca2+]i evoked by 300 mMNMe-ABBH in HEK 293 cells transfected with
TRPA1, TRPC5, TRPV1, or vector during 5 minutes of stimulation (n = 29–77). ***P , 0.001 compared with vector. Data points are the mean 6 S.E.M.
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N–NO bond reactivity was correlated with [Ca21]i elevation
via TRPA1. Activation of TRPA1 by NNO-ABBH1 was not
inhibited by the NO scavenger carboxy-PTIO. Thus, these
results clearly show that NNO-ABBH1 activates TRPA1 by
transnitrosylation.
Multiple cysteine residues in TRPA1 have been identified

as sensors of various electrophilic ligands (Hinman et al.,
2006; Macpherson et al., 2007; Takahashi et al., 2008). The
contribution of multiple cysteine residues to the oxidation
sensitivity of protein function has also been reported for other
proteins (Dinkova-Kostova et al., 2002; Voss et al., 2004). This
is consistent with our site-directed mutagenesis and pharma-
cological experiments, which reveal that Cys540, Cys641, and
Cys665 of human TRPA1 are involved in its modification by
NNO-ABBH1. Cys641 and Cys665 are also required for
responsiveness to SNAP (Takahashi et al., 2008; Miyamoto
et al., 2009). Cys540 may be a unique target for NNO-ABBH1.
Within the predicted structure according to molecular mo-

deling and docking into the mouse TRPA1 electron microscopy
map, cysteine residues in the cytoplasmic N-terminal region of
mouse TRPA1 (Cys415, Cys422, and Cys622), which are con-
served in human TRPA1 (Cys414, Csy421, and Cys621), form
a ligand binding pocket between subunits (Cvetkov et al., 2011).
Cys414 and Cys421 in the ankyrin repeats from one subunit
could interact with Cys621 located on a flexible region between

ankyrin repeats and transmembrane domain on an adjacent
subunit. It is possible that covalent modification of cysteine
residues around this pocket could alter the interaction between
subunits and promote conformational changes and disulfide
formation, leading to activation (Cvetkov et al., 2011; Wang
et al., 2012). Modification of Cys540 in ankyrin repeats and
Cys641 and Cys665 on a flexible region by NNO-ABBH1 may
induce conformational changes of ankyrin repeats and affect
subunit–subunit interaction and disulfide formation, leading to
activation of TRPA1.
The NO group of ABBHN-nitrosamine is essential, because

NH-ABBH, NCHO-ABBH, and NMe-ABBH showed signifi-
cantly suppressed activity in activating TRPA1. NH-ABBH,
NCHO-ABBH, and NMe-ABBH did induce [Ca21]i increases
in TRPA1-expressing HEK 293 cells, but only at higher con-
centrations. It has been shown that some nonelectrophilic
compounds can activate TRPA1 by noncovalent ligand–receptor
interaction (Karashima et al., 2007; Maher et al., 2008; Xiao
et al., 2008; Hu et al., 2010; Liu et al., 2010; Nagatomo et al.,
2010; Zhong et al., 2011a,b). However, the precise molecular
mechanism by which noncovalent binding compounds activate
TRPA1 remains controversial. Our results obtained regarding
NH-ABBH, NCHO-ABBH, and NMe-ABBH support the con-
cept of a synergetic mechanism of TRPA1 activation by NNO-
ABBH1 comprising two main processes: transnitrosylation and

Fig. 7. Activation of native TRPA1 inWI-38 human fibroblasts byABBHderivatives. (A) Dose-response relationships for NNO-ABBH1–induced Δ[Ca2+]i in
WI-38 cells during 5minutes of stimulation (n = 37–138). EC50 value obtained throughHill equation is 6.19mM, and the Hill coefficient is 1.82. (B) Averaged
time courses and Δ[Ca2+]i induced by 30 mM NNO-ABBH1 in Ca2+-free, 0.5 mM EGTA-, or 2 mM Ca2+-containing external solution in WI-38 cells (n = 42).
***P , 0.001. (C) Effects of 30 mM AP-18 on 30 mM NNO-ABBH1–induced [Ca2+]i increase in WI-38 cells. Averaged time courses and Δ[Ca2+]i (n = 69–76).
***P, 0.001. (D) RT-PCR analysis of TRPA1 RNA expression inWI-38 cells treated with TRPA1-specific siRNA (siTRPA1) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)–specific siRNA (siGAPDH). b-Actin is used as control. (E) [Ca2+]i changes induced by 30 mMNNO-ABBH1 in WI-38 cells treated
with siTRPA1 or siGAPDH. Averaged time courses and Δ[Ca2+]i (n = 11–15). *P, 0.05. (F) Δ[Ca2+]i induced by 30mMABBHN-nitrosamines (NNO-ABBH1–
NNO-ABBH5) inWI-38 cells during 5minutes of stimulation (n = 69–92). **P, 0.01; ***P, 0.001 comparedwithNNO-ABBH1. (G) Effects of 5mMDTT on
10mMNNO-ABBH1–induced [Ca2+]i increase inWI-38 cells. Averaged time courses and [Ca2+]i increases at 660 seconds (n = 58–104). **P, 0.01 compared
with NNO-ABBH1. (H) Δ[Ca2+]i induced by 30 mM nonelectrophilic analogs of NNO-ABBH1 (NH-ABBH, NCHO-ABBH, and NMe-ABBH) in WI-38 cells
during 5 minutes of stimulation (n = 77–149). ***P , 0.001 compared with NNO-ABBH1. Data points are the mean 6 S.E.M.
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molecular recognition. However, it is unclear to what extent the
transnitrosylation site and the nonelectrophilic group-activating
site overlap in TRPA1. NNO-ABBH1 may be considered as a
hybrid activator, apparently combining covalent binding to
reactive thiols with noncovalent molecular recognition in the
same binding pocket of TRPA1.
Our [Ca21]i measurements revealed that TRPV1, TRPV3,

TRPV4, TRPC5, TRPC1/TRPC5, and TRPC4/TRPC5 failed to
respond to 300 mMNNO-ABBH1. In addition, S-nitrosylation
of TRPV1 proteins was not induced by NNO-ABBH1. This
may be due to the absence in these TRP channels of structural
features required for the binding of NNO-ABBH1. Consider-
ing the nature of transnitrosylation, the compounds must be
able to reach the target site cysteine residues for trans-
nitrosylation. Our findings suggest that molecular recognition
is critical for this. Indeed, TRPC5 and TRPV1 failed to respond
to the nonelectrophilic derivative NMe-ABBH, suggesting that
these proteins may lack the molecular recognition site for the
ABBH skeleton. However, we cannot exclude the possibility
that the ABBH compound binds to, but does not activate, these
channels. Importantly, the site for S-nitrosylation by SNAP
varies among TRP channels, being on the N-terminal side of
the pore region in TRPC5 and TRPV1, but in the cytoplasmic
N-terminal region of TRPA1 (Yoshida et al., 2006; Takahashi
et al., 2008; Miyamoto et al., 2009).
In addition to transnitrosylation via direct protein–protein

interaction, selectivity of S-nitrosylation is provided by a
proximity effect of the subcellular colocalization of NOS and
the targets of the generated NO, exemplified by theN-methyl-
D-aspartate receptor/NO signaling module (Hess et al., 2005).
We have demonstrated that TRPC5 is activated by nitro-
sylation via colocalized endothelial NOS (eNOS) following
ATP receptor stimulation in endothelial cells (Yoshida et al.,
2006). It is known that eNOS localizes in caveolae, a special-
ized lipid raft domain, and interacts with caveolin-1, a major
coat protein of caveolae (García-Cardeña et al., 1996a,b; Shaul
et al., 1996). In addition, caveolin-1 is known to interact with
TRPC1, which can form heteromers with TRPC5 (Lockwich
et al., 2000; Strübing et al., 2001). Therefore, it is possible that
eNOS and TRPC5 are in close proximity due to these in-
teractions in caveolae. It has been reported that the activation of
TRPV1 by ligands in endothelial cells may trigger Ca21-depen-
dent signaling, leading to enhanced TRPV1 phosphorylation,
the formation of a TRPV1-eNOS complex, activation of eNOS,
and NO production (Ching et al., 2011). Production of NO is
known to activate TRPA1 in dorsal root ganglion neurons
(Miyamoto et al., 2009), although it is unknown whether NOS
binds to TRPA1. Thus, TRPC5 and TRPV1 can achieve NO
signaling specificity through subcellular colocalization with
NOS, instead of through transnitrosylation.
Our studies using the WI-38 human fibroblast cell line

revealed that endogenous TRPA1 is activated through trans-
nitrosylation by ABBH N-nitrosamines. Recently, it has been
shown that TRPA1 is natively expressed in endothelial cells
as well, and allyl isothiocyanate–induced TRPA1 activation
in endothelial cells elicits vasodilation of cerebral arteries
(Earley et al., 2009). Thus, transnitrosylating agents ABBH
N-nitrosamines will be useful for investigating the effect of
transnitrosylation-induced TRPA1 activation on vasodilation.
In conclusion, our finding that N-nitroso derivatives of

ABBH are selective activators of TRPA1 channels and act via
transnitrosylation presents the opportunity for developing

selective transnitrosylatingmodulators of proteins. Our results
also suggest that an important concept in designing such
pharmacological agents is that they should contain both
a transnitrosylating moiety and a skeleton that imbues target
protein selectivity via molecular recognition.
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