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2, 4-dinitrofluorobenzene (DNFB) and 2, 4-dinitrochloro-
benzene (DNCB) are well known as skin sensitizers that can
cause dermatitis. DNFB has shown to more potently sensitize
skin; however, how DNFB and DNCB cause skin inflammation
at a molecular level and why this difference in their sensiti-
zation ability is observed remain unknown. In this study, we
aimed to identify the molecular targets and mechanisms on
which DNFB and DNCB act. We used a fluorescent calcium
imaging plate reader in an initial screening assay before
patch-clamp recordings for validation. Molecular docking in
combination with site-directed mutagenesis was then carried
out to investigate DNFB and DNCB binding sites in the
TRPA1 ion channel that may be selectively activated by these
tow sensitizers. We found that DNFB and DNCB selectively
activated TRPA1 channel with EC50 values of 2.3 ± 0.7 μM and
42.4 ± 20.9 μM, respectively. Single-channel recordings
revealed that DNFB and DNCB increase the probability of
channel opening and act on three residues (C621, E625, and
Y658) critical for TRPA1 activation. Our findings may not
only help explain the molecular mechanism underlying the
dermatitis and pruritus caused by chemicals such as DNFB
and DNCB, but also provide a molecular tool 7.5-fold more
potent than the current TRPA1 activator allyl isothiocyanate
(AITC) used for investigating TRPA1 channel pharmacology
and pathology.

Nitrobenzene compounds such as 2, 4-dinitrofluoroben-
zene (DNFB) and 2, 4-dinitrochlorobenzene (DNCB) have
long been known to cause skin irritation and sensitization,
and they are used for establishment of skin inflammatory
models in rodents (1–3). Topical applications of DNFB and
DNCB can mediate contact hypersensitivity and induce
allergic contact dermatitis (ACD) (4, 5). DNFB, commonly
called Sanger’s reagent used for protein sequencing, also
causes colitis in mice (6, 7). Chemical DNFB as an allergen
additionally elicits immune reactions by inducing mast cell
degranulation and releases of histamine (3), interleukin-1
(IL-1) and prostaglandin E2 (PGE2) (8). It is of interest
that both DNFB and DNCB share similar structures, but the
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skin is more sensitive to DNFB-induced irritation than
DNCB (9, 10).

TRPA1 is a temperature-sensitive and calcium-permeable
cation channel with a fourfold symmetry around the cen-
tral ion conductance pathway and proximal cytoplasmic re-
gions involved in electrophile detection (11–13). TRPA1
serves as a sensor for chemical irritants, such as mustard oil
(MO) (14), acrolein, cinnamaldehyde (CA) (15) and allyl
isothiocyanate (AITC) (16). TRPA1 is also activated by
harmful electrophiles that are recognized by the channel via
covalent modifications of specific cysteine residues located in
the cytoplasmic C domain (17). Nitrobenzene compound 2,
4, 6-trinitrobenzene sulfonic acid (TNBS) causes colitis by
activating TRPA1 (18).

A growing number of evidences indicate that activation of
transient receptor potential ankryn 1 (TRPA1) ion channels
is involved in skin inflammation (19). TRPA1 is robustly
expressed in primary sensory nerve terminals (20) and
numerous nonneuronal cell types of the skin (21) and CD4+
T lymphocytes that play a central role in the adaptive im-
mune response (22, 23). Activation of TRPA1 by icilin in
keratinocytes leads to an elevation of proinflammatory
cytokine interleukin-1 (IL-1), which suggests a role of TRPA1
in promoting cutaneous inflammation (21). Pharmacological
inhibition or deficiency of TRPA1 alleviates inflammation of
atopic dermatitis (AD) (24, 25). Conversely, specific activa-
tion of TRPA1 by agonist MO leads to severe colitis, which is
inhibited by HC-030031 or reduced in TRPA1-/- mice (18).

DNFB or DNCB induces Ca2+ flux response in
HEK293 cells expressing TRPA1 (26, 27). Although nitro-
benzene compounds have been shown to cause calcium
influx through TRPA1 channels, activation on TRPA1 with
different sensitivities at a molecular level remains unknown.

In this study, we show that chemicals DNFB and DNCB
specifically activate TRPA1 channels through binding to
three key residues critical for electrophile irritant sensing in
the channel coupling domain using patch-clamp recordings,
site-directed mutagenesis, and molecular docking. Our
findings not only help explain the mechanistic insights into
nitrobenzene compounds causing contact skin irritation or
dermatitis, but also provide a molecular tool for further
understanding of TRPA1 channel pharmacology in skin-
related diseases.
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Chemical DNFB and DNCB activate TRPA1
Results

Selective activation of TRPA1 channels by chemicals DNFB
and DNCB in calcium fluorescent assay and patch-clamp
recordings

To test the effect of DNFB (Fig. 1A, left) and DNCB (Fig. 1A,
right) on TRPA1 and other thermo-TRPs, we started using the
calcium fluorescent imaging of HEK293 cells expressing
several TRP channels in FlexStation3 microplate reader assay.
Adding different concentrations (3–300 μM) of DNFB and
DNCB caused a dose-dependent increase of intracellular Ca2+

level, as compared with TRPA1 agonist AITC (300 μM), which
was used as a positive control (Fig. 1B). In contrast, there was a
lack of detectable signals from TRPV1 (Fig. 1C), TRPV3
(Fig. 1D) and TRPV4 (Fig. 1E) channels in response to DNFB
and DNCB in the same range of concentration (3–300 μM).
These results suggest that DNFB and DNCB selectively acti-
vate TRPA1 over the other tested members of the TRP
channel family.

To confirm the activation of TRPA1 channels by DNFB, we
recorded the whole-cell currents of TRPA1, TRPV1, TRPV3,
and TRPV4 channels expressed in HEK293 cells in the pres-
ence of 5 μMDNFB and 300 μMDNCB. As shown in Figure 2,
DNFB-mediated and DNCB-mediated activations of TRPA1
currents were blocked by the TRPA1 inhibitor A-967079 (A-
96) at 10 μM (Fig. 2A). In contrast, TRPV1 (Fig. 2B), TRPV3
(Fig. 2C), and TRPV4 (Fig. 2D) channels were not responsive
to DNFB (5 μM) and DNCB (300 μM), although these chan-
nels were activated by their agonists such as 1 μM capsaicin for
TRPV1, 50 μM 2-APB for TRPV3 and 0.1 μM GSK101 for
TRPV4. Consistent with the data from calcium fluorescent
assay, these results confirm that DNFB and DNCB are selective
agonists of TRPA1.

To determine the potency of DNFB and DNCB on TRPA1
activation, we made the whole-cell recordings of TRPA1 cur-
rents in the presence of different concentration of DNFB
(0.1–100 μM) or DNCB (3–3000 μM) and observed a dose-
dependent activation of TRPA1 currents with EC50 values of
2.3 ± 0.7 μM (DNFB) (Fig. 3, A and D) and 42.4 ± 20.9 μM
(DNCB) (Fig. 3, B and D). As a control, TRPA1 agonist AITC
(3–3000 μM) also elicited a dose-dependent activation of the
channel current with an EC50 value of 17.8 ± 12.3 μM (Fig. 3, C
and D), which is consistent with a previous report (28). These
results indicate that DNFB activates TRPA1 currents in dose-
dependent manner with approximately 7.5-fold potency better
than AITC.

Direct targeting of single TRPA1 channels by DNFB and DNCB

To further confirm DNFB and DNCB directly acting on
single TRPA1 channels, we performed the single-channel re-
cordings in an inside-out patch configuration. As a control,
application of TRPA1 agonist 300 μM AITC increased the
channel opening levels from level 1 to level 2 with the single
channel conductance about 148.37 ± 0.38 pS and also the
channel open probability to 0.26 ± 0.27 from 0.01 ± 0.01 of
basal control (n = 9–11, p < 0.05) (Fig. 4, A–C). Adding DNFB
at 300 μM resulted in a significant increase of the channel
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opening from level 1 to level 4 with single channel conduc-
tance about 153.5 ± 0.05 pS and channel open probability to
0.33 ± 0.20 from 0.01 ± 0.01 (n = 6–14, p < 0.001) (Fig. 4, A–
C). Similarly, adding DNCB at 300 μM resulted in a significant
increase of the channel opening from level 1 to level 4 with
single channel conductance about 148.37 ± 0.1 pS and channel
open probability to 0.32 ± 0.27 from 0.01 ± 0.01 (n = 6–14, p <
0.001) (Fig. 4, A–C). Conversely, adding A-96, a selective
antagonist of TRPA1, reduced the channel open probability to
0.01 ± 0.02 from 0.32 ± 0.27 (Fig. 4, A and C). DNFB caused
higher open frequency than DNCB or AITC (Fig. 4D). These
results show that DNFB activates TRPA1 currents by directly
acting on single channels through increase of channel open
frequency.
Identification of TRPA1 channel residues critical for DNFB and
DNCB binding

To identify residues critical for DNFB and DNCB binding
to TRPA1, we carried out the molecular docking of DNFB
and DNCB onto the cryo-EM structure of human TRPA1
(PDB: 3J9P) using the Rosetta modeling. As shown in
Figure 5, A and B, the docking reveals that DNFB and DNCB
are confined near the short helixes (H2, H4, and H5) in the
coupling domain that is involved in electrophile irritant
sensing (17). The orthonitro groups of DNFB and DNCB are
both bound through hydrogen bonds to Cys621 at the end of
short helix H2 and Tyr658 in the loop between β1.2 and H4
(Fig. 5, C and D). In particular, in the binding mode of DNFB,
the fluorine atoms unique in DNFB interact with Thr684
through halogen bond, thus fixing the orientation of para-
nitro pointing to H2, which causes the hydrogen bond be-
tween the paranitro and Glu625, the π-Alkyl interaction with
Ala688, and the π-sulfur interaction with Cys621 to maintain
the conformation and position of the ligand (Fig. 5C). In the
binding mode of DNCB, the absence of fluorine leads to the
loss of these intermolecular interactions that help to stabilize
the conformation (Fig. 5, C–E). There are also some aromatic
amino acids, such as Tyr681, interacting with DNFB through
weak van der Waals forces, which appears to be inessential
for the binding of DNFB to TRPA1.

To confirm that residues Cys621 and Tyr658 in hTRPA1 are
required for the DNFB and DNCB binding, we introduced
glycine or alanine mutations of C621G, Y658A, E681A, and
T684A. As shown in Figure 6, application of 10 μM DNFB or
300 μM DNCB was unable to elicit detectable currents of
TRPA1C621G mutant (Fig. 6, B and H) and TRPA1Y658A
mutant (Fig. 6, D and I). In contrast, DNFB at 10 μM elicited
robust E681A currents (Fig. 6E). Interestingly, the 10 μM
DNFB could not evoke the current of TRPA1E625A, sug-
gesting that Glu625 is also essential for activation of TRPA1 by
DNFB (Fig. 6C). As shown in Fig. 6F, 10 μM DNFB could not
evoke T684A current, but DNCB at 300 μM was still able to
activate T684A currents. The residue T684 that forms halogen
bonds with fluorine is important for DNFB activity, but not
DNCB that cannot form halogen bonds with T684. This dif-
ference may explain the discrepancy in sensitization ability



Figure 1. Activation of TRPA1 channels by chemical DNFB and DNCB in calcium fluorescent assay. A, chemical structures of DNFB and DNCB. B–E,
normalized increase of intracellular Ca2+ levels in response to different concentrations of DNFB or DNCB (3–300 μM) compared with channel agonists of
AITC (300 μM) for TRPA1 (B), capsaicin (1 μM) for TRPV1 (C), 2-APB (200 μM) for TRPV3 (D), and GSK101 (0.1 μM) for TRPV4 (E) (n = 6, six parallel experiments).
The negative control is 0.3% DMSO. Data are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, by one-way ANOVA with post-
hoc Sidak’s multiple comparison test. 2-APB, 2-aminoethoxydiphenyl borate; AITC, allyl isothiocyanate; Cap, capsaicin; DNCB, 2, 4-dinitrochlorobenzene;
DNFB, 2, 4-dinitrofluorobenzene; GSK101, GSK1016790A; TRP, transient receptor potential.

Chemical DNFB and DNCB activate TRPA1
between DNFB and DNCB. These results demonstrate that the
three residues C621, E625, and Y658 are critical for DNFB and
DNCB binding to the TRPA1 channel coupling domain and
sensing electrophile irritants.
Discussion
In this study, we identified TRPA1 as a molecular target for

irritant chemicals nitrobenzene DNFB and DNCB that can
selectively activate the channels. DNFB is about 7.5 times more
J. Biol. Chem. (2022) 298(2) 101555 3



Figure 2. Selectivity activation of TRPA1 currents by DNFB and DNCB in whole-cell recordings. A, whole-cell TRPA1 currents were activated by
5 μM DNFB (green bar), 300 μM DNCB (blue bar), or 300 μM AITC (red bar) before inhibition by TRPA1 inhibitor 20 μM A-96 (gray bar) (n = 5). B, TRPV1
currents in response to 5 μM DNFB (green bar) and 300 μM DNCB (blue bar) or 1 μM TRPV1 agonist capsaicin (red bar) before inhibition by 20 μM RR, a
nonselective inhibitor of TRP channels (pink bar), DNFB and DNCB displaying no activation on TRPV1 (n = 5). C, TRPV3 currents evoked by 50 μM TRPV3
agonist 2-APB (red bar) or 5 μM DNFB (green bar) and 300 μM DNCB (blue bar), DNFB and DNCB showing no activation (n = 5). D, TRPV4 currents were
activated by 5 μM DNFB (green bar) and 300 μM DNCB (blue bar) or 1 μM TRPV4 agonist 0.1 μM GSK101 (red bar) before inhibition by 20 μM RR (pink
bar), DNFB and DNCB showing no activation (n = 5). (A-96, A-967079). AITC, allyl isothiocyanate; DNCB, 2, 4-dinitrochlorobenzene; DNFB, 2,
4-dinitrofluorobenzene.

Chemical DNFB and DNCB activate TRPA1
potent than AITC that is one of the most commonly used
agonist of TRPA1. At the single-channel level, DNFB and
DNCB can increase the channel open probability through
binding to three key residues C621, E625, and Y658 in the
channel coupling domain that functions to sense electrophile
irritants (17). Our identification of DNFB and DNCB as se-
lective TRPA1 agonists not only provides a powerful tool for
further understanding of the channel pharmacology and pa-
thology, but also demonstrates how nitrobenzene compounds
4 J. Biol. Chem. (2022) 298(2) 101555
activate TRPA1 that is a potential therapeutic target for
allergic contact dermatitis (24).

DNFB has long been reported to cause skin sensitization
that is dependent on immune activation (29), leaving the un-
derlying molecular mechanism largely unaddressed. DNFB as
an allergen binds to self-protein in the dermis, which produces
antibodies and produces inflammation (1, 3). It is of interest to
note that DNFB-induced allergic response is lack of stronger
inflammatory response on the second exposure of DNFB



Figure 3. Concentration-dependent activation of TRPA1 currents by DNFB, DNCB and AITC. Concentration-dependent activation of TRPA1 currents by
different concentrations of DNFB (0.1 μM to 100 μM) (A), DNCB (3 μM to 3000 μM) (B), and AITC (3 μM to 3000 μM) (C). D, fitting curves by Hill equation for
comparing concentration-dependent activation of hTRPA1 currents by DNFB with EC50 value of 2.3 ± 0.7 μM (n = 6, green), DNCB with EC50 value of 42.4 ±
20.9 μM (n = 6, blue), and AITC with EC50 value of 17.8 ± 12.3 μM (n = 6, red), respectively. AITC, allyl isothiocyanate; DNCB, 2, 4-dinitrochlorobenzene; DNFB,
2, 4-dinitrofluorobenzene.

Chemical DNFB and DNCB activate TRPA1
hapten challenge that cannot exacerbate the inflammatory
response (30, 31). These observations suggest that DNFB and
DNCB may also cause skin inflammation through other
mechanisms, and there might be a specific target responsible
for DNFB-induced skin sensitization and inflammation.
TRPA1 as a sensor of chemical irritants and transducer of
allergen responses can cause multiple types of inflammation.
TRPA1 is expressed in sensory nerve fibers in the skin and also
cutaneous keratinocytes, mast cells, and endothelial cells, and
it is involved in chronic pruritus (1, 32). TRPA1 is activated by
inflammatory agents from nonneuronal cells and is also
required for the release of inflammatory neuropeptides and
neurogenic inflammation, which serves as a detector and
instigator of inflammatory agents (33). Irritants, such as
acrolein and crotonaldehyde, can directly activate TRPA1
stimulating vagal neurons and inducing airway plasma
extravasation (34, 35). In addition, it has been reported that
skin inflammation induced by nitrobenzene derivative in mice
can be effectively improved by TRPA1 knockout and phar-
macological blockade (25, 27), which further suggests that
nitrobenzene can directly cause dermatitis by activating
TRPA1 in mice.

Previous studies have shown that several TRP channels,
such as TRPA1, TRPV1, TRPV3, and TRPV4, are implicated in
skin physiology and pathology including skin inflammation
(19, 36–40). Our selectivity evaluations indicate that DNFB
and DNCB specifically active TRPA1 that is featured in a
unique electrophilic sensing pocket located in the channel C-
terminal coupling domain (17). The electrophilic sensing
pocket is highly rich in reactive cysteines such as C621 and
C655 (17, 41–43), and the electrophile sensing region is sur-
rounded by a number of nucleophilic aromatic amino acids for
facilitating the entry of electrophiles (17). In contrast, the cryo-
electron microscopy structures of TRPV1 (44), TRPV3 (45)
and TRPV4 (46) reveal that these three channels lack the
electrophile sensing coupling domain that serves to sense
electrophilic irritants (12), which can explain the selective
activation of TRPA1 by chemicals DNFB and DNCB (27).

Chemicals DNFB and DNCB as electrophilic reagents bind to
TRPA1 through noncovalent hydrogen bonds with C621 and
Y658 residues and a unique halogen bond between the fluorine
of DNFB and T684 residue (Fig. 5), consistent with the obser-
vation that a noncovalent ligand binding confers a biased ago-
nismofTRPA1 channels (47). Thenoncovalent binding agonists
DNFB and DNCB that activate TRPA1 without causing the
channel desensitization are widely used for the model estab-
lishment of persistent dermatitis (29), which is unlike agonist
AITC that covalently binds to and induces TRPA1 channel
desensitization (47, 48). Other noncovalent TRPA1 agonists
such as peptide scorpion toxin (WaTx) or small-molecule
GNE551 can activate TRPA1 in a slow kinetics fashion
without inducing channel desensitization and cause persistent
pain (47, 49). Noncovalent agents are nonreactive to cytosolic
abundant nucleophiles (such as glutathione) and are expected to
sustain their concentration for longer time, thus leading tomore
persistent activation of TRPA1 (47). In contrast, covalent agents
are highly reactive and are not stable in a cytosolic environment
containing high concentrations of nucleophiles (47). Covalent
TRPA1 agonists such as benzoquinone, JT010, and AITC,
covalently binding to the cysteine residues of the electrophilic
J. Biol. Chem. (2022) 298(2) 101555 5



Figure 4. Increase of single-channel open probability of TRPA1 by DNFB, DNCB, and AITC. A, single-channel recordings in inside-out patches excised
from HEK293-TRPA1 cells held at +80 mV. Different compounds of 300 μM AITC (red bar), 300 μM DNFB (green bar), 300 μM DNCB (blue bar), and 10 μM A-96
(gray bar) were added and indicated in their color bars above the raw current traces (upper panel), an expanded timescale (middle panel), and NPo in 500-ms
bins (bottom panel). B, conductance and amplitude histograms of single-channel openings recorded at +80 mV were fitted with Gaussians functions (basal-
black line, AITC-red line, DNFB-green line, DNCB-blue). C and D, summary for calculated mean of PO (open probability) values and open frequency in the
presence of 300 μM AITC, 300 μM DNFB, 300 μM DNCB, and 10 μM A-96 (n = 6–14). Data are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, by one-way ANOVA with post-hoc Sidak’s multiple comparison test. AITC, allyl isothiocyanate; DNCB, 2, 4-dinitrochlorobenzene; DNFB, 2, 4-
dinitrofluorobenzene.

Chemical DNFB and DNCB activate TRPA1
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Figure 5. The residues Cys621, Glu625, and Tyr 658 in the channel coupling domain critical for DNFB and DNCB binding. A and B, representative
bound conformations of DNFB (A) and DNCB (B) confined to the pocket consisting of three short helixes (H2, H4, and H5) in the coupling domain in the side
view (left) and the top-down view (right). C and D, local view of DNFB or DNCB interacting with a TRPA1 subunit from hydrogen bonds (green), π-Alkyl (pink),
and π-sulfur (black) are shown as dotted lines. Halogen bond is circled in red. E, comparison of DNFB (right) and DNCB (left) binding sites. DNCB, 2, 4-
dinitrochlorobenzene; DNFB, 2, 4-dinitrofluorobenzene.

Chemical DNFB and DNCB activate TRPA1
sensing domain of TRPA1, can produce TRPA1 desensitization
and deactivation and only cause acute pain (17, 50, 51). We
envision that higher open frequency may cause more stable and
longer channel openings than short openings caused by AITC,
which is consistent with the observation for the channel rapid
desensitization caused by AITC. We also made an effort in
docking DNCB, the derivative of DNFB, into the same electro-
philic sensing pocket, revealing a similar noncovalent binding
through hydrogen bonds without the halogen bond to T684.
DNCB, however, is about 16 times less potent that DNFB, thus
explaining that DNCB-mediated skin sensitization is much
milder than DNFB (1, 4).

In summary, the nitrobenzene skin sensitizers DNFB and
DNCB were found to selectively activate TRPA1 channels
through binding to the channel irritant sensing domain. DNFB
can serve as a molecular tool for better understanding of
TRPA1 pharmacology and pathology. In addition, pharmaco-
logical inhibition of TRPA1 channel may hold a promise for
therapy of dermatitis.
Experimental procedures

Reagents and compounds

Compounds DNFB (MW: 186.1), DNCB (MW: 202.55),
2-aminoethoxydiphenyl borate (2-APB), capsaicin (Cap),
ruthenium red (RR), GSK1016790A (GSK101), A-967079
(A-96), and allyl isothiocyanate (AITC) were purchased from
Sigma-Aldrich. RR was made as stock solutions in before use
internal solution. Other compounds were made as stock so-
lutions in DMSO before use. Compounds used for the
measurement of intracellular fluorescent calcium were
diluted in the Hanks’ balanced salt solution (HBSS). Com-
pounds were diluted in perfusion solution for patch-clamp
recordings.

Cell culture and transfection

The human embryonic kidney cells (HEK293) were cultured
in Dulbecco’s minimal essential medium (DMEM) with sup-
plement of 10% of fetal bovine serum (FBS) at 37 �C with 5%
J. Biol. Chem. (2022) 298(2) 101555 7



Figure 6. Three residues Cys621, Glu625, and Tyr658 critical for TRPA1 activation by nitrobenzenes. Representative current traces of wild-type human
TRPA1 (A), C621G (B), E625A (C), Y658A (D) and E681A (E) mutants expressed in HEK293 cells in response to DNFB or AITC. F, the current traces of T684A
mutant expressed in HEK293 cells in responses to DNFB, DNCB, and cinnamaldehyde (CA). G–I, representative current traces of wild type human TRPA1 (G),
C621G (H) and C658A (I) mutants expressed in HEK293 cells in response to DNCB and AITC. J, summary for normalized WT TRPA1 or mutant channel currents
activation by 10 μM DNFB, 300 μM DNCB, and 300 μM AITC, showing the ratio of DNFB current to AITC current (n = 5) (the current in 60-s application of
DNFB or DNCB and the strongest current activated by AITC were recorded). Data are shown as the mean ± SD. ***p < 0.001, ****p < 0.0001, n.s., not
significant, by one-way ANOVA with post-hoc Sidak’s multiple comparison test. DNCB, 2, 4-dinitrochlorobenzene; DNFB, 2, 4-dinitrofluorobenzene.

Chemical DNFB and DNCB activate TRPA1
CO2. HEK293 cells were seeded in a 6-well plate for intra-
cellular calcium measurement. For whole-cell patch-clamp
recordings, cells were cultured on glass coverslips. The
HEK293 cells were transiently transfected in a 350-mm Petri
dish or a 350-mm well on a 6-well plate with 1600 ng of cDNA
8 J. Biol. Chem. (2022) 298(2) 101555
plasmid encoding wild-type or mutant human TRPA1 and
other TRP channels, using Lipofectamine 2000 (Invitrogen).
The cells were used after 24 to 48 h transfection. Human
TRPA1 plasmids (Gene ID: 8989) including wild-type or mu-
tants were verified by DNA sequencing.



Chemical DNFB and DNCB activate TRPA1
Measurement of intracellular calcium in fluorescent imaging
plate reader FlexStation 3 assay

The Cal-520TM PBX Calcium Assay Kit (AAT Bioquest)
was used to detect the change of intracellular calcium in a
population of cells with Multi-Mode Microplate Reader in
FlexStation 3 assay (Molecular Devices). HEK293 cells were
transiently transfected with cDNAs of TRP channels before
being seeded at a density of �40,000 cells per well in a 96-well
black-walled plate (Thermo Fisher Scientific) for an overnight
culture at 37 �C with 5% CO2. Cells were incubated with the
calcium fluorescent dye provided in the Cal-520TM PBX
Calcium Assay Kit at 37 �C for 1.5 h, and the values of relative
fluorescence unit (RFU) were measured by FlexStation3 under
the wavelength at 485 nm (excitation) and 515 nm (emission)
with an interval of 1.6 s (52).

Patch-clamp recordings

All patch-clamp recordings in two different configurations
of macroscopic whole-cell and microscopic inside-out patch
clamp recordings were conducted after 12 to 24 h transfection
using an EPC10 amplifier powered by PatchMaster software
(HEKA) at room temperature (23–25 �C). The borosilicate
glass pipettes were pulled using a DMZ universal electrode
puller (Zeitz-Instruments GmbH) with the resistances of 3 to
5 MΩ (whole-cell) or 5 to 7 MΩ (inside-out) when filled with a
solution containing (in mM) (1): 150 NaCl, 2 EGTA, 10
HEPES, 1 InsP6 (pH 7.2, adjusted with NaOH) for human-
TRPA1 (inside-out) (2); 130 NaCl, 0.2 EGTA, 3 HEPES (pH
7.2, adjusted with NaOH) for others. External solution was
prepared ditto to internal solution. Currents were recorded at
a potential ramp from −100 mV to + 100 mV for 1000 ms with
1000-ms intervals (whole-cell) or a persistent potential of +
80 mV (inside-out).

Molecular docking

The cryo-EM structures of hTRPA1 (Protein Data Bank
(PDB) code: 3J9P) were selected as the docking model. The
binding pockets were determined according to the reported
TRPA1 agonist binding site (17) and the Glide method. The
conformation was conducted according to the result score
using Rosetta software with default parameters. Binding poses
of DNFB and DNCB with top ten scores were considered as
possible binding modes with hTRPA1.

Site-directed mutagenesis

The Mut Express II rapid mutagenization kit was used to
generate site-directed mutations in TRPA1 (Gene ID: 8989).
All mutants were verified by autosequencing to ensure the
correct generation of mutations.

Data analysis

All data are expressed with the mean ± SD. Statistical sig-
nificance was calculated by one-way ANOVA with post-hoc
Sidak’s multiple comparison test using GraphPad Prism 8.0
and Origin 9 software. A value of p < 0.05 is considered to be
statistically significant.

Data availability

All data are contained within the manuscript.
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