
TRPA1 ankyrin repeat six interacts with a small
molecule inhibitor chemotype
Wei Chou Tsenga, David C. Prydeb, Katrina E. Yogerc, Karen M. Padillac, Brett M. Antonioc, Seungil Hand,
Veerabahu Shanmugasundaramd, and Aaron C. Gerlachc,1

aInternal Medicine Research Unit, Pfizer, Cambridge, MA 02139; bWorldwide Medicinal Chemistry, Pfizer, Great Abington, CB21 6GS Cambridgeshire,
United Kingdom; cIcagen Inc., Durham, NC 27703; and dWorldwide Research & Development, Pfizer, Groton, CT 06340

Edited by David Julius, University of California, San Francisco, CA, and approved October 19, 2018 (received for review May 11, 2018)

TRPA1, a member of the transient receptor potential channel (TRP)
family, is genetically linked to pain in humans, and small molecule
inhibitors are efficacious in preclinical animal models of inflamma-
tory pain. These findings have driven significant interest in devel-
opment of selective TRPA1 inhibitors as potential analgesics. The
majority of TRPA1 inhibitors characterized to date have been
reported to interact with the S5 transmembrane helices forming
part of the pore region of the channel. However, the development
of many of these inhibitors as clinical drug candidates has been
prevented by high lipophilicity, low solubility, and poor pharmaco-
kinetic profiles. Identification of alternate compound interacting
sites on TRPA1 provides the opportunity to develop structurally
distinct modulators with novel structure-activity relationships and
more desirable physiochemical properties. In this paper, we have
identified a previously undescribed potent and selective small
molecule thiadiazole structural class of TRPA1 inhibitor. Using
species ortholog chimeric and mutagenesis strategies, we narrowed
down the site of interaction to ankyrinR #6 within the distal N-
terminal region of TRPA1. To identify the individual amino acid
residues involved, we generated a computational model of the
ankyrinR domain. This model was used predictively to identify three
critical amino acids in human TRPA1, G238, N249, and K270, which
were confirmed by mutagenesis to account for compound activity.
These findings establish a small molecule interaction region on
TRPA1, expanding potential avenues for developing TRPA1 inhibi-
tor analgesics and for probing the mechanism of channel gating.
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The transient receptor potential (TRP) channel family is a
group of weakly selective cation channels activated by ex-

tracellular or intracellular ligands as well as by changes in tem-
perature or membrane voltage (1). The TRP family comprises
some 28 distinct channels, many of which have been implicated
as drug targets for a wide variety of disease states including pain,
inflammatory bowel disease, and asthma (2, 3). Among the TRP
family members, TRPA1 is the most divergent being expressed
primarily in sensory neurons where they are activated by in-
flammatory mediators and noxious environmental substances.
These substances covalently modify cysteine residues within the
ankryin repeat rich N terminus to activate the channel (4, 5).
Nonreactive agonists, such as menthol, can also activate TRPA1
by interacting with the pore lining helices (6). When activated in
neurons, TRPA1 channels preferentially conduct Na+ and Ca2+

producing a generator potential to depolarize the membrane
potential toward the action potential threshold (7).
A TRPA1 gain-of-function mutation (N855S) in patients with

familial episodic pain syndrome directly links TRPA1 activity to
pain in humans (8). TRPA1 small molecule antagonists have been
shown to reverse pain in rodent models of inflammatory pain and
to inhibit excitability of nociceptors (9–11). These and related data
have driven significant interest in developing potent and selective
TRPA1 inhibitors as a new class of analgesics. However, it has
proven challenging to transition these compound classes into clin-
ical candidates often due to undesirable physicochemical properties

(12–14). The most advanced clinical compound to date, GRC-
17536 developed by Glenmark, was efficacious in a Phase IIa
clinical trial for a subset of patients with diabetic nerve pain when
dosed as a suspension but has not progressed further, in part, due to
the limitations imposed by its pharmaceutical properties (12, 15).
The majority of small molecule TRPA1 inhibitors character-

ized to date has been reported to interact with the pore region of
the channel (6, 16–22). Generally, these compounds possess high
lipophilicity, narrow structure-activity relationships (SARs), and
can functionally flip from channel inhibition to activation with
only subtle structural changes. Identification of alternate TRPA1
small molecule interaction sites has the potential to support the
discovery of new chemical series with different SARs and more
desirable physicochemical properties than existing modulators.
Herein, we report the discovery of a thiadiazole class of TRPA1
inhibitor that interacts with amino acid residues within ankyrin
repeat (ankyrinR) #6 of the distal N terminus of the channel.
This class of inhibitor provides the opportunity to probe the
mechanism by which the distal N-terminal ankyrinRs are in-
volved in TRPA1 gating and potentially provide a binding site
that is amenable to the development of a new class of thera-
peutic agent for the treatment of pain.

Results
Discovery of a Novel and Selective TRPA1 Small Molecule Inhibitor
Chemotype. To identify a new starting point for novel TRPA1
inhibitors, we screened a portion of the Pfizer compound
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collection using a high throughput fluorescent FLUO-4 FLIPR
based Ca entry assay in HEK-293 cells stably expressing human
TRPA1 (hTRPA1). One class of compound that emerged from
this screen was structurally unlike those previously reported (see
Fig. 1A for examples) being based on a thiadiazole core (Com-
pound 1, Fig. 1B). Compound 1 was commercially available and
had not been previously reported as a TRPA1 inhibitor. In
FLIPR Ca entry studies in HEK-hTRPA1 cells, Compound 1
inhibited AITC stimulated Ca2+ fluorescence with an IC50 of
0.13 μM. Given the low molecular weight, relative polarity, and
structural features distinct from previously reported TRPA1
chemotypes, we further explored the structure activity relation-
ship, selectivity over other TRP channel family members, and the
mechanism of action.
A number of close analogs of Compound 1 (see Fig. 1C, full

structures are shown in SI Appendix, Fig. S1) were commercially
available, and when we screened a small set of thiadiazole

analogs we identified an interesting SAR pattern. The amide aryl
group was sensitive to substitution changesin that addition of
polar substituents at the meta position, such as a methoxy group
(3) were more potent than the unsubstituted 1, whereas lipo-
philic or halogen substituents, such as a methyl (2), a chloro
group (4), or fluoro groups (7) were slightly less potent. The
ortho chloro derivative 6 and the para analog 8 were inactive in
the FLIPR assay as was the nonaryl containing pentyl amide 5.
There was some concern that the amide group may be subject to
amidolysis and therefore potentially chemically unstable, but
when Compound 1 was incubated with glutathione, no depletion
of the parent compound was observed, confirming its stability (SI
Appendix, Fig. S2). The lack of capture by glutathione and lack of
TRPA1 channel activation were good indicators that the com-
pound was not functioning as a cysteine trap and thus unlikely to
be a covalent modifier of the channel.
TRPA1 channels are known to be modulated by a variety of

covalent modulators, but they can also be activated by non-
electrophilic agonists, such as PF-4840154 (23). To test whether
the thiadiazole chemotype specifically inhibited covalently acti-
vated channels, we extended the FLIPR experiments to evaluate
the most potent compounds (1, 2, 3, and 7) against PF-4840154
activated channels. These compounds inhibited AITC and PF-
4840154 modulated activity with similar potency. Representative
FLIPR traces are shown in SI Appendix, Figs. S3 and S4 for the
AITC and PF-4840154 experiments, respectively.
The selectivity of the most potent analogs 1, 2, 3, and 7 against

members of the TRP gene family was evaluated to further un-
derstand the thiadiazole series profile. TRPV1 and TRPM8 were
chosen as representative TRP channels since they are also in-
volved in pain signaling. Taking this approach allowed for si-
multaneous sampling of gene family selectivity and assessment of
the potential utility of compounds as probes in animal pain
models. Inhibitory potency for hTRPA1 in conventional manual
patch-clamp electrophysiology was similar to that determined
in fluorescence based Ca entry assays. None of the tested thia-
diazole compounds significantly inhibited human TRPV1 and
TRPM8 at 10 μM, indicating a TRPA1 selectivity ratio of >30.
Furthermore, thiadiazole compounds exhibited selectivity for hu-
man TRPA1 over the rat TRPA1 ortholog (rTRPA1) with IC50s
ranging from 90 to 170 nM for hTRPA1 to >10 μM for rTRPA1.
Mean IC50 ± standard error of the mean (SEM) for hTRPA1 and
percent inhibition at 10 μM for rTRPA1, hTRPV1, and hTRPM8
are summarized in SI Appendix, Table S1. Representative cur-
rent traces for human and rat TRPA1, hTRPV1, and hTRPM8
channels in the presence and absence of Compound 1 are shown
in Fig. 2B. Traces for compounds 2, 3, and 7 are shown in SI
Appendix, Fig. S5.
The next stage of the characterization of the thiadiazole in-

hibitor class was to establish if inhibition was mediated via an
interaction with the S5 pore lining helix, such as the majority of
published TRPA1 modulators. Human-species ortholog chi-
meras of TRPA1 have proven useful to identify regions of the
channel involved in species-dependent compound interactions.
Previously, we demonstrated the opossum TRPA1 (oTRPA1)
variant which shares 67% amino acid homology with hTRPA1 to
be insensitive to carboxamide (Pfizer) and indazole (Novartis)
TRPA1 inhibitors (24, 25). Likewise, Compound 1 was found to
be inactive vs. oTRPA1 (Fig. 2D) up to 10 μM. However, in
contrast to the carboxamide, indazole, and A-967079 (Abbott)
TRPA1 inhibitors, the latter of which has been shown in a ligand
bound cryoelectron microscopy (cryo-EM) structure to interact
with the pore region, Compound 1 behaved differently on
human-opossum TRPA1 chimeras (21). Using chimeras in which
the human TRPA1 S5 helix was replaced by the opossum S5,
Compound 1 retained its inhibitory potency, whereas A-967079
lost activity (SI Appendix, Fig. S6). Evaluating the reverse chi-
mera in which opossum S5 was replaced by the human S5 helix,

Fig. 1. A high throughput FLIPR screen identifies a thiadiazole series of
small molecule hTRPA1 inhibitors. (A) Examples of literature TRPA1 an-
tagonists. (B) Compound 1 structure. (C ) SAR of the thiadiazole series
showing substitution patterns, mean FLIPR IC50 (n = 3–12 per compound),
and cLogP.
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Compound 1 was found to be inactive up to 10 μM, whereas A-
967079 retained inhibitory potency (SI Appendix, Fig. S6). These
findings suggested that the thiadiazole class of TRPA1 inhibitors
interact with the channel in a manner different from previously
published chemical structures.

Thiadiazole Chemotype Interacts with Residues in the Distal N-
Terminal AnkyrinR Domain. Most previously characterized TRPA1
inhibitors exhibit similar potencies for inhibition of human and
rat TRPA1 which contrasts with the clear human vs. rat selec-
tive inhibition observed with the current thiadiazole class of
inhibitors. rTRPA1 shares an 80% sequence homology with
hTRPA1 at the protein level. Using a similar approach to the
studies described above evaluating human vs. opossum TRPA1,
a series of 11 human-rat chimeras encompassing the entire
TRPA1 channel were generated to aid the identification of the
compound interaction region accounting for rat vs. human se-
lectivity (Fig. 2C). All chimeric constructs yielded functional
TRPA1 channels as measured using fluorescence based calcium
entry assay with the AITC activated responses being similar in
magnitude to WT hTRPA1. Of the 11 chimeras tested, only
chimera N2 exhibited a reduced sensitivity to Compound 1 with
a potency similar to rTRPA1 (>10 μM). Chimera N2 replaced
residues 180–358 from human TRPA1 with the equivalent
residues from rat TRPA1. The observed loss of Compound 1
inhibitory activity suggested the thiadiazole interaction site to
be located between ankyrinRs #4 and #9 in the N terminus.
The remaining 10 chimeras all exhibited Compound 1 IC50
values that were not statistically different from hTRPA1 (Fig.
2D) suggesting no involvement of the other ankyrinRs in in-
hibition by this compound class. Representative FLIPR traces
from these experiments are shown in SI Appendix, Fig. S7.

The evidence that a subregion of the N-terminal ankyrinRs
contained the potential interaction site for Compound 1 resulted
in a closer analysis and comparison of the amino acid sequences
of human, rat, and opossum TRPA1 to look for residues that
were different in Compound 1 sensitive (human) vs. nonsensitive
(rat and opossum) TRPA1 species orthologs (Fig. 3A). The
differences in sequences were divided into eight groups with the
number of amino acid residues in each group ranging from one
to five. We then performed site-directed mutagenesis in each
group to generate eight human TRPA1 constructs with residues
mutated to the corresponding rat ortholog residues (Fig. 3B). Of
the eight constructs tested, only construct #5 showed a statisti-
cally significant reduction in Compound 1 potency compared
with the hTRPA1 value (Construct #5 IC50 = 0.72 ± 0.26 μM,
WT hTRPA1 IC50 = 0.09 ± 0.01 μM, P < 0.001 ANOVA, post
hoc Dunnett’s t test, n = 6). Summary data are shown in Fig. 3C.
Interestingly, construct #5 carried a single N249S residue swap
within ankyrinR #6 of the human TRPA1 channel.
The reduced potency of Compound 1 on the human N249S

TRPA1 mutation was confirmed using conventional manual
patch-clamp electrophysiology employing a ramp step protocol
evoked every 5 s in the continued presence of 300 μM CA to
activate the channels (Fig. 3D). Similar to the FLIPR Ca entry
assay results, Compound 1 was less potent on hN249S compared
with WT hTRPA1 [hN249S IC50 = 1.43 μM, 95% confidence
interval (CI) = 1.11–1.86 μM, n = 4, WT hTRPA1 IC50 =
0.13 μM, 95% CI = 0.10–0.16 μM, n = 4]. As a complementary
experiment, the corresponding rat S250N humanized mutation
was generated to test for gain-of-function activity. Against rat
S250N TRPA1, Compound 1 inhibited 38 ± 4% at 10 μM (n = 7)
similar to WT rTRPA1 which was inhibited by 17 ± 1% at 10 μM
(n = 3, Fig. 3 D and E). These results demonstrate human

Fig. 2. hTRPA1 N-terminal region within ankyrinRs #4–#9 confers species specificity of thiadiazole interaction. (A) Voltage-clamp protocol used in all TRPA1
and TRPV1 manual patch-clamp electrophysiology experiments. Note that, for TRPM8, a similar protocol was used with the voltage ramp ranging from −80 to
+80 mV with steps to +50 and −50 mV. (B) Representative current traces showing Compound 1 inhibition of hTRPA1, selectivity over hTRPV1 and hTRPM8,
and species selectivity over rTRPA1. Compound 1 was tested in the continued presence of agonist: TRPA1 = 300 μM cinnamaldehyde (CA), TRPV1 = 0.03 μM
capsaicin, and TRPM8 = 100 μMmenthol. The dashed gray line denotes zero current level. (C) Illustration of 11 human TRPA1 chimeras with domains replaced
by rat TRPA1 sequence. (D) Mean ± SEM FLIPR AITC activated calcium entry IC50 of Compound 1 against human, rat, opossum TRPA1, and 11 hTRPA1-rTRPA1
chimeras. Chimera N2 was the only chimeric construct with significant loss in potency being comparable to rTRPA1 and oTRPA1: Chimera N2 IC50 > 10 μM, wild
type (WT) hTRPA1 IC50 = 0.09 ± 0.01 μM [*P < 0.001, analysis of variance (ANOVA) with post hoc Dunnett’s t test, n = 3–6 per construct]. The Chimera N2
construct contained amino acid swaps of rTRPA1 with hTRPA1 residues 180–358 of ankyrinRs #4–#9.
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TRPA1 residue N249 to be necessary for Compound 1 in-
hibition. However, because only partial loss of function was ob-
served with the human N249S mutation and rat S250N failed to
demonstrate significant gain of function, it was hypothesized that
additional residues were involved in forming the complete
Compound 1 interaction site. Instead of embarking on a random
mutagenesis exercise to identify the additional amino acid resi-
dues, a computational model based on a previously solved
ankyrinR domain was generated. In the absence of a ligand
bound TRPA1 structure, we believed that a docking model that
could guide and predict mutagenesis results would provide
stronger evidence in support of the actual binding mode.

Computational Modeling of AnkyrinR Region Reveals Additional
Interactions. To identify the full complement of residues impor-
tant for the interaction of the thiadiazole chemotype within
TRPA1 N-terminal ankyrinR domains, we focused our compu-
tational modeling studies around the N2 region of human
ankyrinR identified by the human-rat TRPA1 chimera experi-
mental results. We used the crystal structure of the D34 region of
human ankyrinR (PDB ID: 1N11) as a surrogate crystal structure
for the modeling studies as the N-terminal region of TRPA1 was
not completely resolved in the published cryo-EM structure (26).
Compound docking was performed using Glide v5.0 software
(Schrödinger, LLC) to provide some preliminary models. We ob-
served that Compound 1makes good van derWaals contacts in the
putative binding site and complements the shape of the pocket
very well (Fig. 4A). Aligning various sequences to the model (Fig.
4B), we noted that a key H-bonding acceptor pharmacophore was
based on the sulfonamide functional group of Compound 1. The
sulfonamide oxygen makes a key H-bonding interaction with K270
in humans but does not with the corresponding N271 in rats. We

also propose a water mediated interaction between other sulfon-
amide oxygen and N249 in humans that is not possible with S250 in
rats. A second key residue that we envisioned is based on the H-
bonding donor pharmacophore, the amide SAR, and our screening
results. A smaller glycine residue (G238 in humans) provides space
for the amide to position the phenyl in a pocket, but K239 in rats

Fig. 3. Residue N249 in hTRPA1 is critical but not sufficient for thiadiazole activity. (A) Sequence alignment among human, rat, and opossum TRPA1
within the N2 chimeric region. Residues targeted for site-directed mutagenesis are highlighted. hTRPA1 residues were mutated to rTRPA1 to produce eight
mutant constructs as depicted above the sequence. (B) List of point mutation(s) for all eight constructs. (C) FLIPR IC50 of the mutant hTRPA1 constructs
compared with WT hTRPA1 (n = 6 each group). Compound 1was significantly less potent on Construct #5, IC50 = 0.72 ± 0.26 μM compared with hTRPA1, IC50 =
0.09 ± 0.01 μM (*P < 0.001 ANOVA with post hoc Dunnett’s t test). (D) Representative steady-state current traces showing Compound 1 inhibition of hN249S
and rS250N constructs compared with WT hTRPA1 and rTRPA1 channels. Channels were activated with 300 μM cinnamaldehyde (CA) and Compound 1 was
applied in the continued presence of agonist. The gray line denotes zero current level, and the voltage protocol is shown in Fig. 2A. (E) Concentration re-
sponse curves of Compound 1 from manual patch-clamp electrophysiology. Steady-state current amplitudes were taken from the mean of the −40 mV step
and normalized to 300 μM CA control. Each data point represents the normalized mean ± SEM current for the tested concentration. Potencies with 95%
confidence intervals (n = 3 to 4 per construct): hTRPA1 IC50 = 0.13 μM (95% CI = 0.10–0.16 μM), hN249S IC50 = 1.43 μM (95% CI = 1.11–1.86 μM), rS250N IC50 >
10 μM, and rTRPA1 IC50 > 10 μM.

Fig. 4. Model of Compound 1 in the human ankyrinR crystal structure. (A)
Overview of human ankyrinR D34 region crystal structure (PDP: 1n11) in ribbon
representation; putative binding site shown as a solid surface with Compound 1
(ball and stick). (B) Close-in view of the binding conformation of Compound 1 in
AnkyrinR 1n11 (Left), hTRPA1 (Middle), and rTRPA1 models (Right). Compound
1 (orange) key residues are shown as green sticks and labeled.
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could have deleterious effects due to a donor–donor negative in-
teraction. Based on these observations, we highlighted residues
K270 and G238 as additional key residues in addition to N249
which had already been identified from mutagenesis experiments.

Human TRPA1 Residues G238, N249, and K270 of AnkyrinR #6 Fully
Account for Thiadiazole Potency. Based on the computational
modeling results, two additional mutant forms of TRPA1 were
generated. In the first, the mutations G238K, N249S, and K270N
(hTriple) were introduced, replacing human residues with the
equivalent rat residues. In the second construct, the equivalent
residues in rat TRPA1 were replaced with the corresponding
human residues K239G, S250N, and N271K (rTriple). Using
conventional manual patch-clamp electrophysiology, it was found
that the hTriple mutated form of hTRPA1 was only weakly sen-
sitive to Compound 1 which inhibited 38 ± 5% at 10 μM (n = 8)
similar to WT rTRPA1 and S250N rTRPA1 (Fig. 5 A and B).
Compounds 2, 3, and 7 were also insensitive at 10 μM concen-
tration with percent inhibitions of 2 ± 3%, 0 ± 2%, and 1 ± 2%,
respectively (n = 4, SI Appendix, Fig. S8). In the gain-of-function
study, Compound 1 was tested on the rTriple mutated form of
rTRPA1 and gained sensitivity (Fig. 5 A and B) with an IC50 value
of 0.15 μM (95% CI = 0.11–0.19 μM, n = 4) being comparable to
the WT hTRPA1 IC50 of 0.13 μM (95% CI = 0.10–0.16 μM, n =
4). As a specificity control, the effect of A-967079 on the triple
mutation constructs was evaluated (18, 20, 21). In these experi-
ments, A-967079 was fivefold more potent on human vs. rat
TRPA1 with IC50 values of 0.04 (95% CI = 0.03–0.05 μM) and

0.20 μM (95% CI = 0.17–0.24 μM). The potency of the single and
triple mutation constructs overlapped with these values and were
not shifted (Fig. 5C). These results demonstrate that the thia-
diazole TRPA1 structural class of inhibitor interacts specifically
with residues G238, N249, and K270 and that these mutations
were unlikely to be introducing allosteric effects or structural
changes that indirectly influence channel pharmacology.
In conclusion, we have discovered a potent and selective

TRPA1 inhibitor structural class with a previously uncharac-
terized site of action. Using a combination of mutagenesis and
functional readouts, in part, guided by computational prediction,
we have identified amino acid residues G238, N249, and K270
within N-terminal ankyrinR #6 to account for the potency of
Compound 1 of the thiadiazole chemotype. This small molecule
interaction site serves as a possible alternative to the pore region
for the development of TRPA1 inhibitors, and these compounds
may serve as valuable tools to probe the mechanism by which the
distal N terminus modulates TRPA1 channel gating.

Discussion
The thiadiazole chemotype we report was identified in a high
throughput screen. Compounds from this series are low molecular
weight, relatively polar, and structurally orthogonal to any previous
TRPA1 inhibitors and therefore an attractive starting point to
explore further. Given that the thiadiazoles appeared to be inter-
acting differently than previously reported TRPA1 channel mod-
ulators, a human-rat chimeric strategy was employed to further
define the key regions. The functional studies using these chimeras
unequivocally pointed to a distal N-terminal ankyrinR as the in-
teraction site. The majority of the TRPA1 N terminus is a com-
posed of ankyrinRs ranging from 14 to 18 in number as determined
from a primary amino acid sequence. Although not fully resolved,
the general structure of the distal N terminus can be seen in the
cryo-EM as four crescentlike structures extending perpendicular to
the axis in a propellerlike fashion with the concave sides, or ankyrin
grooves, facing the lipid bilayer. By combining sequence align-
ments with known ankyrin structures and TRPA1 cryo-EM,
ankyrinR #6 is predicted to sit at the apex of the crescent (21).
Using a mutagenesis strategy guided by the chimera results and

species variant sequence homology, the amino acid residue N249
was identified as critical for the Compound 1 inhibitor interaction.
Whereas there was a partial loss of potency vs. the N249S mutant
construct, there was no gain of function in the complementary
S250N construct suggesting a role for additional residues. To aid
the identification of these residues, a computational homology
model based on the 2.7 Å X-ray crystal structure of the D34 do-
main of the human ankyrinR protein (PDP ID: 1n11) (27) was
developed. This domain was selected as it consists of 12 ankyrinRs,
similar in length to the ankyrinRs that form the crescent structure
in TRPA1 and has been previously used to model the N terminus
of TRPA1 (28). The docking results for Compound 1 predicted
residues K270 and G238 along with N249 to form the putative
binding pocket. It is important to note that the computational
modeling was used predictively to guide the mutagenesis strategy
and not retrospectively. The ability of this model to fully predict the
full gain of function mutagenesis results in a single iteration gives
strength to the argument that the K270, G238, and N249 residues
are primary contributors to the Compound 1 binding pocket.
Inhibition of TRPA1 gating via an ankyrinR #6 interaction was

initially surprising being significantly upstream from the cysteines
that are modulated by covalent activators. However, there are in-
teresting parallels for a role of this region in channel gating. For
example, caffeine modulates TRPA1 channels weakly with an
EC50 of ∼5 mM with species-dependent pharmacology in activat-
ing mouse TRPA1 but inhibiting hTRPA1 channels with similar
potencies. The key amino acid for this interaction in the human
channel is P267 which resides within ankyrinR #6. When P267 is
swapped for the corresponding mouse M286, caffeine switches

Fig. 5. hTRPA1 Residues G238, N249, and K270 in AnkyrinR #6 mediate thia-
diazole Interaction. (A) Representative steady-state traces of Compound 1 effects
on hTRPA1 G238K/N249S/K270N (hTriple) and rTRPA1 K239G/S250N/N271K
(rTriple) channels. Channels were activated with 300 μM CA and Compound 1
was applied in the continued presence of agonist. The gray line denotes zero
current level, and the voltage protocol is shown in Fig. 2A. (B) Concentration
response curves of Compound 1 on hTriple and rTriple channels with WT
hTRPA1 and rTRPA1 shown for reference. Potencies with 95% confidence in-
tervals (n = 4–8 per construct): rTriple IC50 = 0.15 μM (95% CI = 0.11–0.19 μM),
hTRPA1 = 0.13 μM (95% CI = 0.10–0.16 μM), hTriple IC50 > 10 μM, rTRPA1 IC50 >
10 μM. (C) A-967069 which interacts with the S5 helix of the channel pore is
unaffected by the mutations that affect Compound 1 potency. Only the WT
TRPA1 fits are shown for clarity (n = 5 per construct): hTRPA1 IC50 = 0.04 μM
(95% CI = 0.03–0.05 μM) and rTRPA1 IC50 = 0.20 μM (95% CI = 0.17 = 0.24 μM).
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from an inhibitor to an activator (29). In rattlesnakes, TRPA1 ac-
tivity is modulated by heat rather than covalent activation as in
humans (30). Swapping ankyrinR domains (including ARD 6),
switches the modality of channel activation (31). Interestingly the
homologous residue to N249 in mouse TRPA1 (S250) has been
reported to be important in modulating the temperature sensitivity
of voltage-dependent activation and channel open probability (32).
The overlapping role of residue N249 in both temperature-
dependent gating and pharmacological inhibition by thiadiazoles
suggests that the residue may undergo conformational change or
may interact with a regulatory factor that modulates channel gating.
The precise mechanism by which the thiadiazoles inhibit

TRPA1 channel gating requires further study. AnkyrinR domains
are known to mediate protein–protein interactions. However, they
can also bind sugars and lipids (33, 34). Whereas, protein–protein
interactions are largely governed by the secondary structure in-
volving interactions across clusters of residues, smaller regulatory
molecules can bind to more defined binding pockets (35). It is
unlikely although not impossible that the thiadiazoles block by
interfering protein–protein interaction. A more likely scenario
with precedent is that the compounds may compete for regulatory
molecules, such as phosphate containing molecules, that are im-
portant for lowering the free energy barrier for channel gating. For
example, phosphoinositides regulate TRPV4 channel activity, and
PI(4,5)P2 has been shown by X-ray crystallography to interact
specifically with AR domain 4 of a six repeat domain (26). Perhaps
a similar interaction of a regulatory molecule important for acti-
vation occurs in TRPA1 and for which the thiadiazoles compete.
The potential to leverage the ankyrin repeat #6 site for drug

discovery remains to be seen. The thiadiazole compounds possess
acceptable physicochemical property starting points, but further
analoging is required to know if the site can support robust SAR

while retaining selectivity. If TRPA1 species selectivity is a feature
of ankyrinR #6, a humanized mouse of the rTriple construct would
enable the establishment of pharmacokinetic-pharmacodynamic
efficacy models. A potential advantage for this site is that multi-
ple cytosolic ankyrinR structures have been solved by X-ray crys-
tallography to ∼2 Å resolution. Thus, a high resolution ligand
bound structure of the TRPA1 distal N terminus along with mo-
lecular dynamic simulation could enable an in silico screen toward
identification of new chemical matter and SAR development for
modulators of this important pain target.

Methods
Whole-Cell Patch-Clamp Electrophysiology. WT and mutant TRPA1 channels
were recombinantly expressed in T-Rex-293 cells (Thermo Fisher). Protein
accession IDs for the WTs TRPA1 channels used are CAA71610 (human),
NP_997491.1 (rat), and XP_001378427 (opossum). Whole-cell manual patch-
clamp recordings were recorded with an internal solution, consisting of (in
millimoles) 90 CsCl, 32 CsF, 10 Hepes, 10 glycol bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA), 10 Cs4 BAPTA, 1 MgCl2, 5 Mg ATP, and 0.1 Na GTP,
pH 7.3 with CsOH. The external solution consisted of (in millimoles) 132 NaCl,
5.4 KCl, 1.8 CaCl2, 0.8 MgCl2, 10 Hepes, and 5 glucose, pH 7.4. Voltage
protocols were evoked every 5 min and mean steady-state current analyzed
from the −40 mV step (−50 mV for TRPM8).

Computational Modeling. A computational model of human ankyrinR with
Compound 1 was built based on the crystal structure of the D34 region of hu-
man ankyrinR, (1N11.pdb) (27). The protein was prepared and minimized for
modeling using the protein preparation workflow (Schrödinger) in Maestro. The
receptor docking grid was centered around the N2, and the size of the inner
and outer grid boxes was set to 10 Å in each direction. The structure of Com-
pound 1 for docking was generated with Maestro (Schrödinger). The molecules
were further prepared using LigPrep with the OPLS2005 force field. Docking was
carried out using XP precision with Glide v. 5 (Schrödinger, LLC, 2018).
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