
R E S E A RCH A RTI CLE

https://doi.org/10.1085/jgp.201711876 751
J. Gen. Physiol. 2018 Vol. 150 No. 5 751–762
Rockefeller University Press

Pain, though serving the beneficial function of provoking a response to dangerous situations, is an unpleasant sensory 
and emotional experience. Transient receptor potential ankyrin 1 (TRPA1) is a member of the transient receptor potential 
(TRP) cation channel family and is localized in “nociceptors,” where it plays a key role in the transduction of chemical, 
inflammatory, and neuropathic pain. TRPA1 is a Ca2+-permeable, nonselective cation channel that is activated by a 
large variety of structurally unrelated electrophilic and nonelectrophilic chemical compounds. Electrophilic ligands 
are able to activate TRPA1 channels by interacting with critical cysteine residues on the N terminus of the channels via 
covalent modification and/or disulfide bonds. Activation by electrophilic compounds is dependent on their thiol-reactive 
moieties, accounting for the structural diversity of the group. On the other hand, nonelectrophilic ligands do not interact 
with critical cysteines on the channel, so the structural diversity of this group is unexplained. Although near-atomic-
resolution structures of TRPA1 were resolved recently by cryo-electron microscopy, in the presence of both agonists and 
antagonists, detailed mechanisms of channel activation and inhibition by these modulators could not be determined. 
Here, we investigate the effect of both electrophilic and nonelectrophilic ligands on TRPA1 channel conformational 
rearrangements with limited proteolysis and mass spectrometry. Collectively, our results reveal that channel modulation 
results in conformational rearrangements in the N-terminal ankyrin repeats, the pre-S1 helix, the TRP-like domain, 
and the linker regions of the channel.
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Introduction
Transient receptor potential ankyrin 1 (TRPA1), the lone member 
of the mammalian TRPA subfamily, is a significant transducer of 
chemical, neuropathic, and inflammatory pain signals (Story et 
al., 2003; Bandell et al., 2004; Bautista et al., 2005, 2006; Story 
and Gereau, 2006). It is expressed predominantly in small and 
medium-sized peptidergic primary afferent neurons of the sen-
sory ganglia (Story et al., 2003; Kobayashi et al., 2005; Huang et 
al., 2012). TRPA1 is also expressed in various nonneuronal tis-
sue types and organs, including epithelial cells, fibroblasts, and 
smooth muscle cells (Jaquemar et al., 1999; Streng et al., 2008). 
TRPA1 is a homotetrameric, nonselective cationic channel com-
posed of a transmembrane domain (TMD) and a large cytosolic 
domain. Each monomer of the TRPA1 protein is made up of six 
transmembrane helices (S1–S6) and a reentrant pore loop in the 
TMD, which is preceded by a large N terminus and followed by a 
coiled coil–structured C terminus. Although TRPA1 has a structur-
ally conserved TMD like other transient receptor potential (TRP) 
channels, it is unique among mammalian TRP channels in having 
a large number of ankyrin repeats (16 total) at its N terminus.

TRPA1 is best known as a chemonociceptor in the body 
(Macpherson et al., 2007b; Nilius et al., 2011, 2012). It can be acti-
vated by a multitude of structurally unrelated natural compounds 
like allyl isothiocyanate (in mustard oil), diallyl disulfide (in gar-
lic), irritants like acrolein (in cigarette smoke), vehicle exhaust, 
metabolic byproducts of chemotherapeutic drugs, and endoge-
nous inflammatory molecules (Bandell et al., 2004; Jordt et al., 
2004; Bautista et al., 2005, 2006; Wang et al., 2008; Takahashi 
et al., 2011; Ogawa et al., 2012; Alpizar et al., 2013). This wide 
range of TRPA1 ligands can be broadly classified into two groups: 
electrophilic modulators and nonelectrophilic modulators. The 
electrophilic agonists activate TRPA1 via a cluster of cysteine res-
idues present at the N terminus of the channel (Hinman et al., 
2006; Macpherson et al., 2007a; Takahashi et al., 2008). Binding 
of these electrophilic agonists to the channel leads to disulfide 
bond formation between these critical cysteine residues, which 
triggers conformational changes at the N terminus and the open-
ing of the TRPA1 channel (Hinman et al., 2006; Macpherson et al., 
2007a; Takahashi et al., 2008; Wang et al., 2012). The activation 
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mechanisms for nonelectrophilic ligands are still unknown. 
Recently, the structure of human TRPA1 was resolved at 4 to 4.5 Å 
resolution in the presence of either an electrophilic agonist (allyl 
isothiocyanate) or nonelectrophilic antagonists (HC-030031 and 
A-967079). Although the potential binding site for one antagonist, 
A-967079, has been visualized, no conformational changes could 
be resolved among these cryo-electron microscopy (cryo-EM) 
structures in activated and inhibited states (Paulsen et al., 2015). 
Therefore, the molecular mechanism of how TRPA1 modulators 
affect the conformation of the tertiary structure of the protein to 
either open or close its gates is still elusive.

The N terminus of TRPA1 contains 16 ankyrin repeats (AR1–
AR16), which are 30- to 34-amino-acid-long helix-turn-helix 
motifs. The ankyrin repeats are arranged in tandem, forming 
an elongated ankyrin repeat domain (ARD), which is connected 
to the TMD via the pre-S1 region, and are usually involved in 
protein–protein and protein–ligand interactions (Li et al., 2006; 
Voronin and Kiseleva, 2007). Chimeric and mutagenesis stud-
ies have suggested that modulations in the ARD can be trans-
lated to the pore, leading to opening or closure of the channel 
(Cordero-Morales et al., 2011; Jabba et al., 2014). Chimeric stud-
ies have also shown that the ARD can be divided into two parts: 
a primary module composed of AR10–AR15 and an enhancer 
module composed of AR3–AR8 (Cordero-Morales et al., 2011). 
Mutagenesis studies have suggested that thiol-reactive activa-
tors of TRPA1 interact with the sulfhydryl groups of specific, 
conserved cysteine residues (C415, C422, C622, C642, C666, C174, 
C193, C634, and C859; numbering is for mouse TRPA1; Hinman et 
al., 2006; Macpherson et al., 2007a; Takahashi et al., 2011), and 
it has been shown that these critical cysteines undergo disul-
fide-bond formation or rearrangements, leading to N-terminal 
conformational changes, channel activation, and/or desensiti-
zation (Wang et al., 2012; Ibarra and Blair, 2013). Furthermore, 
the C terminus of TRPA1, which is linked to the transmem-
brane region by unstructured loops, β-sheets, and a TRP-like 
domain, has also been suggested to play a role in channel gating 
(Paulsen et al., 2015).

To determine the structural basis of TRPA1 channel modula-
tion by ligands, we used a classic technique: limited proteolysis. 
Limited proteolysis is a well-established, simple biochemical 
technique used to probe information regarding protein structure 
and conformational changes (Hubbard and Klee, 1989; Fontana et 
al., 1997a,b; Hubbard, 1998). The theory underlying limited pro-
teolysis is that a protein is incubated with a relatively low con-
centration of a protease of choice, which induces cuts at exposed 
recognition sites throughout the protein, mostly at loops and 
other flexible regions. Substrate binding, or activation and inhi-
bition by other kinds of stimuli, induces conformational changes 
in the protein, changing the regions that are exposed and thus the 
pattern of protease cleavage. Subsequent analysis of the cleaved 
fragments by mass spectrometry (MS) results in an extremely 
robust technique for the evaluation of ligand-induced structural 
changes in various proteins (Schopper et al., 2017). These changes 
are sometimes so minor that they are difficult to determine by 
conventional biophysical methods, short of resolving a struc-
ture at atomic resolution. In these cases, biochemical assays like 
limited proteolysis can provide useful and accurate information 

about the change in the topology of the protein. Therefore, in 
this study, we used limited proteolysis coupled with in-solution 
MS to identify the regions of TRPA1 that undergo conformational 
changes during activation or inhibition by both electrophilic and 
nonelectrophilic ligands.

Materials and methods
Expression and purification of TRPA1
Mouse TRPA1 was expressed in the S. cerevisiae yeast strain 
BJ5457 and plasma membranes were isolated as described pre-
viously (Cvetkov et al., 2011). In brief, mouse TRPA1-expressing 
yeast cells were lysed using a microfluidizer (M-110Y; Microflu-
idics), and the lysate was cleared of cell debris by centrifuging 
at 3,000 g for 10 min; the supernatant was further centrifuged at 
14,000 g for 35 min. Plasma membranes were obtained by using 
an ultracentrifuge to spin down the supernatant at 100,000 g 
for 45 min and storing the pelleted membranes at −80°C for 
future use. For protein purification, all the following steps were 
performed at 4°C. Membranes were solubilized in a buffer con-
taining 20 mM HEP​ES, pH 8, 500 mM NaCl, 10% glycerol, 8 mM 
FC-12 (Anatrace), 0.4 mg/ml soybean polar lipids, 1 mM PMSF, 
and 10 mM Tris(2-carboxyethyl)phosphinehydrochloride sup-
plemented with a protease inhibitor cocktail tablet mini (Roche) 
for 1 h. Detergent-insoluble material was removed by centrifug-
ing at 100,000 g for 45 min. 1D4 antibody–coupled CnBr-acti-
vated Sepharose beads were added to the supernatant and incu-
bated for 2 h. A column was packed with the above beads and 
washed with buffer containing 20 mM HEP​ES, pH 8.0, 150 mM 
NaCl, 10  mM Tris(2-carboxyethyl)phosphinehydrochloride, 
10% glycerol, and 0.25% A8-35 (amphipol). TRPA1 was eluted 
with the same buffer supplemented with 10 mg/ml 1D4 peptide 
(GenScript USA). The protein was concentrated by spin con-
centrator (Millipore Amicon Ultra 50K Ultracel) and subjected 
to size-exclusion chromatography on a Superose 6 column (GE 
Healthcare) with a buffer containing 20  mM HEP​ES, pH 8.0, 
and 150 mM NaCl.

Limited proteolysis of TRPA1
Purified TRPA1 was concentrated to ∼1 mg/ml in a buffer suit-
able for limited proteolysis (20 mM HEP​ES, pH 8.0, and 150 mM 
NaCl). The protein was then pretreated with either 2 mM NMM 
(N-methylmaleimide), 333 µM A-967079 (Pfizer), 1 mM men-
thol, 333 µM PF-4840154 (Pfizer), or buffer for the apo state. 
Freshly prepared MS-grade trypsin was added at a protease/
TRPA1 mol/mol ratio of 1:300 at room temperature for 15 min, 
and the reaction was quenched by adding 10 mM 4-(2-amino-
ethyl) benzenesulfonyl fluoride, and fivefold excess of soybean 
trypsin inhibitor II-S (Sigma) and placing on ice. All samples 
were precipitated with 10% trichloroacetic acid/acetone over-
night at −20°C, washed three times with acetone, and air dried. 
The precipitation procedure was repeated twice. Air dried sam-
ples were reconstituted in 10 µl of 50 mM Tris, pH 8.0, and then 
reduced and alkylated with 10 mM dithiothreitol and 25 mM 
iodoacetamide, respectively. Subsequently, all samples were 
fully digested with Asp-N at an enzyme-to-protein ratio of 1:10 at 
37°C overnight, followed by LC coupled with high-resolution MS.
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LC-MS analysis
LC-MS analysis of digested samples was performed on the 
Orbitrap Elite mass spectrometer (Thermo Electron) interfaced 
with a Waters nanoAcquity UPLC system. Approximately 300 
ng proteolytic peptide for each sample was loaded on a trap col-
umn (180 µm × 20 mm packed with C18 Symmetry, 5 µm, 100 
Å; Waters) for desalting and then separated on a reverse-phase 
column (75 µm × 250 mm nano column, packed with C18 BEH130, 
1.7 µm, 130 Å; Waters) using a gradient of 2–42% mobile phase 
B (0.1% formic acid in acetonitrile) versus mobile phase A (0.1% 
formic acid in water) over a period of 60 min with a flow rate of 
300 nl/min. Peptides eluting from the column were introduced 
into the nanoelectrospray source using a capillary voltage of 2.5 
kV. For MS analysis, a full scan was recorded for eluted peptides 
(m/z range of 380–1,700) in the Fourier transform mass analyzer 
with resolution of 120,000 followed by MS/MS of the 20 most 
intense peptide ions scanned in the ion trap mass analyzer. All 
MS data were acquired in the positive ion mode. The resulting 
MS and MS/MS data were searched against a TRPA1 protein 
sequence database using Mass Matrix software (Xu and Freitas, 
2007) to identify peptide sequence and overall TRPA1 sequence 
coverage. In particular, MS and MS/MS spectra were searched for 
peptides derived from the dual digestion of TRPA1 with trypsin 
and Asp-N enzymes using mass accuracy values of 10 ppm and 
0.8 D, respectively, with allowed variable modifications including 
carbamidomethylation for cysteines and oxidative modifications 
for methionines. The total number of MS/MS ion scans (spectral 
counting) for each identified peptide was used to compare pep-
tide abundances (Liu et al., 2004).

Online supplemental information
Fig. S1 details the size exclusion chromatography of TRPA1 puri-
fication, showing symmetrical peak corresponding to the tetram-
eric TRPA1. This figure also reports Coomassie-stained SDS-PAGE 
gels showing the time course of limited proteolysis of purified 
TRPA1 with trypsin for different time periods. For different time 
periods, we see the generation of large stable peptide fragments. 
The other gel shows the resulting peptide fragments of limited 
proteolysis of TRPA1 without drug treatment and with drug 
application. Figs. S2 and S3 show representative MS/MS spectra 
of some of the cysteines that were modified by NMM treatment.

Results
Limited proteolysis and in-solution MS to determine ligand-
induced conformational changes in TRPA1
To identify ligand-induced conformational changes of the full-
length mouse TRPA1 ion channel, we used Saccharomyces cer-
evisiae as the heterologous expression system to express the 
full-length protein (Cvetkov et al., 2011; Moiseenkova-Bell and 
Wensel, 2011). Although inositol hexakisphosphate (IP6) was 
required for the purification of human TRPA1 in a previous 
cryo-EM study (Paulsen et al., 2015), the purification method 
used here has been proven to produce functional mouse TRPA1 
and other TRP channels that can be used for structural, biochem-
ical, and biophysical studies (Cvetkov et al., 2011; Moiseenkova-
Bell and Wensel, 2011). The protein was purified using detergent 

and amphipol A8-35, and the peak corresponding to tetrameric 
TRPA1 (Fig. S1 A) was collected and used for all described studies.

For limited proteolysis, the first digestion is usually per-
formed using a protease with broad specificity. Complete diges-
tion of a denatured protein with such an enzyme will thus yield 
relatively small peptides. However, when used for a short period 
of time at a low substrate-to-enzyme ratio, digestion of a protein 
in its native state will result in the formation of larger, stable pep-
tides because of the inaccessibility of buried or protected sites 
by the protease. Here, we used the serine protease trypsin at a 
1:300 trypsin/TRPA1 ratio and checked three time points over 30 
min by SDS-PAGE (Fig. S1 C), which showed large, stable pep-
tides appearing quickly and surviving for the entire time course. 
Based on this time course, we decided to use this ratio of tryp-
sin and an intermediate digestion time of 15 min for all experi-
ments. Using the above ratio of trypsin to protein and digesting 
for 15 min yielded a distinct cleavage pattern for apo-TRPA1 and 
drug-treated TRPA1 (Fig. S1 B). Therefore, these conditions were 
used for all experiments. Electrophilic and nonelectrophilic ago-
nists and antagonists that have been used in this study are out-
lined in Table 1.

Instead of using bands cut out from SDS-PAGE gels for mass 
spectrometric analysis, we used in-solution MS to get better 
overall coverage. Upon full digestion with endoproteinase Asp-N 
and subsequent analysis with in-solution MS, the sequence cov-
erage for all the experiments was ≥90%, thus enabling us to 
identify the regions of conformational changes with confidence. 
To achieve this coverage and reliable peptide quantification, we 
used the spectral counting approach, which relies on compar-
ing the number of identified tandem mass spectrometry (MS/
MS) spectra from the same protein in each of the multiple liquid 
chromatography (LC) MS/MS datasets to quantify the number of 
identified nonredundant peptides (Zhu et al., 2010). The increase 
in protein abundance correlates with the increase in the num-
ber of its proteolytic peptides, which subsequently results in an 
increase in the number of identified unique peptides and the 
number of identified total MS/MS spectral count for a specific 
protein (Washburn et al., 2001; Liu et al., 2004; Zhu et al., 2010). 
Thus, spectral count can be used as a simple but reliable index for 
relative peptide/protein quantification.

To illustrate TRPA1 conformational changes in the presence 
of various modulators, we created a TRPA1 channel dimer model 
representation (Fig. 1). For this, we downloaded the published 
atomic model (Protein Data Bank accession no. 3J9P; Fig.  1  A; 
Paulsen et al., 2015) and used ITA​SSER software (Roy et al., 
2010; Yang et al., 2015) to build a homology model for AR1–AR11 
(Fig. 1 B). Next, we overlaid these two parts of the structure in 
accordance to the proposed “propeller and independent wings” 
model by David Julius’s group (Paulsen et al., 2015) to get the com-
plete structural representation (Fig. 1 C).

Analysis of NMM (electrophilic agonist)–induced 
conformational change in TRPA1
NMM is an electrophilic agonist that is commonly used to study 
TRPA1 ion channel activation (Hinman et al., 2006; Wang et al., 
2012). It has been proposed that NMM and other electrophilic ago-
nists covalently modify cysteine residues C415, C422, C622, C642, 
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and C666 on the N terminus of the channel, which leads to channel 
opening (Hinman et al., 2006; Macpherson et al., 2007a). Purified 
full-length TRPA1 was incubated with 2 mM NMM for 10 min, and 
then the reaction was quenched with 10 mM dithiothreitol before 
performing limited proteolysis with trypsin. Partially digested 
apo-TRPA1 and NMM-activated TRPA1 were precipitated, recon-
stituted, alkylated, reduced, and fully digested with endoprotein-
ase Asp-N before MS analysis. Apo- and NMM-treated TRPA1 

showed different cleavage patterns in the MS analysis (Fig. 2); 
peptide DTN​LKCT (536–542) was not present in apo-TRPA1 but 
appeared in the NMM-activated TRPA1 sample with a peptide 
count of two and four in two separate experiments (Fig. 2, A and 
B). Region D536 to T542 is located at the N terminus and is part 
of AR14 and the loop connecting AR14 and AR15 (Fig. 2 C). This 
region is positioned between two clusters of cysteines residues: 
(a) C415 and C422 and (b) C622, C642, and C666, which have 

Table 1. TRPA1 ligands used in this paper

Figure 1. Construction of a representation of the full-length TRPA1 channel. (A) Model 3J9P downloaded from the Protein Data Bank and depicted as a 
dimer. (B) Homology model of residues M1 to P450 generated by I-TAS​SER software. (C) The two models were aligned to generate a dimeric representation 
of the full channel.
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been implicated in channel activation by NMM and other elec-
trophilic agonists (Fig. 2 C). Also, the mass spectrometric analy-
sis revealed that several these critical cysteines (e.g., C415, C622, 
C634, and C666) were modified by NMM, indicating that these 
cysteine residues are available for interaction with NMM in the 
full-length TRPA1 protein. A few of these modifications are shown 
in Figs. S2 and S3.

Additionally, there were also a couple of regions of missed 
trypsin cleavages in the NMM-TRPA1 sample at residues R1004 
and R1014, located in the linker domain (Fig. 5 A). Interestingly, 
residue R423 was protected from being cleaved by trypsin in 
apo-TRPA1 but was exposed for cleavage in the presence of 
NMM (Fig. 5 A).

Collectively, our data show that TRPA1 modification by NMM 
leads to N-terminal conformational changes in the ARD11 to 

ARD15 region of the protein. As NMM is an agonist and medi-
ates channel opening, it seems likely that the conformational 
changes we observe in ARD11 to ARD15 are related to the opening 
of the channel.

Analysis of PF-4840154 (nonelectrophilic agonist)–induced 
conformational change in TRPA1
TRPA1 is a genuine polymodal channel, as it can be activated not 
only by structurally unrelated electrophilic ligands but also by a 
large number of nonelectrophilic ligands (Bandell et al., 2004; 
Bautista et al., 2006; Story and Gereau, 2006; Talavera et al., 
2009; Zygmunt and Högestätt, 2014). Recently, a potent nonelec-
trophilic agonist (PF-4840154) was developed by Pfizer that has 
been shown to selectively activate TRPA1 and elicit a pain sensa-
tion (Ryckmans et al., 2011). Purified TRPA1 was incubated with 

Figure 2. Effect of NMM on TRPA1 conformation. (A) MS/MS spectra of doubly protonated ions for peptide 536-DTN​LKCT-542 containing cysteine mod-
ified with NMM. (B) Graph of the occurrence of peptide 536-DTN​LKCT-542 in apo- and NMM-treated TRPA1. Error bar represents mean ± SEM. (C) Peptide 
536-DTN​LKCT-542 (shown in green) mapped onto the dimeric representation of TRPA1; the cysteines necessary for channel activation by electrophilic ligands 
are shown as spheres in yellow.
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333 µM PF-4840154 for 10 min before performing limited proteol-
ysis with trypsin. Partially digested apo-TRPA1 and PF-4840154–
activated TRPA1 were precipitated, reconstituted, alkylated, 
reduced, and then fully digested with endoproteinase Asp-N 
and subjected to LC-MS analysis. Analysis of the peptide prod-
ucts by MS revealed that peptide EYL​LMK (707–712), located in 
the pre-S1 helix, was detected in apo-TRPA1 with a peptide count 
of 2 and 13 in two separate experiments, but it was not present 
in the PF-4840154–treated sample (Fig. 3, A and B). Intriguingly, 
the E707–K712 peptide was also present in the NMM-activated 
TRPA1 samples (Fig. 3 B), suggesting that electrophilic agonist 
activation of the channel differs profoundly from activation by 
nonelectrophilic agonists such as PF-4840154.

The cryo-EM structure revealed that the pre-S1 region of the 
channel resides in close proximity to the TRP-like domain at 
the C terminus of the channel and harbors critical cysteine and 
lysine residues that are involved in channel activation (Fig. 3 D). 
The E707–K712 peptide belongs to the pre-S1 helix (Fig. 3, C and 
D), which has been implicated in allosteric modulation of the 
channel by electrophilic ligands through its interaction with the 
TRP-like domain and transmission of the signal to the pore of 

the channel (Paulsen et al., 2015). Additionally, it has been sug-
gested that the TRP-like domain interacts with the pre-S1 helix 
and the S4–S5 linker via hydrophobic interactions that would be 
affected upon ligand binding (Paulsen et al., 2015). Recently, the 
S4–S5 linker has been shown to play a critical role in activation or 
inhibition of another “pain” sensor, transient receptor potential 
vanilloid 1 (TRPV1; Gao et al., 2016). It has been suggested that 
TRPV1 modulators (activator capsaicin and inhibitor capsaze-
pine) interact with the S4–S5 linker and induce conformational 
changes in this region that open or close the channel.

Based on these recent discoveries, we speculate that the 
absence of E707–K712 peptide in the PF-4840154–treated sam-
ple could be caused by disruption of the hydrophobic interac-
tions between the TRP-like domain and the pre-S1 helix upon 
PF-4840154 binding to the S4–S5 linker in TRPA1 (Fig. 3 C), thus 
triggering channel activation.

Analysis of menthol (nonelectrophilic modulator)–induced 
conformational change in TRPA1
Menthol is a widely used naturally occurring nonelectrophilic 
modulator of TRPA1 that has been shown to have a bimodal effect 

Figure 3. Effect of nonelectrophilic modulators on TRPA1 conformation. (A) MS/MS spectra of doubly protonated ions for peptide 707-EYL​LMK-712 with 
oxidized methionine for PF-4840154–treated TRPA1. (B) Graph of the occurrence of peptide 707-EYL​LMK-712 in apo-, menthol-, and PF-4840154–treated 
TRPA1. Error bar represents mean ± SEM. (C) Peptide 707-EYL​LMK-712 (shown in red) mapped onto the dimeric representation of TRPA1. (D) Magnified view 
of the linker region with cysteine and lysine residue highlighted.
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on rodent TRPA1 channels (Karashima et al., 2007). Specifically, it 
has been shown that 1 mM menthol reversibly blocks the channel, 
whereas a submicromolar to low-micromolar range of menthol 
concentrations activates the channel. Purified TRPA1 was incu-
bated with 2 mM menthol for 10 min before performing limited 
proteolysis with trypsin. Partially digested apo-TRPA1 and men-
thol-blocked TRPA1 were precipitated, reconstituted, alkylated, 
reduced, and then fully digested with endoproteinase Asp-N and 
subjected to MS analysis. With 2 mM menthol, we expected to 
capture the channel in an inhibited state, but surprisingly, we 
found a cleavage pattern very similar to PF-4840154–activated 
TRPA1, with peptide E707–K712 absent in menthol-treated 
TRPA1 (Fig. 3, A and B). Analysis of missed cleavages revealed 
that although a majority of the same residues (K109, R465, R621, 
R706, K712, and R978) were shielded from cleavage by trypsin in 
both menthol-treated and PF-4840154–activated TRPA1, there 
were a few exceptions. Residue K662, which missed cleavage in 
the menthol-treated sample, was not affected by treatment with 
PF-4840154, whereas residues K213, K239, and K636 were not 
cleaved in PF-4840154–bound TRPA1 but were trypsinized in 
both apo- and menthol-bound TRPA1 (Fig. 5 C). The majority of 
these differences were observed in the N-terminal linker domain 
and in the flexible N-terminal ARs.

Given these similarities to the PF-4840154–activated state 
and that menthol is an agonist at low concentrations, we suggest 
that with 2  mM menthol, the channel was first activated and 
then desensitized and that we captured the desensitized state of 
TRPA1. However, it is entirely possible that we captured TRPA1 
in an inhibited state and that there is a very similar global mech-
anism of TRPA1 activation, desensitization, and inhibition by 
nonelectrophilic ligands that could possibly be conserved among 
other TRP channels.

Analysis of A-967079 (nonelectrophilic antagonist)–induced 
conformational change in TRPA1
To determine whether a nonelectrophilic antagonist causes con-
formational changes in similar regions of full-length TRPA1, 
we used A-967079, a commonly used inhibitor of TRPA1 activ-
ity (McGaraughty et al., 2010; Chen et al., 2011; Banzawa et al., 
2014). Purified TRPA1 was pretreated with 333 µM A-967079 for 
10 min before performing limited proteolysis with trypsin. Par-
tially digested apo-TRPA1 and A-967079–inactivated TRPA1 were 
precipitated, reconstituted, alkylated, reduced, and then fully 
digested with endoproteinase Asp-N and subjected to MS anal-
ysis. In this case, we detected two different peptides that were 
present in the apo-TRPA1 state but absent in the A-967079–treated 
sample: INT​CQR​LLQ (460–468), with a peptide count of one and 
two, and STI​VYP​NRPR (1,005–1,014), with a peptide count of 
three and three in two separate experiments (Fig. 4, A–C). Struc-
turally, I460–Q468 forms one of the helices of the helix-turn-he-
lix of AR12, and S1005–R1014 is a part of the flexible linker that 
connects the C terminus to the TMD (Fig. 4 D). The published 
cryo-EM structure of human TRPA1 revealed the binding pocket 
of A-967079 to be surrounded by transmembrane helices S5 and 
S6 and pore helix 1. Because this is quite far from the regions of 
missed peptide cleavages, this suggests that channel inhibition 
by A-967079 occurs through a global conformational change. 

Additionally, as AR1 to AR11 were too flexible to be resolved in the 
cryo-EM TRPA1 structure, AR12 is the first of them visible in that 
structure and so is at the transition point between the stable and 
dynamic portions of TRPA1. As one of the missed cleavage sites 
is found in AR11 (Fig. 5 D), this suggests the intriguing possibility 
that A-967079 inactivation of TRPA1 may involve modulating the 
interaction between the relatively stationary main channel and 
the flexible N-terminal AR region.

Discussion
The mechanism for how a multitude of structurally diverse and 
unrelated compounds can modulate the polymodal TRPA1 has 
remained elusive. In this study, we reveal the critical regions 
of TRPA1 that undergo conformational rearrangement upon 
ligand interaction to accomplish the opening and closing of 
the ion conducting pore. We examined the topological changes 
of TRPA1 upon the addition of a diverse group of modulators 
encompassing both electrophilic and nonelectrophilic ligands 
by limited proteolysis and MS. It has been demonstrated before 
that certain cysteine and lysine residues in the cytosolic domain 
of the protein are critical for activation of the channel by elec-
trophilic compounds (Hinman et al., 2006; Macpherson et 
al., 2007a); however, how modification of these residues gets 
translated to the pore is still unclear. The molecular mecha-
nism by which the nonelectrophilic ligands control the gating 
mechanism is also unknown. In this study, we illustrated that 
across all of the modulators tested, TRPA1 saw topological rear-
rangements stretching from the primary module of the ARD 
(AR10–AR15; Cordero-Morales et al., 2011) through the linker 
region composing the loops, β-sheets, pre-S1 helix, and TRP-like 
domain, suggesting that these are the critical regions involved 
in the opening and closing of the pore.

The primary module of the ARD (Fig.  6, star 1) undergoes 
changes for all tested modulators. Of particular interest are 
the changes seen on treatment with A-967079 and NMM. On 
A-967079 treatment, peptide I460–Q468, which forms the sec-
ond helix of AR12, becomes protected from cleavage. This is far 
away from the binding site of A-967079 and the pore, indicat-
ing that binding of this ligand induces allosteric conformational 
changes in the protein. From recent cryo-EM data of the TRP 
channel no mechanoreceptor potential C (Jin et al., 2017) and the 
different subpopulations resolved, it was proposed that the force 
experienced by the channel in the N terminus could be trans-
duced to the linker region via the spring-like ARs. Our limited 
proteolysis data corroborate these structural observations. In the 
NMM-treated TRPA1 sample, peptide D536–T542, found in AR14 
and the AR14-AR15 linker, becomes accessible for cleavage, indi-
cating that NMM induces conformational rearrangement in this 
region. It is interesting to note that this region lies in between 
the two clusters of cysteine residues that were implicated by two 
separate groups (Hinman et al., 2006; Macpherson et al., 2007a) 
to be necessary for channel activation by electrophilic ligands. 
Moreover, mass spectrometric analysis of the NMM-treated 
TRPA1 sample showed that a lot of these critical cysteines (Cys-
193, Cys-415, Cys-463, Cys-622, Cys-634, and Cys-666), along with 
some other cysteines (Cys-31, Cys-45, Cys-66, Cys-89, Cys-105, 
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Figure 4. Effect of A-967079 on TRPA1 conformation. (A and B) MS/MS spectra of doubly protonated ions for A, peptide 460-INT​CQR​LLQ-468 with car-
bamidomethylated cysteine (A) and peptide 1005-STI​VYP​NRPR-1014 (B). (C) Graph of the occurrence of peptide 460-INT​CQR​LLQ-468 and peptide 1005-STI​
VYP​NRPR-1014 in apo- and A-967079–treated TRPA1. Error bar represents mean ± SEM. (D) The two peptides (shown in red) are mapped onto the dimeric 
representation of TRPA1; the binding pocket for A-967079 is shown in blue.
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Cys-214, Cys-259, Cys-274, Cys-541, Cys-609, and Cys-1087), 
were modified by NMM, indicating that NMM binding to TRPA1 
could lead to disruption of some existing disulfide bonds and for-
mation of new disulfide bonds (Wang et al., 2012), making the 
536–542 region accessible to trypsin cleavage.

For all of the modulators, the data show that the linker regions 
between the TMD and the two cytosolic domains play a major 
role in channel gating and experience conformational changes. 
On the N-terminal side (Fig.  6, star 2), the pre-S1 helix and a 
linker domain made of two helix-turn-helix motifs connected by 
two antiparallel β sheets harbor some of the cysteine and lysine 
residues (C622, C642, C666, and K710; Fig. 3 D) that are required 
for activation by electrophilic ligands (Hinman et al., 2006; 
Macpherson et al., 2007a). The nonelectrophilic modulators also 

modify this region, as menthol, PF-4840154, and A-967079 treat-
ment all cause a conformational change in the pre-S1 helix, as 
peptide E707–K712, comprising the majority of the pre-S1 helix, is 
protected from the proteolytic effect of trypsin in all three cases. 
On the C-terminal side, the linker regions and TRP-like domain 
form the connection to the TMD. Peptide S1005–R1014, which is 
found in the linker connecting the C-terminal coiled coil to the 
TRP-like domain, is protected from cleavage in the presence of 
both NMM and A-967079 despite being highly flexible. This is 
intriguing, because the binding site of A-967079 is very close to 
the pore in the TMD, but it somehow causes structural rearrange-
ment in the linker region (Fig. 6, star 3). These behaviors of TRPA1 
can potentially be explained by the structural proximity of the 
linkers connecting the N terminus and the C terminus to the TMD, 

Figure 5. Dimer representations of TRPA1 showing additional regions of miscleavage upon ligand interaction. Miscleaved regions are mapped onto the 
dimeric representation of TRPA1. (A) Residue R423 (highlighted in dark green) was protected, and residues R1004 and R1014 (highlighted in pink) were exposed 
for miscleavage upon treatment with NMM. (B and C) Residues that were exposed for miscleavage upon treatment with PF-4840154 (B) or menthol (C) are 
highlighted in pink. (D) Residue R423 (highlighted in dark green) was protected from miscleavage, and several other residues were exposed for miscleavage 
(highlighted in pink) upon treatment with A-967079.
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as seen in the cryo-EM structure. The TRP-like domain, which 
lies parallel and close to the inner leaflet of the membrane, can 
interact with the pre-S1 helix and the S4–S5 linker. Furthermore, 
in the case of TRPV1, it has been proposed that the area encom-
passing S4, the S4–S5 linker, S6, and the TRP domain is critical 
for opening or closing the channel. Both agonist (RTX/DkTx) and 
antagonist (capsazepine) bind to the same pocket but trigger dif-
ferent structural rearrangements, one leading to channel opening 
and the other to its closing (Gao et al., 2016). It is possible that a 
very similar mechanism also exists for TRPA1 modulation by dif-
ferent ligands, and our data validate this by revealing that across 
different classes of ligand, the entire linker region is vital in gov-
erning the ion-conducting path. It is likely that this mechanism is 
conserved throughout the TRP channel family.

Although our study highlights the conformational changes 
specific to different gating states of the mouse TRPA1 ion chan-
nel, it has some limitations because of sample preparation. The 
mouse TRPA1 channel has been shown to require Ca2+ ions and 
polyphosphates for its activation (Cavanaugh et al., 2008), but 
in our study, we used purified full-length mouse TRPA1 that had 
been reconstituted in amphipol A8-35 without the addition of 
IP6, and only trace amounts of Ca2+ were present in our buf-
fers. The human TRPA1 channel purification conditions in the 
cryo-EM study were very similar to ours, with the exception of 
the presence of IP6 in the buffers. Based on our previous work 
(Cvetkov et al., 2011; Wang et al., 2012), the presence of IP6 is not 
necessary for channel purification, but it would be important in 
our future experiments to test how IP6, together with Ca2+, influ-
ences the conformational changes in the channel in the presence 
of different modulators. Like other TRP channel structural biol-
ogy groups, we also used amphipol A8-35 to stabilize purified 
protein for our analysis; however, we could not resolve confor-
mational differences in the transmembrane region of the chan-
nel using in-solution MS. This is likely because of the presence 
of A8-35 in the mouse TRPA1 transmembrane region, shielding 
it from proteolysis.

It is also very important to note that the methods used in 
this current study do not fully allow us to interpret how local 
conformational changes in the mouse TRPA1 result in the over-
all conformational changes of the channel. Although further 

cryo-EM and MS studies are required to visualize the molec-
ular mechanism of TRPA1 gating, our data suggest that, for 
all ligand classes, the primary module of the ARD, the pre-S1 
helix, the TRP-like domain, and the linker regions of the chan-
nel are vital for conformation changes in the channel that lead 
to channel opening.
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