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(Bacl(ground: The TRPALI ion channel plays critical roles in pain and inflammatory processes.
Results: A TRPA1 structure is presented at 16-A resolution with docked molecular models.
Conclusion: Channel activation could involve conformation changes resulting from ligands binding in a pocket proposed to

Significance: Structural-functional understanding of TRPA1 is important for resolving fundamental pain and inflammatory
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Transient receptor potential ankyrin 1 (TRPA1) is a non-se-
lective ion channel, which is expressed in nociceptor sensory
neurons and transduces chemical, inflammatory, and neuro-
pathic pain signals. Numerous non-reactive compounds and
electrophilic compounds, such as endogenous inflammatory
mediators and exogenous pungent chemicals, can activate
TRPA1. Here we report a 16-A resolution structure of purified,
functional, amphipol-stabilized TRPA1 analyzed by single-par-
ticle EM. Molecular models of the N and C termini of the chan-
nel were generated using the I-TASSER protein structure pre-
diction server and docked into the EM density to provide insight
into the TRPA1 subunit organization. This structural analysis
suggests a location for critical N-terminal cysteine residues
involved in electrophilic activation at the interface between
neighboring subunits. Our results indicate that covalent modi-
fications within this pocket may alter interactions between sub-
units and promote conformational changes that lead to channel
activation.

The transient receptor potential (TRP)? channel superfamily
is one of the largest families of cation channels, having
orthologs in most eukaryotes (1, 2). On the basis of amino acid
sequence homology, a total of 28 members of the mammalian
TRP family have been subdivided into six major branches:
TRPV, TRPC, TRPM, TRPA, TRPP, and transient receptor
potential mucolipin. TRP channels are predicted to be tetram-
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ers, with each subunit consisting of six transmembrane helices
and cytoplasmic N and C termini of varying sizes (3-5). The
pore, thought to form between transmembrane helix 5 (TM5)
and TM6 of each monomer, becomes non-selectively permea-
ble to cations in response to a wide variety of physical, chemical,
and thermal stimuli (6, 7). The cytoplasmic termini of TRP
channels contain different domains that are used to define the
six subfamilies (8). To further understand TRP channel func-
tion and regulation, it is important to determine structures for
multiple TRP family members and to unravel structural differ-
ences between them.

The founding member of the TRP superfamily was identified
in Drosophila nearly 50 years ago (9). However an atomic reso-
lution structure for a full-length TRP channel is not yet avail-
able. Isolated domains of TRP channels have been solved by
x-ray crystallography or NMR, including the a-kinase domain
of TRPM7 (10), the ankyrin repeat domains from the TRPV
subfamily of proteins (11-15), the C-terminal cytoplasmic
coiled-coil domains of TRPM7 and TRPP2 (16, 17), and the EF
hand domain of TRPP2 (18, 19). These partial atomic structures
are useful for understanding channel regulation/modulation
and enhance the interpretation of moderate resolution full-
length TRP channel structures (20).

Four full-length TRP channel structures have been studied
by electron microscopy (20), including TRPV1 (21), TRPV4
(22),and TRPC3 (23, 24), and TRPM2 (25). Three-dimensional,
cryo-EM structures of TRPV1 and TRPV4 were refined to 19-A
and 35-A resolution, respectively, using the EMAN software
package (26). These structures are remarkably similar in size,
and both contain two distinct regions likely corresponding to
the TM and cytoplasmic domains of the channel (21, 22). Fur-
thermore, molecular modeling of the full-length TRPV1 chan-
nel showed similar subunit organization (27). Cryo-EM struc-
tures of TRPC and TRPM channels were dissimilar to the TRPV
structures, which could be due to structural variance among
TRP subfamilies or differences in protein preparation (8, 20).
The molecular size and structural topology of TRPC subfamily
members are predicted to be similar to the TRPV subfamily.
However, the 15-A cryo-EM structure of TRPC3, determined
using the SPINNS algorithms (28 —31), appears to diverge from
the overall architecture found for the TRPV channels. The vol-
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ume of the structure is more than two times larger than the
expected size of the TRPC channel and features an open “lace-
like” shape (23, 24). Using the same SPINNS algorithm, the
structure of TRPM2 was solved at 28-A resolution using nega-
tive-stain EM, and a “bell-like” architecture was found. The
overall TRPM2 structure is more dense and smaller in size than
TRPC3 structure although its molecular weight is almost two
times larger than TRPC3 (25).

In short, previous structural analyses using electron micros-
copy have revealed disparate TRP channel topologies (see also
reviews in Refs. 8, 20). This could be due to the overexpression
systems used or the purification conditions, which involved
various detergents (decyl maltoside, dodecyl maltoside) and
detergent concentrations. It is conceivable that detergents
could induce TRP channel structural variations. Therefore, we
chose to use an amphipathic polymer (amphipol) A8-35 in
place of detergent. A8-35 is thought to provide a more native-
like environment for a membrane protein (32) and has been
utilized in a variety of NMR and electron microscopy structural
studies (33—38). One advantage of amphipols is their ability to
bind tightly to the transmembrane portion of the protein,
which allows the protein to remain soluble in buffers that con-
tain no detergent or excess amphipol (39). Five EM structures
have been determined using A8-35, including two structures
for proton ATP synthase as well as structures of bacteriorho-
dopsin, mitochondrial complex I, and supercomplex B
(LIII,IV,) (33—38). A8-35 was shown to preferentially interact
with the TM portion of proteins (34), forming an approximately
10- to 20-A belt along the TM regions that could be detected
using EM (37, 40). These studies also demonstrate that deter-
gent can be exchanged for A8-35 amphipol while preserving the
fold and stability of membrane proteins (34).

In this study, we focused on the TRPA1 channel, the single
mammalian member of the TRPA subfamily. TRPA1 contains
between 14 and 17 N-terminal ankyrin repeats per subunit and
a potential C-terminal coiled-coil domain (41). TRPA1 is of
particular interest as a drug target (42) because of its expression
in nociceptor sensory neurons (43) and its capacity to transduce
a wide variety of noxious chemical stimuli into action poten-
tials. TRPA1 is activated by a variety of electrophilic com-
pounds, including endogenous inflammatory mediators, prod-
ucts of oxidative stress, and exogenous pungent chemicals.
These electrophiles are thought to bind covalently to conserved
cysteine and lysine residues in the N-terminal domain (44— 49).
Channel activation is also achieved by a variety of chemically
unrelated non-reactive small molecules such as menthol, icilin,
camphor, thymol, and tetrahyrocannabinoid (50 -55). Because
of its capacity to respond to such a wide variety of chemical
compounds, TRPA1 is considered critical for noxious chemical
sensation, inflammatory signaling, and physiological and
pathophysiological pain sensation (56). Structural elucidation
of TRPA1 would provide a valuable starting point for rational
analgesic design.

Here we present the mouse TRPA1 structure determined
from projections of negatively stained, solubilized TRPA1 com-
plexes to 16-A resolution. We overexpressed the mouse TRPA1
channel in Saccharomyces cerevisiae, purified the channel, and
used Ca”>™" flux assays to confirm the functionality of the recon-
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stituted channel. Exchanging the detergent to A8-35 amphipol
stabilized purified TRPA1 and allowed us to obtain highly
monodisperse TRPA1 channel preparations suitable for single
particle analysis. The overall molecular architecture of the
channel resembles the topology of TRPV and other ion chan-
nels (8, 57), having a tetrameric assembly with a compact trans-
membrane domain and a basket-like cytoplasmic domain
structure. To enhance the interpretation of the TRPA1 EM
map, molecular models of TRPA1 N- and C-terminal domains
were generated using the I-TASSER protein structure predic-
tion server and docked into the EM density. This provided
insight into the TRPA1 subunit organization and putative
ligand binding pockets. Our structural analysis suggests a pos-
sible location for the critical cysteines involved in electrophilic
activation.

EXPERIMENTAL PROCEDURES

Expression and Purification of TRPAI—Mouse TRPA1
c¢DNA was obtained from Dr. David Corey (Harvard Univer-
sity) and modified by PCR to include 5" Spel and 3" Mlul restric-
tion enzyme sites. The C terminus was tagged with a 1D4
immunoaffinity epitope (TETSQVAPA) for purification pur-
poses. This construct was subcloned into the yeast expression
vector YEpHIS (58), which contains a constitutive PMA1 pro-
moter, and then the protein was overexpressed in the protease-
deficient S. cerevisiae yeast strain BJ5457 (59). Yeast cells were
disrupted with a microfluidizer (M-110Y, Microfluidics, New-
ton, MA), and plasma membranes were isolated as described
previously (59). Plasma membranes were solubilized by stirring
for 1 h at4 °C in 10 mm Fos-Choline 12 (FC12), 20 mm HEPES
(pH 8.0), 150 mm NaCl, 1.0 mm DTT, 1 mm PMSF, and 10%
glycerol. Insoluble material was removed by centrifugation at
100,000 X g for 45 min. The supernatant containing TRPA1
was mixed with CNBr-activated Sepharose 4B coupled to 1D4
antibody. After binding overnight at 4 °C, the column was
packed and washed with 20 mm HEPES (pH 8.0), 150 mm NaCl,
1.0 mm DTT, 10% glycerol, and 3.0 mm FC12 (wash buffer).
TRPA1 was eluted with 3 mg/ml 1D4 peptide (GenScript USA,
Piscataway, NJ) added to the wash buffer. The protein was con-
centrated (Millipore Amicon Ultra 50K Ultracel) and subjected
to size-exclusion chromatography using a Superose 6 column
with wash buffer (BioLogic DuoFlow chromatography system,
Bio-Rad). Purified protein was resolved by electrophoresis on a
4-20% Tris-glycine SDS-PAGE gel (Invitrogen) to analyze
purity and apparent molecular weight.

Following purification of TRPA1, FC12 detergent was
exchanged for A8-35 using methods described previously with
some modifications (36). Briefly, TRPA1 in FC12 was incubated
with A8-35 at a protein:amphipol ratio of 1:2.3 (w/w) for 4 h
while gently rotating at 4 °C (see Fig. 1B). The sample was
diluted below the critical micelle concentration of FC12 (1.5
mMm) using detergent-free wash buffer (20 mm HEPES (pH 8.0),
150 mm NacCl, 10% glycerol, 1.0 mm DTT). Dialysis in a 20,000
molecular weight cutoff Floatalyzer G2 (SpectrumLabs) was
performed overnight at 4 °C in a volume of detergent-free wash
buffer that was 80 —100 times the sample volume and contained
a 250X excess of BioBeads relative to FC12 detergent in the
sample (w/w). To remove any remaining detergent and verify
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the tetrameric assembly of TRPA1 in A8-35, gel filtration was
performed on a Superose 6 column pre-equilibrated with deter-
gent-free wash buffer. Approximately 3050 ug of amphipol-
stabilized TRPA1 was obtained per liter of yeast culture.

Reconstitution and Ca®" Flux Assays—To test functionality
of the purified channel extracted by detergent, Ca®> " -flux meas-
urements were performed on TRPA1 channels reconstituted
into SUVs using a method described previously (21). In brief, 60
mg of soybean asolectin (L-a-phosphatidylcholine, Type II-S,
Sigma-Aldrich) was solubilized with 3 ml of 400 mm n-octyl-3-
D-glucopyranoside (Anatrace) in reconstitution buffer (25 mm
Tris-HCI (pH 8.0), 150 mm NaCl, 5 mm CaCl,). Purified TRPA1
channel (0.5 mg) was mixed with the solubilized lipid and dia-
lyzed against 5 liters of reconstitution buffer for 2—4 days at
4 °C using a 10,000 molecular weight cutoff Slidelyzer (Thermo
Scientific). The Ca®*-containing vesicles were passed through
Econo-Pac 10DG columns (Bio-Rad) and incubated with a
chelating resin for 5 min (Chelex-100, Bio-Rad) to remove
extravesicular Ca®>*. A fluorescent Ca®" -indicator dye; Fura-2
(Invitrogen); HPLC-purified allicin (LKT Laboratories, St. Paul,
MN); and all pipette tips, stir bars, and plastic ware used in the
experiments were prepared in metal-free form by adding or
soaking in Chelex-100 resin.

Fluorescence measurements were performed with a Quanta-
Master 4 fluorimeter (Photon Technologies International). The
vesicles were transferred into 2-ml quartz cuvettes, and 5 um
Fura-2 was added. With increasing Ca>" concentration, the
maximum fluorescence excitation of Fura-2 blue shifts so that
the ratio of excitation intensity at 340 to 380 nm can be used to
quantitate Ca®>" release from the vesicles. TRPA1-mediated
vesicular calcium release was initiated by addition of 50 um
allicin, a TRPA1 activator especially prevalent in garlic (60).
Allicin was added directly to the cuvette while stirring, and the
excitation at 340 nm was continuously recorded at an emission
wavelength of 510 nm. After the signal reached maximal inten-
sity, an excitation spectrum from 300-400 nm was recorded
and used to calculate Ca®>* concentration. The Ca>"-selective
ionophore ionomycin (2 um) was used to elicit maximum Ca?*
release (21).

Circular Dichroism Spectroscopy—Circular dichroism spec-
tra were collected on an Aviv 215 spectrometer at 10 °C using a
1-mm path length quartz cuvette. For each sample, three
sequential scans were taken at 1-nm increments from 200 -250
nm. Protein concentrations ranged between 0.8-1.0 um and
were determined on a Beckman Coulter Du 530 spectropho-
tometer using an extinction coefficient of € = 109,015
M~ 'cm ™! at 280 nm, which was calculated using ExPasy Prot-
Param. The assay buffer contained 20 mm sodium phosphate
(pH 7.8), 150 mm NacCl, 1.0 mm DTT, 10% glycerol, and 3 mm
FC12. Scans were corrected by subtracting the buffer-only
trace. Secondary structural analysis was conducted using the
CONTINLL and SELCONS algorithms of the CDPro software
suite (61, 62). A reference set suitable for membrane proteins
was selected for the calculations (IBasis 10, SMP56) (62).

Electron Microscopy, Image Processing, and Modeling—A
3-ul sample of purified, A8-35 stabilized TRPA1 was adsorbed
on carbon film-coated copper grids, washed with three droplets
of pure water, and subsequently stained with 1% uranyl acetate.
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Data were acquired on an FEI Tecnai F20 TWIN microscope
operated at 200 keV under low-dose conditions (20 electrons/
A?). Images were collected at a nominal magnification of
X55,000 at various defocus values between —0.5 to —1.5 um
and recorded with a Gatan US4000 UHS charge-coupled device
camera (4KX4K). Particles (8,505 total) were boxed using the
e2boxer interactive procedure built into the EMAN2 software
package (63). Contrast transfer function correction was accom-
plished using phase-flipped particles with a high-pass filter
using the new methodology developed in the EMAN?2 software
package. Initial models were produced with e2initialmodel
using C1 and C4 symmetry on the basis of the generated refer-
ence-free class averages from the e2refined2d program. The
final 3D map was refined using standard iterative projection-
matching, class-averaging and Fourier reconstruction in
EMANZ2 (63). The mouse TRPA1 protein sequence was submit-
ted to the I-TASSER online modeling program, which gener-
ates three-dimensional structure models by multiple-threading
alignments and iterative structural assembly simulations (64—
66). TRPA1 map segmentation and domain fitting was carried
out using methods implemented in Segger, a segmenting tool
available through the Chimera visualization software (67, 68).

RESULTS

Expression, Purification, and Functional Analysis of TRPA1—
A heterologous yeast S. cerevisiae expression system, which has
been successfully utilized for several membrane proteins,
including TRPV1 (21, 59), was used to express and purify the
TRPA1 channel. 1D4 monoclonal antibody affinity chromatog-
raphy (21) was employed to purify the 1D4-tagged TRPA1 pro-
tein, and gel-filtration was performed to isolate the tetrameric
form. The gel filtration profile showed a clear peak correspond-
ing to the 514-kDa tetrameric channel with approximately two
bound FC12 detergent micelles (Fig. 1A). After purification,
TRPA1 was reconstituted into Ca®>*-containing SUVs by deter-
gent dialysis (21), and a fluorescence assay was used to measure
Ca*>" -flux through the TRPA1 channel following activation by
allicin (a membrane-permeable TRPA1 ligand; see “Experi-
mental Procedures”). Fig. 2A shows the fractional Ca®" release
from empty (1.5 £ 8.0%) and TRPA1-containing (57.7 = 3.0%)
vesicles upon addition of 50 um allicin normalized to the max-
imum Ca®" release upon addition of 2 um ionomycin. Maximal
reconstitution efficiency required an excess of lipid to protein
and results in the formation of some liposomes that do not
contain a channel (21, 69). On the basis of previous methods for
estimating channel reconstitution efficacy (70), we calculated
that there is approximately one TRPA1 channel in 50% of the
vesicles. These results demonstrate that TRPAL1 is a functional
channel after extraction and purification in FC12 detergent.
Electron microscopy verified vesicle formation (Fig. 2B), and
SDS-PAGE analysis of the vesicles confirmed the presence of
TRPALI (Fig. 2C).

TRPA1 Stabilization with A8-35 Amphipol—After purifica-
tion, the FC12 detergent was exchanged for A8-35, using pre-
viously published methods (36) with some modifications (see
Fig. 1B and “Experimental Procedures”). The gel filtration pro-
file confirmed the formation of the TRPA1-A8-35 complex,
eluting in a sharper peak than the FC12-solubilized TRPA1 at
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FIGURE 1. Purification, amphipol exchange, and CD analysis of heterologously expressed mouse TRPA1. A, representative gel filtration chromatograph
of mouse TRPA1 in FC12 detergent on Superose 6. The molecular mass of tetrameric TRPA1 with bound detergent s in close agreement with the observed peak
at approximately 550 kDa. SDS-PAGE analysis of TRPA1 in FC12 (inset) after gel filtration indicates a purity > 95%. B, method and proposed mechanism of
detergent-amphipol exchange for TRPA1 (see “Experimental Procedures” and Ref. 32). G, gel filtration chromatograph of mouse TRPA1 in A8-35 amphipols on
Superose 6. A single peak elutes at approximately 500 kDa. SDS-PAGE analysis of TRPA1 in A8-35 (inset) after gel filtration indicates a purity > 95%. Fraction 14
was used for EM imaging. D, representative circular dichroism spectrum of purified TRPA1 in FC12 detergent (circles) and A8-35 amphipols (squares). Pro-
nounced peaks near 210 and 222 nm indicate a folded protein of high a-helical content in both samples.

an apparent molecular mass of 500 kDa corresponding to a
tetrameric complex (Fig. 1C). In addition, circular dichroism
spectroscopy was used to verify global folding of the purified
tetramer and to measure the secondary structure composition
of the extracted, purified channel. The far ultraviolet CD spec-
trum of TRPA1 had negative peaks near 210 and 222 nm, con-
sistent with a protein of high a-helical content (Fig. 1D) (71,
72). Using the CDPro software suite, the secondary structure
composition of TRPA1 was estimated from the CD spectra. The
CONTINLL and SELCONS3 algorithms both estimate that
TRPA1 is composed of 50-60% «-helices, 5-10% B-sheets,
15-20% turns, and 20 —30% unordered structure (35-50% total
coiled structure). The secondary structure did not significantly
change after exchange of FC12 detergent with A8-35 amphipol.
The secondary structure composition prediction from the
I-TASSER program (64) was similar to the results obtained
from experimental approaches (53% oa-helices, 2% B-sheets,
and 44% total coiled structure).

Electron Microscopy and Three-dimensional Reconstruction
of TRPA1—In the gel filtration chromatograph of TRPA1-A8-
35, a small shoulder is visible in the peak, likely representing a
small fraction of TRPA1 bound to FC12. To avoid heterogene-

NOVEMBER 4, 2011« VOLUME 286+NUMBER 44

ity, we used only fraction 14 for EM imaging. The A8-35-stabi-
lized TRPA1 protein was highly monodisperse, as indicated by
single-particle EM images, which show a distribution of TRPA1
molecules in both side views (Fig. 34, boxed areas) and top or
bottom views (Fig. 34, circled areas). Particle images (8505 in
total) were analyzed using the EMAN2 software package (63).
After contrast transfer function correction, reference-free class
averages and initial models were generated. From reference-
free class averaging, we deduced that the protein consists of two
domains and has four-fold symmetry (Fig. 3B and supplemental
Fig. S1), supporting the biochemical evidence for the tetrameric
assembly of TRPA1. Because initial models generated with and
without four-fold symmetry were in agreement, we continued
image processing with four-fold symmetry imposed on the data
using standard iterative projection matching, class averaging,
and Fourier reconstruction in EMAN2 (63). The consistency
between reference-free class averages, reference-based class
averages, and reprojections of the 3D reconstruction supports
the accuracy of the map (Fig. 3B). The resolution was deter-
mined by splitting data into even and odd halves and computing
the Fourier shell correlation in EMAN?2, which gave a 0.5 value
of approximately 16 A (supplemental Fig. S1).
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FIGURE 2. Agonist-induced Ca>* efflux from TRPA1 small unilamellar vesicles. TRPA1 was reconstituted in soybean asolectin vesicles containing intrave-
sicular Ca* by detergent dialysis as described under “Experimental Procedures,” and Ca®" efflux was measured in response to allicin addition. A, the Ca®™"
efflux data indicate changes in the normalized Fura-2 (5 um) fluorescence ratio (340/380 nm) following addition of 50 um allicin to empty vesicles (1.5 = 8.0%,
white), vesicles with purified TRPA1 (57.7 = 3.0%, gray), and after addition of 2 umionomycin (100 * 7.8%, dark gray) to release the entire intravesicular calcium
store. Data are normalized to the maximal fluorescence ratio observed after addition of ionomycin (n = 5). The fluorescence ratio prior to allicin addition has
been subtracted, and was about 30% of the maximal fluorescence after ionomycin addition. B, cryo-EM micrograph of TRPA1 SUVs on a carbon-coated grid. C,
SDS-PAGE of TRPAT-containing and empty SUVs showing TRPAT incorporation.

FIGURE 3. Single-particle electron microscopy of TRPA1 in A8-35 amphipol. A, representative CCD image of purified TRPA1 rendered soluble by exchange
into A8-35 and subsequently stained with 1% uranyl acetate on a carbon-coated copper grid. A distribution of “side views"” (boxes) and “top views" (circles) are
indicated. Scale bar = 70 nm. The darkened top left corner is a portion of the grid bar. B, representative selections of reference-free class averages (left panel),
four-fold symmetry imposed class averages (center panel) and their back-projections (right panel).

The TRPA1 structure represented in Fig. 4 is at a volume terminus (64%) and C terminus (14%). The dual regions were

threshold corresponding to a protein molecular mass of 525
kDa, which is approximately the size of the TRPA1 tetramer
with an 11-kDa A8-35 belt. The structure is 195 A tall and has
two distinct regions. One region, most likely the TM region, is
70 A tall and 100 A wide (Fig. 4, blue). The other, the expected
cytoplasmic region, is 130 A tall and 120 A wide (Fig. 4, pink).
The primary sequence analysis predicts that 22% of the amino
acids are within the TM and extracellular loop regions, and the
remainder of the sequence is contained in the cytoplasmic N
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assigned using segmentation and fitting methods implemented
in Segger, available in the visualization software Chimera (67,
68). Furthermore, the TRPA1 TM region clearly has two dis-
tinct outlines (Fig. 4, top view): an upper TM portion of the
TRPA1 channel (70 A X 70 A) and a wider volume in the lower
portion of the TM (100 A X 100 A). The former would com-
prise the TRPA1 exterior TM region, whereas the latter possi-
bly represents an A8-35 belt interacting with the TM region of
TRPA1 (Fig. 4 and supplemental movie S1). The expected cyto-
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Side and Cut-Away Views

Top View Bottom View

FIGURE 4. Three-dimensional reconstruction of TRPA1. The final 3D recon-
struction of TRPAT1 is presented at a threshold corresponding to a molecular
mass of 525 kDa. The proposed transmembrane domain (TM, blue) and cyto-
plasmic domain (CP, pink) are indicated. Side, cut-away, top, and bottom
views of the reconstruction are shown. The cut-away view shows the internal
cavity in the TRPA1 EM density. Segmentation was accomplished using Seg-
ger. Scale bar = 10 nm.

plasmic region of TRPA1 presents a compact, basket-like archi-
tecture reported previously for other ion channels (57).
Molecular Modeling and Docking into the TRPA1 EM Map—
To interpret the TRPA1 EM map, we used molecular modeling
and docking methods. For the TM domain, Dr. Fernandez Bal-
lester provided his published molecular models for the TRPV1
channel in the closed and desensitized states, which were con-
structed using homology modeling based on the Kv1.2 K*
channel (27). Using Segger, the TM domain from both the
closed and the desensitized TRPV1 models could be placed into
the proposed TM region of TRPA1 as displayed in Fig. 5 and
supplemental movie S2 (67, 68). For the cytoplasmic domains,
the I-TASSER server was used to generate 3D models from the
N- and C-terminal TRPA1 sequences. The I-TASSER server
generates 3D atomic models by conducting multiple folding
simulations on the basis of templates that it identifies as struc-
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tural homologs in the Protein Data Bank (PDB) (64). All models
corresponding to the N terminus of TRPAI (residues 1-721)
predicted an ordered region of 12 ankyrin repeats (residues
31-437) and a more flexible downstream region (residues 438 —
721). The I-TASSER server used the crystal structure of the 12
ankyrin repeat stack from human ankyrinR (PDB 1N11) and the
crystal structure of the ankyrin repeat domain of TRPV2 (PDB
2ETB) as template structures to assemble the N-terminal
model of TRPA1. We utilized Segger for fitting and manual
placement of these N-terminal models into the TRPA1 electron
microscopy map. Although the TRPA1 reconstruction does not
have sufficient resolution to allow unambiguous fitting (67, 68),
the I-TASSER predicted model for the 12 ankyrin repeats (res-
idues 1-667) could be placed within the cytoplasmic domain of
the density map, leaving an open cavity in the center of this
domain, as was observed in the EM density map (Figs. 4 and 5
and supplemental movies S1 and S2).

I-TASSER only returned one model with a suitable confi-
dence score for the C terminus (residues 964—1125). This
model was based on the crystal structure of the Mycobacterium
tuberculosis SecA protein (PDB code 1NKT), and was manually
placed into the 3D density map immediately below the pre-
dicted TM region within the region linking it to the cytoplasmic
domains (Fig. 5).

Mutagenesis studies have identified five cysteines and two
histidine residues important for TRPA1 activation by electro-
philic compounds and Zn>*, respectively (44, 46, 73). The loca-
tions of these residues are highlighted in the modeled N- and C
termini fitted into the TRPA1l density map (Fig. 5). This
arrangement generates testable hypotheses for channel activa-
tion mechanisms in future studies. Taken together, this TRPA1
map reconstruction with protein modeling provides the first
insight into the overall TRPA1 channel organization.

DISCUSSION

TRP channels are a family of cation channels that are
involved in many sensory transduction pathways, including
vision, hearing, touch, pain, and thermo- and mechano-sensa-
tion. In this study, we have determined the structure of one of
the members of the TRP family, mouse TRPA1I, using single-
particle electron microscopy on purified protein heterolo-
gously expressed in S. cerevisiae. We confirmed that the
expressed and purified TRPA1 protein forms functional chan-
nels within reconstituted vesicles. The TRPA1 structure pro-
vides clear evidence for a tetrameric assembly of TRPA1 with
features resembling ankyrin repeats in the cytoplasmic portion
of the protein. Furthermore, molecular modeling of the TRPA1
channel allows dissection of the subunit organization of the
channel and reveals a possible ligand-binding pocket for pain-
evoking electrophilic compounds.

Previous EM structural studies on a subset of TRP channels
revealed the overall architecture for the TRPV, TRPC, and
TRPM subfamilies (21-25). However, these intermediate-res-
olution structures have generated debate because of unex-
plained, significant differences between them. Two possibilities
for the structural disparities are profound evolutionary diver-
gence or differences in protein preparation. All these structures
were determined in the presence of detergent, which could
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FIGURE 5. Model TRPA1 placement into EM 3D reconstruction. A, the modeled TRPV1 TM domain in the closed state (blue ribbon, Ref. 27) was fit into the
proposed TM domain of the 3D structure (pink) using the Segger program in Chimera. The N-terminal (green ribbon) and C-terminal (purple ribbon) sequences
were modeled using I-TASSER and placed within the proposed cytoplasmic domain. Conserved cysteines involved in electrophilic activation in the mouse
(Cys-415, Cys-422, Cys-622), human (Cys-622, Cys-642, Cys-666), and Drosophila (Cys-622, Cys-642) homologs are highlighted in the zoomed-in view (ball-and-
stick structures and labeled, right panel). Histidines involved in zinc activation are also indicated (yellow). The EM map has been deposited into the EMDB
(accession number EMD-5334). B, comparison of the TRPA1 3D reconstruction map fitted with TM domain of the closed TRPV1 model (blue ribbon, full structure,
see Ref. 27) and desensitized TRPV1 model (magenta ribbon, full structure, see Ref. 27) placed into the 3D electron microscopy reconstruction of TRPA1 along
with the I-TASSER models of the N termini (green ribbon) and C termini (purple ribbon).

potentially induce artifacts. For example, detergents have a
tendency to adhere to both the TM and soluble domains of
membrane proteins (74-76). This could introduce additional
mass or structural disturbances, which could be the cause for
the slight differences between the TRPV1 and TRPV4 3D
reconstructions. Therefore, we chose to stabilize the TRPA1
channel with A8-35 amphipol. The amphipol A8-35 has proven
to be an effective agent for maintaining membrane proteins in a
soluble, stabilized state. Amphipols have a high affinity for the
TM region of membrane proteins and preferentially localize to
these sites, as shown by EM and NMR (39).

Overall, our amphipol-stabilized TRPA1 reconstruction is
similar to the “hanging basket” reconstructions determined for
the TRPV subfamily and other ion channels resolved by EM (21,
22, 57,77-79). The size of our TRPA1 density is in agreement
with its molecular mass, as was observed with the TRPV chan-
nel reconstructions. We were able to fit the molecular model of
the TM region of the TRPV1 channel into the TM region of our
TRPA1 reconstruction. The additional volumetric mass
observed in the TRPA1 EM density (see Figs. 4 and 5) could
represent the A8-35 amphipol molecules, and/or the size of the
TRPA1 pore could be larger than the TRPV1 pore (80— 82). The
dimensions of the TRPA1 cytoplasmic domain are comparable
with the TRPV1 and TRPV4 channel structures, given the
larger molecular weight of TRPA1 (21, 22). In addition, the
molecular models of the N and C termini of TRPA1 fit well into
the 3D EM density of the channel, further validating our EM
reconstruction.
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TRPA1 plays a key role in the transduction of chemical,
inflammatory, and neuropathic pain signals from the periphery
to the brain. It has been found that diverse exogenous electro-
philic compounds (allicin, cinnamaldehyde, allylisothiocya-
nate) and endogenous thiol-reactive inflammatory mediators
(NO, H,0,, 4-hydroxynonenal, 15-deoxy-A'*'*-prostaglandin
J,) can activate TRPA1l. Mutagenesis studies revealed that
TRPA1 activation by electrophiles occurs though covalent
modification of specific N-terminal cysteine residues (44 —46).
From the three species tested, five different cysteine residues
have been proposed to be involved in channel activation
(mouse TRPA1: Cys-415, Cys-422, and Cys-622 (46); human
TRPAIL: Cys-622, Cys-642, and Cys-666 (44); Drosophila
TRPA1I: Cys-622 and Cys-642 (45); mouse numbering through-
out). Mutations of these critical cysteines abolished activation
of TRPA1 by electrophilic compounds, but structurally unre-
lated non-electrophilic agonists were still able to activate the
Cys-mutant TRPA1 channels (44 —46). Subsequent studies on
human TRPA1 showed that Cys-422 was also important for
response to electrophilic inflammatory mediators in the human
channel and that Cys-415 was important for response to both
reactive and non-reactive activators (48), raising the possibility
that all five cysteines play a conserved role in TRPA1 structure-
function. Taking these studies together, it has been proposed
that the N terminus of the channel serves as a biosensor for the
detection of a large class of noxious environmental agents that
triggers channel opening.
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In our results, the molecular architecture of TRPA1 revealed
by single-particle EM and molecular modeling suggests a pos-
sible arrangement of the N termini that would bring the more
organized region of the ankyrin repeats domain (residues
31-437) into close proximity with the more flexible region (res-
idues 438 — 667) of the adjacent monomer (Fig. 5). We observed
that the important mouse TRPA1 cysteine residues (Cys-415,
Cys-422, Cys-622) form a ligand-binding pocket within this
predicted structure. More specifically, Cys-415 and Cys-422
from one subunit could interact with the Cys-622 located on a
flexible loop on the adjacent subunit. Cys-642, another cysteine
implicated in human and fly TRPA1 electrophilic activation, is
also notably located on the same flexible loop as Cys-622, and
Cys-666 is on a flexible loop that could also interact with this
cysteine pocket. This suggests that the mouse, human, and fly
homologues of the TRPA1 channel need not be markedly struc-
turally divergent to account for the functional differences
between them. It is currently not known how covalent cysteine
modifications may translate into protein activation. Because
the cysteine binding pocket in our model bridges adjacent sub-
units, it is possible that covalent modifications within this
pocket could facilitate or disrupt interactions within or
between subunits and promote conformational changes in the
cytoplasmic domains of TRPA1 that lead to channel gating (83).
This hypothesis should be taken with caution, given that the
N-terminal domain was modeled separately from the TM
domain. However, with this in mind, our proposed arrange-
ment of the N termini in the TRPA1 structure is in agreement
with the mutagenesis studies that identified these important
residues (44— 46). To further our understanding of TRPA1-me-
diated pain mechanisms, both structural and functional exper-
iments will be required to dissect the details of how these
ligands activate the channel leading to signal transduction.

In conclusion, we present a ligand-free structure of TRPA1
combined with molecular modeling that delineates subunit
organization and presents proposed locations for ligand bind-
ing. Together, these complimentary techniques have allowed us
to extend our understanding of the TRPA1 ion channel molec-
ular architecture.
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