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Article
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Abstract: TRPA1 (Transient Receptor Potential Ankyrin 1), a cation channel predominantly
expressed in sensory neurons, plays a critical role in detecting noxious stimuli and mediating pain
signal transmission. As a key player in nociceptive signaling pathways, TRPA1 has emerged as a
promising therapeutic target for the development of novel analgesics. Crotalphine, a 14-amino acid
peptide, has been demonstrated to specifically activate TRPA1 and elicit potent analgesic effects.
While previous cryo-EM (cryo-electron microscopy) studies have elucidated the structural
mechanisms of TRPA1 activation by small-molecule agonists, such as iodoacetamide, through
covalent modification of N-terminal cysteine residues. However, the molecular interactions between
TRPAL1 and peptide ligands, including crotalphine, remain unclear. Here, we present the cryo-EM
structures of ligand-free human TRPA1 and the TRPAl-in complex with crotalphine at the
resolutions of 3.1 A and 3.8 A, respectively. By combining single-particle cryo-EM studies, patch-
clamp electrophysiology, and microscale thermophoresis (MST), we have identified the cysteine
residue at position 621 (Cys621) within the TRPA1 ion channel as the primary binding site for
crotalphine. Upon binding to the reactive pocket containing C621, crotalphine induces rotational and
translational movements of the transmembrane domain. This allosteric modulation coordinately
dilates both the upper and lower gates, facilitating ion permeation.

Keywords: crotalphine; TRPA1; binding site; cryo-EM; structual comparisons

1. Introduction

Transient receptor potential (TRP) channels are considered to be one of the largest superfamilies
of ion channels, which are ubiquitously expressed and functionally diverse across eukaryotic
organisms [1]. Canonical TRP channels are tetramers and are phylogenetically classified into seven
subfamilies, comprising a total of 28 distinct channel proteins in mammals. Among these, transient
receptor potential Ankyrin 1 (TRPA1) is the sole member of the TRPA subfamily present in mammals
[2-5].

TRPA1 is a non-selective cation channel localized on the plasma membrane, which exhibits
permeability to various cations, including sodium (Na+) and calcium (Ca2+) ions [6,7]. It is widely
expressed in sensory neurons of the dorsal root, trigeminal, and nodose ganglia [8]. TRPA1 can be
activated by a wide range of irritant chemicals, leading Ca2+ influx and generate cell depolarization
following with transduction of sensory signal, functioning as a nociceptor and playing a role in
mediating pain and inflammation perception [9-12].

The agonists of TRPA1 can be divided into two primary groups: electrophiles that covalently
modify the channel and non-reactive compounds [8,13,14]. Electrophilic compounds activate the
TRPA1 channel via covalent modification of specific cysteine residues located in the cytoplasmic N-
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terminal domain of TRPA1 [15-18]. In contrast, non-reactive agonists induce TRPA1 activation
through non-covalent intermolecular interactions [19,20]. Substantial evidence indicates that TRPA1
serves as a critical therapeutic target for pain management, and both antagonizing the TRPA1 ion
channel and desensitizing its activity represent effective strategies for alleviating pain mediated [21-
25].

Crotalphine, a toxin containing 14 amino acid residues isolated from the venom of the South
American rattlesnake Crotalus durissus terrificus, has been proven to have effective and persistent
antinociceptive effect [26-29]. Unlike opioid drugs, repeated administration of crotalphine does not
induce tolerance, which further emphasizes the therapeutic potential of this peptide in treating pain
[27]. Crotalphine has been demonstrated to act as an agonist of TRPA1 channels, specifically
activating and strongly desensitizing the TRPA1 ion channel. Importantly, the targeting of TRPA1 by
crotalphine and the subsequent desensitization are closely linked to its analgesic effects [30]. The
direct activation of TRPA1 by crotalphine and its subsequent desensitization highlight its potential
role in modulating TRPAl-mediated signaling pathways. Investigating the binding mode of
crotalphine to TRPA1 is of significant importance, as it not only holds the potential to unravel the
intricate mechanisms underlying their interaction but also provides critical insights for the
development of novel TRPA1-targeting therapies. However, the precise binding site of crotalphine
on TRPA1 and the detailed molecular mechanisms governing their interaction remain unresolved.
Therefore, this study aims to identify the specific binding site of crotalphine on TRPA1, offering key
clues to reveal the complex mechanisms of their interaction. Our data clearly demonstrate that C621
is the binding site for crotalphine in the human TRPA1 ion channel.

2. Methods

2.1 Protein expression and purification

c¢DNA of human TRPA1 was cloned into the home-made SmartBM vector (Patent No. ZL 2023
11601025.2), with an EGFP-tag followed by twin-Strep Tag at C-terminal. Baculovirus was generated
according to the manufacturer’s protocol (Bac-to-Bac, Invitrogen) and amplified in SF9 cells at 28°C.
Then, hTRPA1 was expressed in HEK293F cells under the conditions of 37°C and 8% CO». After 12-
16 hours, 10 mM sodium butyrate was added to the cell culture. After an additional 24 hours, the
cells were harvested by centrifugation at 1000 g for 10 minutes and frozen in liquid nitrogen for
further protein purification.

Cells were thawed and resuspended in lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10%
glycerol, 1 mM inositol hexaphosphate (InsPs), 1 mM TCEP, 100 mU/mL, protease inhibitor) at 4°C.
The cell suspension was centrifuged at 35,000 rpm for 45 min at 4°C to collect the cell pellets. The cell
pellets were resuspended in lysis buffer and the lysate was incubated with a final concentration of
1% (w/v) LMNG and 0.2% (w/v) CHS at 4°C for 2 hours. Subsequently, the supernatant was collected
by centrifugation at 35,000 rpm for 45 minutes and 10% (w/w) biolock was added. The supernatant
was then incubated with Strep-Tactin resin at 4°C for 2 hours. The mixture was transferred to a gravity
column and washed with 30 column volumes of a washing buffer (50 mM Tris pH8.0, 150 mM NacCl,
1 mM InsPs, 1 mM TCEP, 0.005%LMNG, 0.001%CHS). TRPA1 protein was eluted with an elution
buffer (50 mM Tris pH8.0, 150 mM NaCl, 100mM biotin, 1 mM InsPs, 0.5 mM TCEP, 0.005%LMNG,
0.001%CHS).

The TRPA1 protein sample was concentrated by ultrafiltration and subsequently incubated
overnight with a quantity of PMAL-C8 that was three times the amount of the protein. Bio-beads was
added to the protein sample and mixed at 4°C for 2 hours, following which they were removed. Then
TRPA1 protein was further purified by size exclusion chromatography (SEC) using Superose 6
increase 10/300 GL within a buffer solution (comprising 50 mM Tris at pH 8.0, 150 mM NaCl, 1 mM
InsPs, and 0.5 mM TCEP). The fractions containing the target protein were collected and concentrated
to an approximately concentration range of 3-6 mg/mL. The concentrated protein was then incubated
with 100 uM crotalphine at 4°C for 10 minutes before preparing the cryo-EM sample.

2.2 Cryo-EM Sample Preparation and Data Acquisition
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3 pL of the incubated complex sample was applied to a glow-discharged Au grid (Quantifoil,
Au R1.2/1.3, 300 mesh) to prepare a cryo-EM sample using Vitrobot Mark IV (Thermo Fisher). The
datasets were collected on a 300 kV Titan Krios (Thermo Fisher) transmission electron microscope
equipped with a K2 camera (Gatan). Utilizing the Serial EM software, movies were recorded. Each
movie contained 32 frames, with a pixel size precisely measured at 1.04 A. The collection was carried
out with an accumulated dose of 60 e/A2.Defocus value was set within the range from -1.0 to -2.0 pm.
2.3 Cryo-EM data processing

For the processing of cryo-EM data, all the major steps were carried out using cryoSPARC 3.2
[31]. After performing CTF estimation on the collected micrographs, high-quality micrographs
suitable for further image processing were obtained. Using the particle template generated from the
previously published TRPA1 map (EMD-21129) to perform particle picking.

For TRPAI, a total of 6,123,453 particles were picked from micrographs and extracted (with 2x2
Fourier binning and a box size of 128 pixels). After one round of 2D classification, 21 classes that
showed clear secondary structure features of TRPA1 were selected. The previously published TRPA1
map (EMD-21128, low-pass filtered to 20 A) was used as the initial volume for Heterogeneous
Refinement. After one round of Heterogeneous Refinement, 482,970 particles were re-extracted and
un-binned (with a box size of 256 pixels) and then subjected to three additional rounds of
Heterogeneous Refinement. One class, which contained 148,984 particles and displayed the most
high-resolution features of the channel, was selected and subjected to Homogeneous Refinement.
This process generated a map with a resolution of 3.08 A, as estimated by the "gold-standard" Fourier
shell correlation (FSC) at the 0.143 criterion. The resolution was further increased to 3.07 A after Non-
Uniform Refinement in CryoSPARC.

For TRPA1-crotalphine complex, a total of 10,750,795 particles were extracted from micrographs
after being picked, with 2x2 Fourier binning applied and a box size of 128 pixels, and then one round
of 2D classification was performed. 1,420,193 particles were selected for the next round of
Heterogeneous Refinement, and the initial volume model used for the complex is the same as the one
used for heterogeneous refinement of TRPA1. 424,524 particles were extracted again, with a box size
of 256 pixels, and then subjected to three more rounds of Heterogeneous Refinement. One class that
contains 203,880 particles was selected for Homogeneous Refinement, and it generated a map with a
resolution of 3.96 A. The resolution was further improved to 3.83 A through Non-Uniform
Refinement. Local Refinement to 3.81 A.

2.4 Model building

To build the atomic model, the TRPA1 structure (PDB 6v9w) was used as a reference for
constructing the TRPA1 model, and the TRPA1 structure (PDB 6v9x) was used as a reference for
constructing the TRPA1-crotalphine complex model. The structure was refined manually in Coot [32]
and was refined automatically using the Phenix-real_space_refine function [33]. Finally, the model
was further refined by Phenix.

2.5 Patch-clamp Electrophysiology in HEK293 cells

HEK 293T cells were transiently transfected with with human TRPA1 (hTRPA1l)-encoding
plasmids. 24 h after transfection, the GFP-positive cells were patch-clamped at room temperature
(25°C) with a HEKA EPCI10 single patch clamp amplifier (HEKA, Lambrecht, Germany). The currents
of TRPA1 were recorded in the whole-cell. After obtaining electrical access, a 200 ms voltage ramp
from -120 mV to +120 mV followed by a return to the holding potential of -80 mV was applied
throughout all compound addition periods to measure the current of TRPA1. For analysis, the current
amplitudes measured at +120 mV were used. The voltage protocol was applied every 10 s during the
experimental recording period. The extracellular solution contained: 137 mM NaCl, 4 mM KCl, 10
mM Glucose, 10 mM HEPES, 1 mM MgClz, 2 mM CaClz, pH 7.4. The intracellular medium consisted
of 140 mM CsCl, 1 mM MgClz, 10 mM HEPES, 5 mM EGTA , 2.6 mM CsCl, pH 7.2. All chemicals
were of analytical grade.

2.6 Microscale thermophoresis (MST)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The equilibrium dissociation constant (Kd) value of crotalphine with respect to the wild-type
and mutant of hTRPA1 was determined using the Monolith NT.115 instrument produced by
NanoTemper. First, 10 uL of the target protein with a concentration of 50 nM and an equal volume
of crotalphine with an initial concentration of 4 uM were incubated on ice for 5 minutes. Then, the
incubated sample was loaded into capillaries and placed into the instrument for the assessment of
the binding affinity. Due to the EGFP fluorescent tag on the protein sample, the nano-blue channel
was directly chosen for measurement. The measurements were carried out at 22°C with 10% LED
power and medium MST power. The data were analyzed using Nano-Temper Analysis software.

3. Results

3.1. The Function and Structure of TRPA1

Full-length human TRPA1 protein was expressed in HEK293F cells and purified to homogeneity
(Figure S1, B and C). Sampls were prepared by flash-frozen and imaged through cryo-EM. Finally,
we determined 3D structures of the ligand-free human TRPA1 at a resolution of 3.1 A (Figure 1A,
Figure S2, A and B). The TRPA1 structure we obtained is consistent with previous cryo-EM studies
19, 34-36. TRPA1 is homotetramer, each subunit is composed of six transmembrane a-helices (51-56),
two pore helices (P1, P2) between the helix S5 and S6, and the large intracellular N-terminal and C-
terminal. Four identical subunits interact with each other to form the central ion permeation pore,
below which the coiled coil (CC) is located. The N-terminal five ankyrin repeat domains (AR12-AR16)
surround CC and connect with the AR1-AR11. Consistent with previous results, our structure is also
insufficient to determine the structure of AR1-AR11 (Figure 1, B, C and E). The ligand-free structure
of TRPA1 is highly similar to the previously resolved ligand-free structure 35, with a root mean
square deviation (RMSD) of 1.021 A for 506 Ca atoms. Furthermore, by comparing the ligand-free
TRPA1 structure with the previously determined closed-state TRPA1 structure bound to the
antagonist A-967079 (A-96) 35, we found that the overall structures of ligand-free and A-96-bound
TRPA1 are highly similar, with an RMSD of 0.806 A for 536 Ca atoms. Structural comparison of the
pore dimensions revealed that both the upper and lower gates in the ligand-free TRPA1 structure
maintain constricted apertures incompatible with ion permeation (upper: 8.1 A; lower: 5.4 A). These
observations indicates that the conformation of our ligand-free TRPA1 adopts a closed-state
conformation (Figure 1D).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Structure of ligand-free TRPA1. (A)The cryo-EM reconstruction map of ligand-free TRPA1. (B)The
structural model of ligand-free TRPA1. (C)The structure of a single TRPA1 subunit with six transmembrane a-
helices (51-S6), two pore helices (P1, P2), coiled coil (CC), and five ankyrin repeat domains (AR12-AR16).
(D)Structural superposition of the ligand-free TRPA1 with previously reported TRPA1 structures (PDB: 6V9Y,
6VIW). (E)A linear diagram depicting the major structural domains of TRPA1.

3.2. Cryo-EM Structure of TRPA1-Crotalphine complex

Consistent with previous findings, we confirmed that crotalphine acts as an agonist of TRPA1 [30]. To
resolve the structure of the crotalphine and TRPA1 complex, after constructing the complex in vitro, samples
were flash-frozen and then collected EM micrographs using a Titan Krios electron microscope. 3D structure of
the human TRPA1 with crotalphine binding was determined at a resolution of 3.8 A (Figure 2, A and B, Figure
S3, A and B). Notably, during atomic model building of the TRPA1-crotalphine complex, we observed significant
unassigned electron density in the C621 binding pocket (Figure 2C), consistent with potential crotalphine
binding at this site. However, the limited resolution of the electron density map in this region prevented
unambiguous modeling and refinement of the crotalphine ligand.

Notable differences were observed between the overall structures of the complex and the ligand-free form,
with a root mean square deviation (RMSD) of 2.974 A for 552 Ca atoms. Structural alignment revealed that the
coiled-coil domain and the cytoplasmic ankyrin repeat domain remain stationary, while the transmembrane
region of the complex undergoes rotation and displacement relative to the stationary domains (Figure 2D).
Specifically, the 51-54 helices within the transmembrane domain of the complex structure exhibit a rotational
displacement relative to their counterparts in the ligand-free structure (Figure 2E). Simultaneously, elongation
and straightening of the S4-S5 linker and the S5 a-helix result in an upward shift and rotation of S5.
Concomitantly, the 56 helix undergoes rotational movement coupled with upward displacement, resulting in

concerted rotational and translational motions of the pore helices (P1 and P2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Structure of TRPA1 in complex with crotalphine. (A)The cryo-EM reconstruction map of TRPA1 in
complex with crotalphine. (B)The structural model of TRPA1 in complex with crotalphine. (C)Local EM density
maps of the Cys621 pocket. (D)Structural superposition of the crotalphine-bound and ligand-free TRPA1 reveals
conformational changes. (E)The structural superposition of the S1-S4 helices between crotalphine-bound and
ligand-free TRPA1. (F)The structural superposition of the S4-S5 linker between crotalphine-bound and ligand-
free TRPAL. (G)The structural superposition of the S5, S6 helices and pore domain between crotalphine-bound
and ligand-free TRPAL.

The motion of transmembrane helices widens both the upper and lower gates of the ion permeation
pathway. The upward movement and rotation of S6 expand the lower gate formed by residues 1957 and V961.
Simultaneously, the movement of the pore helices (P1 and P2) causes the upper gate, formed by residues G914
and D915 within the selectivity filter, to shift upward and dilate. A cross-sectional view of the TRPAI ion
permeation pathway reveals substantial changes in both the upper and lower gates (Figure 3, A-C). Specifically,
the pore diameter of the lower gate expands from 5.4 A to 6.7 A, while the upper gate widens from 8.1 A t0 9.3
A. Comparative structural analysis reveals that the gate apertures in our TRPA1-crotalphine complex structure
exhibit incomplete dilation, with neither the upper nor lower gates achieving the full expansion observed in the
open-state conformation (IA-bound TRPA1 structure) (Figure 3D). This structural observation is consistent with
existing research, which suggests that crotalphine partially activates TRPA1 [30]. Therefore, we propose that the
captured conformation likely represents an intermediate transitional state along the activation process.

By comparing the TRPA1 structures bound with IA and crotalphine, we observed conformational
differences in their transmembrane helices. In the crotalphine-bound structure, the S1-56 helices do not undergo
the complete rotational transition seen with IA binding, and the S4-S5 linker fails to adopt the fully extended
conformation observed in the IA-bound state (Figure 3E-F). The lower gate, formed by 1957 and V961 on the S6
helix, exhibits restricted dilation due to incomplete S6 helix rotation (Figure 3F). The upper gate is located on the
loop between P1 and P2. In the crotalphine-bound structure, the S5 and S6 helices fail to rotate into a fully open

state, preventing the loop between S5 and S6 from adopting its fully open conformation (Figure 3G).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025

Consequently, the pore aperture of upper and lower gate do not expand to the size observed in the fully open

state.
A B TRPA1 +crotalphine
R I E.’, = TRPA1 ligand-free
y S by Upper . . { P
i v gate g
PR LIROA EF e 3 o<
oY £ |Do1s—
\{ 7 b, E 4 \;;
A . ¢ Lower o ~.
o - 1952
L) A, gate Vit
emin £ \ <
TRPAI1 ligand-free TRPA1+CRP —

TRPAI ligand-free TRPA1+CRP

‘ b

Lower

TRPA 1-crotalphine

Figure 3. Changes in the pore region of the TRPA1 ion channel. (A)Cross-sectional view of TRPA1 in the ligand-
free state, showing the upper and lower gates when the pore is in the closed state. (B)Cross-sectional view of
TRPAL in the crotalphine-bound state, showing the upper and lower gates when the pore is in the open state.
(C)Schematic diagram of the pore radius of the TRPA1 ion channel. (D)Schematic representation of pore aperture
dimensions at both upper and lower gates: ligand-free (close), crotalphine-bound, and iodoacetamide (IA)-
bound (open) (PDB: 6V9X) state. (E)Structural superposition of TRPA1 in IA-bound and crotalphine-bound
states. (F)Comparison of transmembrane helix between IA-bound and crotalphine-bound TRPAL.
(G)Comparison of S5-56 structures between IA-bound and crotalphine-bound TRPA1.

3.2. Interaction Between Crotalphine and TRPA1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025

d0i:10.20944/preprints202505.1463.v1

8 of 13

Previous studies have shown that electrophiles activate the channel by covalently binding to the cysteine
residues at the cytoplasmic amino-terminal of TRPA1. The cysteine residues (C621, C641 and C665 in human
TRPA1) located at the membrane-proximal allosteric nexus are crucial for the binding of electrophiles and the
activation of TRPA1 [15,34,35,37]. Previous research has shown that when the cysteine residues at 621, 641 and
665 in TRPA1 were mutated simultaneously, the effect of crotalphine was almost abolished, so these cysteine
residues located at the N-terminal may be the main binding sites of crotalphine [30]. In our complex map, a
distinct excess density emerged in the C621 binding pocket. We suspect that this density corresponds to that of
crotalphine. However, it is not clear enough to allow us to build the ligand into the map based on it.

Therefore, to identify the specific binding sites of crotalphine on TRPAIl, we generated single-point
mutations at C621, C641, and C665 by substituting cysteine with serine, resulting in TRPA1 C621S, C641S, and
C665S mutants, respectively. We first assessed the sensitivity of these mutants to crotalphine using patch-clamp
recording. Electrophysiological data revealed that the C621S mutant exhibited no detectable currents upon
crotalphine application, whereas the C641S and C665S mutants displayed current responses similar to those of
the wild-type channel (Figure 4A-B). Next, we used MST to evaluate the binding affinity between crotalphine
and the TRPA1 proteins (wild-type, C621S, C641S, and C665S). The MST results show that, compared with the
wild-type TRPA1 protein, the interaction between C621S and crotalphine was significantly weakened, to the
extent that the dissociation constant (Kd) could not be determined. In contrast, the Kd values for crotalphine
binding to wild-type TRPA1, C641S, and C665S were 112.9 nM, 122.5 nM, and 116.6 nM, respectively (Figure
4C). These data indicate that mutating cysteine at positions 641 or 665 to serine does not significantly alter the
interaction with crotalphine compared to the wild-type protein. Collectively, both mutation-based patch-clamp
electrophysiology analysis and MST measurements support the conclusion that C621 is the primary binding site
for crotalphine on TRPAL.

10
A TRPAI-WT o5 TRPAI-C621S
— Control ; Control
z 1094 — 100 oM CRP g 97 T omme
] £ ,.] — 100 M CRP
£ oo £
o w

00—

I I 1 I I
0.00 005 010 015 020 000 005 010 0.15 020
Times] Timels]

CurrantinA]

TRPAI-C6418

— Control

-C665
— 100 iM CRP TRPAI-C6635

CurrentjnA]

A
05+
T I I I I T T I I
000 005 010 0.15 020 0.00 005 010 0.15 020
Timegs] Tanes]
B C
ok ke o ® TRPAI-WT
ns 95 R 5 ® TRPA1-C621S
S ] i fi ® TRPA1-C641S
| X ? 3 ® TRPA1-C665S
1 I ) . >
200 ns NS kok B4 - !\\.
) . L L .
z 5 « F + )
L 150 5 @ * o 1 +
& Ewso !
3 100 2 L
| Lo boted
g 5o ERXE P P
T T T i [edes }
o 5 I
& g 3 ;""' &
\é. (‘;‘\ Q‘-;‘ Q‘\- 1.0E-11 1.0E-10 1.06-09 1.06-08 1.0€-07 1.0E-06 1.0E-05 10('-061
&ooF & Ligand Concentration

Figure 4. Sensitivity of TRPA1 channel residues C621, C641, and C665 to crotalphine. (A)Representative
examples of current response of wild-type TRPA1 and its cysteine mutants (C621S, C665S, C641S) to 100 nM
crotalphine application. (B)Effect of TRPA1 channel mutations (C621S, C641S and C665S) on crotalphine (100
nM)-evoked calcium responses. Note significant reduction of crotalphine’s effect on TRPA1 displaying the C621S
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mutation (n =9, +120 mV). p-values are denoted as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and ns not
significant. (C)Analysis of the binding affinity between GFP-tagged TRPA1, TRPA1-C621S, TRPA1-C641S,
TRPA1-C665S, and crotalphine using microscale thermophoresis (MST) technology. KdWT=954 nM,
KdC6415=122.5 nM, KdC6655=97.6nM.

4, Discussion

In this study, we determined the cryo-EM structures of human TRPAL1 in its ligand-free state
and in complex with crotalphine at resolutions of 3.1 A and 3.8 A, respectively. We observed that
TRPA1 in the ligand-free state adopts a closed conformation, whereas the crotalphine-bound complex
adopts a desensitized state or an intermediate transitional state along the activation pathway.
Notably, comparison of the two maps revealed an additional and distinct electron density in the C621
binding pocket of the crotalphine-bound complex. However, this density was insufficient to
unambiguously fit the complete structure of crotalphine, suggesting that it may correspond to partial
amino acid residues of crotalphine. To improve the resolution of individual subunits and binding
pockets, we attempted to use the particle symmetry expansion, 3D classification, and local refinement
in CryoSPARC software for further image processing [38]. Despite these efforts, the resolution of the
crotalphine-bound complex did not improve significantly. We speculate that this limitation arises
from the disruption of disulfide bonds at positions 7 and 14 of crotalphine upon binding to cysteine
residues in TRPAL1. This disruption likely renders crotalphine highly flexible, thereby preventing the
reconstruction of a well-defined electron density map [30,39,40].

To determine the specific binding sites of crotalphine on TRPA1, we respectively mutated C621,
C665, and C641 to serine and assessed their functional effects using whole-cell patch-clamp
recordings and MST. In general, both the mutation-based patch-clamp electrophysiology analysis
and MST measurements confirmed that C621 is the primary binding site for crotalphine. In contrast,
modifications at C641 and C665 were not essential for crotalphine-mediated channel activation,
consistent with previous findings. C621 is known to exhibit high reactivity in TRPA1 and serves as
the primary site for electrophilic modification [17,34]. For instance, Suo et al. demonstrated that C621
is the primary site for covalent modification by electrophilic agonists such as BITC and JT010, while
C665, located near the upper region of the C621 binding pocket, acts as a conformational switch to
sense the covalent modification of C621 rather than being a direct target for modification [34].
Similarly, Zhao et al. reported that the small-molecule electrophilic reagent IA requires modification
of both C621 and C665 to stabilize the activated state of TRPA1. In contrast, its bulkier analog, BIA
(BODIPY-IA), can stabilize the activated state by modifying only C621, without the need for C665
modification [35]. In our study, crotalphine, a 14-amino acid peptide and a relatively large
electrophilic reagent, similarly stabilizes the open state of TRPA1 through modification of C621 alone.

We attempt to propose the molecular mechanism by which crotalphine acts on TRPA1:
crotalphine binding at the C621 allosteric site within the TRPA1 coupling domain, inducing rotational
and translational movements of transmembrane helices that lead to cooperative dilation of both the
extracellular vestibular gate and intracellular activation gate. These findings significantly advance
our understanding of ligand-dependent TRPA1 gating mechanisms and provide crucial structural
insights into the molecular basis of crotofoline-induced analgesic effects mediated by TRPA1 channel
regulation.

5. Conclusions

Through combined patch-clamp electrophysiology and MST assays, we have identified C621 as
the primary binding site for crotalphine on TRPAL1. Single-particle cryo-EM analysis of the TRPA1-
crotalphine complex revealed significant conformational rearrangements, particularly rotational
movements of transmembrane helices, despite our inability to unambiguously model the crotalphine
ligand in the density map. Structural measurements demonstrate that the pore aperture dimensions
in this complex are intermediate between those of closed and open states. Based on these
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observations, we propose that the captured complex conformation likely represents a transitional
intermediate along the gating pathway.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Expression and purification of TRPA1 protein; Figure S2: Structure
determination of the ligand-free TRPA1; Figure S3: Structure determination of TRPA1l in complex with
crotalphine.

Author Contributions: Conceptualization, M.K,Y.Z., and ].X.; methodology, X.P., and X.D.; validation, L.W.,
W.S. and D.C,; formal analysis, M.K,; and Y.Z.; resources, J.H.; writing—original draft preparation, M.K.;
writing—review and editing, M.K.,, Y.Z., ] X,, and X.P.; supervision, X.D., L.W., and W.S.; project administration,
J.X.; and J.X.; funding acquisition, J.X. All authors have read and agreed to the published version of the

manuscript.
Funding: This research received no external funding.

Data Availability Statement: Data described in the manuscript are contained within it. The EM data have been
deposited in Electron Microscopy Data Bank (EMDB) with the accession code EMD-63720 and EMD-63715 . The
corresponding coordinates of TRPA1 have been deposited in the PDB with the accession code 9IM8S and 9M8N.

Acknowledgments: We would like to thank the Center for Biological Imaging (CBI), Institute of Biophysics,
Chinese Academy of Science for our Cryo-EM work, and we would be grateful to Xujing Li and Boling Zhu for
their assistant in EM data collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Diver, M. M,; LinKing, J. V.; Julius, D.; Cheng, Y., Sensory TRP channels in three dimensions. Annual
Review of Biochemistry 2022, 91 (1), 629-649.

2. Schaefer, M., Homo- and heteromeric assembly of TRP channel subunits. Pflugers Archiv - european Journal
of Physiology 2005, 451 (1), 35-42.

3. Nilius, B.; Owsianik, G., The transient receptor potential family of ion channels. Genome Biology 2011, 12 (3),
218.

4. Gees,M.; Owsianik, G.; Nilius, B.; Voets, T., TRP channels. Comprehensive Physiology 2012, 2 (1), 563-608.

5. Zhang,M.; Ma,Y.; Ye X, Zhang N.; Pan, L., Wang, B., TRP (transient receptor potential) ion channel
family: structures, biological functions and therapeutic interventions for diseases. Signal Transduction and
Targeted Therapy 2023, 8 (1), 261.

6. Raisinghani, M.; Zhong, L.; Jeffry, ]. A, Bishnoi, M.; Pabbidi, R. M.; Pimentel, F.; Cao, D. S;;
Evans, M. S.; Premkumar, L. S., Activation characteristics of transient receptor potential ankyrin 1 and its
role in nociception. American Journal of Physiology. Cell Physiology 2011, 301 (3), C587-600.

7. Wei, Y,; CaiJ; Zhu, R; Xu K; Li H;Lj J, Function and therapeutic potential of transient receptor
potential ankyrin 1 in fibrosis. Frontiers in Pharmacology 2022, 13, 1014041.

8. Chen, J.; Hackos, D. H., TRPAL1 as a drug target--promise and challenges. Naunyn-Schmiedeberg’s Archives of
Pharmacology 2015, 388 (4), 451-463.

9. Bessac, B. F; Jordt, S. E., Breathtaking TRP channels: TRPA1 and TRPV1 in airway chemosensation and
reflex control. Physiology (Bethesda, Md.) 2008, 23, 360-370.

10. Moran, M. M., TRP channels as potential drug targets. Annual Review of Pharmacology and Toxicology 2018,
58, 309-330.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025 d0i:10.20944/preprints202505.1463.v1

11 of 13

11. Macpherson, L.J.; Xiao, B.; Kwan,K.Y.,; Petrus, M.].; Dubin, A.E,; Hwang,S.; Cravatt,B.; Corey,
D. P.; Patapoutian, A., An ion channel essential for sensing chemical damage. The Journal of Neuroscience :
The Official Journal of the Society for Neuroscience 2007, 27 (42), 11412-11415.

12. McNamara, C. R.; Mandel-Brehm, J.; Bautista, D. M.; Siemens, ]J.;, Deranian, K. L.; Zhao, M.;
Hayward, N. J.; Chong, J. A,; Julius, D.; Moran, M. M.; Fanger, C. M., TRPA1 mediates formalin-
induced pain. Proceedings of the National Academy of Sciences of the United States of America 2007, 104 (33),
13525-13530.

13. Bandell, M.; Story, G. M., Hwang, S. W.; Viswanath, V.; Eid, S. R; Petrus, M. J.; Earley, T. J,;
Patapoutian, A., Noxious cold ion channel TRPA1 is activated by pungent compounds and bradykinin.
Neuron 2004, 41 (6), 849-857.

14. Jordt, S. E;; Bautista, D. M.; Chuang, H. H; McKemy, D. D.; Zygmunt, P. M.; Hogestitt, E. D,;
Meng, 1. D.; Julius, D., Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel
ANKTMI. Nature 2004, 427 (6971), 260-265.

15. Hinman, A.; Chuang, H. H.; Bautista, D. M.; Julius, D., TRP channel activation by reversible covalent
modification. Proceedings of the National Academy of Sciences of the United States of America 2006, 103 (51), 19564-
19568.

16. Macpherson, L.]J.; Dubin, A.E.; Evans, M.].; Marr, F.; Schultz, P.G,; Cravatt, B. F,; Patapoutian, A.,
Noxious compounds activate TRPA1 ion channels through covalent modification of cysteines. Nature 2007,
445 (7127), 541-545.

17. Bahia, P.K.; Parks, T. A.; Stanford, K.R.; Mitchell, D. A; Varma,S.; Stevens, S. M, Jr.; Taylor-Clark,
T. E., The exceptionally high reactivity of Cys 621 is critical for electrophilic activation of the sensory nerve
ion channel TRPA1. The Journal of General Physiology 2016, 147 (6), 451-465.

18. Chi,H.; Zhang, X; Chen, X;; Fang,S.; Ding, Q.; Gao, Z., Sanguinarine is an agonist of TRPA1 channel.
Biochemical and Biophysical Research Communications 2021, 534, 226-232.

19. Liu, C; Reese, R; Vu, S; Rougé, L.; Shields, S. D.; Kakiuchi-Kiyota, S.; Chen, H.; Johnson, K,;
Shi, Y. P.; Chernov-Rogan, T.; Greiner, D. M. Z.; Kohli, P. B, Hackos, D.; Brillantes, B.,; Tam, C,;
Li, T, Wang, J.; Safina, B, Magnuson, S.; Volgraf, M.; Payandeh, ].; Zheng, J.; Rohou, A.; Chen,
J., A Non-covalent Ligand Reveals Biased Agonism of the TRPA1 Ion Channel. Neuron 2021, 109 (2), 273-
284.e4.

20. Chernov-Rogan, T.; Gianti, E.; Liu, C; Villemure, E.; Cridland, A. P.; Hu, X.; Ballini, E.; Lange,
W.; Deisemann, H.; Li, T; Ward, S. I, Hackos, D. H.; Magnuson, S.; Safina, B.; Klein, M. L,;
Volgraf, M.; Carnevale, V.; Chen, J,, TRPA1l modulation by piperidine carboxamides suggests an
evolutionarily conserved binding site and gating mechanism. Proceedings of the National Academy of Sciences
of the United States of America 2019, 116 (51), 26008-26019.

21. Patwardhan, A. M.; Jeske, N. A.,; Price, T. J; Gamper, N.; Akopian, A. N.; Hargreaves, K. M., The
cannabinoid WIN 55,212-2 inhibits transient receptor potential vanilloid 1 (TRPV1) and evokes peripheral
antihyperalgesia via calcineurin. Proceedings of the National Academy of Sciences of the United States of America
2006, 103 (30), 11393-11398.

22. Ruparel, N. B,; Patwardhan, A. M.; Akopian, A. N.; Hargreaves, K. M., Desensitization of transient
receptor potential ankyrin 1 (TRPA1) by the TRP vanilloid 1-selective cannabinoid arachidonoyl-2
chloroethanolamine. Molecular Pharmacology 2011, 80 (1), 117-123.

23. Muller, C.; Morales, P.; Reggio, P. H., Cannabinoid ligands targeting TRP channels. Frontiers in Molecular
Neuroscience 2019, 11, 487.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025 d0i:10.20944/preprints202505.1463.v1

12 of 13

24. Chen, J.; Joshi, S. K,; DiDomenico, S.; Perner, R. J.; Mikusa, J. P.; Gauvin, D. M.; Segreti, J. A.;
Han, P; Zhang, X.-F.; Niforatos, W.; Bianchi, B. R.; Baker, S. J; Zhong, C; Simler, G. H;
McDonald, H. A.; Schmidt, R. G.; McGaraughty, S. P.; Chu, K. L.; Faltynek, C. R; Kort, M. E,;
Reilly, R. M.; Kym, P. R., Selective blockade of TRPA1 channel attenuates pathological pain without altering
noxious cold sensation or body temperature regulation. Pain 2011, 152 (5), 1165-1172.

25. Eid,S.R.; Crown, E.D.; Moore, E.L,; Liang, H.A.,; Choong, K.C; Dima,S.; Henze, D. A,; Kane,
S. A.; Urban, M. O., HC-030031, a TRPA1 selective antagonist, attenuates inflammatory- and neuropathy-
induced mechanical hypersensitivity. Molecular Pain 2008, 4, 48.

26. Konno, K,; Picolo, G.; Gutierrez, V. P.; Brigatte, P., Zambelli, V. O.; Camargo, A. C; Cury, Y.,
Crotalphine, a novel potent analgesic peptide from the venom of the South American rattlesnake Crotalus
durissus terrificus. Peptides 2008, 29 (8), 1293-1304.

27. Gutierrez, V. P,; Konno, K; Chacur, M.; Sampaio, S. C.; Picolo, G.; Brigatte, P.; Zambelli, V. O.;
Cury, Y., Crotalphine induces potent antinociception in neuropathic pain by acting at peripheral opioid
receptors. European Journal of Pharmacology 2008, 594 (1), 84-92.

28. Zambelli, V. O.; Fernandes, A. C.; Gutierrez, V. P.; Ferreira, J]. C; Parada, C. A.; Mochly-Rosen, D.;
Cury, Y., Peripheral sensitization increases opioid receptor expression and activation by crotalphine in rats.
PloS One 2014, 9 (3), €90576.

29. Ribeiro Lopes, F. S.; Giardini, A. C;; Martins Sant’anna, M. B.; Picolo, G., The analgesic effect of
Crotalphine involves the activation of central opioid and cannabinoid receptors and the participation of
microglia. Toxicon 2019, 168, S32.

30. Bressan, E.; Touska, F.; Vetter, I; Kistner, K.; Kichko, T. I; Teixeira, N. B.,; Picolo, G.; Cury, Y,;
Lewis, R. J.; Fischer, M. J. M.; Zimmermann, K.; Reeh, P. W., Crotalphine desensitizes TRPA1 ion
channels to alleviate inflammatory hyperalgesia. Pain 2016, 157 (11), 2504-2516.

31. Punjani, A.; Rubinstein,].L.; Fleet, D.].; Brubaker, M. A., cryoSPARC: algorithms for rapid unsupervised
cryo-EM structure determination. Nature Methods 2017, 14 (3), 290-296.

32. Emsley, P, Lohkamp, B.; Scott, W. G.; Cowtan, K., Features and development of Coot. Acta
crystallographica. Section D, Biological Crystallography 2010, 66 (Pt 4), 486-501.

33. Liebschner, D.; Afonine, P. V.; Baker, M. L.; Bunkdczi, G.; Chen, V. B.,; Croll, T. I.; Hintze, B.;
Hung, L. W.; Jain, S;; McCoy, A. J.; Moriarty, N. W.; Oeffner, R. D.; Poon, B. K,; Prisant, M. G,;
Read, R. J.; Richardson, J. S.; Richardson, D. C.; Sammito, M. D.; Sobolev, O. V.; Stockwell, D. H.;
Terwilliger, T. C,; Urzhumtsev, A. G,; Videau, L. L.; Williams, C. ]J.; Adams, P. D., Macromolecular
structure determination using X-rays, neutrons and electrons: recent developments in Phenix. Acta
crystallographica. Section D, Structural Biology 2019, 75 (Pt 10), 861-877.

34. Suo, Y; Wang, Z; Zubcevic, L.; Hsu, A.L; He, Q; Borgnia, M. ]; Ji, R.R; Lee, S. Y., Structural
insights into electrophile irritant sensing by the human TRPA1 channel. Neuron 2020, 105 (5), 882-894.

35. Zhao, J.; Lin King, J. V.; Paulsen, C. E.; Cheng, Y.; Julius, D., Irritant-evoked activation and calcium
modulation of the TRPA1 receptor. Nature 2020, 585 (7823), 141-145.

36. Paulsen, C. E.; Armache, J. P; Gao, Y; Cheng, Y, Julius, D., Structure of the TRPA1 ion channel
suggests regulatory mechanisms. Nature 2015, 520 (7548), 511-517.

37. Macpherson, L.]J.; Dubin, A.E.; Evans, M.].; Marr, F.; Schultz, P. G.; Cravatt, B. F,; Patapoutian, A.,
Noxious compounds activate TRPA1 ion channels through covalent modification of cysteines. Nature 2007,
445 (7127), 541-545.

38. Zhang, K.; Julius, D.; Cheng, Y., A step-by-step protocol for capturing conformational snapshots of ligand
gated ion channels by single-particle cryo-EM. STAR Protocols 2022, 3 (4), 101732.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025 d0i:10.20944/preprints202505.1463.v1

13 of 13

39. Wang, L.; Cvetkov, T. L.; Chance, M. R.; Moiseenkova-Bell, V. Y., Identification of in vivo disulfide
conformation of TRPA1 ion channel. The Journal of Biological Chemistry 2012, 287 (9), 6169-6176.

40. Eberhardt, M.].; Filipovic, M. R.; Leffler, A.; delaRoche,].; Kistner,K,; Fischer, M.].; Fleming, T,;
Zimmermann, K.; Ivanovic-Burmazovic, I.; Nawroth, P. P.; Bierhaus, A.; Reeh, P. W.; Sauer, S. K,,
Methylglyoxal activates nociceptors through transient receptor potential channel A1l (TRPA1): a possible
mechanism of metabolic neuropathies. The Journal of Biological Chemistry 2012, 287 (34), 28291-28306.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1463.v1
http://creativecommons.org/licenses/by/4.0/

