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A B S T R A C T

Chronic pain accounts for nearly two-thirds of conditions eligible for medical cannabis licenses, yet the mech-
anisms underlying cannabis-induced analgesia remain poorly understood. The principal phytocannabinoids, the
psychoactive Δ9-tetrahydrocannabinol (THC) and non-psychoactive cannabidiol (CBD), exhibit comparable ef-
ficacy in pain management. Notably, THC functions as an agonist of cannabinoid receptor 1 (CB1), whereas CBD
shows minimal activity on CB1 and CB2 receptors. Elucidating the molecular targets through which phyto-
cannabinoids modulate the pain system is required for advancing our understanding of the pain pathway and
optimizing medical cannabis therapies. Transient receptor potential ankyrin 1 (TRPA1), a pivotal chemosensor in
the pain pathway, has been identified as a phytocannabinoid target. Unlike most TRPA1 activators, phyto-
cannabinoid activation is not mediated through the electrophilic binding site, suggesting an alternative mech-
anism. Here, we identified the human TRPA1 channel cannabinoid-binding site (CBS) and demonstrated that
mutations at residue Y840 abolished responses to both THC and CBD at saturating concentrations, indicating a
shared primary binding site. Molecular modeling revealed distinct interactions of THC and CBD with the Y840
residue within the CBS. Additionally, CBD binds to the adjacent general anesthetic binding site at oversaturating
concentrations. Our findings define the CBS of TRPA1 as overlapping with and adjacent to binding sites for other
allosteric activators, suggesting that TRPA1 possesses a highly adaptable domain for binding non-electrophilic
activators. This underscores its unique role as a chemosensor in the pain pathway. Furthermore, our results
provide new insights into the molecular mechanisms of cannabinoid-induced analgesia and identify novel targets
for pain management therapies.

1. Introduction

Chronic pain accounts for nearly two-thirds of the eligible conditions
listed in state registries for obtaining a medical cannabis license, making
it the primary reason for using medical cannabis [1]. This remarkable
use highlights the importance of understanding phytocannabinoids’
pharmacological and physiological effects. Cannabis-based medicines
approved for medical use include both synthetic variants like dronabinol

(Δ9-tetrahydrocannabinol, THC) and plant-derived options such as
Epidiolex (cannabidiol, CBD) [2,3]. These cannabis-based medicines
may exert their pain-relieving effects, in part, through interactions with
the Transient Receptor Potential (TRP) channels [4,5], a group of ion
channels detecting a wide range of physical and chemical stimuli.
Several members of this family were shown to be pivotal elements of
pain sensation [6–8]. The interaction between cannabinoids and pain
system TRP channels represents a complex mechanism by which these
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compounds can alleviate pain, offering potential therapeutic targets for
the development of novel pain management strategies. CBD has been
shown to modulate TRPA1, TRPV1–4, and TRPM8. THC, on the other
hand, does not directly affect the TRPV1 activity and was shown to date
to only activate TRPA1 channels [2,5,9,10]. Nevertheless, although
phytocannabinoids were used to clone the TRPA1 channel [11], the
exact activation mechanism and the cannabinoids binding site (CBS) are
yet to be defined.

TRPA1 ion channel, cloned two decades ago [11,12], is the only
member of the TRPA subfamily. It is a Ca2+ permeable non-selective
cation channel predominantly expressed in sensory neurons and
co-localized with pain biomarkers such as the TRPV1 and calcitonin
gene-related peptide (CGRP) [13]. TRPA1 plays critical physiological
processes that involve nociception, mechanotransduction, thermal, and
oxygen sensing, and it is considered one of the primary chemosensors of
the pain pathway [14,15]. Multiple compounds, including exogenous
irritants and endogenous products of tissue injury and inflammation,
activate this channel [13,16–19]. TRPA1 detects a wide range of envi-
ronmental and endogenous electrophilic irritants, which activate the
channel through covalent modification of cytoplasmic cysteine residues
in the pre-S1 and ankyrin repeat domain (ARD) [20]. Mutations of these
three amino acids (C621S, C641S, C665S in the human gene) lead to the
collapse of this site, making the channel unresponsive to electrophilic
agonists; however, the channel remains functional, with slightly reduced
ion permeability [20–22]. Unlike most other agonists, phytocannabi-
noids do not interact with the channel through a covalent,
cysteine-dependent method, and their action is independent of cellular
content [21]. Several cannabinoids, including CBD, THC, and Canna-
bigerol (CBG), were shown to activate TRPA1 robustly [2,5,9,10].
Activation by non-electrophilic agonists has been less studied, and a few
distinct binding pockets have been identified. Most non-electrophilic
binding sites have been identified by comparing species-specific differ-
ences [22,23]. To date, all TRPA1 non-electrophilic binding sites fit the
flexible pore vestibule. The most studied binding pocket was for the
antagonist A-967079, revealed through species-specific differences and
validated by cryo-EM structure [24,25]. A-967079 is a potent antagonist
that blocks channel gating by binding to S5, S6, and pore helix 1
[24–27]. Later studies have identified the S5/S6 domain as a target re-
gion for hydrophobic and non-electrophilic agonists such as a general
anesthetic (e.g., propofol) [21,27–29]. Another binding site for a new
synthetic noncovalent agonist, GNE551, was recently reported and
confirmed with the cryo-EM structure of the TRPA1-GNE551 complex
[30]. This binding pocket is formed by the voltage-sensor-like domain
(VSLD; S1–S4) of one subunit and the pore domain (S5–S6 helices) of the
neighboring subunit and was characterized as a hydrophobic pocket
[30].

The present study aims to define the activation mechanism(s) of
TRPA1 by phytocannabinoids. Initial screening of known human TRPA1
(hTRPA1) binding sites has uncovered intriguing insights. Our findings
suggest that CBD and THC directly interact with the Y840 residue. Using
molecular modeling of the previously published hTRPA1-GNE551
complex, we show that the investigated cannabinoids have a distinct
pose in this binding site. Surprisingly, we found that only CBD at high
concentrations binds also to the general anesthetic binding site. This
complexity suggests that CBD’s interaction with TRPA1 may involve
multiple binding domains, contributing to its diverse therapeutic effects
[31]. Our combined experimental and computational results suggest
that the prominent cannabinoid binding site (CBS) of TRPA1 is found in
the interface between S4 of one subunit and S5 of the neighboring
subunit. Also, the general anesthetic binding site may serve as a binding
domain for certain cannabinoids (e.g., CBD) but with lower affinity and
efficacy. Thus, these data explain TRPA1 activation by natural
non-electrophilic compounds, which evolved to interact specifically
with this receptor. Also, our data emphasize TRPA1’s role as a pivotal
chemosensor of the pain pathway. Moreover, our findings may serve as a
structural basis for the rational design of cannabinoid-based analgesics.

2. Materials and methods

2.1. Sub-cloning and site-directed mutagenesis

The human Transient Receptor Potential Ankyrin 1 (hTRPA1) gene,
obtained from OriGene Technologies, was subcloned into the
pCDNA3.1+ vector, utilizing the Phusion High-Fidelity DNA Polymer-
ase and T4 ligase enzymes (New England Biolabs). Site-directed muta-
genesis was performed on hTRPA1 using the Quickchange lightning
multi-site-directed mutagenesis kit (Agilent cat. no. 210513–5) or the
Q5 Site Mutagenesis Kit (New England Biolabs cat. no. M0494S) ac-
cording to the manufacturer’s protocols. Primers were designed using
the Quickchange primer design by Agilent or the NEBaseChanger by
New England Biolabs and synthesized by Sigma Aldrich (Suppl. Table 1).
DNA constructs were extracted from XL-10 Gold (Agilent) using a
miniprep kit (Nucleospin plasmid, Macherey-Nagel) according to the
manufacturer’s protocol. All constructs were verified by complete gene
sequencing (Hy Labs).

2.2. Cell culture and transient transfection

Human embryonic kidney 293 T (HEK293T) (ATCC, CRL-3216) cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific), 1 % Penicillin-Streptomycin (Gibco,
Thermo Fisher Scientific), and 25mM HEPES (Gibco, Thermo Fisher
Scientific) (pH-7.3). Cells were grown at 37 ºC and 5% CO2; Cells were
passaged twice weekly (up to 15 passages) as previously described [32].
Cell transfection was carried out as follows: HEK293T cells were trans-
fected with 1 μg of total DNA (for calcium imaging: 0.4 μg of wt or
mutated hTRPA1 in pCDNA3.1+ and 0.6 μg pCDNA3.1+; for electro-
physiological analysis: 0.4 μg of wt or mutated hTRPA1 in pCDNA3.1+,
0.4 μg EGFP pCDNA3.1+, and 0.2 μg pCDNA3.1+) using Mirus LT1
transfection reagent (Mirus Bio) or Lipofectamine 3000 (Thermo Fisher
Scientific) with Opti-MEM I Reduced Serum Medium (Invitrogen) ac-
cording to manufacturers’ protocol. Transfections were performed in
12-well plates containing ~3×105 cells 24 h before analysis. Cells were
plated on 0.1mg/ml PDL (Corning)-coated glass coverslips (12mm) or
coated imaging chambers (μ-slide, 8 well, Ibidi) and incubated at 37 ◦C
(5% CO2) for at least two hours before electrophysiological and
30–40min before calcium imaging analysis.

2.3. Live-cell calcium imaging

Live-cell calcium imaging was performed as previously described
[33]. Briefly, hTRPA1 transfected HEK293T cells were spotted at
Poly-D-Lysine (PDL, 0.1mg/ml) coated imaging chambers (μ-slide, 8
well, Ibidi) and incubated for 30–40min in a humidified incubator at 37
◦C and 5% CO2 before being loaded with 5 µM/ml Fura-2 AM (cat. no.
F1201, Invitrogen) dissolved in Ringer’s solution (in mM: 140 NaCl, 2.5
KCl, 1.8 CaCl2, 2 MgSO4, 20 HEPES and 5 D-glucose, pH 7.4 with NaOH)
supplemented with Pluronic F-127 acid (0.01%; Sigma-Aldrich) and
incubated for 1 hr in the dark at RT. After loading, cells were washed
twice with Ringer’s solution and incubated for 15min in the dark at RT.
Stock solutions in DMSO or ethanol were dissolved in Ringer’s solution
to desired concentrations. Using an inverted microscope (IX71,
Olympus), cells were illuminated with a xenon arc lamp, and excitation
wavelengths (340/380 nm) were selected by a Lambda DG-4 mono-
chromatic wavelength changer (Sutter Instrument). Intracellular Ca2+

concentration was measured by digital video microfluorometry with a
front-illuminated interline CCD camera (ORCA-FLASH4.0LTPlusDigital,
Hamamatsu) using MetaFluor fluorescence ratio imaging software
(Molecular Devices). Dual images (340 and 380 nm excitation, 510 nm
emission) were collected, and pseudocolor ratio-metric images were
monitored every 4 s during the experiment. Data analysis was performed
with MetaFluor fluorescence ratio imaging software offline. All
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experiments were carried out at room temperature.

2.4. Electrophysiology

Patch-clamp recordings from transfected HEK293T cells in the
whole-cell configuration were performed using an Axopatch 200B
patch-clamp amplifier (Molecular Devices). Membrane currents were
digitized using a Digidata 1440 A interface board and pCLAMP 10.7
software (Molecular Devices) with a sampling frequency set to 5 kHz and
low-pass filtered at 2 kHz as previously described [32,34]. The holding
voltage was − 40mV. Patch electrodes were fabricated from borosilicate
glass using the P1000 Micropipette Puller (Sutter Instrument) and
fire-polished using the microforge MF-900 (Narishige) to the resistance
of 2–4 MΩ. The standard pipette solution contained 130mM CsMeSO4,
15mM CsCl, 5 mM EGTA, 10mM HEPES, and 2mMMgATP, adjusted to
pH 7.3 with CsOH. The bath solution contained (mM) 140 NaCl, 2.8 KCl,
2 MgSO₄, 5 MES, and 5 HEPES and was adjusted to pH 7.4 with NaOH.
Solutions containing different modulators and inhibitors were made by
adding an appropriate amount of the compound to a bath solution to
obtain a working solution. After establishing the whole-cell configura-
tion, ramps (1 s− 1) were administrated from − 80 mv to + 80mv, and
cells were perfused using the ValveBank perfusion system (AutoMate
Scientific). All experiments were carried out at room temperature.

2.5. Molecular modeling

2D structures of THC and CBD were downloaded from PubChem.
Ligprep (Schrödinger Release 2023–3: LigPrep, Schrödinger, LLC, New
York, NY, 2023) was used to generate 3D structures and protonation
states of the ligands at pH 7± 1. The TRPA1 structure with PDB ID: 6X2J
[30] was prepared with the Protein Preparation Wizard tool available in
Maestro (Schrödinger Release 2023–3). Induced Fit Docking
(Schrödinger Release 2023–3: Glide and Prime, Schrödinger, LLC, New
York, NY, 2023) simulations were performed to investigate the binding
modes of THC and CBD in the GNE551 binding site and the general
anesthetics binding site. The center of the box was set within the
centroid of residues S873, T874, M912, and M953 for the general
anesthetic binding site and in the centroid of the ligand in PDB structure
6X2J for the GNE551 binding site. Using the Ligand Interaction Diagram
tool available in Maestro (Schrödinger Release 2023–3), we mapped the
residues at 4 Å from the ligands in the general anesthetic (GA) and
GNE551 binding sites.

2.6. Chemicals

All salts and buffers were purchased from Sigma-Aldrich. All drugs
were dissolved according to manufacturer protocol. Δ9-Tetrahydrocan-
nabinol (THC), and Cannabidiol (CBD), were purchased from THC
Pharm, and Cannabigerol (CBG) was purchased from Symrise. Canna-
binoids were weighed and immediately dissolved in DMSO or ethanol to
20–100mM and diluted in either Ringer’s or bath solution containing
Pluronic F-127 (0.01%) to achieve the desired working concentration.
Allyl isothiocyanate (AITC) and Pluronic F-127 were purchased from
Sigma-Aldrich. Fura-2 AM was purchased from Invitrogen.

2.7. Statistics and reproducibility

We assumed a normal distribution for our data but did not formally
check it. The sample size (n) indicates the number of individual cells or
experiments replicated, as pointed out. Transfected cells from at least
three different transfections per construct were used to account for po-
tential day-to-day variation. Results are presented as mean± SEM if not
stated otherwise, but individual data points are shown in the figures,
allowing for visual assessment of data variation. P values were calcu-
lated using unpaired t-tests for between comparisons involving two
groups. For analyses concerning multiple groups, one or two-way

ANOVA was used according to the number of independent variables
or factors being analyzed, followed by Tukey or Dunnett’s post hoc tests
as appropriate.

All statistical data were analyzed using Prism 10 software (GraphPad
Software, CA, USA).

Electrophysiological analysis was performed using pCLAMP 10.7
software (Molecular Devices, CA, USA). Calcium imaging analysis was
performed using MetaFluor Fluorescence Imaging Software (Molecular
Devices, CA, USA). Dose-response curves were calculated using Prism 10
(GraphPad Software, CA, USA) software.

The sigmoidal Hill equation is as follows:

I
Imax

=
[X]n

EC50n + [X]n

Where: I = measured current/ calcium response, Imax = maximal cur-
rent/ calcium response at a saturating dose (pre-measured for each
construct), x = tested agonist concentration, EC50 = the calculated
concentration elicits 50 % of maximal current, and n = Hill coefficient.

3. Results

3.1. Phytocannabinoids (PCBs) have distinct TRPA1 activation profile

To identify the putative TRPA1 cannabinoid binding site (CBS), we
first ask which phytocannabinoids (PCBs) have the highest efficacy and
potency. This analysis is important because using mutagenesis analysis
may hamper the gating properties of the channel; thus, weak agonists
may lead to false positive conclusions. Previous studies demonstrate that
many PCBs activate TRPA1 with different pharmacological profiles [9].
Hence, we define the dose-response of the most abundant cannabinoids
in the cannabis plant [35,36]. using calcium imaging of transiently
expressed human TRPA1 (hTRPA1) in HEK293T cells (Fig. 1A & B). We
compared the PCBs response to the canonical electrophilic agonist allyl
isothiocyanate (AITC) [31,37]. While we could not establish a complete
dose response for Cannabigerol (CBG) (due to salting out of the com-
pounds in high concentrations), Δ9-tetrahydrocannabinol (THC) and
Cannabidiol (CBD) demonstrate similar potency and efficacy as AITC
(Fig. 1B & Suppl. Fig. 1A). To verify these findings, we recorded the
THC- and CBD-evoked hTRPA1 currents (Fig. 1C), and determine their
dose-response (Fig. 1D). We used the whole-cell configuration of the
patch clamp technique and recoded the response at membrane potential
of − 40 mV to mimic the calcium imaging conditions. In parallel, we also
recorded the response of hTRPA1 to THC, CBD, and CBG using voltage
ramps (− 80 mV to +80 mV) as commonly done for TRPA1 (Suppl.
Fig. 1B-E) [38,39]. Our results suggest that THC and CBD were the most
potent and efficacious PCBs, and THC demonstrated better efficacy than
CBD (Fig. 1D).

The relatively fast washout of the PCBs-evoked hTRPA1 currents
(Fig. 1C) and the study by Hinman et al. [20] show that THC activation is
independent of the electrophilic binding sites, suggesting that PCBs are
non-electrophilic activators of TRPA1 with reversible binding. To verify
that PCBs do not activate TRPA1 through covalent bonds with the cys-
teines in the electrophilic binding site, we analyzed the response of the
triple cysteine mutant receptor (hTRPA1(3 C; C621S, C641S and
C665S)) to PCBs and the electrophilic agonist AITC. While the AITC
response was abolished, the PCB’s response remained intact (Fig. 1E-F,
and Suppl. Fig. 1F). Hence, PCBs are potent and efficacious TRPA1
non-electrophilic agonists that do not depend on the electrophilic
binding site.

3.2. THC and CBD have a distinct activation mechanism

To define the binding site of PCBs, we analyzed the main residues
previously suggested to participate in the binding of non-electrophilic
agonists and antagonists. Of note, both cryo-EM structures and
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mutagenesis analysis point to the S5-S6 region as the non-electrophilic
binding domain [25–28]. Hence, several residues in this region partic-
ipate in the binding of multiple agonists and antagonists. Using calcium
imaging, we tested ten hTRPA1 mutated receptors previously shown to
interact with different ligands directly (Fig. 2A). Including the F909T,
F944A, and L881I mutants shown to be part of the antagonist A967079
binding site [17,25,40]; S873V, T874L, S873V/T874L, and V875G
mutants shown to be part of the agonist’s menthol, thymol, carvacrol
binding site [17,28,41,42]; S873V, T874L, S873V/T874L, M912A and
M953A mutants shown to be part of the general anesthetics activation
and binding sites [17,27,42]; S873V, and Y840W mutants shown to be
part of the agonist β-eudesmol binding site [43]; Y840W mutant shown
to be part of the agonist GNE551 binding site [30]. We examined the
sensitivity of both THC (Fig. 2B & C) and CBD (Fig. 2D & E).

Surprisingly, while the Y840Wmutation was sufficient to abolish the
THC response, the CBD response was significantly reduced by each of
the mutants: S873V, M953A, and Y840W (compare Figs. 2C to 2E). Of
note, unlike M953A and Y840W, S873V demonstrates low expression
levels (compare Fig. 2 to Suppl. Fig. 2A-B). To verify that these muta-
tions do not hamper the gating mechanism of TRPA1, we examined
whether these mutations affect the response of the canonical electro-
philic AITC. We found that S873V altered the AITC response (Suppl.
Fig. 2C). However, the AITC response for both Y840W and M953A
remained similar to the wt hTRPA1 receptor (Suppl. Fig. 2C). Thus, our
results suggest that while CBD activation requires at least two binding
domains, THC binds and activates TRPA1 through the GNE551 and
β-eudesmol binding domain.

3.3. THC and CBD activate TRPA1 through the suggested GNE551 and
β-eudesmol binding site

To analyze the THC and CBD binding to the previously suggested
GNE551 and β-eudesmol binding site [30,43], we generated a series of
mutated TRPA1 at residues that were shown to be part of the GNE551
binding pocket according to the cryo-EM structure (Fig. 3) [30]. Inter-
estingly, we found that most of the mutations that significantly
hampered the GNE551 binding dramatically reduced the THC and
CBD-evoked TRPA1 activation (Fig. 3B & 3D). Of note, the mutation
S887W hampered the AITC response and was excluded from further
analysis (Fig. 3A & C). While the mutations Y840W and Q940V were
shown to abolish the GNE551 response [30], only the Y840W abolishes
both the THC and CBD response (Fig. 3). To test whether residue Q940 is
part of the cannabinoid binding site, we mutated it to several amino
acids representing changes in size, rigidity, hydrophobicity, and polarity
(Suppl. Fig. 3A-B). All the aromatic residues significantly reduce the
THC and CBD response. However, all the other mutations in this position
affect only the THC binding (Suppl. Fig. 3A-B). Hence, our results
demonstrate that TRPA1 activation by THC and CBD requires Q940,
similar to the GNE551, but with different interactions. To test whether

the dramatic effect of Q940W compared to other Q940 substitutions
results from hampering channel activity, we analyzed the AITC and
CBD-evoked current of wt hTRPA1 and Q940W receptors. While the
CBD response of Q940W was significantly hampered, the AITC response
was intact (Suppl. Fig. 3C-D). Thus, our mutation analysis demonstrates
that the suggested synthetic compound binding site (i.e., GNE551) also
binds the natural cannabinoids THC and CBD.

Next, using Induced-Fit docking, we examine the possible interaction
of THC (Fig. 4A) and CBD (Fig. 4B) with residues in the GNE551 binding
site according to the published cryo-EM structure of GNE551 bound to
the hTRPA1 receptor [30]. According to our model, Y840 directly in-
teracts with both cannabinoids; however, each cannabinoid generates a
different interaction type with this residue. While in THC, the aromatic
ring forms π-π stacking with the aromatic ring of Y840, CBD forms
hydrogen bonds between its hydroxyl group and the Y840 hydroxyl. To
test our binding model, we performed a mutagenesis analysis of the
Y840 residue (Fig. 4C& 4D). As expected from our docking, substitution
to phenylalanine (benzyl side chain) hampered the CBD interaction with
minimal effect on THC (Fig. 4C & 4D). To verify our calcium imaging
results that the Y840F has minimal effect on the interaction with THC,
we recorded the evoked currents of hTRPA1(Y840F) (Fig. 4E) and
hTRPA1(Y840W) (Fig. 4F). While THC evokes robust currents from the
Y840F mutation (similar to the wt receptor), no current was evoked
from the Y840W substitution (Fig. 4G). Moreover, the Y840F substitu-
tion significantly affects the CBD-evoked current response (Suppl.
Fig. 4). Hence, our docking model and its analysis indicate that although
both cannabinoids bind to the GNE551 binding site, each cannabinoid
interacts differently in this binding site.

3.4. CBD activation of TRPA1 also requires the general anesthetic binding
site

In contrast to THC, in which only mutations in the GNE551 binding
site affect its activity (Figs. 2B-C and 4), we found that CBD is also
affected by mutation in the previously suggested general anesthetic (GA)
binding site (M953A; Fig. 2A & 2D-E). Hence, we performed a docking
analysis of CBD in the GA-binding site (Fig. 5A), using Induced-Fit
docking simulations to take into account the flexibility of the binding
site residues. According to our model, the side chain of M953 shapes the
binding site and directly interacts with the cyclohexene ring of the CBD
(Fig. 5A). To test the contribution of each binding site (i.e., GNE551 and
GA) to the CBD activation of hTRPA1, we analyzed the evoked response
of the mutations Y840W, M953A, and Y840W/M953A (Fig. 5B-C).
Because the saturating concentration of 50 μM CBD (Fig. 1B) demon-
strated a significantly hampered response of both single-point mutations
(i.e., Y840W and M953A) (Fig. 2E), we used an over-saturating con-
centration of CBD (100 μM) to test the involvement of each binding site.
Of note, higher concentrations of CBD (or THC) were avoided due to
salting out of the compounds in high concentrations. We found that

Fig. 1. CBD and THC are non-electrophilic TRPA1 agonists. A. Representative pseudo-colored images of HEK293T cells transiently expressing hTRPA1 after
applying 10 µM of THC (top panels), CBD (middle panels), and CBG (bottom panels) followed by applying AITC (100 µM). The scale bar indicates levels of
intracellular calcium. B. Normalized concentration-response relationship analysis for different PCBs (THC, CBD, and CBG) and AITC. As shown in A. Each point
represents a mean (± SEM) response of an average of 150–300 HEK293T cells transiently expressing hTRPA1; Solid lines fit the Hill equation. AITC (dark red line,
EC50 = 3.68 ±0.10 µM; nH =1.40±0.04); THC (light pink line, EC50 = 8.10 ±1.97 µM; nH=1.36±0.37); CBD (blue line, EC50 = 16.40 ±2.98 µM; nH =1.67±0.42);
and CBG (black line, EC50 = 61.06 ±16.02 µM, nH =1.81±0.31) as determined by live-cell calcium imaging (as shown in A). Values are normalized to 100 µM AITC
evoked responses. C. Representative whole-cell current traces (Vm = − 40 mV) from HEK293T cells transiently expressing hTRPA1 after application of CBD (10 µM
and 100 µM respectively, blue bars; top panel) or application of THC (3 µM and 30 µM respectively, light pink bars; bottom panel). Note that the currents are washed
upon removal of either CBD or THC. D. Normalized concentration-response relationships to THC and CBD as determined by whole-cell recordings (as done in C).
Each point represents the average (± SEM) response of 5–8 cells. Solid lines fit the Hill equation. THC (light pink line, EC50 = 5.74 ±0.82 µM; nH=1.9±0.54); CBD
(blue line, EC50 = 16.22 ±3.88 µM; nH=1.6±0.58). E. Representative pseudo-colored images of HEK293T cells transiently expressing wt hTRPA1(left panels) and
the electrophilic-binding site mutated receptor hTRPA1(3 C) (right panels) after application of THC (100 μM) or CBD (100 μM), or AITC (30 μM). The scale bar
indicates levels of intracellular calcium. F. Changes with time of intracellular calcium levels of HEK293T cells expressing the electrophilic-binding site mutated
receptor hTRPA1(3 C) in response to different applications of PCBs; THC, (100 μM, light pink line), CBD, (100 μM, blue line) or the application of AITC (30 μM, dark
red line) as determined by live-cell calcium imaging. The scale bar indicates the application time and duration (compound, grey bar). All graphs represent the mean
of 3–4 independent experiments (each 50–100 cells). Note that the PCBs response is not affected by the mutations of the electrophilic binding site.
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Fig. 2. THC and CBD have distinct binding mechanisms. A. Schematic structure of the TRPA1 channels, containing six transmembrane domains and intracellular
N- and C-terminals. Right panel, side view of the S4-S6 region (modified from PDB ID:6X2J) consisting of the main residues previously suggested to participate in the
binding of non-electrophilic ligands. The residues are shown in balls & sticks with oxygen atoms in red and sulfur atoms in yellow, and the protein in light grey
cartoon style (S4: light pink, S5: blue, and S6: green). Oval shapes present the different suggested binding domains of non-electrophilic ligands. Oval blue: part of the
antagonist A967079 binding site; Oval green: part of the agonist’s menthol, thymol, and carvacrol binding site; Oval green and grey: part of the general anesthetics
binding site; Oval pink: part of the agonists β-eudesmol and the GNE551 binding sites. B and D. Representative pseudo-colored images of HEK293T cells transiently
expressing hTRPA1 (left panels) or TRPA1 allosteric binding site mutated receptors after application of THC (B, 50 μM) or CBD (D, 50 μM) followed by applying AITC
(50 μM). The scale bar indicates levels of intracellular calcium. C and E. Scatter dot plot shows THC (C, purple circles, light pink bars) or CBD (E, light blue squares,
blue bars) evoked calcium response of HEK293T cells transiently expressing wt hTRPA1(black circles (C) or black squares (E) grey bars), or a mutated receptor,
normalized to AITC evoked response. Data represent mean, N = 7–13 independent experiments, n ≥ 50 cells per transfection condition per experiment. Statistical
significance between responses of hTRPA1 and mutated receptor was determined using ordinary one-way ANOVA followed by a multiple comparison test when only
statistically significant differences are indicated. ****, p ≤ 0.0001.
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while the single-point mutants significantly reduced the CBD-evoked
response, the double mutation (Y840W/M953A) dramatically dimin-
ished it (Fig. 5C). To better analyze the role of each binding site in the
activation of CBD, we recorded the evoked current of the different
constructs (Fig. 5D-H). Similar to our results in calcium imaging, both
binding sites are required for the CBD activation in over-saturating
concentration (Fig. 5F, G &H). Importantly, in negative potentials, the
double mutation abolished the CBD response (Fig. 5F). Of note, in
contrast to CBD, over-saturating concentration of THC (100 μM) does
not increase the response of the Y840W mutation (Suppl. Fig. 5). To
further verify our results, we generate four 2D ligand interaction dia-
grams for THC and CBD in the GNE551 and GA binding sites (Suppl.
Fig. 6), and analyzed each residue that is shown to interact with the
agonists (Suppl. Table.2). Our results demonstrate that both THC and
CBD bind to the GNE551 binding site, as mutations of multiple residues
affect the agonists’ responses. On the other hand, while none of the
mutations in the site of the GA affect THC, multiple residues affect the
CBD response. Therefore, our finding indicated that while THC response
is mediated through the GNE551 binding site, the CBD response may be

evoked from both the GNE551 and the GA binding sites.

4. Discussion

TRPA1 is a chemosensor with a variety of ligands and multiple
activation mechanisms [14,16–18,20]. While its unorthodox activation
by electrophilic compounds was thoroughly investigated [20–22],
TRPA1 activation by non-electrophilic compounds is yet to be fully
resolved [23,44]. Here, we investigate the activation mechanism of
TRPA1 by the phytocannabinoids THC and CBD. Although these com-
pounds were used for the original cloning of TRPA1 and were the first
activators to be described as non-electrophilic agonists [11,20], their
binding site is yet to be defined. Our results indicate that both canna-
binoids have similar activation profiles (Fig. 1). Considering that both
are phytocannabinoids, have similar hydrophobicity/lipophilicity [45,
46], with similar potency and efficacy (Fig. 1A-D and Suppl. Fig. 1B, C&
E), and do not bind to the electrophilic binding site (Fig. 1E-F, and Suppl.
Fig. 1F) [20], we hypothesized that both compounds have the same
binding site(s). Using site-directed mutagenesis of hTRPA1 and calcium

Fig. 3. THC and CBD activate TRPA1 through the GNE551 binding site. A. Representative pseudo-colored images of HEK293T cells transiently expressing wt
hTRPA1 (left panels) or GNE551 binding site mutated receptors after application of THC (30 μM) followed by applying AITC (300 μM). The scale bar indicates levels
of intracellular calcium. B. Scatter dot plot shows THC (30 μM)-evoked calcium response of HEK293T cells transiently expressing wt hTRPA1(grey bar, black circles),
the GNE551 binding site mutated receptors (light pink bars, purple circles), normalized to AITC (300 μM) evoked response. Data represent mean, N = 4–9 inde-
pendent experiments, n ≥ 50 cells per transfection condition per experiment. Statistical significance between responses compared to hTRPA1(wt) was determined
using ordinary one-way ANOVA followed by a multiple comparison test when ***, p ≤ 0.001, ****, p ≤ 0.0001, and ns are not statistically significant. C. Repre-
sentative pseudo-colored images of HEK293T cells transiently expressing wt hTRPA1 (left panels) or GNE551 binding site mutated receptors after application of CBD
(30 μM) followed by applying AITC (300 μM). The scale bar indicates levels of intracellular calcium. D. Scatter dot plot shows CBD (30 μM)-evoked calcium response
of HEK293T cells transiently expressing wt hTRPA1(grey bar, black squares), the GNE551 binding site mutated receptors (blue bars, light blue squares), normalized
to AITC (300 μM)-evoked response. Data represent mean, N = 7–12 independent experiments, n ≥ 50 cells per transfection condition per experiment. Statistical
significance between responses compared to hTRPA1(wt) was determined using ordinary one-way ANOVA followed by a multiple comparison test when ****, p ≤

0.0001, and ns, are not statistically significant.
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imaging, electrophysiology, and molecular modeling, we screened res-
idues that were previously shown to participate in the binding of
non-electrophilic modulators (Fig. 2). We found that mutagenesis of
residue Y840 was sufficient to abolish the THC and CBD response at
saturating concentrations (Fig. 3& 4). Also, we found that other residues
that were shown to participate in the binding of GNE551 affect the
binding of both cannabinoids (Fig. 3). While molecular modeling of THC
and CBD docked in the GNE551 binding site reveals that both canna-
binoids interact with Y840, the interaction is different (Fig. 4). Sur-
prisingly, testing over-saturating concentration (100 μM) of both
cannabinoids exposed another binding site for CBD (Fig. 5 and suppl.
Fig. 5). Together, our results suggest that the cannabinoid-binding site
(CBS) mainly overlapped with the previously suggested β-eudesmol [43]
and GNE551 [30] binding site (compare Fig. 6 and Fig. 2A). CBD can
also bind to the general anesthetic binding site [27] at high concentra-
tions (Fig. 6). Thus, our findings suggest that TRPA1 has a specific
binding site for cannabinoids. Furthermore, it has a highly flexible re-
gion to bind non-electrophilic activators, demonstrating the important
role of this chemosensor in detecting noxious stimuli.

Previous studies investigated the cannabinoids’ complex pharma-
cological and physiological roles, revealing a multifaceted interaction
with the endocannabinoid system (ECS) and various ion channels, such
as the TRPA1 [4,47,48]. The interaction with TRPA1 suggests that
cannabinoids can modulate pain and inflammation pathways directly,
independent of their actions on cannabinoid receptors [4,48]. Evidence
that phytocannabinoids activate TRPA1 was first described in the
TRPA1 cloning study [11,12]. Later, phyto- and endocannabinoids were
shown to induce TRPA1-mediated Ca2+ elevation at different potencies,
and they might exert anti-inflammatory and analgesic effects via TRPA1
activation/desensitization [2,4,5,9]. However, the TRPA1 activation
mechanism by cannabinoids was still unknown; it is already described
that these compounds do not activate the channel in a covalent,
cysteine-dependent manner [20]. CBD and THC have potent
TRPA1-activating properties (Fig. 1). In addition, CBD was shown to
desensitize TRPA1 potently [17]. Although the exact physiological effect
of cannabinoids on TRPA1 is not fully understood, our finding that the
main phytocannabinoids in the plant activate the channel through
defined CBS points to the importance of these processes. Moreover,
phytocannabinoids are natural TRPA1 agonists. Hence, our results
suggest that non-electrophilic activation of TRPA1 evolved for the spe-
cific physiological roles of this channel.

The dramatic effect of mutagenesis of residue Y840 on TRPA1
sensitivity to either THC or CBD was instrumental in suggesting that this
region serves as the CBS (Fig. 3). By using molecular modeling of the

previously published hTRPA1 in complex with the synthetic compound
GNE551 [30], we show that the binding of cannabinoids in this site is
feasible (Fig. 4A & 4B). However, our findings suggest that each
cannabinoid interacts differently with the Y840 residue. While THC can
establish a π− π stacking interaction, CBD generates a hydrogen bond
with the phenolic hydroxide of the Y840. This finding points to the
flexibility of the CBS in which each ligand may interact differently with
the different determinants of the binding site to reach a similar effect (i.
e., channel activation). Of note, similar results were also shown for the
pain receptor TRPV1 regarding compounds that activate the channel
through the vanilloid binding site (VBS) [49,50]. Nevertheless, the exact
interaction and the different poses of cannabinoids in the TRPA1 CBS
should be further analyzed using structure studies.

In contrast to our initial hypothesis that both phytocannabinoids
activate TRPA1 through the same binding site, an over-saturating con-
centration (100 μM) of CBD reveals another putative binding site
(Fig. 5). This low-affinity binding site was previously shown to act as the
general anesthetic (GA) binding domain [28]. Of note, THC in all tested
concentrations was only affected by the CBS mutagenesis (Figs. 2–4;
Suppl. Figs. 3 and 5). A combination of mutagenesis in the GA binding
site (M953A) and the CBS (Y840W) abolished the CBD-evoked response
even in over-saturation concentrations (Fig. 5). Our finding that in close
to EC50 concentration (i.e., 30 μM) (Fig. 3), the Y840W mutation was
sufficient to abolish the CBD response point to the CBS as the primary
binding site of cannabinoids. Nevertheless, we can not rule out that CBD
activates the channel through both sites throughout the concentration
range. The multiple-binding sites of CBD were previously shown for
TRPV2 and NaV1.7 [51,52]. Combined with our results, this may suggest
that due to its chemical properties (e.g., hydrophobicity, another hy-
droxyl group) and shape, CBD can bind to multiple binding domains in
different affinities. This may also explain the variety of suggested targets
for CBD therapeutic effects [31]. Hence, defining the binding site for
CBD should be corroborated with functional analysis and not solely rely
on structural determination. Our results suggest that while both THC
and CBD activate TRPA1 through the CBS throughout the dose-response
relation curve, only CBD in over-saturating concentration can partially
activate the channel through the GA domain (Fig. 6). This result may be
due to the promiscuity of CBD rather than the specific interaction be-
tween the receptor and its agonist.

Although the mechanism of action underlying the analgesic effect of
phytocannabinoids is yet to be resolved, these compounds’ direct effects
on receptors/channels specific to the pain system may substantially
contribute to this process. Thus, defining the cannabinoids binding site
of the major cannabinoids (THC and CBD) in the pain receptor, TRPA1,

Fig. 4. A key role of Y840 in the hTRPA1 interaction with CBD and THC. A. Putative binding mode of THC in the GNE551 binding site. The ligand is shown in
CPK balls & sticks with carbon atoms in pink, the protein in light grey cartoon style. Y840, S887, Q940, and S943 are represented as sticks. B. Putative binding mode
of CBD in the GNE551 binding site.The ligand is shown in CPK balls & sticks with carbon atoms in blue, the protein in light grey cartoon style. Y840, S887, Q940, and
S943 are represented as sticks. C. (upper panel); Representative pseudo-colored images of HEK293T cells transiently expressing wt hTRPA1(left panel) and the
Y840F (middle panel) or Y840W (right panel) mutated receptors after application of THC (50 μM) followed by applying AITC (50 μM). The scale bar indicates
levels of intracellular calcium. (bottom panel); Scatter dot plot shows THC (50 μM)-evoked calcium response of HEK293T cells transiently expressing wt hTRPA1
(grey bar, black circles) or receptors mutated at Y840 (Y840F, Y840I, Y840A, and Y840W) (light pink bars, purple circles), normalized to AITC (50 μM)-evoked
response. Data represent mean, N = 6–10 independent experiments, n ≥ 50 cells per transfection condition per experiment. Statistical significance between responses
compared to hTRPA1(wt) was determined using ordinary one-way ANOVA followed by a multiple comparison test when ****, p ≤ 0.0001, and ns, are not statistically
significant. D. (upper panel); Representative pseudo-colored images of HEK293T cells transiently expressing wt hTRPA1(left panel) and the Y840F (middle panel)
or Y840W (right panel) mutated receptors after application of CBD (50 μM) followed by applying AITC (50 μM). The scale bar indicates levels of intracellular
calcium. (bottom panel); Scatter dot plot shows CBD (50 μM)-evoked calcium response of HEK293T cells transiently expressing wt hTRPA1(grey bar, black squares)
or receptors mutated at Y840 (Y840F, Y840I, Y840A, and Y840W) (blue bars, light blue squares), normalized to AITC (50 μM)-evoked response. Data represent mean,
N = 6–11 independent experiments, n ≥ 50 cells per transfection condition per experiment. Statistical significance between responses compared to hTRPA1(wt) was
determined using ordinary one-way ANOVA followed by a multiple comparison test when ***, p ≤ 0.001, ****, p ≤ 0.0001, and ns, are not statistically significant. E
and F. Representative current-voltage relationship traces in HEK293T cells transiently expressing hTRPA1(Y840F) (E) and hTRPA1(Y840W) (F) before (light blue
line; Baseline) and after exposure to THC (50 μM, light pink line) followed by AITC (50 μM, dark red line) application. Currents were recorded using whole-cell patch-
clamp recording (1 s− 1 voltage ramps between − 80 and +80 mV). G Mean/scatter-dot plot representing the ratio between THC (50 μM)-evoked current to that
evoked by AITC (50 μM) in HEK293T cells transiently expressing wt hTRPA1(grey circles), hTRPA1 (Y840F);(light pink triangle) and hTRPA1 (Y840W);(light pink
circles). Currents were recorded using whole-cell patch-clamp recording (1 s− 1 voltage ramps between − 80 and +80 mV), representing the current amplitudes at
+80 mV (n = 6–8). Statistical significance between responses compared to hTRPA1(wt) or comparison between mutations hTRPA1(Y840F) and hTRPA1(Y840W)
was determined using ordinary one-way ANOVA followed by a multiple comparison test when ****, p ≤ 0.0001 and ns, are not statistically significant.
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should enable a better understating of the chemosensation of the pain
pathway and the development of phytocannabinoid-based drugs for
analgesia.
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