pharmaceuticals

Article

Using In Silico Molecular Docking to Explain Differences in
Receptor Binding Behavior of HHC and THCV Isomers:
Revealing New Binding Modes

Mehdi Haghdoost !, Yossef Lopez de los Santos (7, Megan Brunstetter 3, Morgan L. Ferretti 4, Matthew Roberts !
and Marcel O. Bonn-Miller 3-*

check for
updates

Citation: Haghdoost, M.; Lopez de los
Santos, Y.; Brunstetter, M..; Ferretti,
M.L.; Roberts, M.; Bonn-Miller, M.O.
Using In Silico Molecular Docking to
Explain Differences in Receptor
Binding Behavior of HHC and THCV
Isomers: Revealing New Binding
Modes. Pharmaceuticals 2024, 17, 637.
https://doi.org/10.3390/ph17050637

Academic Editors: Priscila Mazzola

and José Luiz Costa

Received: 10 April 2024
Revised: 10 May 2024

Accepted: 11 May 2024
Published: 15 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Nalu Bio Inc., 38 Keyes Avenue, Suite 117, San Francisco, CA 94129, USA; mmhaghdoost@gmail.com (M.H.);
matthew@nalubio.com (M.R.)

Biological and Environmental Science and Engineering Division, King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia; yossefls.biotechnologyconsultancy@protonmail.com
3 Charlotte’s Web, 700 Tech Court, Louisville, CO 80027, USA; megan.brunstetter@charlottesweb.com

4 Department of Psychological Science, University of Arkansas, 216 MEMH, Fayetteville, AR 72701, USA;
ferretti@uark.edu

Correspondence: marcel.bonn-miller@charlottesweb.com

Abstract: Even slight structural differences between phytocannabinoid isomers are usually enough to
cause a change in their biological properties. In this study, we used in vitro CB1 agonism/antagonism
assays to compare the receptor binding functionality of THCV (tetrahydrocannabivarin) and HHC
(hexahydrocannabinol) isomers and applied molecular docking to provide an explanation for the
difference in the activities. No CB1 agonism was observed for A9- and A8-THCV. Instead, both
isomers antagonized CP 55940, with A9-THCV being approximately two times more potent than
the A8 counterpart (ICsy = 52.4 nM and 119.6 nM for A9- and A8-THCYV, respectively). Docking
simulations found two binding poses for THCV isomers, one very similar to A9-THC and one newly
discovered pose involving the occupation of side pocket 1 of the CB1 receptor by the alkyl chain of
the ligand. We suggested the latter as a potential antagonist pose. In addition, our results established
9R-HHC and 9S-HHC among partial agonists of the CB1 receptor. The 9R-HHC (ECs( = 53.4 nM)
isomer was a significantly more potent agonist than 95 (ECs5p = 624.3 nM). A9-THC and 9R-HHC
showed comparable binding poses inside the receptor pocket, whereas 9S-HHC adopted a new and
different binding posture that can explain its weak agonist activity.

Keywords: tetrahydrocannabivarin; hexahydrocannabinol; CB1 receptor; agonist; antagonist;
molecular docking

1. Introduction

Many structural factors affect the biological properties of cannabinoids. Early structure—
activity studies proved the importance of the alkyl side chain on the CB1 binding affinity of
tetrahydrocannabinol (THC) molecules [1]. The findings can be used to explain the differ-
ence in psychoactivity of THC, tetrahydrocannabiphorol (THCP), tetrahydrocannabivarin
(THCV), and tetrahydrocannabiorcol (THCO; Figure 1); however, most phytocannabinoids
possess natural and synthetic isomers with very similar structural backbones. THC, for ex-
ample, has seven distinguished isomers only depending on the position of the double bond
of the cyclohexene ring: A10, A9, A8, A7, A6a(10a), A6a(7), and A9(11). To add another layer
of complexity, each isomer can have multiple diastereomers and enantiomers by changing
chirality at carbons 10a, 9, and 6a (for carbon numbering, see Figure 1). For example,
A7-THC has three stereogenic carbon atoms, and eight stereoisomers can be present.

Pharmaceuticals 2024, 17, 637. https:/ /doi.org/10.3390/ph17050637

https:/ /www.mdpi.com/journal /pharmaceuticals


https://doi.org/10.3390/ph17050637
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0000-0001-5929-0370
https://doi.org/10.3390/ph17050637
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com/article/10.3390/ph17050637?type=check_update&version=1

Pharmaceuticals 2024, 17, 637

20f13

2 46
11 R= s~~~ A9-THCP
ro3 5 7
W~~~ A9-THCH
o~ AY-THC

»~_~ A9-THCB

AN o ;’J‘SCHE
A9-THCV A9-THCE  A9-THCO

Figure 1. Structure of A9 isomers of THC-based molecules with various alkyl chain lengths, including
some atom numberings in red.

Information regarding the impact of minor structural changes, such as the position of
double bonds and stereochemistry of chiral centers, on the receptor binding and biological
properties of cannabinoids is scarce. In a rare study by Reggio and colleagues, the orienta-
tion of the C9 substituent is suggested as the main reason for the difference in cannabinoid
activity of some cannabinoids with close structures [2]. Despite this knowledge gap, the
literature review suggests that even small changes in the structure can entirely change the
biological properties of phytocannabinoids. For instance, we have recently shown that in
contrast to A9-THC, the A10-THC isomer is incapable of agonizing the CB1 cannabinoid
receptor and instead acts as a potent antagonist of CB1 [3]. In addition, Ki for displacing
CP 55940 at CB1 by (—)-CBD, the natural enantiomer of CBD, is fivefold higher than the
synthetic enantiomer (+)-CBD [4].

The lack of solid understanding of differences in the biological activity of cannabinoid
isomers has become a point of concern recently as various synthetic and natural isomers
of phytocannabinoids have entered the North American recreational market. Tetrahydro-
cannabivarin (THCV) and hexahydrocannabinol (HHC) are two prominent examples [5].
THCYV, which has become popular due to its reported capability to reduce blood sugar
and appetite in animal models [6,7], possesses two main isomers depending on the posi-
tion of the double bond: A9-THCV and A8-THCV (Figure 2). The A9-THCV isomer is a
phytocannabinoid first discovered in Cannabis sativa by Merkus in 1971 [2]. Surprisingly,
no report mentions the presence of A8-THCV in cannabis plants. Instead, AS-THCV is
made by simple acid isomerization of CBDV, an approach commonly taken where cannabis
cultivation is considered illegal. It has been recently shown that both A9-THCV and AS8-
THCV are CB1 receptor antagonists, but with a twofold difference in ICs [8], suggesting
an expected difference in biological potency and human effect of isomers.

d9-THCV d8-THCV 9R-HHC

Figure 2. Structure of common THCV and HHC isomers. Structural differences are highlighted
in red.

Both isomers may prove to have therapeutic utility. However, their difference in
potency suggests that they should be separately considered in patient and consumer
applications. At a minimum, both health care providers and consumers need to have
transparency about which isomers are present in products. Currently, most, if not all,
commercial products containing THCV in the North American market fail to mention
which isomer(s) of THCV are included.

HHC follows a similar story. It is a phytocannabinoid [9], but due to the trace quantity
in the plant, HHC is typically synthesized by THC hydrogenation. HHC has two isomers
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depending on the stereochemistry of the newly formed chiral center during the hydrogena-
tion (C9): 9R-HHC and 95-HHC (Figure 2). HHC is popular as a psychoactive alternative
to THC. Products containing 25-500 mg HHC are present in the US market to provide a
similar “high” effect to THC. It is known from early studies of psychoactivity in rhesus
monkeys that the 9R isomer is significantly more potent than the 9S counterpart [10]. This
observation has been recently supported by in vitro cAMP assays showing that 9R-HHC is
a more potent CB1 agonist than the 9S counterpart [11]; however, the reason behind any
variation in activity between 9R-HHC and 95-HHC has yet to be explored. As with THCYV,
most, if not all, commercial HHC products also do not provide any information about the
HHC isomer used in the production stage, although it is clear that the human effect of these
products depends strongly on the ratio of isomers.

To shed more light on the difference in the biological activity of THCV and HHC
isomers, we studied their CB1 receptor binding functionality and used in silico molecular
docking to explain the obtained data.

2. Results and Discussion
2.1. THCV

The agonist property of A9-THCV and A8-THCV was assessed using the 3-arrestin
recruitment assay in CB1 expressing CHO-K1 cell line, in which both isomers failed to show
any significant agonist property up to 5 uM (Figure 3a). An insignificant increase from
baseline was observed for A9-THCV (Emax of 1.19%), suggesting that this isomer may show
a weak agonist property at higher concentrations; however, higher concentrations were not
tested, as most cannabinoids are known to exert some in vitro cell cytotoxicity at a dose
higher than 5 uM [12]. Instead, both isomers were capable of antagonizing the agonist effect
of CP 55940, a synthetic cannabinoid and full agonist of CB1, with surprisingly similar
maximum relative efficiency to AM-281 and rimonabant, two synthetic antagonists/inverse
agonists of human CB1 receptor (Figure 3b, Table 1). The obtained antagonist values for
A9-THCV and A8-THCYV fitted greatly (R? > 0.98) into a four-parameter log-logistic model
(antagonist concentration) vs. response curve, allowing calculation of IC5y and Hill slope
values. The A9 isomer was found to be approximately two times stronger an antagonist
than the A8 counterpart, realizing an ICsy of 52.4 nM (119.6 nM for A8-THCV). This
difference in antagonist activity has also been highlighted recently by Walsh and colleagues,
reporting that, compared to A8-THCV, A9-THCV is more potent in antagonizing WIN
55212-2 (another full agonist of CB1) [8]. The A9 isomer was, however, a ~3x and ~45 x
less potent antagonist than AM-281 and rimonabant, respectively.
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Figure 3. (a) Agonist mode CB1 [-arrestin assay for CP 55940 and THCV isomers after 90 min
incubation time using PathHunter® assay; 100% relative activity was normalized to the maximum
(£)-CP 55,940 stimulation and 0% relative activity to compound vehicle control. (b) Antagonist mode
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CB1 B-arrestin assay for synthetic antagonists (rimonabant and AM-281) and THCV isomers after
30 min incubation time followed by 90 min (£)-CP 55,940 challenge (5.04 nM) using PathHunter®
assay; 100% relative activity was normalized to the maximum AM-281, and 0% relative activity
was normalized to compound vehicle control. Error bars represent the standard deviation of three
independent measurements.

Table 1. ICs5 values for antagonist effects of THCV isomers, AM281, and rimonabant at CB1 receptor.

IC59 (nM) Hill Slope Maximum RE (%) R Square
A9-THCV 52.42 (1.11) 1.38 (0.18) 96.46 (2.20) 0.9805
A8-THCV 119.60 (1.05) 1.37 (0.09) 97.40 (1.16) 0.9950
AM-281 17.71 (1.12) 0.81 (0.07) 101.90 (1.63) 0.9913
Rimonabant 1.22 (1.08) 1.19 (0.09) 101.20 (0.77) 0.9929

Note: Values in parentheses are standard deviations of three independent measurements.

Another aspect of the data that caught our attention was the antagonist Hill slope
value of THCV isomers, which realized values significantly higher than unity (Table 2).
These values suggest a complex binding profile for A9-THCV and A8-THCYV, proposing the
possibility of more than one binding site [13]; however, considering the limitation of the
Hill equation [14], further study is required to confirm this hypothesis.

Table 2. ECs( values for agonist effects of HHC isomers and CP 55940 at CB1 receptor.

ECs¢ (nM) Hill Slope Maximum RE (%) R Square
9R-HHC 53.45 (1.19) 0.56 (0.07) 41.51 (1.70) 0.9887
9S-HHC 624.30 (1.12) 0.95 (0.08) 20.58 (0.80) 0.9926
CP 55940 9.48 (1.13) 0.90 (0.10) 105.50 (3.34) 0.9862

Note: Values in parentheses are standard deviations of three independent measurements.

Although the IC5 for THCV isomers is higher than that of AM-281 and rimonabant,
their nanomolar range suggests that both isomers can be considered potent antagonists;
however, the CB1 antagonist effect of THCV has always been the subject of debate in the
scientific community. In a review of A9-THC and A9-THCV functionality at cannabinoid
receptors, Pertwee concluded that A9-THCV can act as a CB1 antagonist at low doses but
shows agonist-like CB1 activation at high concentrations [15], an utterly distinguished
functionality compared to A9-THC. THCV is reported to have a weaker affinity toward
CB2 than THC [15]. However, similar to CB1, some studies have reported THCV as a
potent agonist of CB2 [16] and some as an antagonist [17]. The dose-dependent dual
agonist/antagonist property, which to some extent has been overlooked by other studies,
reveals the potential of two binding modes for A9-THCV. Raich and colleagues suggest that
the difference in the functionality of THC and THCV at the CB1 receptor originated from
variation in binding modes that results in qualitatively different effects depending on the
signaling pathway engaged upon receptor activation [18]. We applied in silico molecular
docking simulations to shed more light on the difference between the interaction of THCV
isomers and THC with the CB1 receptor. The in silico molecular docking method was first
optimized and validated using a practical guide outlined by Bender and colleagues [19].
As shown in Figure 4, the model was capable of predicting the binding site and binding
posture of crystallized ligands in both agonist and antagonist states with good accuracy,
producing ligand root mean square deviation (RMSD, crystal structure against predicted
docking pose, calculated with Chimera) of 0.580 and 0.616 A for agonist (AM841) and
antagonist (AM638) ligands, respectively.
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Figure 4. Reproduction of crystalized ligand binding mode using validated molecular docking
simulations. Cyan: crystallized ligand extracted from PDB file; red: model prediction of ligand
posture. Some residues were omitted for clarity.

The orthosteric binding pocket analysis of the CB1 receptor using CASTp 3.0 [20]
shows a binding core and three main binding side channels (Figure 5a). After validation of
our in silico model, we studied the interaction of THCV isomers and THC with the binding
pocket of the CB1 receptor in both agonist (5XRA) and antagonist (5TGZ) states. In the
agonist mode, A9- and A8-THCV show very similar poses inside the orthosteric site of the
CB1 receptor to that of A9-THC (Figure 5b,c). This pose, which involves hydrogen binding
between the phenol OH group and Ser3837-%, as well as m— interaction of the benzene
ring with phenylalanines, Phe170>%, and Phe379”° (Figure 5c), has been discussed pre-
viously by other research groups [21]. In this binding pose (hereby called agonist pose),
the alkyl chain of the cannabinoids occupies the narrow side pocket 3; however, a new
energetically favorable pose was discovered when we studied the interaction of THCVs
with the antagonist state of the CB1 receptor. In this new pose (hereby called antagonist
pose), demonstrating the highest docking score, the alkyl chain is not pointed to the cen-
ter of the receptor but instead occupies the side pocket 1 (Figure 5d). On the one hand,
this led to interaction with new lipophilic groups, in particular, strong interactions with
Phe268ECL2 (1,993 A, closest distance between ligand and residue), Met103 (2.475 A), and
11e105 (2.658 A). Among these residues, Met103 and Ile105 belong to the N-terminus of the
receptor. On the other hand, the THCV is deprived of interacting with Phe37973%, which,
according to mutagenesis studies, is essential in demonstrating agonist properties [22]. In
addition, occupation of side pocket 1 and interactions with ECL2/N-terminus residues
have been previously reported in the CB1 docking simulation of synthetic antagonists from
the AM family [23], prompting us to suggest that this pose is responsible for the observed
antagonist property of THCV isomers. The presence of two binding modes can be used
to explain the dual CB1 agonist/antagonist functionality of A9-THCV in some in vitro
assays [15].

CASTp 3.0 analysis shows a binding pocket area of 1465.3 A for antagonist-bound CB1
(5TGZ) and 1201 A for agonist-bound CB1 (5XRA). In the analysis of the crystal structure
of CB1 receptors, Hua et al. also noted a 53% increase in the volume of the ligand binding
pocket in the antagonist/rest state relative to the agonist-bound state [24]. We believe the
antagonist pose discovered in this study is likely possible due to the bigger pocket size of
the receptor in the antagonist state.
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Figure 5. (a) Binding pocket analysis of CB1 receptor (agonist state, 5XRA) with side pocket num-
bering. (b) Binding poses of A9-THC and (c) A9-THCV inside the orthosteric ligand binding site of
the CB1 receptor in the agonist state (5XRA). (d) Binding poses of A9-THCYV inside the orthosteric
ligand binding site of the CB1 receptor in the antagonist state (5TGZ). Some parts of the helices were
removed for clarity.

Interestingly, when we conducted docking simulations between A9-THC-based
molecules bearing different alkyl chain lengths (1 to 7, Figure 1) and 5TGZ (CB1 receptor in
antagonist state), for all ligands, the antagonist pose also appeared among the top three
poses. To investigate further, we compared the docking score of agonist and antagonist
poses across this series of cannabinoids (Figure 6). We discovered the docking scores do not
follow a linear trend while providing a very good prediction of in vitro experimental data.
In the antagonist pose, A9-THCV has the best docking score in the series while showing a
poor docking score in the agonist mode, consistent with its antagonist properties in vitro.
The difference between the binding score of agonist and antagonist poses also suggests
that A9-THCB (A9-tetrahydrocannabutol) and A9-THCP should be stronger agonists than
A9-THC, with A9-THCP being the strongest agonist in the series, again in agreement with
the experimental data [21,25].
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Figure 6. Changes in docking scores of agonist and antagonist pose in a series of THC-based molecules
with various alkyl chain lengths. Docking scores are presented in kcal /mol.

It is noteworthy that the docking score for the antagonist pose of A8-THCV
(—11.542 kcal /mol) is slightly worse than that of AQ-THCV (—11.605 kcal /mol), supporting
slightly higher ICsy of A8-THCV in the in vitro antagonist assay.

2.2. HHC

Both 9R-HHC and 9S-HHC isomers demonstrated agonist activity at the CB1 receptor
in the -arrestin recruitment assay. The obtained antagonist values for 9R-HHC and 95-
HHC fitted greatly (R? > 0.98) into four-parameter log-logistic model (agonist concentration)
vs. response curve, allowing calculation of ECsy and Hill slope values (Figure 7). The 9R
isomer was significantly more potent, showing ~12x lower ECsg (53.4 nM) than the 95
counterpart (624.30 nM). Relative to the full agonist CP 55940, the R isomer also led to higher
maximum receptor activation than 9S-HHC (41.51% vs. 20.58% for S; Table 2), presenting
a surprisingly similar CB1 activation profile and potency to A9-THC [26]; however, both
isomers were significantly less potent than CP 55940 and can be classified as moderate (9R)
and weak (9S) partial agonists of the CB1 cannabinoid receptor. In a recent study, Nasrallah
and Garg reported smaller agonist ECs values for 9R-HHC (3.4 nM) and 9S-HHC (57 nM)
using a cAMP assay, but their data also similarly suggest approximately 16-fold higher
agonist potency for 9R-HHC [11].

—8— CP55340
—&— SR-HHC
—— 8S-HHC

% Relative Efficacy (RE)
o S
3 3

=3

-10 -9 -8 -7 -6 -5
Log[ligand]M
Figure 7. Agonist mode CB1 (3-arrestin assay for CP 55940 and HHC isomers after 90 min incubation
time using PathHunter® assay; 100% relative activity was normalized to the maximum (4)-CP
55,940 stimulation and 0% relative activity to compound vehicle control. Error bars represent the

standard deviation of three independent measurements.

Differences in ECs5p, maximum RE percentage, and Hill slope values of 9R- and 95-
HHC encouraged us to study their interaction with the agonist mode of the CB1 receptor
(5XRA) using a molecular docking approach. We discovered that 9R-HHC and A9-THC
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adopt very similar poses inside the orthosteric ligand binding site of the CB1 receptor
(Figures 5b and 8a), explaining their similar in vitro receptor binding properties. In this
pose, the aromatic group of the phenolic ring is almost sandwiched between two pheny-
lalanine amino acids, Phe170%°” and Phe37973° (Figure 8a). Other lipophilic phenylalanine
residues (Phe1742¢1, Phel77%%4, Phe189%%, and Phe268ECL2), are involved in stabilizing
methyl groups C11, C12, and C13 (for atom numbering, see Figure 1). An important
polar interaction in this pose is the strong binding of the OH group with the amino acid
Ser3837%. The first three carbons of the pentyl chain (C1’, C2, and C3') have close con-
tact with Val196332; however, we noticed that for both 9R-HHC and A9-THC structures,
two terminal carbons (C4’ and C5’) could easily rotate to produce slightly different poses
with similar docking scores inside the receptor pocket (Figure 8c). A previous docking
study by Linciano and coworkers suggested a very similar variation in the position of the
aliphatic side chain as the main reason for the difference in CB1 affinity of A9-THC and
A9-THCB [21].

Protein: SXRA, Ligand: 9R-HHC, Docking score: — 11.10 Protein: SXRA, Ligand: 95-HHC, Docking score: — 10.23

Figure 8. 3D binding poses of (a) 9R-HHC and (b) 9S-HHC inside the CB1 receptor pocket. (c) Three
different possible orientations of A9-THC alkyl chain inside the CB1 pocket with close docking scores.
Some parts of the helices were removed for clarity. Docking scores are presented in kcal/mol.

Surprisingly, the docking study revealed an entirely different binding pose for 95-HHC
(score: —10.23 kecal/mol), in which the ligand seems to be rotated inside the pocket (Figure 8b).
This pose also shows a lower docking score than 9R-HHC (score —11.10 kcal/mol) and A9-THC
poses (score: —11.04 kcal/mol), predicting a weaker affinity of 9S-HHC. In this unique
pose, the aromatic resorcinol ring is again involved in an edge-to-face m—m interaction with
Phe37973°. Interestingly, although a somewhat similar array of amino acids is involved
in the structure stabilization of 9R-HHC and 9S-HHC, these amino acids interact with
different parts of these molecules. For example, Phe18932° interacts with C12 and C13
of 9R-HHC, but it is in proximity to C11 in the 9S-HHC pose. However, the significant
difference in the 9S-HHC pose is the lack of an H-bond between the phenolic OH of 95-
HHC and Ser38373°. In fact, the rotation of the molecule inside the receptor has deprived
the OH group from making any meaningful polar interaction with the CB1 receptor. As
the previous structure-activity relationship has shown that the phenolic OH group plays a
vital role in the affinity of THC-like molecules toward the CB1 receptor, we believe that
the lack of polar interaction with Ser3837-% is the main reason behind the weak agonist
property of 9S-HHC and its low affinity toward the CB1 receptor [27]. In addition, it has
been shown that removing the OH group from A9-THC does not affect the affinity toward
the CB2 receptor. Our molecular docking, as a result, predicts higher CB2 selectivity for
9S5-HHC than for 9R-HHC. This prediction has been recently confirmed by in vitro studies
showing 1.7 times CB2 selectivity for 95-HHC and 1.2 for 9R-HHC [11].
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3. Materials and Methods
3.1. PathHunter® Agonist and Antagonist Assay

For agonist and antagonist assays, PathHunter® CHO-K1 CNR1 (Eurofins DiscoverX,
Fremont, CA, USA, Catalog number: 93-0959C2) (3-Arrestin cells were expanded from
freezer stocks according to standard procedures provided by Eurofins. The cell line manual
was followed for cell growth (including cell culture media and supplementation, the
handling and preparation of cells, etc.), test procedure, and signal detection [28]. Cells were
seeded in a total volume of 20 puL (5000 cells) into white-walled, 384-well microplates and
incubated at 37 °C overnight prior to testing. After preparing stock acetonitrile solution at
1 mg/mL concentration of ligand, compound intermediate concentrations were achieved
by a 10-point series of 3-fold compound serial dilutions in a compound dilution buffer in a
separate dilution plate.

For the agonist assay, the concentration of each dilution was prepared at 5X of the
final screening concentration. An amount of 5 L. of samples was added to cells (highest
final concentration = 5 uM, maximum acetonitrile = 0.2 v/v%) and incubated at 37 °C for
90 min (5% CO,). To generate the assay signal, 12.5 uL of working detection solution was
added to the cells, which were then left to incubate for an hour at room temperature in the
dark. The signal detection was carried out using a PerkinElmer Envision instrument to
measure chemiluminescence.

For antagonist determination, cells were pre-incubated with THCV isomers, followed
by agonist challenge at the ECgy concentration. Each THCV dilution was prepared at a
10X concentration relative to the intended final concentrations for screening. An amount
of 2.5 uL of these samples were introduced into the cells, achieving a maximum final
concentration of 5 pM for THCV and ~0.2 v/v% for acetonitrile. The assay plate was
incubated at 37 °C for 30 min in an atmosphere containing 5% CO,. An amount of 2.5 uL of
CP 55940 stock solution (10x final concentration) was added to the cells to produce a final
concentration equal to ECgg (5.04 nM, previously calculated using agonist assay). Cells
were incubated for 90 min at 37 °C and 5% COs. To generate the assay signal, 12.5 uL of
working detection solution was added to the cells, which were then left to incubate for
an hour at room temperature in the dark. The signal detection was carried out using a
PerkinElmer Envision (Waltham, MA, USA) instrument to measure chemiluminescence.

The pure A8-THCV, A9-THCYV, and HHC isomers were purchased as analytical stan-
dards (in acetonitrile) from Cayman Chemicals (Ann Arbor, MI, USA) [29]. CP 55940 and
AM?281 were provided by Eurofins (Fremont, CA, USA).

3.2. CB1 Cannabinoid Receptor Refinement and Molecular Analysis with THCV and
HHC Isomers

The cannabinoid CB1 receptor structural templates were obtained from the Protein
Data Bank. The antagonist-bound CB1 protein (5TGZ) [23] was used for antagonist
state studies. For agonist mode, four agonist-bound CB1 proteins (5XR8 [24], 5XRA [24],
7V3Z [30], and 8GHYV [31]) were investigated, and 5XRA was selected because it produced
the best results in the validation process. Some protein structures had a low resolution
of 2.8 A and a medium quality according to the vwPDB validation protocol (according
to PDB percentile ranks). Parameters such as side chain outliers and clashcores needed
to be refined prior to molecular docking analysis to obtain the most reliable results. The
Chimera (RBVI, University of California, San Francisco, CA, USA) Dock Prep function
was used to prepare receptors for the docking simulations. Solvent and water molecules
were removed. The incomplete side chain was replaced with the Dunbrack 2010 rotamer
library [32]. Hydrogen atoms were added considering steric factors and H-bonds. Charges
were assigned using the AMBER £{f99bsc0 force field [33]. For molecular refinement, we
applied molecular dynamic simulation (MD) to refine the overall final model. For MD
refinement, we applied the YASARA? force field and the WHAT-IF protein quality check
package [34]. The Yasara?2 force field has been optimized to increase the atomic accuracy of
protein structures based on multidimensional potentials based on the enormous knowledge
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curated and deposited in the PDB. Once the CB1 cannabinoid receptor protein model
was refined, we performed energy minimization as a prerequisite for molecular docking
analysis. The minimization process was performed using the same force field used in the
refinement stage with the YASARA Structure molecular suite (YASARA Biosciences GmbH,
Wien, Austria). Autodock Vina [35] was used for the molecular docking analysis. The
performance of three different scoring functions (vina, vinardo [36], and a recently reported
custom empirical set [37]) was assessed during the docking method validation, and the
scoring function that performed the best in the validation process was selected for docking
analysis. For the costume empirical set, the gaussl, gauss2, repulsion, hydrophobic, hy-
drogen bond, and rotation values were set at —0.049811, —0.007218, 0.756221, —0.031562,
—0.469951, and 0.025722, respectively.

For validation of the docking method, molecular docking was first conducted on a
series of agonist/antagonist active and decoy ligands (250-300 ligands, active-to-decoy
ratio of 1:10), and area under the curves (AUCs) in receiving operating characteristic (ROC)
graphs were used to analyze the success of each model and scoring function [19]. Decoy
ligands were obtained from the DUD.E database [38]. AUC data and ROC graphs are
presented in Table 3 and Figure 9, respectively. To prepare for docking simulations, the
3D structure of ligands was built from SMILES strings using Open Babel 3.1.1 [39], and
Gasteiger charges were assigned to each molecule.

Table 3. The area under curve (AUC) values obtained during the docking method validation process.
The best values for agonist and antagonist modes are highlighted in green.

Scoring Function

True Positive Rate

0.2

04 0.6 08 1.0
False Positive Rate

0.2

04 0.6 0.8 10
False Positive Rate

PDB Structure Vina Vinardo Costume Set
5TGZ (antagonist bound) 0.87 0.68 0.92
8GHYV (agonist bound) 0.60 0.71 0.54
5XRA (agonist bound) 0.74 0.72 0.65
5XR8 (agonist bound) 0.66 0.73 0.59
773V (agonist bound) 0.70 0.65 0.61
el 10 Py
! ’/’/ 08 //'/
/’,/ E 0.4 /”/
e Protein: STGZ o /// Protein: SXRA
P Scoring function: costume set * Scoring function: vina
L AUC: 0.92 AUC: 0.74

Figure 9. ROC curves for two models used for molecular docking plotting the rate of true positives
found against decoys found. The orange line shows model performance, while the dashed blue line
represents the random classifier.

Before performing the in silico study, the ligand molecules, as well as the template
structure, were prepared. During this phase, parameters such as protonation state, length
and angle of atomic bonds were corrected, and flexible atomic bonds were assigned to allow
conformational sampling of the ligand molecule chains during molecular docking analysis.
A cavity prediction algorithm was used to identify the protein cavity as the binding target
in the CB1 protein receptor [40]. Grid box size of 30 x 30 x 30 and exhaustiveness of
50 were used for all molecular docking calculations. No meaningful improvement in
docking scores was observed using larger exhaustiveness values. The most favorable
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(energetically) and best-scoring poses were selected, analyzed, and compared between the
different ligands tested.

4. Conclusions

In conclusion, a minimal structural modification can significantly change the CB1
receptor binding behavior of cannabinoids. A slight shift in the position of the double
bond that converts A9-THCV to A8-THCV also reduces the CB1 antagonist potency by
twofold. The only structural difference between 9R-HHC and 95-HHC is the Chirality
of one carbon atom; however, this difference is significant enough to make the 9R-HHC
isomer a ~10x more potent CB1 agonist than 9S. We showed that these variations in activity
are directly related to the binding pose ligands taken inside the binding site of the CB1
receptor. In this study, we introduce two new possible binding poses for THCV isomers
and 95-HHC, which can explain their unusual CB1 functionality. A lack of strong polar
interaction was suggested as the main reason for the drop in CB1 potency of 9S-HHC. We
also proposed a new antagonist binding pose for THC-based molecules. As the market
of minor cannabinoids (cannabinoids that are found in small quantities in Cannabis sativa)
is rapidly expanding, this study highlights the importance of studying structure-activity
relations in the cannabinoid field. To broaden our understanding of the isomeric differences
and their pharmacological implications, future studies could explore other cannabinoid
receptors, such as CB2, as well as non-cannabinoid receptors that cannabinoids interact
with (e.g., serotonin, dopamine, and opioid receptors). Considering that the activity of CYP
enzymes can convert cannabinoids to other biologically active compounds, the differences
in receptor binding of THCV and HHC metabolites (particularly 11-OH and 11-COOH
metabolites) should also be investigated in future studies.

Author Contributions: Conceptualization: M.H. and M.O.B.-M.; methodology: M.H.; formal anal-
ysis: M.H.; data curation: M.H.; writing—original draft preparation: M.H., Y.L.d.LS., M.B., M.R.
and M.O.B.-M.; writing—review and editing: M.L.F. and M.O.B.-M.; visualization: M.H.; project
administration: M.H.; funding acquisition: M.O.B.-M. All authors have read and agreed to the
published version of the manuscript.

Funding: Funding for this study was provided by Charlotte’s Web.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Carbon for supporting the first author.

Conflicts of Interest: M.B. and M.O.B.-M. are past employees of Canopy Growth Corporation. M.B.
and M.O.B.-M. are presently employed by Charlotte’s Web. M.H. and M.R. are employees of Nalu
Bio. M.H. is a consultant for Charlotte’s Web and a former employee at Canopy Growth Corporation
and Organigram.

1. Compton, D.R; Rice, K.C.; De Costa, B.R.; Razdan, R.K.; Melvin, L.S.; Johnson, M.R.; Martin, B.R. Cannabinoid Structure-Activity
Relationships: Correlation of Receptor Binding and in Vivo Activities. J. Pharmacol. Exp. Ther. 1993, 265, 218-226. [PubMed]

2. Reggio, PH.; Greer, K.V.; Cox, S.M. The Importance of the Orientation of the C9 Substituent to Cannabinoid Activity. J. Med.
Chem. 1989, 32, 1630-1635. [CrossRef] [PubMed]

3.  Haghdoost, M.; Brumar, D.; Geiling, B.; Brunstetter, M.; Bonn-Miller, M.O. Chemistry, Crystal Structure, and In Vitro Receptor
Binding of AW-THC Isomers. Cannabis Cannabinoid Res. 2023, 8, 51-510. [CrossRef] [PubMed]

4. Bosquez-Berger, T.; Wilson, S.; Illiopoulos-Tsoutsouvas, C.; Jiang, S.; Wager-Miller, J.; Nikas, S.P.; Mackie, K.P.; Makriyannis, A.;
Straiker, A. Differential Enantiomer-Specific Signaling of Cannabidiol at CB; Receptors. Mol. Pharmacol. 2022, 102, 259-268.

[CrossRef] [PubMed]

5. Ferretti, M.L.; Gournay, L.R.; Bingaman, M.G.; Leen-Feldner, EW. A Survey Study of Individuals Using Hexahydrocannabinol
Cannabis Products: Use Patterns and Perceived Effects. Cannabis Cannabinoid Res. 2023. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/8474008
https://doi.org/10.1021/jm00127a038
https://www.ncbi.nlm.nih.gov/pubmed/2738895
https://doi.org/10.1089/can.2023.0045
https://www.ncbi.nlm.nih.gov/pubmed/37721987
https://doi.org/10.1124/molpharm.121.000305
https://www.ncbi.nlm.nih.gov/pubmed/36153039
https://doi.org/10.1089/can.2023.0143
https://www.ncbi.nlm.nih.gov/pubmed/37934167

Pharmaceuticals 2024, 17, 637 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Wargent, E.T.; Zaibi, M.S,; Silvestri, C.; Hislop, D.C.; Stocker, C.J.; Stott, C.G.; Guy, G.W.; Duncan, M.; Di Marzo, V.; Cawthorne,
M.A. The Cannabinoid A%-Tetrahydrocannabivarin (THCV) Ameliorates Insulin Sensitivity in Two Mouse Models of Obesity.
Nutr. Diabetes 2013, 3, e68. [CrossRef] [PubMed]

Riedel, G.; Fadda, P.; McKillop-Smith, S.; Pertwee, R.G.; Platt, B.; Robinson, L. Synthetic and Plant-derived Cannabinoid Receptor
Antagonists Show Hypophagic Properties in Fasted and Non-fasted Mice. Br. J. Pharmacol. 2009, 156, 1154-1166. [CrossRef]
[PubMed]

Walsh, K.B.; Holmes, A.E. Pharmacology of Minor Cannabinoids at the Cannabinoid CB; Receptor: Isomer- and Ligand-
Dependent Antagonism by Tetrahydrocannabivarin. Receptors 2022, 1, 3-12. [CrossRef]

Hanus, L.O.; Meyer, S.M.; Muiioz, E.; Taglialatela-Scafati, O.; Appendino, G. Phytocannabinoids: A Unified Critical Inventory.
Nat. Prod. Rep. 2016, 33, 1357-1392. [CrossRef]

Mechoulam, R.; Lander, N.; Varkony, T.H.; Kimmel, I.; Becker, O.; Ben-Zvi, Z.; Edery, H.; Porath, G. Stereochemical Requirements
for Cannabinoid Activity. ]. Med. Chem. 1980, 23, 1068-1072. [CrossRef]

Nasrallah, D.J.; Garg, N.K. Studies Pertaining to the Emerging Cannabinoid Hexahydrocannabinol (HHC). ACS Chem. Biol. 2023,
18,2023-2029. [CrossRef] [PubMed]

Cerretani, D.; Collodel, G.; Brizzi, A.; Fiaschi, A.L,; Menchiari, A.; Moretti, E.; Moltoni, L.; Micheli, L. Cytotoxic Effects of
Cannabinoids on Human HT-29 Colorectal Adenocarcinoma Cells: Different Mechanisms of THC, CBD, and CB83. Int. J. Mol. Sci.
2020, 21, 5533. [CrossRef] [PubMed]

Prinz, H. Hill Coefficients, Dose-Response Curves and Allosteric Mechanisms. J. Chem. Biol. 2010, 3, 37-44. [CrossRef] [PubMed]
Endrenyi, L.; Kwong, EH.F,; Fajszi, C. Evaluation of Hill Slopes and Hill Coefficients When the Saturation Binding or Velocity Is
Not Known. Eur. J. Biochem. 1975, 51, 317-328. [CrossRef] [PubMed]

Pertwee, R.G. The Diverse CB; and CB, Receptor Pharmacology of Three Plant Cannabinoids: A°-tetrahydrocannabinol,
Cannabidiol and A9—tetrahydrocannabivarin. Br. J. Pharmacol. 2008, 153, 199-215. [CrossRef]

Batkai, S.; Mukhopadhyay, P.; Horvath, B.; Rajesh, M.; Gao, R.Y.; Mahadevan, A.; Amere, M.; Battista, N.; Lichtman, A.H.; Gauson,
L.A,; etal. A8—Tetrahydrocannabivarin Prevents Hepatic Ischaemia/Reperfusion Injury by Decreasing Oxidative Stress and
Inflammatory Responses through Cannabinoid CB, Receptors. Br. |. Pharmacol. 2012, 165, 2450-2461. [CrossRef] [PubMed]
Thomas, A.; Stevenson, L.A.; Wease, K.N.; Price, M.R.; Baillie, G.; Ross, R.A.; Pertwee, R.G. Evidence That the Plant Cannabinoid
A9-tetrahydrocannabivarin Is a Cannabinoid CB; and CB; Receptor Antagonist. Br. J. Pharmacol. 2005, 146, 917-926. [CrossRef]
[PubMed]

Raich, I.; Rivas-Santisteban, R ; Lillo, A.; Lillo, J.; Reyes-Resina, I.; Nadal, X.; Ferreiro-Vera, C.; De Medina, V.S.; Majellaro, M.;
Sotelo, E.; et al. Similarities and Differences upon Binding of Naturally Occurring A9-Tetrahydrocannabinol—Derivatives to
Cannabinoid CB; and CB, Receptors. Pharmacol. Res. 2021, 174, 105970. [CrossRef]

Bender, B.J.; Gahbauer, S.; Luttens, A.; Lyu, J.; Webb, C.M.; Stein, RM.; Fink, E.A.; Balius, T.E.; Carlsson, J.; Irwin, J.].; et al. A
Practical Guide to Large-Scale Docking. Nat. Protoc. 2021, 16, 4799-4832. [CrossRef]

Tian, W.; Chen, C.; Lei, X.; Zhao, J.; Liang, J. CASTp 3.0: Computed Atlas of Surface Topography of Proteins. Nucleic Acids Res.
2018, 46, W363-W367. [CrossRef]

Linciano, P; Citti, C.; Luongo, L.; Belardo, C.; Maione, S.; Vandelli, M.A.; Forni, F; Gigli, G.; Lagana, A.; Montone, C.M.;
et al. Isolation of a High-Affinity Cannabinoid for the Human CB; Receptor from a Medicinal Cannabis sativa Variety: A°-
Tetrahydrocannabutol, the Butyl Homologue of A-Tetrahydrocannabinol. J. Nat. Prod. 2020, 83, 88-98. [CrossRef] [PubMed]
Ahn, K.H.; Bertalovitz, A.C.; Mierke, D.F,; Kendall, D.A. Dual Role of the Second Extracellular Loop of the Cannabinoid Receptor
1: Ligand Binding and Receptor Localization. Mol. Pharmacol. 2009, 76, 833-842. [CrossRef] [PubMed]

Hua, T.; Vemuri, K; Pu, M.; Qu, L.; Han, GW.,; Wu, Y.; Zhao, S.; Shui, W.; Li, S.; Korde, A.; et al. Crystal Structure of the Human
Cannabinoid Receptor CBy. Cell 2016, 167, 750-762.e14. [CrossRef] [PubMed]

Hua, T.; Vemuri, K.; Nikas, S.P,; Laprairie, R.B.; Wu, Y; Qu, L.; Pu, M.; Korde, A; Jiang, S.; Ho, J.-H.; et al. Crystal Structures of
Agonist-Bound Human Cannabinoid Receptor CB;. Nature 2017, 547, 468—471. [CrossRef] [PubMed]

Citti, C.; Linciano, P,; Russo, E; Luongo, L.; Iannotta, M.; Maione, S.; Lagana, A.; Capriotti, A.L.; Forni, E; Vandelli, M.A;
et al. A Novel Phytocannabinoid Isolated from Cannabis sativa L. with an in Vivo Cannabimimetic Activity Higher than
A9—Tetrahydrocannabinol: A9—Tetrahydrocannabiphorol. Sci. Rep. 2019, 9, 20335. [CrossRef] [PubMed]

Bayewitch, M.; Rhee, M.-H.; Avidor-Reiss, T.; Breuer, A.; Mechoulam, R.; Vogel, Z. (—)—A9-Tetrahydrocannabinol Antagonizes
the Peripheral Cannabinoid Receptor-Mediated Inhibition of Adenylyl Cyclase. J. Biol. Chem. 1996, 271, 9902-9905. [CrossRef]
[PubMed]

Prandi, C.; Blangetti, M.; Namdar, D.; Koltai, H. Structure-Activity Relationship of Cannabis Derived Compounds for the
Treatment of Neuronal Activity-Related Diseases. Molecules 2018, 23, 1526. [CrossRef] [PubMed]

Eurofins. User Manual PathHunter®b-Arrestin Assay for GPCR Cell Lines. Available online: https://www.discoverx.com/content/
uploads/2023/07/70-247-PathHunter-Beta- Arrestin- Assay-for-GPCR-Cell-Lines_REV5-1.pdf (accessed on 8 October 2023).

Cayman Chemicals. Available online: https://www.caymanchem.com (accessed on 9 October 2023).

Wang, X.; Liu, D.; Shen, L.; Li, F; Li, Y.; Yang, L.; Xu, T.; Tao, H.; Yao, D.; Wu, L.; et al. A Genetically Encoded F-19 NMR Probe
Reveals the Allosteric Modulation Mechanism of Cannabinoid Receptor 1. J. Am. Chem. Soc. 2021, 143, 16320-16325. [CrossRef]
[PubMed]


https://doi.org/10.1038/nutd.2013.9
https://www.ncbi.nlm.nih.gov/pubmed/23712280
https://doi.org/10.1111/j.1476-5381.2008.00107.x
https://www.ncbi.nlm.nih.gov/pubmed/19378378
https://doi.org/10.3390/receptors1010002
https://doi.org/10.1039/C6NP00074F
https://doi.org/10.1021/jm00184a002
https://doi.org/10.1021/acschembio.3c00254
https://www.ncbi.nlm.nih.gov/pubmed/37578929
https://doi.org/10.3390/ijms21155533
https://www.ncbi.nlm.nih.gov/pubmed/32752303
https://doi.org/10.1007/s12154-009-0029-3
https://www.ncbi.nlm.nih.gov/pubmed/19779939
https://doi.org/10.1111/j.1432-1033.1975.tb03931.x
https://www.ncbi.nlm.nih.gov/pubmed/1149734
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1111/j.1476-5381.2011.01410.x
https://www.ncbi.nlm.nih.gov/pubmed/21470208
https://doi.org/10.1038/sj.bjp.0706414
https://www.ncbi.nlm.nih.gov/pubmed/16205722
https://doi.org/10.1016/j.phrs.2021.105970
https://doi.org/10.1038/s41596-021-00597-z
https://doi.org/10.1093/nar/gky473
https://doi.org/10.1021/acs.jnatprod.9b00876
https://www.ncbi.nlm.nih.gov/pubmed/31891265
https://doi.org/10.1124/mol.109.057356
https://www.ncbi.nlm.nih.gov/pubmed/19643997
https://doi.org/10.1016/j.cell.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/27768894
https://doi.org/10.1038/nature23272
https://www.ncbi.nlm.nih.gov/pubmed/28678776
https://doi.org/10.1038/s41598-019-56785-1
https://www.ncbi.nlm.nih.gov/pubmed/31889124
https://doi.org/10.1074/jbc.271.17.9902
https://www.ncbi.nlm.nih.gov/pubmed/8626625
https://doi.org/10.3390/molecules23071526
https://www.ncbi.nlm.nih.gov/pubmed/29941830
https://www.discoverx.com/content/uploads/2023/07/70-247-PathHunter-Beta-Arrestin-Assay-for-GPCR-Cell-Lines_REV5-1.pdf
https://www.discoverx.com/content/uploads/2023/07/70-247-PathHunter-Beta-Arrestin-Assay-for-GPCR-Cell-Lines_REV5-1.pdf
https://www.caymanchem.com
https://doi.org/10.1021/jacs.1c06847
https://www.ncbi.nlm.nih.gov/pubmed/34596399

Pharmaceuticals 2024, 17, 637 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Krishna Kumar, K.; Robertson, M.J.; Thadhani, E.; Wang, H.; Suomivuori, C.-M.; Powers, A.S.; Ji, L.; Nikas, S.P.; Dror, R.O.; Inoue,
A.; et al. Structural Basis for Activation of CB; by an Endocannabinoid Analog. Nat. Commun. 2023, 14, 2672. [CrossRef]
Shapovalov, M.V.; Dunbrack, R.L. A Smoothed Backbone-Dependent Rotamer Library for Proteins Derived from Adaptive Kernel
Density Estimates and Regressions. Structure 2011, 19, 844-858. [CrossRef]

Banas, P; Hollas, D.; Zgarbova, M.; Jure¢ka, P.; Orozco, M.; Cheatham, T.E.; époner, J.; Otyepka, M. Performance of Molecular
Mechanics Force Fields for RNA Simulations: Stability of UUCG and GNRA Hairpins. ]. Chem. Theory Comput. 2010, 6, 3836-3849.
[CrossRef] [PubMed]

Krieger, E.; Joo, K.; Lee, J.; Lee, J.; Raman, S.; Thompson, J.; Tyka, M.; Baker, D.; Karplus, K. Improving Physical Realism,
Stereochemistry, and Side-Chain Accuracy in Homology Modeling: Four Approaches That Performed Well in CASP8. Proteins
2009, 77 (Suppl. 9), 114-122. [CrossRef] [PubMed]

Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization, and Multithreading. J. Comput. Chem. 2010, 31, 455-461. [CrossRef] [PubMed]

Quiroga, R.; Villarreal, M.A. Vinardo: A Scoring Function Based on Autodock Vina Improves Scoring, Docking, and Virtual
Screening. PLoS ONE 2016, 11, e0155183. [CrossRef] [PubMed]

Pham, TN.H.; Nguyen, TH.; Tam, N.M.; Y. Vu, T.; Pham, N.T.; Huy, N.T.; Mai, B.K,; Tung, N.T.; Pham, M.Q.; V. Vu, V,; et al.
Improving ligand-ranking of AutoDock Vina by Changing the Empirical Parameters. ]J. Comput. Chem. 2022, 43, 160-169.
[CrossRef]

Mysinger, M.M.; Carchia, M.; Irwin, ].J.; Shoichet, B.K. Directory of Useful Decoys, Enhanced (DUD-E): Better Ligands and
Decoys for Better Benchmarking. . Med. Chem. 2012, 55, 6582-6594. [CrossRef]

O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open Chemical Toolbox.
J. Cheminformatics 2011, 3, 33. [CrossRef]

Capra, J.A.; Laskowski, R.A.; Thornton, ].M.; Singh, M.; Funkhouser, T.A. Predicting Protein Ligand Binding Sites by Combining
Evolutionary Sequence Conservation and 3D Structure. PLoS Comput. Biol. 2009, 5, €1000585. [CrossRef]

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.


https://doi.org/10.1038/s41467-023-37864-4
https://doi.org/10.1016/j.str.2011.03.019
https://doi.org/10.1021/ct100481h
https://www.ncbi.nlm.nih.gov/pubmed/35283696
https://doi.org/10.1002/prot.22570
https://www.ncbi.nlm.nih.gov/pubmed/19768677
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1371/journal.pone.0155183
https://www.ncbi.nlm.nih.gov/pubmed/27171006
https://doi.org/10.1002/jcc.26779
https://doi.org/10.1021/jm300687e
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1371/journal.pcbi.1000585

	Introduction 
	Results and Discussion 
	THCV 
	HHC 

	Materials and Methods 
	PathHunter® Agonist and Antagonist Assay 
	CB1 Cannabinoid Receptor Refinement and Molecular Analysis with THCV and HHC Isomers 

	Conclusions 
	References

