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ABSTRACT: Hexahydrocannabinols (HHCs) are emerging
cannabinoids that have become available for recreational use and
were recently classified as Schedule I under an international treaty.
Although often advertised for having desirable effects, recent
studies have shown that commercial products typically contain
variable amounts of two epimers, (9R)-HHC and (9S)-HHC. In
turn, these epimers have been shown to have different binding
affinities to the CB, and CB, receptors. We report a computational
study that interrogates the origins of these differing affinities.
Molecular docking and molecular dynamics simulations were
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Conformational Changes in Active Site Allow for Cannabinoid Receptor
Binding and Explain Relative Binding Compared to 9R Isomer

employed to investigate the binding of (9R)-HHC and (9S)-HHC to cannabinoid receptors CB; and CB,. Computational results
show key binding interactions and highlight important conformational effects. For both receptors, the (9R)-HHC isomer exists
primarily in a chair conformation, placing the C9 methyl substituent in a favorable equatorial position in the active sites. However,
(9S)-HHC exists in equilibrium between the chair and twist-boat conformations within the receptor’s active site, ultimately leading
to less favorable binding in the CB, and CB, active sites, making (95)-HHC a less favorable ligand compared to (9R)-HHC. These
studies explain the relative binding of HHCs and are expected to enable the investigation of other cannabinoids that display

improved or selective receptor binding.

B INTRODUCTION

The recent legalization and decriminalization of marijuana and
related cannabis products in the majority of the United States
and elsewhere have led to a growing societal impact.' > One
notable area pertains to so-called emerging cannabinoids,
which are typically derivatives or analogs of A’-tetrahydro-
cannabinol (A’-THC) that have become available for
recreational use.’”” Emerging cannabinoids are generally
understudied, with the pace of scientific research often lagging
behind the availability of new cannabis products to consumers.
Thus, it is vital that fundamental science be prioritized as a
means to evaluate new and emerging cannabinoids."’

An especially prominent class of emerging cannabinoids is
hexahydrocannabinols (HHCs), with two major compounds
being the most common."'~"* These are (9R)-HHC and (9S)-
HHC (Figure 1), typically derived by reduction of A%- or A’-
THC. Whereas A’-THC is readily available as the primary
psychoactive component of marijuana, A>-THC has become
prominent following the 2018 Farm Bill, presumably made by
acid-catalyzed cyclization of cannabidiol (CBD).°"”'’ Com-
mercial HHC products are often advertised as being an
attractive product for consumers, but a recent study highlights
that the ratio of isomers in marketed products is highly
variable.'! This is notable, as recent studies have shown that
(9R)-HHC and (9S)-HHC have very different binding
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affinities to the two cannabinoid recelptors, CB, and CB,,
leading to variable levels of bioactivity.'**~>* CB, receptors
are primarily in the brain and mediate psychoactive effects,
while CB, receptors are mainly in the immune system and
regulate inflammation. Generally speaking, the activity of (9R)-
HHC is on par with that of A>THC, while the activity of
(95)-HHC is roughly ten times less."" In a recent meeting of
the United Nations Commission on Narcotic Drugs, HHC was
placed under “Schedule II” of the 1971 Convention on
Psychotropic Substances, effectively banning the compound
under international treaty (although excluding the United
States)."”

In light of the societal impact of HHCs, we sought to
examine the binding of these compounds to the CB, and CB,
receptors in silico. We have now used modern density
functional theory, molecular dynamics, and calculations of
binding affinities to explore the structures and conformations
of the HHC isomers as they bind to the cannabinoid
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Figure 1. (a) (9R)-HHC, (9S)-HHC and A®-THC, and their experimentally determined binding affinity to cannabinoid receptors. (b) DFT-
optimized structures of HHCs highlighting the cyclohexyl ring conformation and the orientation of the C9 methyl substituent for each structure.
For the depiction of the cyclohexyl rings, atoms of the parent structures are omitted for the sake of clarity.

receptors.”® We find that the binding mode for the (9R)-HHC
isomer of HHC is similar to that of THC, which explains their
comparable binding affinities. For the (9S)-HHC isomer, we
find there are subtle conformational changes in the binding
pockets that are ultimately responsible for (9S)-HHC's inferior
binding affinity. These effects are discussed herein.

B RESULTS AND DISCUSSION

Conformation Studies of HHC Isomers. We initiated
these studies by considering the conformations of (9R)-HHC
and (9S)-HHC, before performing docking studies. Prior
conformational studies of HHCs have been performed using
NMR spectroscopy and calculations.'"**™2° These key
contributions suggest the importance of the C9 methyl group’s
orientation, analo%ous to earlier cannabinoid studies by
Mechoulam et al.,”” and hint at the possibility of there being
important conformational effects.

Figure 1b shows the structures of (9R)-HHC and (9S)-
HHC, as optimized quantum mechanically with the Truhlar
density functional, M06-2X.”**” The 3D diagrams of
molecules were generated using CYLView.” In (9R)-HHC,
the cyclohexyl ring is in a chair conformation with the C9

methyl group being positioned equatorial. In the lowest energy
conformer of (95)-HHC, the cyclohexyl ring remains in a chair
conformation, resulting in the C9 methyl group being oriented
axially. The (9S)-HHC isomer (axial C9 methyl) is 1.8 kcal/
mol higher in energy than (9R)-HHC (equatorial C9 methyl),
consistent with the A-value of Me, 1.7 kcal/mol.*" For (95)-
HHC, we also evaluated the twist-boat conformer, which
positions the C9 methyl group in an equatorial orientation.
This twist-boat conformer is 2.4 kcal/mol higher in energy
compared to the chair conformer,*? rendering it highly
disfavored. As discussed below, we propose that these
conformational effects are intimately tied to cannabinoid
receptor binding.

The superimposed three-dimensional structures of the two
HHC epimers, in their lowest energy conformations, and A°’-
THC are shown in Figure 2. These overlays underscore the
cyclohexyl ring conformations and the orientation of the C9
methyl group. In (9R)-HHC, the equatorial methyl group is
located in a comparable position to the C9 methyl group of
A°-THC. However, in the (9S)-HHC epimer (favorable chair
conformation), the axial methyl group protrudes from the
bottom face of the quasiplanar alicyclic system. Although this
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Figure 2. Overlays of DFT-optimized structures of (9R)-HHC
(green; the C9 methyl group is equatorial), A>THC (blue; the C9
methyl group is equatorial), and (9S)-HHC-chair (pink; the C9
methyl group is axial). Nonpolar hydrogen atoms are omitted for

clarity.

analysis provides a cursory explanation for the comparable
binding affinity of (9R)-HHC to A’-THC (and differing
binding affinity for (9S)-HHC), we sought a more quantitative
evaluation of receptor binding and to understand the
differences in receptor binding for the two HHC isomers.
Docking Studies. As crystal structures of the human CB,
and CB, receptors have only been disclosed within the past
decade or less,'”**** docking studies and molecular dynamics
simulation studies of A% THC or its derivatives are
sparse.'*¥* 73 However, computational studies could
improve our understanding of how THC derivatives bind to
the CB, and CB, receptor active sites, which in turn could
facilitate the design and discovery of improved or selective
binders with therapeutic benefits. With regard to HHCs, one
computational study was reported in 2024, where only the
chair conformers of (9R)- and (9S)-HHC were evaluated in
the CB, active site.”” The study attributed the weak agonist
property and low CB, affinity of (9S)-HHC to its lack of polar
interaction with $383. The study ultimately concluded that the
(9S)-HHC isomer binds through its chair conformer (axial C9
methyl group) in the active site by adopting an entirely
different orientation compared to what is seen for A*-THC
and (9R)-HHC. The twist-boat conformer of (9S)-HHC was

not discussed, and the corresponding computational studies for
the CB, receptor active sites have not yet been reported.

We employed molecular docking studies to investigate the
binding features of the HHC isomers in the cannabinoid
receptor (i.e., both CB; and CB,) active sites. Figure 3a shows
the binding pose of the ligands (9R)-HHC (chair conformer)
and (9S)-HHC (chair and twist-boat conformer) to the CB,
receptor, whereas Figure 3b focuses on CB,. The docking
studies were performed with AutoDock Vina.***!

Beginning with the chair conformers of (9R)-HHC
(equatorial C9 methyl group) and (9S)-HHC (axial C9
methyl group), both are stabilized in the CB; active site
through hydrogen bonding with S383 and aryl—aryl T-
interactions with F170 and F268 (Figure 3a). The van der
Waals radius of hydrogen is 1.2 A and that of carbon is 1.75 A,
so when the C—H bond distance is about 2.9—3.0 A, the
interaction is attractive, but when shorter, the interaction
becomes repulsive. When the H—H bond distance is less than
2.4 A, the reaction is repulsive. As a result, the steric effect
(shorter CH—C distance is 2.3 A, and CH—H distance is 2.0
A) between the axial methyl of (9S)-HHC (pink) and two
nearby residues, F177 and H178, makes (9S)-HHC less
favorable compared to (9R)-HHC (CH—C1 distance is 3.0 A).
That is, the axial methyl in (9S)-HHC interacts repulsively
with the F177 and H178 residues (Figure 3a).

We also studied the docking of the twist-boat form of (9S)-
HHC (equatorial C9 methyl group) (Figure 3a, yellow
structure) in the CB,; receptor. As anticipated, the steric
hindrance encountered in the chair conformer of (95)-HHC is
alleviated in its twist-boat form, as the repulsive interactions
involving the C9 methyl group and F177 and H178 are
minimized in the twist-boat form (equatorial methyl).
Hydrogen bonding O—O distances are 2.8—3.0 A (phenol
oxygen of HHC to oxygen of residue S$383), which is
important for receptor binding. Overall, the docking features
of the twist-boat form of (9S)-HHC are very reminiscent of
how (9R)-HHC binds the CB, receptor.

For the CB, receptor, the binding poses of (9R)-HHC
(chair; equatorial C9 methyl group), (9S)-HHC (chair; axial

(b)

Figure 3. Molecular docking of (9R)-HHC (equatorial C9 methyl), (9S)-HHC-chair (axial C9 methyl) and (9S)-HHC-twist-boat (equatorial C9
methyl) in the active sites of (a) CBy, (b) CB,. Green: (9R)-HHC; Pink: (9S)-HHC-chair; Yellow: (9S)-HHC-twist-boat. Distances are given in A,
and nonrelevant hydrogens are omitted for clarity in panels (a) and (b). CH—x interaction (indicated by a magenta dashed line) distances were
calculated from the methyl proton of (9R)-HHC to the center of the C1—C2 z-bond in both CB, and CB, cases.
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(a)

Figure 4. Molecular docking of (9R)-HHC (chair; equatorial C9 methyl), (9S)-HHC-twist-boat (equatorial C9 methyl), and A’-THC (equatorial
C9 methyl) in the active sites of (a) CB;, and (b) CB,. Green: (9R)-HHC; Yellow: (9S)-HHC-twist-boat; Blue: A’>-THC. Hydrogen bonding O—
O distances are 2.8—3.0 A for CB; case, and 3.1—3.3 A for CB, case. Nonrelevant hydrogens are omitted for clarity in panels (a) and (b).

C9 methyl group), and the twist-boat conformer of (9S)-HHC
(equatorial C9 methyl group) are very similar to those
observed for the CB, receptor (Figure 3b). This is consistent
with recent structural studies, which revealed that the two
cannabinoid receptors (CB; and CB,) share a conserved
orthostatic binding pocket for their agonists. Notably, an
additional allosteric binding pocket was identified for the CB,
receptor.”” The docked structures show that for all three
substrates, the hydrogen-bonding (OH group of S285) and
aryl—aryl T-interactions (aryl group of F183 and F87) stabilize
the ligand in the active site of CB,. The key steric repulsion in
the CB, active site is with H9S, instead of with F177 and H178
in CB,. The binding of the chair conformer of (9S)-HHC
(axial C9 methyl group) is disfavored, as seen by the short H—
H bond distances of 2.0 and 1.5 A between the hydrogens on
the axial methyl group and the hydrogen of H9S. In a
comparison of the two conformers of (9S)-HHC, steric
repulsion with H9S5 is greatly relieved in the twist-boat
conformer (Figure 3b, yellow structure).

Moreover, favorable CH—x interactions, indicated by
magenta dashed line, are present between equatorial methyl
groups and nearby aromatic residues—F177 in the CB, case
(Figure 3a) and F94 in the CB, case (Figure 3b). The
distances from the methyl proton of (9R)-HHC to the
aromatic 7-system of F177 and F94 are 3.1 and 3.2 A,
respectively. In the representative binding poses obtained from
MD simulations (see the SI for details), these CH-x
interactions are consistently preserved. We believe that such
noncovalent interactions contribute to the enhanced stability
of equatorial methyl groups compared to axial ones.

We also compared the docking of three ligands that possess
an equatorial C9 methyl group: A’-THC, (9R)-HHC (favored
chair conformation), and the disfavored twist-boat form of
(9S)-HHC (Figure 4). In the case of either the CB, or CB,
active site (Figure 4a or b, respectively), very similar
interactions are seen. In fact, the ligands in the binding site
are nearly superimposable. Thus, we surmised that the binding
of (9S)-HHC to CB, and CB, may arise through its twist-boat
conformer that positions the C9 methyl group in an equatorial
position, despite the fact that the twist-boat conformer is
higher in energy than the chair conformer outside of the

binding pocket (see Figure 1b). Indeed, binding free energy
calculations further support this proposition, as we will discuss
below (see Table 1).

Molecular Dynamics (MD) Simulations. MD simula-
tions were carried out to refine the binding pose. We first
conducted MD simulations starting from the crystal structure
of CB, (PDB ID: 5XRA).”” The binding pose remains virtually
unchanged throughout the MD simulation, with the root-
mean-square deviation (RMSD) between the original crystal
ligand AM11542 and the ligand after the simulation being only
0.476 A (Figure S1). Then, MD simulations were performed
on docked structures of A>-THC, (9R)-HHC, and (9S)-HHC,
where the docking pose as shown in Figures 3 and 4 is
generally preserved (Figure S2), while the long aliphatic chain
of the cannabinoid is adjusted to a lower-energy conformation.
We performed 3 independent 1000 ns MD simulations on each
receptor—ligand complex. For A’ THC, a low-energy half-
chair conformation (equatorial C9 methyl group) is main-
tained within the receptor’s active site throughout the entire
simulation (Figures S2 and S3).

During the MD simulations, we were particularly interested
in the conformation of the cyclohexyl ring for (9R)-HHC and
(9S)-HHC. This could be gauged by monitoring the C6a—
C7—C8—C9 dihedral angle (Scheme 1). When this dihedral

Scheme 1. Schematic Illustration of the C6a—C7—C8—-C9
Dihedral Angle Monitored during the MD Simulation

Me
9

 C— o
C6a-C7-C8-C9

Dihedral angle
monitored in MD

chair: twist-boat:
(9R)-HHC or (9S)-HHC ~ 540 - _20°

angle is around 54 degrees, the cyclohexyl ring of the ligand
adopts a chair conformation; when the dihedral angle is
roughly —20 degrees, the ligand exists in a twist-boat
conformation. Depending on which isomer of HHC is being
evaluated, the conformation will then dictate the positioning of
the C9 methyl group (axial or equatorial).
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(a) MD Simulation of (9R)-HHC in CB, receptor
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Figure 5. MD simulations on the receptor—ligand complexes for (a) (9R)-HHC in CBy, (b) (9R)-HHC in CB,, (c) (9S)-HHC in CB,, and (d)

(9S)-HHC in CB,.

Table 1. Experimental and ProFESSA FEP Computed Binding Affinities for (9R)-HHC and (9S)-HHC

ligand K, CB, (nM) AAG,,, (kcal/mol) AAG,,; (kcal/mol) K; CB, (nM) AAG,,, (kcal/mol) AAG,, (kcal/mol)
(9R)-HHC 15 0.0 0.0 13 —0.1 —0.1
(98)-HHC 176 1.5 1.6 + 0.3 105 1.2 14 +02

As shown in Figure Sab, for (9R)-HHC binding, the
monitored dihedral angle remains consistently around 54
degrees throughout the simulation for both the CB; and CB,
receptors. This indicates that the ligand prefers to adopt a chair
conformation in the receptor’s active site, where the C9 methyl
group is positioned in an equatorial orientation. This is
analogous to what is seen for the unbound ligand (Figure 1b).

In contrast, when (9S)-HHC binds to either CB, or CB,, the
dihedral angle fluctuates between approximately 54 degrees
and —20 degrees during the simulation (Figure Sc,d). This
indicates that (9S)-HHC exists in equilibrium between the
chair (axial C9 methyl) and twist-boat conformations
(equatorial C9 methyl). These findings are notable, as in the
unbound state, the twist-boat form of (9S)-HHC is 2.4 kcal/
mol higher in energy than the chair conformation (see Figure
1b). Therefore, while the resting state of (9S)-HHC is
expected to be the chair form, an unfavorable conformational
change of the cyclohexyl ring to the twist-boat form is
necessary for binding, as this change alleviates steric clashing
with nearby residues as discussed earlier (see Figure 3). The
presence of the chair conformer of (9S)-HHC (axial C9
methyl) explains why (9S)-HHC is a less favorable ligand for
CB, and CB, compared to (9R)-HHC.

We also performed calculations to assess the binding
energies for (9R)-HHC and (9S)-HHC (see the SI for binding
energy calculations for A>~THC). Such calculations have not
been reported previously and require the evaluation of

different methods. Calculations obtained using molecular
mechanics Poisson—Boltzmann surface area (MM/
PBSA)*™* methods show promise, but also suggest some
limitations for calculating HHC binding to the cannabinoid
receptors, as provided in the SI. To better estimate the relative
binding free energy between (9R)-HHC and (9S)-HHC, we
conducted alchemical simulations using ProFESSA, a free
energy perturbation method developed by York and co-
workers.*® Thus, (9R)-HHC was allowed to transform to its
epimer (9S)-HHC in the simulations conducted for both CB,
and CB, receptors. These simulations were initiated with the
chair conformation of (9R)-HHC, while allowing conversion
to the twist-boat conformation of (9S)-HHC during the
alchemical process. For the CB, case, during the trans-
formation from (9R)-HHC to (9S)-HHC, we observed the
interconversion between the chair form of (95)-HHC with its
twist-boat conformation. Specifically, in three independent
runs, the chair conformation was dominant in one run, while
the twist-boat conformation was observed in the other two.
This indicates that within the active site of CB;, (95)-HHC
exists in equilibrium between the chair and twist-boat
conformations, consistent with the MD observations (Figure
5c). In contrast, for the CB, case, in all of the replicated
simulations, the ligand structure transitioned smoothly from
the chair conformation of (9R)-HHC to the chair
conformation of (9S)-HHC. This observation aligns well
with the MD results, which show that the chair form of (9S)-
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HHC is dominant over the twist-boat conformation in the CB,
case (Figure 5d), leading to poorer receptor binding,

Table 1 shows a comparison of experimental binding
affinities for (9R)-HHC and (9S)-HHC to calculated binding
affinities using ProFESSA FEP. We were delighted to find
reasonable correlations between the relative binding affinities.
For binding to the CB; receptor, the experimental and
predicted energies for the (9R)-HHC isomer match, and there
is also good agreement for the (95)-HHC isomer (AAG,,, =
1.5 kcal/mol vs AAG,,. = 1.6 = 0.3 kcal/mol). Similar trends
are seen for binding to the CB, receptor, as shown, with our
results collectively showing that ProFESSA FEP can be used to
gain a qualitative sense of the relative binding of (9R)-HHC to
(9S)-HHC for both the CB; and CB, receptors. This method
should prove useful for calculating the relative binding affinities
of other cannabinoids in the future.

B CONCLUSIONS

We have performed a computational study of the emerging
cannabinoids HHCs. These compounds are notable as they are
available for recreational use in the United States but were
recently classified as Schedule II under an international treaty.
Moreover, the two HHC isomers in commercial products,
(9R)-HHC and (9S)-HHC, are typically present in variable
amounts, which is notable as these epimers have been shown
to have different binding affinities to the CB; and CB,
receptors.

Using a combination of molecular docking and molecular
dynamics simulations, we identified the key interactions in the
active sites. In addition, we have found a surprising explanation
for the difference in binding affinities of (9R)-HHC and (9S)-
HHC to the cannabinoid receptors related to conformational
effects. (9R)-HHC exists primarily in a chair conformation and
binds favorably to both CB; and CB, in this same chair
conformation, analogous to the binding of A’-THC to the
cannabinoid receptors. This explains the strong binding affinity
of (9R)-HHC and why its binding affinity is similar to that of
A°-THC. However, the conformational effects for (9S)-HHC
are more complex. In the unbound state, (9S)-HHC exists
primarily in the chair conformation. However, for both CB,
and CB,, (9S)-HHC exists in equilibrium between the chair
and twist-boat conformations within the receptor’s active site.
The former of these is thought not to bind favorably to the
cannabinoid receptor, while the twist-boat conformation binds
more favorably. The difference in binding between these two
conformers is attributed to an accompanying change in the
orientation of the C9 methyl group. The MD simulations not
only reveal the key conformational effects but also correctly
predict the relative binding affinities of (9R)-HHC and (9S)-
HHC when using ProFESSA FEP.

These studies provide insight into how HHCs bind to the
cannabinoid receptors and are expected to enable the design
and discovery of modified cannabinoids that display improved
binding, desirable selectivities, and potential therapeutic
activity.
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