Open Access Article. Published on 24 May 2023. Downloaded on 6/30/2026 12:21:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic &

Biomolecular Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Org. Biomol. Chem., 2023,
21, 4683

Received 10th March 2023,
Accepted 16th May 2023

DOI: 10.1039/d30b00383c

rsc.li/obc

Introduction

Cannabinoid bioactivity

Work toward the characterisation of naturally occurring canna-
binoids and their metabolites has accelerated in the past few
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Cannabinoids are naturally occurring bioactive compounds with the potential to help treat chronic ill-
nesses including epilepsy, Parkinson's disease, dementia and multiple sclerosis. Their general structures
and efficient syntheses are well documented in the literature, yet their quantitative structure—activity
relationships (QSARs), particularly 3-dimensional (3-D) conformation-specific bioactivities, are not fully
resolved. Cannabigerol (CBG), an antibacterial precursor molecule for the most abundant phytocannabi-
noids, was characterised herein using density functional theory (DFT), together with selected analogues,
to ascertain the influence of the 3D structure on their activity and stability. Results showed that the CBG
family’s geranyl chains tend to coil around the central phenol ring while its alkyl side-chains form
H-bonds with the para-substituted hydroxyl groups as well as CH---x interactions with the aromatic
density of the ring itself, among other interactions. Although weakly polar, these interactions are structu-
rally and dynamically influential, effectively ‘stapling’ the ends of the chains to the central ring structure.
Molecular docking of the differing 3-D poses of CBG to cytochrome P450 3A4 resulted in lowered inhibi-
tory action by the coiled conformers, relative to their fully-extended counterparts, helping explain the
trends in the inhibition of the metabolic activity of the CYP450 3A4. The approach detailed herein rep-
resents an effective method for the characterisation of other bioactive molecules, towards improved
understanding of their QSARs and in guiding the rational design and synthesis of related compounds.

decades due in part to their therapeutic potential in treating
epilepsy, Parkinson’s disease, multiple sclerosis and a wide
range of other neurological disorders.'™ Coupled with the
recent advances in their efficient syntheses and evolving
understanding of their antibacterial properties, cannabinoids
represent a useful and cost-effective addition to the medicinal
chemist’s toolkit.°

Cannabigerol (CBG), a geranylated phenol (Fig. 1) and natu-
rally occurring cannabinoid, has been proven to be effective in
inhibiting undesirable biofilm formation and in the eradica-
tion of preformed biofilms in antibiotic resistant bacteria,
including methicillin  resistant  Staphylococcus  aureus
(MRSA).” " Jentsch et al. have successfully synthesised CBG in
one step from inexpensive 5-alkyl-resorcinols, olivetol and
orcinol while preserving regioselectivity through the innovative
use of alumina-promoted regioselective aromatic allylation
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reactions.'® However, the mechanism of this process has yet to
be quantitatively resolved, driving further work on resolving
the reactive selectivity in cannabinoids."

This ambiguity extends to the structure and bioactivity of
cannabinoids. Although cannabinoids are described as inhibi-
tors of the major cytochrome p450 (CYP450) enzymes, a stan-
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Fig. 1 Examples of naturally occurring geranylated phenols. The

10-carbon geranyl alkyl chain (C1oH17) is highlighted in blue.

dardised quantitative explanation of the inhibition mechanism
is lacking."®"® Preliminary studies have revealed that selected
cannabinoid derivatives did not inhibit the in vivo metabolism
of triozolam, nifedipine or testosterone (Fig. 2) in CYP3A4;"
another work found that CBD is a potent inhibitor of human
CYP3A-mediated oxidation of diltiazem.?° Therein, the two
phenolic hydroxyl groups were shown to be the key contribu-
tors to this bioactivity, as olivetol showed partial inhibition
while p-limonene showed none.

Molecular docking can be used to quantitatively character-
ise the influence of a molecule on an enzyme’s ability to bind
a substrate molecule (i.e. drug) to form an enzyme-substrate
complex (E-S). Hindrance or retardation of E-S formation by
the molecule renders it an inhibitor. As inhibition is substrate
dependent, the interplay between the molecular inhibitor and
the enzyme must be explicitly considered in the presence of
the different substrates towards resolving each quantitative
structure-activity relationship (QSAR) emerging from the
specific combinations.?*™>3
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Fig. 2 Structures of potential cytochrome P450 inhibitors, including:
CBG, olivetol and CBD (a, b & c, respectively) with common structural
features highlighted in green. Cannabinoids are known to inhibit the
in vitro metabolism of diltiazem (d), yet show no significant inhibition of
triazolam (e), testosterone (f) or nifedipine (g). Note the geranyl chain in
CBG, which is missing in olivetol and partially cyclised in CBD.
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The results of an ICs, study present a promising lead for
cannabinoid-dependent inhibition given that a range of con-
centrations were tested against the diltiazem substrate.>® A
competing cannabinoid molecule might inhibit diltiazem; yet
others such as testosterone, nifedipine and triozolam (Fig. 2)
may not, making a case for drug-drug interactions
(DDIs) between selected substrates and cannabinoids.”*
Cannabinoids could be expected to be metabolised by CYP
enzymes, in large part due to their resorcinol moieties.>® Most
phenols are prone to oxidative metabolism by CYP enzymes,
which target the hydroxyl groups, transforming them to qui-
nones or ethers. These are then further transformed to more
water soluble forms prior to filtering via the kidneys and sub-
sequent excretion.”®*” Hence, phenols are not associated with
“drug-likeness” and less so with inactive inhibition of another
drug.”® This raises the possibility for some means (likely intra-
molecular) by which these phenolic hydroxyl groups are insu-
lated from metabolic action, in turn raising questions about
the 3-dimensional structures (conformations) and their rele-
vance to stability, activity and selectivity in these cannabi-
noids, conformation-specific activity and selectivity in
particular.

Molecular structure and geometric conformation

A fully extended molecular structure has marked structural
differences relative to a helical or coiled one, including its
solvent exposed surface area. This places disparate functional
chemical moieties in contact with the solvent; thus there is
potential for them to be involved (or not) in intra- and inter-
molecular interactions. It is therefore essential to have some
knowledge of the conformational flexibility and energetically
preferred poses of a molecule, particularly for structures with
multiple single bonds around which rotations can occur to
populate differing rotamers with negligible energetic barriers
to the interconversion.”® Most often, conventional spectro-
scopic techniques are technically limited in the explicit differ-
entiation of differing conformations (e.g. insufficient resolu-
tion, non-active dynamic modes, etc.) and low time-resolution
with respect to the fast resonance between differing confor-
mations. Nuclear magnetic resonance (NMR) is prone to tem-
poral limitations, where the spectra for a selected molecule
(i.e. cannabinoid) represents an average of several 3-D struc-
tures resulting from multiple conformations being populated
over the time of the measurement.’® Refining a structure’s
conformation with NMR can require low temperatures and the
use of multiple solvents, with the difficulty increasing with
increasing molecular size, flexibility and floppiness, as
well as its propensity to form stabilising intramolecular
interactions.*

Modern computational techniques can effectively and econ-
omically provide complementary information on these bio-
active molecular systems and their 3-D structures, with ever
growing accuracy, as has been accomplished for amino acids,
oligo-/poly-peptides and proteins in particular since the
1970s.>* These have scaled-up since then, facilitating the full
characterisation of systems with ~300 atoms or less, in a rela-

This journal is © The Royal Society of Chemistry 2023
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tively short time on personal computers (PCs) or modest work-
stations. The requisite raw computational power is no longer
the principal limitation; instead, the number of (meaningful)
structures that can be generated, the ‘dimensionality’ of the
problem and the number of results that can be analysed and
properly interpreted are.>® A systematic approach of indexing
and accounting for the contributions of each molecular com-
ponent and their individual degrees of freedom allows one to
more effectively generate a non-degenerate set of topologically
possible conformations (poses) towards resolving the structu-
rally probable set. Such an approach has been successfully
implemented for peptides,** lipids,*>*° anti-oxidants,*””*® bio-
active molecules,**™** antibiotics*® and relevant polyphenols.**
Each manifests their own unique set of conformational poses,
stabilised by unique intramolecular interactions®® and sys-
temic energy management.*® We now apply this methodology
to characterise the structure and stability of differing confor-
mations of cannabinoids, specifically CBG, CBGV and cannabi-
gerocin, with the confidence that approaches advanced and
lessons learned will be applicable to the study of a wide range
of naturally occurring geranylated phenols.

Methods

Molecular computations

With the Gaussian 09 (G09) program package,”” the confor-
mers were optimised using the B3LYP DFT-method with D3
dispersion correction and the 6-31G(d,p) Pople basis set*®
employing the six cartesian d-orbitals (in lieu of the spherical
five).*> The Polarizable Continuum Model (PCM)*° for ethanol
was used to simulate solvent effects.”* Analytical frequencies
computed on each geometry-optimised structure confirmed
that each structure resided at a true minimum on their
respective potential energy hypersurfaces (PEHSS). Zero-point
energy (ZPE), thermal corrections and entropic contributions
were used to quantify the free energy (AG) of each structure.
Towards confirming any intra-atomic interactions that might
explain the relative stability of the given conformers, Bader’s
Atoms in Molecules (AIM) analyses®” were carried out on the
wavefunctions of each conformer. Electronic density topologi-
cal analyses of the electronic wavefunctions generated mole-
cular graphs replete with bond critical points (BCP) confirming
the existence of an inter-atomic sharing of electrons (€).
Quantification of electronic densities (pp,) at each BCP in & per
cubic-volume (e bohr™>) provided accurate evaluations of the
relative bond strength.>”

Biomolecular docking

The optimised conformations of CBG and its analogues with
the lowest free-energies (CBG, CBD and olivetol) were the fully
extended straight-chain geometries. These were each docked
onto human cytochrome P450-3A4 (PDB: 1WOE)>® in the GOLD
2022 1.0 molecular docking suite.>® Furthermore, differing
conformations of the CBG system were docked and scored rela-
tive to the fully-extended geometry to resolve the influence of

This journal is © The Royal Society of Chemistry 2023
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conformation on bioactivity. The dockings of CBD and olivetol
were used as controls to determine the ligand’s preference for
binding to the active site at the phenolic OHs, in accordance
with the literature.”®>® The main binding site was defined and
a cavity was created for all atoms within 10 A of the Fe atom on
HEM1501 (HEM). The same ligands were also docked at proxi-
mal potential binding sites centred at the following residues to
probe inactive inhibition: ARG375, ARG372, ARG105, LEU373,
LEU364 and ILE369. A ligand preferentially binding to an
alternative site with respect to the active site (HEM) could indi-
cate a form of inactive inhibition, wherein the ligand is not
necessarily metabolised, yet still occupies the region around
the active site. Molecular docking programmes produce poses
ranked by binding affinity between a substrate and a site on
the enzyme. The pose is a visual representation of confor-
mation, literally showing the orientation of a substrate with
respect to the enzyme. Docking poses were generated using
the GOLD’s default genetic algorithm (GA) search®® and
ranked using Chemscore, an indicator of binding potential of
a substrate to a protein.

Molecular conformations

CBG contains a geranyl chain (C;oH;7) and a para-substituted
sidechain on the central benzene ring, with several single C-C
bonds with rotational freedom effectively giving rise to a rela-
tively flat PEHS (Fig. 3) making CBG structural flexible and
able to populate many stable 3D structural conformations. To
reduce workload and demand on resources, one could con-
sider a reduced set of possible conformations, yet could miss
ones that are either lower in energy, higher in activity or with
pronounced specificity; for example trialing a limited number
of idealised poses, or ones with traditional, ‘expected’ or easily
visualised structures (ie. extended, or with traditional
H-bonds only).

To avoid this pitfall and to tackle such complex multi-dimen-
sional conformational analysis,”® we employed analytical defi-
nitions to generate, analyse and interpret the conformations, as

R = n-pentyl (CBG) o) R
n-propyl (CBGV)
methyl (cannabigerocin) H

Fig. 3 CBG and its n-propyl CBGV and methyl cannabigerocin ana-
logues. Torsional degrees of rotational freedom are indexed (%) along
the geranyl chain (blue) and at the two hydroxyl positions (¢ and ). The
latter have energetic preference to orientate co-planar to the central
ring and point syn or anti (towards or away from geranyl, respectively);
both anti as-shown (labelled ‘aa’). The torsions about the two C=C
bonds (;® and 4/, in red) are not easily rotatable and thus are fixed in one
of the two isomers (cis or trans).

Org. Biomol. Chem., 2023, 21, 4683-4693 | 4685
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previously employed for other bioactive molecules.®® Therein, a  geranial and its para-substituted alkyl chain (Fig. 3), labelling
systematic definition was employed to describe the constituent each with progressive increments of 4, where n defined the di-
atoms and their related spatial positions and orientations hedral angle n-dihedrals away from the central phenol ring,
arising from rotations about flexible dihedral angles (torsional ~with three possible rotamers for each dihedral angle, as per rela-
motions of extremities of 4 bound atoms). This was achieved for tive orientations defined by fundamental Newman projections

ARG 105

ARG ARG ARG ARG ARG ARG LEU LEU ILE
3758C 375BB 372SC 372BB 105SC 105BB 373 364 369

CBD 35 275 165 307 317 261 325 26.8 228 31.3
E CBGc 343 286 152 273 305 300 341 287 0.0 28.2
CBGe 319 239 282 354 371 388 379 30.7 23.6 36.0
Olivetol 24.8 218 224 198 238 268 275 28.7 21.8 241

Ligand HEM

Fig. 4 Molecular docking of cannabinoid substrates to CYP450 3A4 enzyme, using GOLD. (A) Global view of the CYP450 3A4 enzyme with active
site HEM (dark grey, with the complexed Fe, N and O atoms indicated by orange, blue and red balls, respectively). Main binding and additional sites
are coloured based on groups used for docking: purple — lle and Leu; cyan — Arg sidechain guanidinium group (ARGSC); and pink — Arg backbone
N-C-C=0 atoms (ARGBB). N- and C-termini of the enzyme are included as large blue and red balls. (B) Chemical structures of Arg, Ile, and Leu
residues. (C) Close-up view of the HEM and binding site with peptide residues (numbered accordingly). (D) Close-up view of the highest scoring
pose between CYP450 3A4 HEM and CBGc (green) in a coiled conformation (Chemscore 34.3), the pose produced is very similar to ARG105BB
CBGc (Chemscore 34.1) leaving a 7 A gap between CBGc and HEM. CBGc O-atoms represented by red balls. (E) List of Chemscore predictions for
each docking pose between ligands and binding sites made by GOLD. Purple scores are those for the conformational pose highlighted in D. CGBc =
coiled; CBGe = extended.
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(gauche+, anti, gauche—).”> The single mid-chain and two term-
inal methyl rotors were labelled *, ¥ and 4®, respectively.

With respect to rotational flexibility, even the simpler can-
nabigerocin system has numerous structural conformations it
can adopt arising from the flexibility of the 5 single C-C rotors
in the alkyl-chain and 2 -OH rotors, with 2187 theoretically
possible conformers (3° x 3?). To tackle this large structural
phase-space, we explored the y* rotor in anti-conformation,
while arranging the methyl rotors to be bisecting in the start-
ing geometries (v, " and y” = 180° = anti).

E and Z isomerism at the y* rotor was tackled by modelling
the cis and trans isomers for each of the conformations.
Despite trans isomers predominantly being more stable in
most (bio)chemical and biological systems, there are some
exceptions where the cis isomers are equally or even more
stable.”” In summary, the two isomers together, single rotors
explored (y', y* and »°) in 3 differing geometries (gauche+, anti,
and gauche—) and the 2 -OH rotors explored in-plane with
their parent ring (anti = 180° and syn = 0°), produced 108 poss-
ible conformers (2 x 3* x 2% = 2 x 27 x 2). The conformational
space was then further expanded with selected poses of the
geranyl chain (see Fig. S1 and S27).

Results and discussion
Molecular docking

A total of 42 key amino acid groups were identified in CYP450
3A4 as potential binding sites, using Genetic Optimisation for
Ligand Docking software from the Cambridge Crystallographic
Data Centre (GOLD, CCDC, Cambridge, UK). Among these, the
active site containing a porphyrin ring is indexed as HEM. An
inhibitory molecule can act without binding directly to the
active site.”” Thus, each ligand (CBG, CBD, and olivetol) was
also docked to the 6 amino acid groups identified near the
porphyrin ring (Fig. 4A). Ligands were docked into various
poses and each pose was given a Chemscore in accordance
with how well they bind to the enzyme. The aims here were
twofold: to determine whether CBG binds more favourably to
the porphyrin ring or another site in its vicinity and then
establish the orientation of the molecule once it is docked
(Fig. 4A-E).

Fig. 4E displays the main findings of the docking calcu-
lations using GOLD. Conversely, docking olivetol to the active
site leads to structural poses that make use of its phenolic
hydroxyls, as suggested by ICs, studies.”® When CBD is docked
into the HEM and ARG105, very similar Chemscore and
binding modes are produced (Fig. 5), as identified in other
studies.”®® Given that both cases are not indicative of any
positive interaction between the ligand and the active site
(HEM), it is likely that CBD inhibits metabolic action by
binding closer to the ARG105 site, while obstructing the active
site indirectly. Coiled-CBG — HEM (Chemscore 34.3) is nearly
equivalent to coiled-CBG — ARG105 (34.1). Both cases left a
7 A gap between the active site and CBG, indicating that the
ligand interacts with the arginine and other amino acids

This journal is © The Royal Society of Chemistry 2023
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CBD - HEM: 315 OLIVE >

HEM: 246 Z

Extended CBG-> HEM: 31.9

Fig. 5 Molecular docking poses for CBD, olivetol and extended CBG to
the HEM active site.

nearby (Fig. 4D). This gap is not present when docking the
extended, straight-chain conformation of CBG (Fig. 5, right),
cementing the importance of molecular conformation in this
case. Binding of diltiazem, nifedipine, testosterone and triazo-
lam (Fig. 2) to the active site via sequential docking occurs in
the gap left behind by the main binding pose of coiled-CBG
(Fig. 6). Diltiazem struggles to dock well, given the steric hin-
drance involved in its pose, along with the odd arrangement of
hydrogens to CBG-oxygens. Diltiazem’s negative Chemscore,
while not directly comparable, can be contrasted with the posi-
tive scores produced by docking testosterone and triazolam.
Thus, the position and conformation of CBG in Fig. 6 accu-
rately replicates trends seen in the literature, in that it inhibits
diltiazem binding but not testosterone or triazolam." These
poses generated by the docking (Fig. 6) would not be very prob-
able in the presence of a fully extended CBG conformer. Future
work involving more robust modelling of the DDI between
nifedipine and CBG would be an asset to complement the
trends uncovered in this work and authors would look either

CBG +1d > CBG +1g >
HEM: 7.0 . . HEM:-11.8 % -
S . S e d
Ul Lo
1 v o' 9y = -
"y R "%
Diltiazem = - - X Nifedipine _, g R

CBG+1f> .
HEM: 8.6

Testosterone

Fig. 6 Sequential docking of coiled CBG + drug (diltiazem, nifedipine,
testosterone and triazolam) to the CYP450 3A4 active site, using their
labels from Fig. 2. Negative Chemscores are highlighted in red.

Org. Biomol. Chem., 2023, 21, 4683-4693 | 4687
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to tackle this themselves or to the wider community to
perhaps help in this endeavour soon. The likelihood of CBG
existing in the coiled form as opposed to the fully extended
form can be assessed via conformational studies.

Key conformers/energetic spread

Trends in free energy of cannabigerocin conformations were
identified and correlated with the number of positive inter-

Table 1 Expected range and actual value of the dihedral angle y* in
two isomers that are adjacent in conformational assignment

Expected (°) Actual (°) Actual y*
2'ss1+3c4a5+” 120-240 246.4 g
2'ss1+3c4-5+ 240-36 246.4 g

“Each number indicates the relevant torsional angle y, followed by the
angle’s position: gauche+ (+), anti (a) or gauche— (-), with cis (¢) and
trans (t) labels only relevant to E/Z isomerism at y° (i.e., 3¢ = 3 cis). Ss
corresponds to both OH rotors syn and aa to both OH rotors anti.

W} 0.00 kcal

Trans

180

View Article Online
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actions. Ramachandran plots of all the possible conformers
(ESI Fig. S1}) revealed adjacent structures with near-identical
free energies, indicating ‘moats’ in the potential energy
surface (PES). When high energy geometries resided near a
local minima, they tended to rotate strained dihedrals in order
to lower their free energy, falling into a PES ‘moat’. This may
be evidenced by the seemingly distinct conformers ss1+3c4a5+
and ss1+3c4-5+ for example, whose final actual dihedral
angles y* were identical (Table 1).

Fig. 7 presents some of the key unique poses for cannabi-
gerocin. Of these key poses, cis and trans both occupy similar
points in the range of +0-3.6 kcal relative to the lowest energy
conformer (green). Interestingly, the fully extended conformers
that are more in line with typical 2D representations of CBG
are among the less stable (solid blue, red, purple). The main
contributor to stability is indeed the number of positive inter-
actions formed. In the cis conformers (right), these mainly
manifest as hydrogen bonds between the ® OH and the alkyl
hydrogens. Whereas the trans conformers (and the most stable

Cis

Fig. 7 Highlights of the main cannabigerocin conformers. Dihedral ‘wheel’ maps the three key torsional angles 4%, ¥* and 4°, colour coded to show
the resulting 3D conformations. Each conformation is labelled with its free energy in kcal relative to the lowest energy conformer (D). Conformers
are divided into trans (left) and cis (right) columns depending on which geometric isomer they adopt as a result of switching y°. Structure A is
repeated at the top of the figure as a detailed exemplar to aid interpretation.
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conformer) show OH-pi bonding between the ® OH and the
geranyl C=C double bonds. Plotting the complete spread of
free energies of all 108 cannabigerocin isomers (Fig. 8) high-
lights the large number of conformers that fall into degenerate
structures, as shown by the clustering of points around
2-3 keal in the Boltzmann distribution fashion. Despite this
spread, the highest and lowest energy conformers can be fil-
tered out to separate unfavourable modes (ss1-3c green line)
from favourable ones (ss1a3t orange line). The trend in energy
along shifting y* and 4* is generally conserved; yet, the large
gap in energy between ss1-3c and ssla3t cannot be attributed
to y' or * alone. Instead, the stability of conformers is related
to specific geometries that achieve a higher number of positive
interactions coinciding with identical dihedral angles. Laws of
adjacent rotors, whether eclipsing or gauche to one another,
come secondary to the larger interactive forces at play.

E/Z isomers

Fig. 7 displays key y° cis conformers that are as/more stable
than their trans isomeric counterparts, with their relative ener-
gies better reflected in Fig. 8. cis conformers (circles in Fig. 8)
are not highlighted with a fixed energy cost but are instead
interlaced with ‘usual suspects’. While trans conformers are
generally considered to be more stable, there are system-
specific exceptions. Some interactions have a greater stabilis-
ing effect than the steric hindrance that ¢rans conformers nor-
mally provide. Most of the stable cis conformers are anti with
OH rotors, facilitating up to 3 H-bonds from the geranyl C-
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H---OH. When considering E/Z isomerism, E (trans) preference
is understood as reducing steric hindrance between higher pri-
ority (typically larger) substituents, but what is often over-
looked is that certain substituted alkenes have their own
mechanism of reducing steric clash between lower priority
groups. Specific orientation of the alpha hydrogens in space
can further lower the energy of cis conformers. By offsetting
the dihedral angle formed across an H atom on one alpha
carbon to the next, we show how H'"" almost bisects the H-C-H
angle on the opposite end of the double bond, falling into the
space between H' and H” (Fig. 9). This lack of co-planarity
between opposite alpha hydrogens tends to result in more
stable structures than their neighbouring conformers by an
average of 0.3 kcal (Fig. 8).

An intramolecular ‘staple’

Fig. 10 reports the key conformers of CBG from this search
revealing that the side chain plays a moderate role in stability.
The key finding of the conformational study for CBG, CBGV
and cannabigerocin was that the coiled pose for the geranyl
chain was consistently identified in the most stable confor-
mers. The introduction of the propyl/pentyl side chain pre-
sented more spatial combinations in conjunction with the
geranyl chain. The set of side chain conformers were built
using the most stable orientation of the geranyl chain (Fig. 7D)
which had one syn OH rotor and y* set to trans. From here we
could observe if different poses of the side chain would
reinforce or remove the geranyl’s “coiling” (Fig. 10, right). In
the interest of removing this one geranyl pose as the limiting
variable, the same side chain poses were also calculated in

6 ss-1+3t @ ss-1+3c
° aa-1+3t O aa-1+3c
\ ss-la3t @ ss-la3c
'\‘ aa-1la3t ) aa-la3c
5 | B ss-1-3t O aa-1-3c
\\ 0 aa-1-3t
_4 \
© \
] \
X \
g \ e
- " e -
23 \ 5.76 Kcal
B \ Spread
w \
]
2 - Q o)
1
0

4+5+ 4a5+ 4-5+ 4+5a 4a5a 4-5a 4+5-
Xz 60 «—180=+300 60 == 180=—+300 60 «=—180=—>300

< 60

4a5- 4-5-

Fig. 8 Free energies of all cannabigerocin isomers, with cis (circles) and
trans (squares) distinguished; these are relative to the lowest energy

isomer (ssla3t4a5+).

180

300 Xs

This journal is © The Royal Society of Chemistry 2023

conjunction with the most stable y* cis conformers (Fig. 10,
left).

This intramolecular ‘staple’ results in a CBG molecule that
wraps its chains over and around the ring. The 114.6° angle
between the second and fourth carbon on the pentyl side
chain pushes the third carbon inwards, leaving its hydrogens
in proximity to the terminal hydrogen atom on the geranyl
chain (Fig. 11). In CBGV, we expect the same H-H interaction
to occur between the terminal methyl on the propyl side chain
and the end of the geranyl chain. However, the propyl side

Fig. 9 Model aal-3c4a5a an example of a cis isomer with bisecting
hydrogens. View along the double bond (left) shows the dihedral angle
between the two alpha hydrogens that would normally overlap H"-C,—

C,—H™, highlighted in yellow. The same structure is shown in 2D and 3D
(right).
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Fig. 10 Methodology extended to CBG, spatial variations of the pentyl
side chain on previously identified lowest energy conformers produced
the most stable (bottom) structures for cis (left) and trans (right) 4°.
CBGYV conformers are reported in Fig. S5.7
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Fig. 11 Comparison of CBG and CBGV side chains. CBG's pentyl side
chain kinks at C3, allowing its hydrogen to reach within 2.5 A of the ger-
anyl’s tail, forming the H—H interaction shown in Fig. 9E. CBGV lacks this
‘intramolecular staple’ and thus avoids full coiling.

chain has the plane of its C-C bonds running parallel to the
benzene ring, keeping this terminal methyl just out of reach of
the gerany!’s tail (Fig. 11). Thus, the most stable conformer for
CBGV defaults to having its side chain extended out and away
from the ring (ESI Fig. S5t). There are further noteworthy vari-
ations in conformation among the lowest energy structures.
For instance, Fig. 12 shows the bottom —-OH group forming an
H-H interaction with —-CH,. Switching this OH rotor to the
anti-position turns this interaction into a hydrogen bond from
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Fig. 12 Molecular graph of the most stable CBG isomer (ss-CBG-e2)
built up from the cannabigerocin conformers. Bader's atoms-in-mole-
cules (AIM) analyses of the wavefunction of the stable geometry and the
bond critical points (BCPs, smaller red) and bond paths (pink) identified.
The BCPs evidence sharing of electronic density and thus inter-atomic
interaction or bonding (selected distances provided in parentheses in
black), helping to stabilise this specific 3D geometry (conformation).
Electron density values per volume-space (p,/& bohr~3) are listed at left
(green).

—-CH,---O(H) but ultimately keeps the topology the same (Fig. 8
top left vs. bottom left).

The principal source of stabilisation in this case arises from
the intramolecular interactions including hydrogen bonds
formed between phenolic hydroxyl groups and alkyl hydro-
gens. Thus, one can expect anti conformations (OH facing
away from the alkyl chain) to be present in the majority of the
most stable conformers. However, the most stable conformers
for cannabigerocin and CBG have one -OH group orientated
syn and the other anti to the chain. Wavefunction analyses of
the electronic structure revealed that as the geranyl chain coils
inwards towards the central aromatic ring, OH---x interactions
are formed between the polarised H-atom and the adjacent
C=C double bonds. Subsequently, an H-bond is formed
between the exposed oxygen and an H-atom from one of the
terminal methyl groups. Albeit not particularly strong, these
interactions are directing in nature locking the cannabinoid
molecules into these 3D poses, lowering the configurational
entropy and thus the overall free-energy.®® When the -OH
rotors are anti to the geranyl chain, this affords space for
H-bonds to form with optimal geometry (i.e. OH---X bond
angles of 180°, with X as the acceptor), albeit at the expense of
the ~OH---x or weaker ~CH---x ones.®"

The most stable conformers for CBG (Fig. 10, right) are
stabilised by -OH---n interactions (Fig. 12C and D), maintain-
ing the geranyl chain wrapped around the central phenol ring.
The side chain further contributes to stabilising this 3D ‘wrap-
ping’ via a weakly polar H-H interaction (Fig. 12E), which are
not unknown.®>®* We label these interactions intramolecular
‘staples’, effectively binding one end of the molecule to the
other.

The greatest implication is the topology change of CBG: the
ring is now enveloped on one side by these weak/loose inter-
actions, resulting in the whole structure taking up much less

This journal is © The Royal Society of Chemistry 2023
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volume than the fully extended conformer. The biological
implications of this conformation are outlined above, with
coiling greatly reducing the inhibitory potential of CBG docked
to CYP450 3A4.

Conclusions

We have identified the most stable conformations for the CBG
cannabinoid and selected analogues. The intramolecular
staple formed via the geranyl chain coiling around the pheno-
lic hydroxyl group is further supported by Bader’s AIM wave-
function analyses of the electronic structure. This is perhaps
common to a wide range of natural phenolic compounds con-
taining flexible alkyl chains. Molecular docking with CYP450
3A4 revealed that the coiled conformer presents less inhibitory
potential and likely reduces the number of drug-drug inter-
actions (DDIs) with respect to an extended conformer.
Noteworthy is the ~20% of cis isomers that structurally reduce
repulsion between alpha H-atoms, stabilising these geometries
by 0.2-0.3 kcal in free-energy, with respect to similar geome-
tries for the ¢trans C=C isomers. Although the trans isomers do
dominate the overall distribution of geometries, the cis
isomers cannot be ignored and must be considered. However,
relevant isomerisation mechanisms during synthesis or in vivo
are as yet not established and their exploration could form the
bases of future empirical and computational works.

Future endeavours to rationally optimise the synthesis of
bioactive compounds could build upon warehoused data and
information on the structural preferences of these cannabi-
noid and related bioactive systems. This would allow formu-
lation of structure-property relationships, particularly when
combined with spectroscopic data, including state-of-art
neutron scattering (i.e. QENS, INS, NCS) to map dynamic-struc-
turing as well as coherent-THz measurements to characterise
conformation-specific vibrational density of states (VDOS),
low-energy cooperative vibrational dynamics in particular
which are linked to functionality.®* Such trends could assist in
the formulation of a series of rules for the design of systems
with conformation-specific bioactivity and specificity, as
observed for cannabinoids and other flexible bioactive mole-
cules and the receptors they bind with.®>%¢
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