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ABSTRACT

Initially, the molecular electrostatic potential (MEP) quantum chemistry approach was used to investigate the key structural features
of the cannabinoids A°>-THC, CBN, and CBD in their interaction with CB1 and CB2 receptors in glaucomatous processes involving
reduction (A’~-THC and CBN) or increase (CBD) in intraocular pressure (IOP), and also as modulators of the neuroprotective effects
mediated by these receptors. Subsequently, the interactions of the cannabinoids A°>-THC, CBN, and CBD with CB1 and CB2 were
investigated through molecular docking and molecular dynamics (MD). It can be noted that the lack of theoretical research on this
topic in the literature makes this research the first insight of this nature to be made available in the literature.

Keywords: A°-Tetrahydrocannabinol (A°-THC); Cannabinol (CBN); Cannabidiol (CBD); Glaucoma; Molecular electrostatic
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INTRODUCTION

According to the literature, glaucoma is one of the leading causes of blindness worldwide and is characterized by the progressive
deterioration and loss of function of retinal ganglion neurons with optic nerve degeneration [1, 2]. Statistics are not updated, but for
the year 2020, the forecast was 76 million cases, with 4.5 millions of that total associated with moderate visual impairment and 3.2
millions with total vision loss. Additionally, a projection of 112 millions prevalent cases was established for 2040 [3]. Also according
to the literature, one of the most important factors in the onset of glaucoma and in the progression of the disease is the increase in
IOP, with studies reporting ocular hypotension as a factor also responsible for the progression of the disease [4].

The literature on the subject reports aqueous humor (AH) as a transparent fluid that maintains the integrity of the eye, being
introduced through the ciliary body, passing through the trabecular meshwork (TM) and Schlemm's canal. IOP is determined by the
amount of aqueous humor secreted, along with the eye's clearance rate. Elevated IOP leads to optic nerve deterioration and
irreversible functional vision loss [5, 6]. The balance between AH secretion by the ciliary bodies and its drainage via TM and
uveoscleral flow is essential to maintain ideal IOP in the eyes. In glaucoma, this balance is disturbed by excessive production or
reduced AH flow, resulting in increased IOP [7].

Cannabinoids are classified into three categories, as follows. Phytocannabinoids: substances collected from the leaves, flowers,
stems, seeds of Cannabis Sativa and also from the resin secreted by the female plant [8], for example, A°-Tetrahydrocannabinol (A°-
THC), cannabidiol (CBD), and cannabinol (CBN) etc.; endogenous cannabinoids: N-arachidonoyl ethanolamine (AEA), commonly
known as Anandamide, and 2-arachidonoylglycerol (2-AG) etc.; and synthetic cannabinoids: JWH-133, WINS55,212-2 etc.
Cannabinoids exert a broad spectrum of central and peripheral actions, such as: analgesia, anticonvulsants, anti-inflammatories, [OP
relief etc. (An overview of the aspects of cannabinoid and Cannabis Sativa actions can be found in the References [9,10]). The
manifestation of most pharmacological effects exhibited by cannabinoids is effected by the activation of at least one of the type 1
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(CB1) and type 2 (CB2) G protein-coupled cannabinoid receptors [8-11]. The CB1 receptor is expressed in the brain, spinal cord,
and certain peripheral tissues, including the lung, heart, urogenital and gastrointestinal tracts, and eye [12, 13], while the CB2
receptor is expressed mainly in peripheral tissues and the immune system [12, 13]. In the human eye, both CB1 and CB2 receptors
are present in the retina, ciliary body, and retinal pigment epithelium.

The detection of the CB1 receptor in the human eye has been evidenced in the cornea, iris, ciliary body, including the epithelium,
ciliary muscle and blood vessels of the ciliary body, TM, Schlemm's canal and retina [14,15]. According to the literature, the critical
anatomical location and distribution of cannabinoid receptors indicate that this class of compounds can increase HA efflux or
decrease HA production, influencing IOP [7,16-19]. Furthermore, the existence of the CB1 receptor in the TM and Schlemm's canal
suggested a possible influence of these compounds on conventional HA flow [20], with HA production and/or uveoscleral flow
producing an effect via the CB1 receptor in the ciliary pigment epithelium and ciliary muscle [20]. It has also been evidenced in the
ganglion cell layer, the inner and outer plexiform layers, as well as the inner nuclear layer and outer segments of the retinal
photoreceptors [14, 21]. In turn, in the human eye, the precise distribution and functions of the CB2 receptor appear to be poorly
understood; however, it has been evidenced in the cornea, TM and retina [21-24], in cell layer types such as amacrine, bipolar,
Miiller, microglial and retinal ganglion cells (RGCs), or in the retinal pigment epithelium [13,22, 25-29]). Activation of the CB2
receptor has been associated with reduced inflammation and neuroprotection [7,29,30]. Evidence of the importance of CB1 and
CB2 receptors in the functional modulation of neuroretinal cells in animal tissues makes them a potential target for neuroprotection
[15,21].

Literature reports the functional importance of cannabinoids as an effective therapeutic approach to control and regulate IOP
increases and promote neuroprotection in glaucoma pathogenesis [29]. Among the most studied phytocannabinoids are A°-THC,
CBD, and CBN [13]. While A°>-THC reduces IOP and has analgesic and neuroprotective effects — but is psychoactive — CBN, in
addition to also reducing pressure and not being psychotropic, exerts sedative, analgesic, anti-inflammatory, and neuroprotective
effects [7,13,31]. Regarding IOP, according to the literature, CBD has the opposite effect to the cannabinoids A°>~THC and CBN,
but has sedative, anti-inflammatory, and neuroprotective properties, and is not psychotropic [15, 32-34].

In this article, initially, the MEP is used to investigate the key structural features of the cannabinoids A°-THC, CBN, and CBD in
their interaction with CB1 and CB2 receptors in glaucomatous processes where IOP reduction occurs (A9-THC and CBN through
interaction with the CB1 receptor) or IOP increases (CBD through interaction with the CB1 receptor), and also as important
modulators of signaling pathways in the neuroprotective mechanism mediated by these receptors (CB1 and CB2). Subsequently,
the interactions of these cannabinoids with their respective receptors are investigated through molecular docking and molecular
dynamics (MD).

The guiding principle of this investigation was to explore aspects of the interaction of the cannabinoids A°~THC, CBN, and CBD
with the CB1 receptor in the eye regions where glaucomatous processes associated with IOP occur, with all their complexity, and
with the CB1 and CB2 receptors in the eye regions where neuroprotective effects develop. It can be noted that the lack of theoretical
research on this topic in the literature makes this research the first insight of this nature to be reported.

2 METHODOLOGY

2.1 A Brief Overview of the Mechanisms by which Cannabinoids Reduce Intraocular Pressure and Their Neuroprotective
Effects

2.1.1 Mechanisms for Reducing Intraocular Pressure

According to the literature, cannabinoids can influence intraocular pressure by reducing HA production in the ciliary muscle and
increasing HA flow [2, 4, 7, 15, 35, 36] through the TM and Schlemm's canal [4, 7, 35], as well as modifying cyclooxygenase-2
activity [35, 37]. These mechanisms depend on interaction with the CB1 receptor and modulation of the cyclooxygenase pathway
and prostanoid synthesis [20, 35]. Therefore, since cannabinoids have the ability to regulate HA synthesis and flow, they may
constitute an effective therapeutic alternative in the treatment of glaucoma by reducing IOP [29].

2.1.2 Neuroprotective Effects of Cannabinoids

Cannabinoids exhibit neuroprotective effects in the pathogenesis of glaucoma through various mechanisms, such as the inhibition
of the toxic effects of glutamate, nitric oxide (NO), and endothelin-1, associated with the degeneration of retinal ganglion cells.
Glutamate, being neurotoxic, can accelerate damage to the optic nerve [7]. According to the literature, the protection of ganglion
cells from degradation produced by this neurotransmitter results from the activation of CB1 and CB2 receptors that act to reduce its
release [35]. Additionally, cannabinoids act by inhibiting the production of NO and inflammatory cytokines, reducing oxidative
stress and therefore protecting retinal ganglion cells [2]. Furthermore, activation of CB1 and CB2 receptors induces the vasodilatory
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properties of cannabinoids, neutralizing the effects of endothelin-1, increasing blood flow to the optic nerve head and reinforcing
its neuroprotective effects in glaucoma [36]. In addition, its anti-inflammatory properties contribute to the protection of retinal nerve
cells [15].

2.2 Computational Details

The starting point of the computational approach was the visualization with the MOLDEN 6.3 program [38] of the 3D structure of
the cannabinoid A°>~THC, whose complete optimization was reported by Cardoso et al. [39]. This structure was then used as a basis
for the construction of the 3D structures of the cannabinoids CBN and CBD, respectively, with the aid of the HYPERCHEM 8.06
program [40], after conversion by the OPENBABEL 3.1.0 program [41]. The 3D structures of the cannabinoids were also subjected
to complete optimizations with the GAUSSIAN 98 program [42] using the B3LYP/6-31G* approximation of Becker [43], Lee et
al. [44], and Hehre et al. [45] reported by Cardoso-Filho et al. [39] as the most promising in describing the most stable conformation
of the cannabinoid environment. Figure 1 shows the 2D (Figures la to 1c) and 3D (Figures 1d to 1f) structures of the cannabinoids
A°-THC, CBN, and CBD, which are the subject of this investigation. Figure 1a shows the atomic numbering used in this study. In
this figure, the phenolic OH group at position C1, the alkyl (lipophilic) side chain at position C3, and the carbocyclic ring system
(rings A and C) are noted, which, according to Tomas et al. [46], when appropriately oriented, are essential in defining the
pharmacophoric conformation necessary for the pharmacological properties of phytocannabinoids. In the most stable conformation
(lowest energy), for THC, CBN, and CBD (Figures 1d to 1f), the electrostatic potential V(T) was obtained at a point r with the given
equation, namely [47]:

Z )dt’
V(F)=Z|§ A p(t)dr )
A

A= ) A

with Z, representing the charge of the nucleus A located in R A and [ (") being associated with the electron density of the molecule;
V(¥) in a given region will depend on the positive and negative contributions of the nuclei and electrons, respectively [48]. The
MEPs were obtained with the electron densities and visualized with the MOLEKEL program [49].

(b)

Figure 1. 2D structure of the cannabinoids A°>-THC (with numbering), CBN, and CBD.

A machine containing OPENSUSE LINUX 11.0 environment, 64-bit, AMD PHENOM 955X4, 2.2 GHZ processor, and 4 GB of
RAM was used to produce the quantum chemistry calculations.

In the investigation of ligand-receptor interactions, the structures of the CB1 and CB2 complexes were obtained from the Protein
Data Bank (RCSB-PDB) [50] under accession codes 9ERX [51] and 8GUS [52] with resolutions of 2.90 and 2.97 A, respectively
(Figure 2; see receptor architecture in the cited references). For both receptors, the proteins were prepared by using the UCSF
CHIMERAX v1.10.1 program [53], with the removal of endogenous ligands, water molecules and addition of hydrogen atoms with
the DOCKPREP tool, integrated into the program itself. Molecular docking calculations were performed with the AUTODOCK -
GPU v1.6 program [54]. Two cubic search boxes with sides of 50 A were defined, centered on the coordinates of the CB1 and CB2
receptor binding sites x = 131.353 and 130.005; y =132.721 and 121.791; z=163.530 and 170.767, respectively, with a grid spacing
of 0.375 A. 1,000 poses were generated for each ligand. The selection of the initial pose for the MD simulations was based on
combined criteria: (i) lowest binding free energy; (ii) distance between relevant hydrogen bond donors/acceptors; and (iii) proximity
between aliphatic carbon atoms of the ligand and the TRP279 residue of the CB1 receptor and TRP194 of the CB2 receptor,
conserved structural markers in the active sites. The poses that best met these criteria were chosen as starting structures for
subsequent MD simulations.

Page | 9



m International Journal of Science and Research Methodology (IJSRM)

11citl Volume 29, Issue 6, June 2026 ijsrm.humanjournals.com ISSN: 2454-2008

MD simulations were performed by using the GROMACS 2024.4 package [55], with the CHARMM36 force field [56, 57]. The
initial structure of the protein-ligand complex was prepared by using the CHARMM-GUI program [58], which generated topological
and coordinate files compatible with the CHARMM protocol, including the appropriate protonation of residues at physiological pH,
parameterization of the ligand based on the charges and parameters of the CGENFF program [59]. The system was inserted into a
dodecahedral box with TIP3P water, maintaining a minimum distance of 1.2 nm between any atom of the complex and the edge of
the box. A concentration of 0.15 M NaCl was used to ensure the physiological conditions of the system, with the total charge of the
system neutralized with Na*" and Cl™ ions. Energy minimization was conducted in two stages. Initially, the steepest descent algorithm
was employed with a force tolerance of 1000 kJemol'snm. Subsequently, a more rigorous minimization was performed with a
tolerance of 200 kJemol'snm™, using the same algorithm and positional constraints applied to both the protein and the ligand. The
system was subjected to an equilibration step in an NVT ensemble (1 ns, 300 K) with a V-rescale thermostat. Next, equilibration
was performed in an NPT ensemble, with pressure controlled at 1 bar by the Parrinello-Rahman barostat and isotropic coupling.
The production simulation lasted 500 ns, with an integration step of 2 fs. Bonds involving hydrogen atoms were restricted by the
LINCS algorithm. Van der Waals interactions were treated with a cutoff of 1.2 nm, with the switch function initiated at 1.0 nm.
Long-range electrostatic interactions were calculated using the Particle Mesh Ewald (PME) method, with a grid spacing of 0.16 nm
and cubic interpolation order (4th order). During the production simulation, coordinates were saved every 10 ps for later analysis.

(@) (b)

Figure 2. Structure of (a) the HU210-CB1 complex and (b) the AM12033-CB2 complex. The ligand structures are highlighted in
ball and stick format.

The trajectories of the molecular dynamics simulations were analyzed in terms of root mean square deviation (RMSD) and root
mean square fluctuation (RMSF). After the simulations were completed, 500 equally spaced snapshots were extracted from the
complete trajectory by using the gmx trjcat tool of the GROMACS 2024.4 program, aiming at detailed structural analyses. Binding
energies were calculated directly from the simulations by using the gmx mdrun module, based on the parameters of the CHARMM?36
force field. The visualization of representative poses was performed by using the UCSF CHIMERAX v1.10.1 program. The
identification and quantification of hydrophobic contacts and hydrogen bonds were automated by using custom scripts developed
in Python, with the help of the Biophyton package for structural processing. RMSD and RMSF plots were generated by using the
Matplotlib program.

3 RESULTS AND DISCUSSION
3.1 MEP maps for the cannabinoids A°>~THC, CBN, and CBD

Preliminarily, before presenting and discussing the MEP results for A>-THC, CBN, and CBD, some considerations regarding
molecular requirements indicated by traditional structure-activity relationships for cannabinoid activity are listed. These
requirements include: (1) the phenolic OH group at C1, (2) the lipophilic side chain (-CH2-CH2-CH2-CH2-CH3) at C3, and (3) a
properly oriented carbocyclic ring system (A and C) [46]. In light of the highlighted requirements, the structures of A°~THC, CBN,
and CBD fit perfectly. CBD, lacking ring B, maintains a highly flexible A and C ring system around the C10a-C10b linkage. CBN
exhibits greater rigidity in the orientation of its ring system due to the aromaticity of ring A (benzene ring), in contrast to A>~THC
and CBD, in which ring A is a cyclohexene. This difference likely results in a conformation that influences its orientation in the
interaction with the CB1 receptor, which may favor the absence of psychopharmacological activity in CBN. Additionally, the lack
of ring B in CBD confers greater molecular flexibility (ring system A and C) around the C10a-C10b linkage, as mentioned.
Consequently, this may lead to a conformation whose orientation, when interacting with the CB1 receptor, is unfavorable to the
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manifestation of psychoactivity in this cannabinoid. On the other hand, the presence of all three molecular requirements, including
ring B, in the cannabinoids A’-THC and CBN, suggests that the acquired conformations provide the desirable orientation of the ring
system in interactions with the CB1 receptor. Thus, they contribute to the mechanism of IOP reduction. In contrast, the absence of
this ring in CBD may lead to an inadequate interaction with the aforementioned receptor, not resulting in a reduction in IOP or,
potentially, favoring its increase. Regarding the neuroprotective properties of the three cannabinoids, mediated by interactions with
CB1 and CB2 receptors, the phenolic OH group at C1, the side chain at C3, and the orientation of the carbocyclic ring system (A
and C) appear to be crucial for these activities. Additionally, A>-THC, CBN, and CBD can interact with the body's endocannabinoid
system, modulating pain and inflammation at multiple physiological levels [60] and exhibiting most of their pharmacological effects
through G protein-coupled CB1 and CB2 receptors [11], as mentioned in the Introduction.

Considering the previous observations, Figures 3a to 3¢ show the MEP maps for the cannabinoids A°-THC, CBN, and CBD,
respectively. According to these figures, the three cannabinoids exhibit a similar pattern of electron density distribution, with MEP
values ranging from -94.13 to +228.8 kcal/mol, where these values correspond to the regions of the maps represented in red, yellow,
green, and blue. The highest electron densities are distributed in the range of V(&) = -94.13 kcal/mol (red) to V(F) =-11.17 kcal/mol
(yellow), while the lowest densities occur between V(¥) = +55.79 kcal/mol (green) and V(¥) = +228.13 kcal/mol (blue).
Furthermore, the distribution pattern of higher electron density for the cannabinoid A°~THC (Figure 3a) is concentrated in the MEP
range of -89.11 to -11.17 kcal/mol; while for the cannabinoid CBN (Figure 3b), this pattern is evident in the MEP range of -87.22
to -15.62 kcal/mol, and covers the MEP range of -99.13 to -15.00 kcal/mol for the cannabinoid CBD (Figure 3c).
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5011
keal/mol
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.198.3 .222.8
127.4 143.7
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Figure 3. MEP (kcal/mol) maps for the cannabinoids A°~-THC, CBN, and CBD.

In Figure 3a, the highest electron densities are located at the oxygen atoms of the phenolic OH group (most intense red color, V(1)
= -89.11 kcal/mol), at C10 of ring A (sp? unsaturation), at the CHs branches in C6, at the O5 atom of ring B, at the C2, C4, and C10b
atoms of the phenolic ring, and at C11 (branch in C9). Other atoms, with regions of intermediate electron density, correspond to
carbons C6a, C7, C8 (all present in ring A) and C1°, C3’, and C5’ (alkyl chain). Regarding the MEP map of this cannabinoid, it is
possible to highlight that the MEP values, the presence of the phenolic OH group at C1, the side chain at C3, and the orientation of
the carbocyclic ring system (rings A and C), indicate the existence of key structural characteristics in the cannabinoid A°-THC.
These characteristics enable interactions with CB1 and CB2 receptors, indicating its relevance in reducing IOP (interaction with the
CBI1 receptor), in neuroprotection (via CB1 and CB2 receptors), and in pain modulation (analgesic action). It is also worth noting
that the psychoactivity of this cannabinoid possibly stems from these key structural characteristics in the interaction with the CB1
receptor.

In CBN, the highest electron density is located on the oxygen atom of the phenolic OH group with Vi, (F) = -87.22 kcal/mol. Other
high-density regions are located on the carbon atoms of the branches at C6, on O5 of ring B, on atoms C4, C2, and C10b of the
phenolic ring, on C11 (branch at C9), on C7, C8, and C10 of the benzene ring (ring A), and on C5’ of the alkyl chain. Moderate
electron densities are observed on the alkyl carbons C1°, C2’, and C3’. In this cannabinoid, ring B is positioned relative to ring C
differently from its positioning in A°>~THC, which likely influences the orientation of its carbocyclic ring system. In this case, the
presence of the phenolic OH at C1, the side chain at C3, the orientation of the carbocyclic ring system combined with the V(%)
values show that the cannabinoid CBN has key structural characteristics that enable interactions with CB1 and CB2 receptors,
justifying its relevance in reducing IOP (interaction with the CB1 receptor), in exerting sedative, analgesic, anti-inflammatory and
neuroprotective effects (interaction with CB1 and CB2 receptors), with the absence of psychotropic properties probably resulting
from these key structural characteristics in the interaction with the CB1 receptor.
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In the cannabinoid CBD, according to the MEP map (Figure 3c), the breaking of the O5-C6 bond of ring B results in an increase in
electron density at the O5 atom (region of highest electron density with Vi (¥) = -94.13 kcal/mol). The O1 atom of the OH group
of resorcinol has an electron density similar to C10 of ring A (sp? unsaturation), with values slightly lower than the density at O1.
Other relevant densities are found on the C atom of the CH3 proximal to OS5, on C2 and C4 of resorcinol, and C11 of ring A.
Moderate densities are found on the C atoms of the branch distal to OS5, C6a, C7, and C8 of ring A, C10a of resorcinol, and C1°,
C3’, and C5’ of the alkyl chain. For the cannabinoid CBD, the presence of the phenolic OH at C1, the side chain at C3, the proper
orientation of the carbocyclic ring system combined with the V(¥) values show that it has key structural characteristics that enable
interactions with CB1 and CB2 receptors, and lead to the manifest absence of IOP reduction (interaction with the CB1 receptor),
justifying its sedative, analgesic, anti-inflammatory and neuroprotective effects (interaction with CB1 and CB2 receptors). The
absence of psychotropic properties is likely also due to these key structural characteristics in the interaction with the CB1 receptor.

3.2 Interactions of the Main Cannabinoid Fragments A>~-THC, CBN, and CBD with the CB1 Receptor

Figure 4 shows the ligand-CB1 receptor interactions. Figure 4a shows the analyzed poses of A°-THC (purple), CBN (yellow), and
CBD (blue), and Figures 4b to 4d show the interactions of the main cannabinoid fragments with the CB1 receptor. According to this
figure, the ligands establish conserved hydrophobic interactions between their alkyl chains and three key residues of the CBI
receptor's active site, namely TRP279, PHE200, and LEU276, which form a fundamental hydrophobic core for the stabilization of
the ligand-protein complexes. The MET363 residue participates in interactions with all ligands, but with less intensity compared to
the three main residues, suggesting an auxiliary role in molecular stabilization. The ILE280 residue selectively interacts with the
cannabinoids A°>-THC and CBN, while the LEU359 residue establishes more moderate contacts with all three ligands, indicating a
lower-energy interaction. Residues LEU193 and VAL196 demonstrate exclusive specificity for the cannabinoid CBD, likely
attributed to the greater conformational flexibility of the species conferred by the linkage between the phenolic ring and the
methylcyclohexene, indicating that this ligand seeks distinct conformations in the orthosteric site. Less frequent interactions are
observed with the PHE268 residue for the cannabinoids CBN and CBD, suggesting occasional contacts that may contribute to the
secondary stabilization of the complex. These interactions reveal a standard molecular recognition mechanism for the alkyl chains
of cannabinoids, with specific variations that may influence the affinity and selectivity of binding to the CB1 receptor.

The results of hydrophobic interactions demonstrate that the PHE379 residue is the only conserved element in interactions with the
phenolic group of the three ligands, although with notable variability in selectivity and contact frequency. For A°>-THC, it was
observed that the PHE379 residue acts primarily to anchor the phenolic fragment. This highly targeted interaction suggests a
stereospecific recognition mechanism that contributes to the high affinity characteristic of this ligand at the binding site. In contrast,
the complexes with the cannabinoids CBN and CBD exhibited more distributed interaction patterns, where PHE379 participates
with a 50-56% frequency in contact with the phenolic group, contributing to molecular stabilization with other hydrophobic residues.
The cannabinoids A°-THC and CBN share a complementary interaction profile involving the VAL196 and LEU193 residues,
indicating a conserved recognition mechanism for these ligands. However, the phenol in A°-THC still exhibits contact with the
PHE268 residue, which is absent in the other ligands. The PHE170 residue showed selective importance in anchoring the
cannabinoid CBD, reinforcing the conformational rearrangement of this more flexible ligand in the active site.

Figure 4. Ligand-receptor interaction CB1: (a) poses: A>-THC (purple), CBN (yellow) and CBD (blue); (b), (c) and (d) interactions
considering optimal binding energies.
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As mentioned earlier, ring A, represented by a cyclohexene ring in the cannabinoids A°>~-THC and CBD and by a benzene ring in
CBN, exhibits remarkable variability in its hydrophobic interaction patterns with the active site of the CB1 receptor. Despite this
conformational diversity, residues PHE174 and PHE177 emerge as conserved anchoring points, establishing significant contacts
with ring A of the three ligands. Residue PHE268 presents a more diffuse distribution of interactions, but contributes energetically
to the stabilization of the complexes, as evidenced by the data in Table 1. Residue ALA380 stands out as a highly selective
hydrophobic contact for the cannabinoid CBD. This interaction is facilitated by the flexibility of the ¢ linkage between the phenolic
ring and the cyclohexene ring of this cannabinoid's structure, which allows the aliphatic portion to approach the side chain of residue
ALA380. Although residue ALA380 also interacts sporadically with the cannabinoids A°~THC and CBN, such contacts are highly
selective, occurring exclusively with the fragment corresponding to ring A of these ligands.

Table 1. Interaction energies (kcal/mol) of the cannabinoids A>~-THC, CBN, and CBD with the main residues of the CB1 receptor.

Cannabinoids
A’-THC | CBN | CBD
Number of duplicates
Residues | 1st duplicate | 2nd duplicate | Ist duplicate | 2nd duplicate | 1st duplicate | 2nd duplicate
TRP279 | —2.16+0.678 | —2.7240.738 | —1.33+£0.510 | -2.56+1.08 | —2.70+0.825 | —1.40+0.498
PHE200 | —1.53£0.502 | —1.63+£0.552 | —1.504+0.552 | -2.30+0.677 | —1.06+0.614 | —1.53+0.835
LEU276 | —-1.47+0.537 | —0.808+0.422 | —1.14+0.499 | —0.826+0.526 | —1.43+0.648 | —0.633+0.583
LEUI193 | -3.90+0.783 | —-4.57+1.17 —3.89+1.06 —3.71£1.32 | —2.35+0.867 | —2.18+0.923
VAL196 | —3.12+0.726 | —3.24+0.796 | -3.01£0.675 | -3.53£0.934 | —1.524+0.600 | —1.72+0.761
PHE379 | —4.71£0916 | —4.69+1.06 —4.06£1.14 | —4.53+0.992 | —2.14+0.982 | -2.81+1.27
PHE268 | —4.07+0.882 | —3.84+0.833 | —2.80+0.916 | —3.58+0.786 | -3.65£1.06 —3.14+1.08
PHE170 | —2.27+1.842 | —3.78+0.669 | —4.72+0.696 | —3.28+1.24 —3.33+0.96 —3.89+1.07
PHE174 | -2.06+1.78 | —3.40+0.774 | —4.15+0.825 | —2.96+1.01 —3.89+£0.825 | —3.15+1.47
PHE177 | —2.97+1.32 | —2.2240.554 | —-1.4940.667 | —-1.65+0.915 | —3.58+0.842 | —3.00+0.738
ALA380 | —1.33+£0.447 | —1.41£0.517 | —0.726+0.368 | —0.814+0.518 | —0.944+0,538 | —1.12+0.876
ILE267 | —0.817+0.418 | —0.484+0.498 | —0.286+0.434 | —0.259+0.282 | —1.98+0.945 | —0.002+0.384
PHE189 | —2.02+0.687 | —2.38+0.686 | —2.59+0.819 | —1.14+0.561 | —1.45+0.661 | —2.07+0.843
MET384 | —0.376+0.193 | —0.173+0.258 | —0.012+0.179 | —0.105+0.150 | —0.469+0.467 | —0.173+0.258

Residue ILE267 establishes preferential contact with the methyl group of the cyclohexene ring of A°-THC, while for the
cannabinoids CBN and CBD this is less present. In the latter two cases, when interaction occurs, it is predominantly with ring A
itself. Residue PHE189 exhibits a marked affinity for the benzene ring of the cannabinoid CBN, suggesting the formation of a 7-
stacking interaction, compatible with the aromatic nature of this fragment. As for residue PHE379, it does not significantly
participate in the anchoring of the cyclohexene ring of A°>-THC; however, it partially contributes to the stabilization of the
cannabinoids CBN and CBD, although its hydrophobic contacts in these cases are distributed between ring A and the phenolic ring.
In the cannabinoid CBD, the interaction of PHE379 with the phenolic group is dominant and essential for the overall anchoring of
the molecule. The MET384 residue also adapts its conformation to establish a specific hydrophobic contact with the methyl group
of the cyclohexene ring, which, in turn, is not observed in a relevant way with A°>-THC or CBN, and its occurrence in the cannabinoid
CBD is directly attributed to the greater conformational flexibility of this ligand, which allows the exploitation of alternative
subpockets of the active site.

3.2.1 Interaction Energies (kcal/mol) of the cannabinoids A°>~THC, CBN, and CBD with the Major Residues of the CB1
Receptor

The energetic characterization of molecular interactions between the cannabinoids A°>-THC, CBN, and CBD and the active site of
the CB1 receptor revealed a distinct pattern of hydrophobic contributions. Thermodynamic decomposition demonstrated that the
alkyl chains of the ligands establish interactions predominantly mediated by van der Waals forces with conserved residues of the
orthosteric pocket. Table 1 shows the interaction energies (kcal/mol) of the cannabinoids A°-THC, CBN, and CBD with the main
residues of the CB1 receptor. According to this table, the TRP279 residue emerges as the main contributor to energetic stabilization,
being positioned as a primary hydrophobic anchor in the molecular recognition mechanism. The same table shows the PHE200
residue presenting an intermediate energetic contribution, acting as a coadjuvant element in the stabilization of the complex, and
the LEU276 residue showing lower energetic magnitude, but exhibiting greater conformational variability between replicates, thus
suggesting the role of a flexible modulator of the interactions. Furthermore, comparative analysis reveals distinct patterns of
molecular specificity: while A>-THC shows greater stabilization with the LEU276 residue, the cannabinoid CBD exhibits the
greatest energy range with the TRP279 residue, indicating specific conformational adaptations. The results establish a well-defined
energy hierarchy, in which the TRP279 residue acts as a primary anchoring site, the PHE200 residue provides complementary
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stabilization, and the LEU276 residue functions as a modulator of conformational flexibility. The stabilization of cannabinoids by
the TRP279 residue, which has a binuclear aromatic system (indol-benzene), is mainly caused by the attractive interaction between
the electron-rich © system (donor) of the aromatic ring of tryptophan and the 6* orbital (acceptor) of the C-H bonds of the terminal
alkyl tail (C-Heeem interaction).

According to Table 1, residues LEU193 and VAL196 show frequent interactions with the alkyl chain of CBD, exhibiting temporal
occupancy of 60% to 81% during MD simulations. Energy analysis revealed significant contributions of these residues to the
stabilization of the complex, and the results indicate that residues LEU193 and VAL196 play an important role in positioning the
alkyl chain of the cannabinoid CBD within the hydrophobic channel of the CB1 receptor. The magnitude of the interaction energies,
particularly for residue LEU193, which approaches the stabilization provided by residue TRP279, suggests that they constitute key
elements in the molecular specificity of the cannabinoid CBD. Less important residues such as ILE280 and LEU359 do not show
significant interaction energies.

In general, all residues that establish hydrophobic contacts with the phenolic ring exhibit favorable interaction energies, although
with significant variations between ligands. As discussed earlier, the PHE379 residue acts as a primary anchor in the stabilization
of A>-THC through highly favorable interactions with its phenolic ring (Table 1). For CBN, the energies remain robust, indicating
a similar recognition mode between these two structurally related ligands. In the case of the cannabinoid CBD, the interaction energy
with the PHE379 residue is drastically reduced, suggesting that, due to its greater flexibility, this cannabinoid experiences distinct
orientations in the active site, in which the phenolic ring is not the main anchoring determinant. This pattern is corroborated by the
interaction energies with the VAL196 and LEU193 residues, which also show significantly weaker values for the cannabinoid CBD,
compared to the cannabinoids A°>-THC and CBN. These results reinforce the hypothesis that these residues play a secondary role in
stabilizing the cannabinoid CBD at the active site. Residues PHE268 and PHE170 exhibit more homogeneous energy profiles among
the three cannabinoids. However, the role of residue PHE170 in the recognition of the cannabinoid CBD stands out, with energies
comparable to those observed for the cannabinoids A>-THC and CBN, suggesting that this residue may act as an alternative
anchoring point for the cannabinoid CBD. Although residue PHE379 shows the highest frequency of contact with the phenolic ring
and is crucial for the anchoring of A°>~THC, the other residues interact in a more distributed manner with other fragments of the
ligands.

It is worth noting that, in the case of the A>-THC and CBN residues, the interactions involving the phenolic ring exhibit significantly
more favorable energies than those mediated by the alkyl chain. This difference stems from the aromatic nature of the benzene ring,
whose high electron density favors more efficient interactions with the PHE379 residue of the CB1 receptor. In addition to its
hydrophobic contribution, the amide group of the PHE379 residue introduces local polarity in the region adjacent to the phenolic
OH group of the ligand. The energetic decomposition of this interaction reveals a substantial short-range coulombic contribution,
attributed to the presence of the carbonyl group of the PHE379 residue, strongly stabilizing the interaction with the SER383 residue.
Thus, the PHE379 residue plays a bifunctional role, mediating nonpolar interactions with the aromatic ring of the ligand and creating
a polar microcosm that favors the formation of a specific and energetically relevant hydrogen bond with the SER383 residue. The
lack of an equivalent interaction in the cannabinoid CBD likely stems from the presence of two phenolic hydroxyl groups in its
structure, which compete for interactions with other polar residues in the active site, preferentially with the SER173 residue. This
competition redirects the conformation of the cannabinoid CBD, preventing the formation of the specific OHe**SER383 arrangement
observed in A’>-THC and contributing to lower affinity in the active site.

The data in Table 1 reveal that residues PHE174 and PHE177 are the main determinants of the hydrophobic stabilization of ring A,
regardless of the aliphatic (A°-THC and CBD) or aromatic (CBN) nature of the fragment. Residue ALA380 exhibits a slightly more
favorable binding energy for A>-THC, despite its contact frequency being lower with this ligand. Interestingly, although residue
ALA380 shows conformational selectivity for the cyclohexene ring of CBD, resulting from the flexibility of the ¢ linkage between
rings A and C, its interaction energy does not exceed that observed for A°>-THC. This apparent paradox suggests that ALA380 does
not act primarily as a hydrophobic anchor, but rather as a structural component of a polar microenvironment that accommodates the
phenolic OH group of cannabinoids. Indeed, the energetic decomposition of the interactions reveals that the polar contribution of
the ALA380 residue is significantly more relevant in the complex with A°>~THC than in the complexes with cannabinoids CBN or
CBD. The smaller polar component observed for the cannabinoid CBD corroborates its distance from the electron-rich subpocket
formed by residues SER383, PHE379, and ALA380. This conformational rearrangement positions the cyclohexene ring of CBD in
proximity to residues ALA380 and PHE170, while simultaneously displacing the opposite phenolic OH group towards a second
polar subpocket, centered on residue SER173, reinforcing the evidence of competition between residues SER383 and SER173. The
ILE267 residue exhibits a highly variable energetic pattern, with generally weak energies. This instability reflects the flexibility of
the aliphatic side chain of the residue, which hinders the establishment of stable interactions. However, an atypical value is observed
in the first duplicate with the cannabinoid CBD, attributable to the transient approximation between polar and nonpolar regions of
the ligand and the residue during the first 300 ns of the simulation. After this period, the system reaches conformational equilibrium,
and the energy contribution of ILE267 becomes negligible. For the PHE189 residue, the data indicate high selectivity for the benzene
ring of CBN, with a more favorable average energy in the first duplicate. This interaction is compatible with n-stacking, which
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confers additional stability to the CBN-CB1 complex; in contrast, for the cannabinoids A°-THC and CBD, the PHE189 residue
interacts preferentially with the methyl groups of the oxane ring (ring B). The interactions with the MET384 residue are consistently
weak for all ligands, indicating that this residue establishes only peripheral hydrophobic contacts with the methyl group of ring A,
without a significant contribution to the overall affinity.

3.2.2 Stability of Simulations of the Interactions of the cannabinoids A°- THC, CBN, and CBD with the CB1 Receptor
3.2.2.1 Root Mean Square Deviation (RMSD) Analysis

Figure 5 shows the RMSD (nm) versus time (ns) profiles of residual mobility in the CB1 ligand-receptor complex. According to
this figure, the cannabinoid A°>-THC exhibits the least conformational variation, indicating more stable behavior at the CB1 receptor
binding site, achieving stability in the initial stages of the simulation, demonstrating excellent complementarity with the active site.
In turn, the cannabinoid CBN exhibits greater fluctuations in the initial phase of the simulation, stabilizing only around 200 ns, and
subsequently maintains satisfactory stability. The cannabinoid CBD shows partial stability between 50 and 300 ns. Nevertheless,
from 300 ns onwards, the system seeks an alternate conformation, suggesting less affinity with the binding site. This instability can
be attributed to the breakage of the oxane ring in its molecular structure, which confers greater conformational flexibility to the
ligand.

RMSD Analysis of CB1 Ligands
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Figure 5. RMSD (nm) versus time (ns) profiles of residual mobility in the CB1 ligand-receptor complex.
3.2.2.2 Root Mean Square Fluctuation (RMSF) Profiles of Vibrational Modes in the CB1 Ligand-Receptor Complex

Figure 6 shows the RMSF (nm) versus atomic number profiles for the vibrational modes in the CB1 ligand-receptor complex. In
this figure, the RMSF profiles revealed distinct patterns of residual mobility in the CB1 receptor when complexed with the
cannabinoids A°>-THC, CBN, and CBD. Significant conformational stability was observed in the orthosteric region of the active site,
evidenced by particularly low RMSF values, indicative of efficient and specific molecular coupling. In contrast, the intracellular
and extracellular loop regions exhibit substantially high fluctuations, consistent with the intrinsic flexibility expected for these
structural domains in G protein-coupled receptors. The remarkable quantitative similarity in the RMSF profiles among the three
cannabinoid ligands strongly suggests a conserved molecular recognition mechanism in the orthosteric site of the CBI1 receptor.
This conformational convergence indicates that A>-THC, CBN, and CBD share equivalent vibrational modes when complexed to
the receptor, stabilizing in energetically favorable conformations along the simulation trajectories.
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Figure 6. RMSF profiles (nm) versus atomic number of vibrational modes in the CB1 ligand-receptor complex.
3.3. Interactions of the Main Cannabinoid Fragments A°>~THC, CBN, and CBD with the CB2 Receptor

Figure 7 shows the ligand-CB2 receptor interactions. Figure 7a shows the analyzed poses of A°-THC (purple), CBN (yellow), and
CBD (blue), and Figures 7b to 7d show the interactions of the main cannabinoid fragments with the CB2 receptor. Furthermore,
according to this figure, the results demonstrate that cannabinoid ligands establish highly conserved hydrophobic interactions
between their alkyl chains and four key residues of the CB2 active site: TRP194, ILE186, LEU191, and MET265. These residues
form a fundamental hydrophobic tunnel for the insertion and stabilization of the aliphatic tail of the hydrophobic channel, with
residues TRP194, ILE186, and LEU191 showing almost exclusive specificity for the alkyl chain in all simulations. The MET265
residue participates in interactions with all ligands, although with moderate variability in intensity, suggesting an auxiliary role in
the conformational adaptation of the chain end. The PHE117 residue interacts with the cannabinoids A°~-THC and CBN, while the
contribution of this interaction is smaller for CBD. The PHE183 residue establishes secondary contacts with the alkyl chain of the
three cannabinoids, suggesting a complementary importance in stabilizing the complex. These interactions reveal a standard and
highly conserved mechanism of molecular recognition for the alkyl chains of cannabinoids when interacting with the CB2 receptor.
The consistency of this hydrophobic core likely contributes to the common basal affinity of the three ligands, while subtle variations,
especially in the contribution of PHE117 and PHE183 residues, may influence fine differences in selectivity and conformational
stability at the orthosteric site of the CB2 receptor.

Figure 7. Ligand-CB2 receptor interaction: (a) poses: A>-THC (purple), CBN (yellow) and CBD (blue); (b), (c) and (d) interactions
considering the best binding energies.

The phenolic OH group of cannabinoids exhibits a more distributed and less focused interaction profile compared to other regions
of the molecule. Although these contacts are often less intense in terms of fragment specificity, some residues play key roles in
anchoring this group. The VAL113 residue acts as a primary anchor for the phenolic ring of A°>~THC and CBN. In contrast, in the
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cannabinoid CBD, the VAL113 residue shows low specificity for phenol, reflecting the ability of this cannabinoid to reorient its
phenolic ring due to the flexibility of the linkage between rings A and C. In this configuration, the phenol of the cannabinoid CBD
preferentially interacts with residues PHE117 and PHE183, residues that act as primary anchors, while residues ILE110 and PHE281
contribute secondarily. Phenylalanines (PHE117, PHE183, and PHE281) can stabilize the complex through n—n or CH—x type
interactions, especially in CBN, whose phenolic ring is part of an expanded aromatic system, and in CBD, where mobility allows
for a favorable fit. Additionally, the MET265 residue appears with sporadic interactions with the phenol of CBN, but its main
contribution occurs with the alkyl chain, not with the phenolic OH group.

The A ring of the studied cannabinoids exhibits partially conserved interaction patterns with the PHE91, PHE94, PHE281, and
PRO184 residues of the CB2 receptor. The PHE94 residue acts as a universal anchor, establishing highly specific hydrophobic
contacts with the A ring in all three ligands, reinforcing its fundamental role in the initial anchoring of this fragment to the orthosteric
site. The predominant interactions involve o(C—H)+e*rt type contacts, mediated by the hydrogen atoms of the cyclohexene ring
(including the methyl group in CBN) and the aromatic systems of the phenylalanines. In the cannabinoid CBD, the PRO184 residue
plays an essential role, where the hydrophobic contact between its aliphatic side chain and the methyl group of the cyclohexene ring
induces the approximation between the second phenolic hydroxyl group and the oxygen of the peptide carbonyl group of this residue,
suggesting a weak but functional hydrogen bond. This localized polar interaction, combined with the hydrophobic fit, induces a
favorable repositioning of the CBD cannabinoid A ring, maximizing its complementarity with the pocket. The PHE91 residue,
although present in the interactions with the A ring of all ligands, shows greater relevance for CBN, where its high specificity and
the aromatic nature of the A ring favor m—m stacking interactions, contributing significantly to the stability of the complex. The
PHE28]1 residue exhibits conformational malleability, indicating a more adaptive than structural role, rather than a primary anchor,
suggesting it may act as a conformational modulator between phenol and the A ring. The PHE106 residue interacts reasonably well
with the A ring of A°-THC and CBD, but not with CBN, suggesting that aromatization of the A ring in the latter promotes a
thermodynamically more favorable arrangement with other aromatic residues (such as PHE91 and PHE94). Residues VAL86 and
PHER7 establish sporadic contacts with ring A of CBN, with PHE87 likely contributing via CH—r interactions between its aromatic
ring and the methyl groups of the aromatized ring A.

Interactions with the CH; branches at C6 of cannabinoids involve conserved contacts with residues ILE110, PHE106, and PHES7.
PHE106 shows selectivity for these branches in CBN, as PHE87 does, which shows considerable selectivity for the same fragments
in the cannabinoid CBD. These interactions reveal that the region acts as a conformational integration module in the CB2 receptor,
with a conserved core complemented by adaptive residues that reflect the structural differences between the cannabinoids A°>-THC,
CBN, and CBD, contributing to molecular selectivity at the orthosteric site.

3.3.1 Interaction Energies (kcal/mol) of the cannabinoids A>-THC, CBN, and CBD with the Major Residues of the CB2
Receptor

Table 2 shows the interaction energies (kcal/mol) of the cannabinoids A°>~THC, CBN, and CBD with the main residues of the CB2
receptor. According to this table, the energy breakdown of the interactions involving the alkyl chain of these cannabinoids reveals
that residue PHE183 presents the most intense contributions to the system. However, this high stabilization is not exclusively due
to the aliphatic tail; contact data indicate that PHE183 interacts bidirectionally, with a significant portion of its anchoring directed
to the phenolic ring. This ability to simultaneously stabilize two distinct fragments likely explains its globally more favorable
binding energy compared to other residues. Nevertheless, residues TRP194 and ILE186 stand out as the main ones responsible for
the specific anchoring of the alkyl tail in the hydrophobic tunnel of the CB2 receptor. Residue TRP194 exhibits consistently strong
energies and almost exclusive contact with the aliphatic chain, consolidating its role as a primary anchor. The ILE186 residue,
although with more variable energy, also binds predominantly to the aliphatic tail, reinforcing the stability of the complex. The
PHE117, LEU191, and MET265 residues play secondary roles in stabilizing the alkyl chain, with more modest binding energies.
The LEU191 and MET265 residues, despite their limited energy contributions, exhibit high contact specificity with the alkyl chain,
suggesting a structural function in the formation of the hydrophobic channel. The PHE117 residue exhibits a mixed fragmental
profile, where its interaction is distributed between the phenolic ring and the alkyl chain, with greater stability in the cannabinoid
CBN, moderate in A°>-THC, and weak in the cannabinoid CBD, reflecting the influence of the aromaticity and orientation of the C
ring on its stabilizing capacity. These results indicate that, although the recognition of the alkyl chain is mediated by a conserved
core of hydrophobic residues, the magnitude of energy stabilization is amplified by residues with the ability to interact with multiple
fragments, such as PHE183 and, in certain contexts, PHE117.
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Table 2. Interaction energies (kcal/mol) of the cannabinoids A°~THC, CBN, and CBD with the main residues of the CB2 receptor.

Cannabinoids
A-THC CBN CBD
Number of duplicates
Residues | 1st duplicate | 2nd duplicate | 1st duplicate | 2nd duplicate | 1st duplicate | 2nd duplicate
TRP194 | -2.68+0.636 | -2.00+0.943 | -3.51£0.744 | -2.75+0.769 | -3.01+0.733 | -3.12+0.708
PHE117 | -1.43+0.583 | -1.14+£0.810 | -4.74+0.764 | -1.59+0.645 | -1.35+0.714 | -0.764+0.667
LEU191 | -0.904+0.391 | -0.710+£0.628 | -1.49+0.564 | -0.981+0.401 | -1.01£0.466 | -1.244+0.511
LEU182 | -0.654+0.426 | -0.160+0.518 | -0.160+0.344 | 0.196+0.366 | -0.388+0,359 | -0.440+0.346
VALI185 | -0.3474+0.237 | -0.021+0.080 | -0.076+0.257 | 0.038+0.287 | -0.258+0.300 | -0.199+0.278
PHE281 | -1.78+0.687 -4.36+3.02 -1.76+1.18 -2.82+1.26 -2.28+£0.767 | -1.97+0.731
PHEI183 | -4.48+0.977 -3.35+2.03 -4.74+0.764 | -3.79+0.901 -4.70+1.34 -5.97+1.23
PHE87 | -3.47+0.940 -4.69+1.90 -2.71£1.30 -3.52+0.935 | -2.05+0.886 | -1.96+0.717
PHE91 -1.95+1.00 -3.03+1.19 -2.21+0.873 -3.74+£1.17 -2.88+0.841 | -2.558+0.839
PHE94 | -2.11+£0.595 | -1.96+0.582 -2.71£1.30 -1.81+£0.676 | -2.92+0.588 | -3.03+0.589
ALA282 | -0.1044+0.249 | -0.231+0.736 | -0.133+0.207 | -0.222+0.423 | -0.194+0,232 | -0.038+0.222
ILE186 | -1.90+0.534 | -0.331+£0.455 | -1.47+1.05 -1.50+£0.629 | -1.81£0.454 | -2.04+0.526
PHE106 | -1.64+0.576 | -2.06£0.704 | -1.29+0.636 | -1.68+0.802 | -1.97+0.760 | -2.29+0.807
MET265 | -0.681+0.423 | -1.51+0.790 | -1.08+0.604 | -1.11£0.475 | -0.795+0.405 | -1.08+0.568
VALI113 | -3.28+0.647 | -3.15+0.758 -4.52+1.01 -2.99+0.721 | -2.92+0.818 | -2.41+0.987
ILE110 | -4.72+0.887 | -4.18+0.974 | -3.33+£0.986 -4.73£1.09 -2.80+0.687 | -3.21£0.690
PROI184 | -3.86+1.25 | -0.147+£0.374 | -0.432+0.500 | -2.18+1.94 -3.35+0.767 -4.06+1.23
VAL86 | -0.5424+0.306 | -0.866+0.354 | -1.47+1.05 -0.41£0.362 | 0.151£0.298 | 0.102+0.283
SER90 | -1.71+0.622 | -1.66+0.663 | -1.25+0.873 | -2.23+0.829 -3.35+1.11 -3.26+0.839
TRHI114 | -2.31+0.510 | -1.64+0.722 | -2.60+£0.666 | -2.29+0.587 | -1.81+0.871 | -1.86+0.751
PHE91 -1.95+1.00 -3.03+1.19 -2.21+0.873 -3.74+£1.17 -2.88+0.841 | -2.56+0.839
TYR25 | -1.424+0.669 | -0.381+0.540 | -0.011+0.324 | -0.32+0.512 | -0.631+0.601 | -1.09+0.533
HIS95 -2.73+1.13 | -0.178+0.658 | -1.21£0.772 | -0.569+0.686 | -2.09+0.912 | -2.532+0.914
SER285 | -0.124+0.430 | -3.91+2.23 | -0.286+0.531 | -2.07£1.79 -0.530+1.36 | 0.099+0.742

As seen previously, Table 2 reveals a pattern of energy dependence of the phenolic fragment on the PHE183 residue, which acts as
the main stabilizer of the phenolic group in all ligands, with consistently intense energies, reaching its most favorable value in the
cannabinoid CBD. This exceptional magnitude reflects not only its proximity to the phenolic ring but also its ability to integrate
interactions with multiple fragments, enhancing the overall stability of the complex. The VAL113 residue acts as a consistent
phenolic anchor in A°>-THC and CBN, but its contribution decreases in CBD, explained by the conformational reorientation of the
phenolic ring in this ligand. ILE110, which emerges for most of the simulation time near the C6 branches, provides a secondary,
but important, anchoring to the phenolic fragments of the cannabinoids. The data in Table 2 quantify this interaction, revealing that
ILE110 presents one of the largest favorable energy contributions for A>~THC and CBN. In contrast, the smallest overall stabilizing
contributions occur with CBD, most likely due to the repulsion between its second phenolic OH group and the aliphatic chain of
ILE110. This specific repulsive interaction explains the less favorable energy contribution of ILE110 in the CBD complex. However,
for A°>-THC and CBN, the intensity of the recorded energies indicates that, despite its location close to the C6 branches, this residue
effectively participates in the stabilizing network of the phenolic ring, possibly through CH—r interactions involving the lateral CHs
group of ILE110.

Regarding contacts with ring A, residues PHE91, PHE94, and PHE281 establish stable hydrophobic interactions with all three
cannabinoids, although with distinct energy profiles. Residue PHE94 acts as a universal anchor, with a high contact frequency in
all ligands. Its energy is particularly favorable in CBD, which aligns with the greater flexibility of the linkage between rings A and
C in this ligand, allowing a tighter fit of the cyclohexene methyl group against the aromatic face of PHE94. In contrast, the less
intense energies observed in the cannabinoids A°-THC and CBN reflect a slightly less optimized orientation of this fragment, since
there are contacts with atoms of higher electron density of nearby amino acids. PHE91 also functions as a consistent anchor of ring
A, with contact frequencies and energies comparable to those of PHE94, especially in the cannabinoid CBN, where the most negative
contact value of this residue with this ligand is recorded. This energy intensity is directly related to the aromatization of ring A in
CBN, which favors n—r stacking interactions with phenylalanine. PHE281 exhibits a more adaptive behavior. Although it maintains
contacts with ring A in all ligands, its energy varies significantly, with a notable peak in the second replicate of A>-THC. This
anomaly is associated with a transient n—7 interaction between its aromatic ring and the phenolic ring of A°>-THC. In fact, in CBN
and CBD, the contacts of the PHE281 residue are distributed between ring A and phenol, reinforcing its role as a conformational
modulator at the interface between the two rings, and not as a primary anchor of cyclohexene. The PHES7 residue interacts
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predominantly with the C6 branches in A°>-THC and CBD, but not with ring A. Its more intense energy in A°>-THC stems precisely
from its proximity to the methyl groups of C6, and not from direct contact with the cyclohexene ring. The PHE106 residue
establishes stable contacts with all ligands, participating in both ring A and the C6 branches. In the cannabinoid CBN, however, its
interaction is concentrated almost exclusively with the C6 branches, consistent with the spatial reorganization induced by the
planarity of ring A. These results indicate that these radicals in C6 are not merely coadjuvants in the cannabinoid anchoring process,
but act by establishing very interesting forces in the formation of the complexes. The PRO184 residue presents a markedly ligand-
dependent pattern. Although it shows sporadic contact with A>~THC and CBN in some replicates, its energy is consistently favorable
only in CBD. This behavior is associated with the presence of the second phenolic hydroxyl group in CBD, which allows a functional
proximity to the carbonyl oxygen of the PRO184 backbone, suggesting a weak polar interaction that complements the hydrophobic
fit of ring A. The VALS6 residue exhibits sparse contacts and weak energies, confirming its marginal role in anchoring ring A.

3.3.2 Stability of Simulations of the Interactions of the cannabinoids A°- THC, CBN, and CBD with the CB2 Receptor
3.3.2.1 Root Mean Square Deviation (RMSD) Analysis

Figure 8 shows the RMSD (nm) versus time (ns) profiles of residual mobility in the CB2 ligand-receptor complex. In the CB2
receptor simulations, the complexes with A>~THC and CBN showed greater instability compared to CBD. For A’-THC, the first
duplicate exhibited slightly smaller fluctuations than the second. For CBN, the first duplicate showed a pronounced RMSD peak
around 180 ns, while the second remained more stable. In turn, CBD exhibited remarkably stable behavior in both duplicates, with
smooth fluctuations throughout the simulation, with the overall average much lower than in the THC and CBN simulations. These
results suggest that CBD has better structural complementarity with the active site of the CB2 receptor, resulting in a more rigid
complex and less prone to large conformational deviations.

RMSD Analysis of CB2 Ligands
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Figure 8. RMSD (nm) versus time (ns) profiles of residual mobility in the CB2 ligand-receptor complex.
3.3.2.2 Root Mean Square Fluctuation (RMSF) Profiles of Vibrational Modes in the CB2 Ligand-Receptor Complex

Figure 9 shows the RMSF (nm) versus atomic number profiles for the vibrational modes in the CB2 ligand-receptor complex. Unlike
CBl1, the fluctuations of CB2 when complexed with A°>-THC, CBN, and CBD show that the largest fluctuations occur in the
intracellular loops. Marked conformational stability was observed in critical regions of the orthosteric site, evidenced by consistently
low RMSF values along most residues, indicative of efficient and specific molecular coupling. In contrast, the terminal domains
and certain loop segments, particularly in the regions near residues PHE21, LYS319, and GLY225, exhibited significantly high
fluctuations.
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RMSF Analysis of CB2 Ligands
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Figure 9. RMSF profiles (nm) versus atomic number of vibrational modes in the CB2 ligand-receptor complex.

The similarity in the RMSF of the three cannabinoids reinforces a conserved molecular recognition mechanism in CB2. The
mobilities of residues LYS319 and G225 in all simulations suggest that these amino acids may play important roles in modulating
the affinity of these cannabinoids for the CB2 receptor.

4 Concluding Remarks

The research conducted with MEP indicated the existence of key structural features of the cannabinoids A°-THC, CBN, and CBD
that enable interactions with CB1 and CB2 receptors and are reflected in their pharmacological properties. These features point to
their relevance in reducing IOP (interaction of A>-THC and CBN with the CB1 receptor) or increasing this pressure (interaction of
CBD with CB1), in exerting sedative (CBN and CBD), analgesic, anti-inflammatory (CBN and CBD), and neuroprotective effects.
In addition, these key structural features are also determinants of the existence (interaction of A°>-THC with CB1) or not (interaction
of CBN and CBD with CB1) of psychoactivity in these cannabinoids.

In turn, ligand-receptor research has shed light on aspects concerning the interactions of the cannabinoids A°-THC, CBN, and CBD
with CB1 and CB2, and has provided insights associated with the pharmacological properties of cannabinoids in glaucomatous
processes.
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