Taylor &Francis
scure s owamcs Journal of Biomolecular Structure and Dynamics
- / -ﬂ“/

4

G ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Investigation of cannabidiol’s potential targets in
limbic seizures. In-silico approach

Olabimpe Olafuyi, Karina Kapusta, Alexander Reed, Wojciech Kolodziejczyk,
Julia Saloni & Glake A. Hill

To cite this article: Olabimpe Olafuyi, Karina Kapusta, Alexander Reed, Wojciech Kolodziejczyk,
Julia Saloni & Glake A. Hill (2022): Investigation of cannabidiol’s potential targets in

limbic seizures. In-silico approach, Journal of Biomolecular Structure and Dynamics, DOI:
10.1080/07391102.2022.2124454

To link to this article: https://doi.org/10.1080/07391102.2022.2124454

A
h View supplementary material (&'

@ Published online: 21 Sep 2022.

N
CJ/ Submit your article to this journal &

||I| Article views: 135

A
& View related articles &'

py

(&) view Crossmark data &

CrossMark

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tbsd20


https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20
https://www.tandfonline.com/loi/tbsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2022.2124454
https://doi.org/10.1080/07391102.2022.2124454
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2022.2124454
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2022.2124454
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2022.2124454
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2022.2124454
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2022.2124454&domain=pdf&date_stamp=2022-09-21
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2022.2124454&domain=pdf&date_stamp=2022-09-21
https://www.tandfonline.com/doi/citedby/10.1080/07391102.2022.2124454#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/07391102.2022.2124454#tabModule

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
https://doi.org/10.1080/07391102.2022.2124454

Taylor & Francis
Taylor &Francis Group

‘ ') Check for updates ‘

Investigation of cannabidiol’s potential targets in limbic seizures.

In-silico approach

Olabimpe Olafuyi, Karina Kapusta
Glake A. Hill

, Alexander Reed, Wojciech Kolodziejczyk

, Julia Saloni and

Interdisciplinary Center for Nanotoxicity, Department of Chemistry, Physics and Atmospheric Sciences, Jackson State University, Jackson,

MS, USA

Communicated by Ramaswamy H. Sarma

ABSTRACT

Even though the vast armamentarium of FDA-approved antiepileptic drugs is currently available, over
one-third of patients do not respond to medication, which arises a need for alternative medicine. In
clinical and preclinical studies, various investigations have shown the advantage of specific plant-based
cannabidiol (CBD) products in treating certain groups of people with limbic epilepsy who have failed
to respond to conventional therapies. This work aims to investigate possible mechanisms by which
CBD possesses its anticonvulsant properties. Molecular targets for CBD’s treatment of limbic epilepsy,
including hyperpolarization-activated cyclic nucleotide-gated channel 1 (HCN1), gamma-aminobutyric
acid aminotransferase (GABA-AT), and gamma-aminobutyric acid type A receptor (GABA,), were used
to evaluate its binding affinity. Interactions with the CB1 receptor were initially modeled as a bench-
mark, which further proved the efficiency of proposed here approach. Considering the successful
benchmark, we further used the same concept for in silico investigation, targeting proteins of interest.
As a result of molecular docking, molecular mechanics, and molecular dynamics simulations models of
CBD-receptor complexes were proposed and evaluated. While CBD possessed decently high affinity
and stability within the binding pockets of GABA-AT and some binding sites of GABA,, the most
effective binding was observed in the CBD complex with HCN1 receptor. 100 ns molecular dynamics
simulation revealed that CBD binds the open pore of HCN1 receptor, forming a similar pattern of
interactions as potent Lamotrigine. Therefore, we can propose that HCN1 can serve as a most potent
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target for cannabinoid antiepileptic treatment.

1. Introduction

Epilepsy is one of the most prevalent neurological brain dis-
orders in the world, targeting about 50 million people world-
wide (World Health Organization. Epilepsy. Key Facts, 2019)
and 3 million adults and 470,000 children in the United
States in 2020 (Epilepsy Fast Facts | CDC, 2021). Epilepsy is
characterized by abnormal nerve cell activity and recurrent
seizures that negatively affect the quality of a patient’s life.
Most people diagnosed with epilepsy have focal (partial)
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epilepsy and temporal lobe epilepsy, or so-called limbic seiz-
ures (Blair, 2012). Limbic epilepsy is diagnosed when seizure
foci arise in limbic brain areas, regions in the temporal and
frontal lobes, which are involved with memory and emotion.
It is a cause of serious disability, with significant mortality
due to trauma and suicide. It also is associated with consid-
erable cognitive and psychiatric comorbidity, which adds
greatly to disability and impaired quality of life (Salpekar &
Mula, 2019; Napolitano et al., 2021). Although there is a vast
armamentarium of FDA-approved antiepileptic drugs (AEDs)
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currently available, over one third of patients with epilepsy
develop drug resistant epilepsy and do not respond to medi-
cation (Kwan et al, 2011; Tang et al.,, 2017; Lariviére et al,,
2021). The lack of effectiveness and toxicity of current AEDs
on the market has led to unconventional methods, trad-
itional medicine, such as cannabis (Karazniewicz-tada
et al.,, 2021).

Cannabis sativa has been used for centuries, presumably
since 500 BC, as plant-based treatment for various diseases. It
has recently become a subject of intensive research investiga-
tions devoted to various medicinal properties of this plant and
its main constituent substances (ElSohly et al., 2017; Nuutinen,
2018; Sampson, 2021). There are 113 known phytocannabinoids
in the cannabis plant, including the most known cannabidiol
(CBD) and tetrahydrocannabinol (THC; Dhir, 2018). The human
body contains a specialized system called the endocannabinoid
system, which regulates various functions, including sleep,
appetite, pain, and immune system response. The Cannabinoid
Receptor 1 (CB1R) participates in the regulation of excitation/
inhibition in the neurons, while Cannabinoid Receptor 2 (CB2R),
having a lower concentration in the brain, is mainly expressed
in the immune system (Klein et al., 2003). Based on in vitro and
in vivo studies, , phytocannabinoids other than THC are thought
to have a major anticonvulsant effect. In particular, CBD has
received great attention in the scientific community and media
(Mathern et al., 2015). Although CBD has proven to have anti-
convulsant effects in clinical and preclinical studies, target pro-
teins remain uncertain and the precise mechanisms by which
CBD exerts its anticonvulsant properties in humans remain
unknown. CBD has little to no binding affinity for CB1 receptor
(Mathern et al, 2015). Targets of conventional AEDs that can
play a role in limbic seizures provide a great starting point in
the investigation of CBD treatment of epilepsy.

This work aims to investigate the possible targets for CBD
against limbic seizures. Herein, we concentrate on
Hyperpolarization-activated cyclic nucleotide-gated ion chan-
nels 1 (HCN1), y-aminobutyric acid aminotransferase (GABA-
AT), and y-aminobutyric acid type A (GABA,) receptors
(Meldrum & Rogawski, 2007). HCN receptors are widely
expressed in the hippocampus, cortex, and thalamus regions
of the brain and mediated by cAMP, are responsible for con-
duction of the hyperpolarization-activated current (/).
Subunits HCN1-4 can be combined into homomeric or het-
eromeric tetramers, being different in their functions and
affinity to cAMP. The expression and functionality of HCN
receptors were shown to play a crucial role in animal
absence epilepsy (Kole et al., 2006) and later have been pro-
posed to influence a human model of epilepsy. However, the
role of HCN receptors in epilepsy is quite complex. In the
case of limbic seizures, AEDs are proposed to target HCN1
(Meldrum & Rogawski, 2007). It was shown earlier (Albertson
et al., 2011) that genetic deletion of HCN1 receptors may
accelerate epileptogenesis, increase the severity of seizures,
and provoke a high death rate among people with epilepsy.
Among known blockers of HCN receptors there are also
ZD7288, zatebradine, cilobradine, ivabradine, clonidine, and
its derivative alinidine, bupivacaine, lidocaine, and mepiva-
caine (McClure et al, 2011). Drugs like lamotrigine and

gabapentin also have action on HCN channels (Albertson
et al, 2011). The GABA system plays a significant role in lim-
bic seizures. When the concentration of the inhibitory neuro-
transmitter GABA diminishes below a threshold level,
seizures occur. Raising the brain’s GABA level can terminate
seizures (Silverman, 2018). One of the principal methods to
raise GABA levels in the human brain is to use small mole-
cules that cross the blood-brain barrier and inhibit the activ-
ity of GABA-AT, a pyridoxal 5'-phosphate-dependent enzyme
that degrades GABA (Denesyuk et al., 2002). GABA-AT is
found in many organs, including the brain, liver, kidney and
pancreas; it is present at higher specific activity in glial cells
and presynaptic neurons (Jeremiah & Povey, 1981).
Vigabatrin is an FDA-approved drug used to treat epilepsy
by irreversibly binding to GABA-AT and inactivating the
enzyme, leading to an increase in brain GABA levels.
However, the drug is toxic, and large doses are needed for it
to be effective. Other inhibitors of the enzyme include val-
proic acid, ethanolamine-O-sulfate (EOS), and phenelzine.
AEDs, such as benzodiazepines, barbiturates, carbamazepine,
and others, act directly on the GABA, receptor by enhancing
its activity. When GABA is produced, it opens the transmem-
brane channels and allows chloride or other negatively
charged ions to pass through the cell. The excitability of the
cell is decreased while compounds that increase the cells
activity enhance neuronal inhibition (Excitatory et al., 1997).
GABA, receptors are pentameric transmembrane receptors
with different isoforms of its subunits including a(1-6),
B(1-4), v(1-3), 6, & 6, = and p(1-3) (Wongsamitkul et al.,
2017). Subunits’ composition can vary and can be associated
with specific functions (Galanopoulou, 2008). Drugs that tar-
get GABA, receptors have effects on the receptors activation,
which silences the neurons. Benzodiazepines, GABAA agoni-
stagonists, reduce seizures by increasing chloride influx,
inhibiting, agonists, reduce seizures by increasing chloride
influx which inhibits the neuron through hyperpolarization.
Phenobarbital and diazepam are well-known GABA, antag-
onist that lessens current by diminishing the initial recur-
rence and the channels mean open time. Even though it was
proven that CBD binds GABA, receptor (Bakas et al., 2017), it
is still not clearly investigated which exact binding site is
predominant and what is the mechanism of action.

The aim of this investigation is to identify the molecular
target/targets for the CBD treatment of limbic epilepsy.
Scanning cannabinoids such as CBD, THC, and 2-AG against
HCN1, GABA-AT, and GABA, receptors and comparing its
affinities to known activators/inhibitors can help to score and
evaluate the efficiency of cannabinoids.

2. Methods
2.1. Target protein and ligand preparation

All calculations were carried out using Schrodinger. Three-
dimensional structure of CB1R, GABA,, GABA(AT) and HCN1
receptor has been retrieved from RCSB PDB (RCSB PDB:
Homepage, 2021). For CB1R, GABA(AT), and GABA, crystallo-
graphic structures with PDB IDs: 5XRA, 6B6G, and 6X3W.
respectively, were used. For HCN1 receptor close-pore
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Figure 1. Results of benchmark MM-GBSA calculations: (a) protein structure with co-crystallized ligand (PDB ID: 5XRA); (b) superposition of all studied ligands
bound to CB1 receptor (2-AG - gray; CBD — green; THC - magenta; AM11542 — cyan; Anandamide - orange; Clobazam - light green; CP55940 - purple;
Phenobarbital - yellow; Zolpidem - blue); (c) — Free Gibbs energies of interaction between receptor and studied compounds.

protein with (PDB ID: 5U60) and without (PDB ID: 5U6P) its
C-terminus were used. However, molecular docking produced
no poses for any of the compounds under investigation.
Thus, the homology model of the open-pore HCN1 protein
built by Tanguy et al. (2019) was used instead.

All  target proteins were prepared using Protein
Preparation Wizard (Madhavi Sastry et al., 2013). Present crys-
tallographic waters were deleted, the bond orders were
assigned, and hydrogens were added after the removal of
the original hydrogens. Prime (Jacobson et al., 2004) module
was used for filling in missing loops and side chains, and
Epik (Shelley et al., 2007) was employed for the generation
of protonation states. Optimization of hydrogen bond net-
works and proteins’ restrained minimization were carried out
using OPLS3e (Roos et al., 2019) force fields. All ligand 3D
structures were downloaded from PubChem. Ligands were
prepared using LigPrep Module (Elokely & Doerksen, 2013).

For the benchmark model of the CB1 receptor, known bind-
ers 2-AG, THC, AM11542, CP55940, and Anandamide were used
as a positive control, while Clobazam, Phenobarbital, and
Zolpidem were used as decoys. The grid for molecular docking
was centered on a cocrystallized ligand of the CB1 receptor,
AM11542. For all other protein structures 2-AG, THC, and CBD
were used as ligands of interest, while the remaining six ligands
would vary from protein to protein to compare ligands of

interest with known binders. For the HCN1 receptor Alinidine,
Clonidine, Ivabradine, Lamotrigine, Lidocaine, and ZD7288 were
chosen, for GABA(AT) these ligands were Diazepam, EOS, 4-
Amino-5-oxopentanoic  acid, Vigabatrin, Gabapentin, and
Phenelzine, and for GABA, for comparison were used Diazepam,
Clobazam, Zolpidem, Phenobarbital, Loreclezole, and Ganaxolone.

HCN receptor consists of S5 helix, pore helix, selectivity filter
and S5-S6 loop, and S6 helix. Inhibitors of hyperpolarization-
activated cyclic nucleotide-gated channels were shownto bind
the pore region between S5 and S6 helixes of a human HCN1
receptor. Grid for HCN1 was generated with a center in the
middle of the protein’s pore. For GABA(AT) grid was centered
on a co-crystallized ligand. Meanwhile, since GABA, has several
binding sites (each less or more favorable for particular drugs),
one must consider investigating interactions with different sub-
units. 3D structure of GABA, with PDB ID: 6X3W consists of
two a1 (chains B and D), two B2 (chains A and C), and one 72
(E) subunits. While classical benzodiazepines are known to bind
at the a-y interface near a1H101, a1Y159, a1T206, and o1Y209
residues (Sigel, 2002), recent studies (Kim et al,, 2020) showed
its possibility to bind in three other regions at ao1(chain B)-
B2(chain A), a1(chain D)-f2(chain C) and B2(chain C)-y2(chain
E) interfaces. Barbiturates bind al(chain B)-f2(chain A) and
B2(chain A)-y2(chain E). All five possible binding sites were con-
sidered for further investigation.
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Figure 2. Results of 100 ns molecular dynamics simulation for selected complexes of studied compounds with CB1 receptor: 2D diagrams with percent time of

interactions and RMSD of a protein and a ligand.

2.2. Ligand docking, MM-GBSA calculation and
MD simulation

The goal of molecular docking is to predict the predominant
binding mode/modes of the ligand and a known three-dimen-
sional structure of a protein. Molecular docking was carried out
using the Glide module (Friesner et al, 2006). The protein

structure was kept rigid, while the ligand was flexible inside the
binding pocket. Planarity of conjugated m groups was
enhanced, as well as Epik state penalties were. Extra-précised
(XP) docking with flexible ligands’ structure was used.

The best scoring poses produced by XP docking were fur-
ther used to perform postprocessing with Molecular
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Figure 3. HCN1 receptor and results of MM-GBSA calculations: (a) side view of HCN1 protein; bottom view of HCN1 protein; (b) superposition of all studied ligands
bound to the receptor as a result of MM-GBSA calculation (2-AG - grey; CBD - green; THC — magenta; Alinidine — cyan; Clonidine — orange; Ivabradine - light
green; Lamotrigine — purple; Lidocaine - yellow; ZD7288 - blue); (c) Free Gibbs energies of interaction between HCN1 receptor and studied compounds.

Mechanics/Generalized Born Surface Area (MM-GBSA) calcula-
tion. MM-GBSA calculations were performed to estimate the
free binding energy between the ligand and protein.
Estimated free binding energies were calculated based on
the equation below:

AG = Ecomplex - (Eligand + Eprotein)

All MM-GBSA calculations were carried out using the
Prime module (Greenidge et al., 2013) with VSGB solvation
model and OPLS3e force field. Residues located closer than
12A from a ligand structure were set to be flexible, while
the rest of the protein structure remained rigid, which may
enhance the accuracy of default calculations. The MM-GBSA
output files have been used as an input for MD simulations,
implemented in the Desmond module (Guo et al., 2010).

Molecular dynamics considers a ligand-protein complex
as a dynamic system, which can move freely inside of the
explicit solvent cell. This type of simulations provides more
accurate data and can effectively deal with the influence of
conformational changes on ligand’s binding. In our study,
receptor-ligand complexes were subjected to 100ns MD
simulation with a time step of 25ps. An orthorhombic box
filled with water molecules was used to build a system.
Neutralization was performed by adding sodium or chlorine
ions (depending on a total charge of a complex). OPLS3e

force field and VSGB solvation model were used.
Temperature and pressure were set to 300K and
1.01325 bar, respectively. Obtained trajectories were ana-
lyzed using Simulation Interaction Diagram.

3. Results and discussion
3.1. Benchmark

Interactions with the CB1 receptor were modeled as a bench-
mark. To validate the methodic used here four decoys (CBD,
clobazam, phenobarbital and zolpidem) and five known bind-
ers (2-AG, THC, AM11542, CP55940 and Anandamide) were
docked into the active site of CB1 receptor (Figure 1a,b).
Binding poses produced by docking were used for MM-GBSA
calculation. 2 D diagrams of interactions between CB1 receptor
and studied compounds can be found in Figure S1
(Supporting Information). All ligands showed the presence of
hydrophobic interactions, being tightly sitting inside of the
hydrophobic pocket. Compounds with benzene ring in its
structure (except for Clobazam) all formed a n —m stacking
with PHE 170 and PHE 268. The same pattern of hydrogen
bonding was detected for CBD, THC, AM11542 and CP55940
acting as hydrogen bond donors for SER383. 2-AG formed
hydrogen bonds with ILE 267 and PHE108 and Anandamide
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Figure 4. Results of 100 ns molecular dynamics simulation for selected complexes of studied compounds with HCN1.

solely with ILE 267. Interestingly, with CBD having the same
binding pattern as known binders THC, AM11542, and
CP55940, its binding energy calculated by MM-GBSA was
much lower (Figure 1c). It should be noted that for all five
known binders Gibbs Free Energies were calculated to be
lower compared to decoys’ binding energies, proving the effi-
ciency of MM-GBSA calculation. With these values being in

good agreement with literature data (Hill et al., 2013), one can
conclude that the approach used here is applicable for further
investigation.

Molecular dynamics simulation has shown even more reli-
able results (Figure 2). The majority of the time within 100 ns
simulation THC, AM11542 and CP55940 retained the bonding
pattern showed by MM-GBSA calculation. Meanwhile CBD was
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Figure 5. GABA(AT) receptor and results of molecular docking and MM-GBSA calculations: (a) protein structure with co-crystallized ligand (PDB ID: 6B6G); (b) super-
position of reference and redocked co-crystallized ligand inside of GABA(AT) binding pocket; (c) superposition of all studied ligands bound to receptor (2-AG -
grey; CBD - green; THC — magenta; Diazepam - cyan; EOS - orange; 4-Amino-5-oxopentanoic acid - light green; Vigabatrin — purple; Gabapentin — yellow;
Phenelzine - blue); (d) Free Gibbs energies of interaction between receptor and studied compounds.

shown to interact with CB1 receptor only via weak water
bridges. Root mean square fluctuation (RMSF) analyses pre-
sented in Figure S5 (Supporting Information) revealed large
fluctuations of a protein when it was bound to THC and
CP55940. For CBD, these fluctuations were minimal. These fluc-
tuations can be associated with the activation of a receptor,
proving once again the inability of CBD to activate the CB1
receptor. These results are validated by known experimental
binding affinities. Considering the benchmark as successful, we
further used the same concept for all calculations involving
GABA,, GABA(AT) and HCN1.

3.2. HCN1 receptor

Known blockers of the HCN1 receptor and studied cannabi-
noids were docked into the open pore the of HCN1 recep-
tor (Figure 3a,b). Complexes produced by molecular
docking were subjected to MM-GBSA calculations. 2 D
interaction diagrams obtained after MM-GBSA complexes
(Figure 3c) were collected in Figure S2 (Supporting
Information). Cannabinoids (CBD and THC and imidazole
derivatives (Alinidine and Clonidine) showed no interactions
except for hydrophobic, while Ivabradine, Lamotrigine and
Lidocaine all contained a H-bond acceptor interacting with
TYR386. Additional m — cation interactions were observed

for Ivabradine with TYR386 residue of the neighboring pro-
teins subunit.

Calculated free binding energies (Figure 3c) revealed a
relatively weak binding affinity of both CBD and THC
toward the HCN1 receptor. These cannabinoids illustrated
higher values of binding energy, compared to potent inhibi-
tors, surpassing only lidocaine and clonidine by its binding
affinity. Interestingly the lowest binding energy was exhib-
ited by endocannabinoid 2-AG and Ivabradine. Even though
cannabinoids are assumed to treat limbic epilepsy, recent
study showed that endocannabinoid 2-AG can activate HCN
receptor through the cascade pathway involving CB1 recep-
tor, series of kinases, nitric oxide synthase and guanyl
cyclase (Maroso et al., 2016). Dendritic current (lh) increases
because of HCN activation. It is possible that while 2-AG
triggers a cascade which activates HCN, it can also block it
directly when in abundance, thus controlling an unneces-
sary activation. Though, this hypothesis is just a presump-
tion, and it must be verified by experimental studies.

Interestingly, the results of molecular dynamics simulation
partially contradicted the ones obtained by molecular
mechanics. Figure 4 shows the results of 100ns MD simula-
tions for complexes of studied compounds with HCN1. While
according to MM-GBSA 2-AG and Ivabradine showed the
highest affinity toward the target, MD simulation did not
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Figure 6. Results of 100 ns molecular dynamics simulation for selected complexes of studied compounds with GABA(AT).

confirm the formation of extremely stable complexes.
According to simulation, Lamotrigine, which had slightly
higher free energy comparing to 2-AG and Ivabradine, must
be the most potent binder among compounds studied here,
retaining H-bonds with TYR386 of subunits A and B within
93%-94% of a simulation time. It also showed the least devi-
ations for the ligand fit on a protein and itself as can be
seen from root mean square deviation (RMSD) plots.

Surprisingly stable appeared to be CBD inside of the binding
pocket of the HCN1 receptor. Similarly, to Lamotrigine it
formed two H-bonds with TYR386 of subunits A and B (64%
and 83% of a simulation time, respectively), with additional
stabilization by m— n stacking between its phenyl ring and
TYR386 of a subunits D during 53% of a simulation time.
Along with Lamotrigine, CBD showed the least ligand RMSF
Figure S6 (Supporting Information).
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Figure 7. GABA, receptor and results of MM-GBSA calculations: (a) side view of protein structure with Diazepam (purple space-fill) and Phenobarbital (yellow space-
fill) binding sites in GABA, receptor (PDB ID: 6X3W); (b) top view of GABA, protein structure; (c) superposition of all studied ligands bound to GABA, receptor in
Phenobarbital binding sites a1 (chain B, orange ribbons) and B2 (chain C, green ribbons); (d) superposition of all studied ligands bound to GABA, receptor in
Diazepam binding site 32 (chain C, green ribbons) and a1 (chain D, cyan ribbons); (e) superposition of all studied ligands bound to GABA, receptor in Diazepam
binding site a1 (chain D, cyan ribbons) and y2 (chain E, blue ribbons); (f) superposition of all studied ligands bound to GABA, receptor in Diazepam and
Phenobarbital binding site y2 (chain E, blue ribbons) and B2 (chain A, red ribbons); (g) superposition of all studied ligands bound to GABA, receptor in Diazepam
binding site 2 (chain A, red ribbons) and a1 (chain B, orange ribbons). 2-AG - grey; CBD - green; THC — magenta; Ganaxolone — cyan; Loreclezole — orange;
Zolpidem - light green; Phenobarbital — purple; Clobazam - yellow; Diazepam - blue.

According to obtained MD results one can see that HCN1
receptor can presumably be one of the targets for CBD treat-
ment of epilepsy, however, CBD did not appear to be more
potent than other AEDs (Lamotrigine in particular).

3.3. GABA-transaminase

For GABA(AT) receptor (Figure 5a) its co-crystallized ligand (S)-
3-Amino-4-(difluoromethylenyl)cyclopent-1-ene-1-carboxylic
acid was redocked into the binding site. As one can see from
Figure 5b, binding mode was almost identical to the one of
the reference structure. Studied compounds and the drugs tar-
geting GABA(AT), such as Vigabatrin, Diazepam, EOS,
Gabapentin, Phenelzine, and 4-Amino-5-oxopentanoic acid,
were further docked into the binding site of a protein and sub-
jected to MM-GBSA calculations (Figure 5c and Supporting
Information Figure S3).

The 2-AG, EOS, 4-Amino-5-oxopentanoic acid, Vigabatrin,
and Gabapentin all showed to have hydrogen bonding with
the THR353 residue. ARG192 residue formed additional

hydrogen bonds with THC, CBD, and 4-Amino-5-oxopenta-
noic acid. While the majority of compounds were bound
through H-bonding and salt bridges, stabilization through
n — 7 stacking was only observed in the case of Phenelzine.
The strongest binding affinity according to MM-GBSA (Figure
5d) was calculated for 2-AG and Diazepam, while the least
binding affinity among studied compounds possessed 4-
Amino-5-oxopentanoic acid. CBD and THC showed decent
binding affinity.

Molecular dynamics simulation (Figure 6) provided a sig-
nificantly different binding mode. RMSD of a ligand fit on a
protein for CBD, THC, and Diazepam showed several jumps
with further stabilization, illustrating a switch of the binding
mode. As a result of this switch, Diazepam showed to be sta-
bilized only by © — & interactions between both phenyl rings
and phenylalanine amino acid residues PHE189 and PHE351.
2-AG showed more interactions forming hydrogen bonds
with GLY 136, SER137, ASN152, and ARG192 and having its
hydrophobic chain being partially stabilized inside of the
protein’s hydrophobic pocket. THC had only contact with
protein through its hydroxyl group, accepting H-bond from
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Figure 8. Free Gibbs energies of interaction between GABA, receptor and studied compounds as a result of MM-GBSA calculations: (a) studied compounds bound
to Phenobarbital binding site a1 (chain B) and 32 (chain C); (b) studied compounds bound to Diazepam binding site 32 (chain C) and a1 (chain D); (c) studied com-
pounds bound to Diazepam binding site a1 (chain D) and y2 (chain E); (d) studied compounds bound to Diazepam and Phenobarbital binding site y2 (chain E)
and B2 (chain A); (e)studied compounds bound to Diazepam binding site 32 (chain A) and a1 (chain B); (f) 3 D structure of CBD bound to GABA, receptor within
five known binding sites (reference ligands — black space-fill; CBD - red, yellow and green space-fill in order of increasing the binding energy).

THR353 and donating it to ASN352. CBD, meanwhile, served
purely as an acceptor of hydrogen bonds from SER137 (39%
of a simulation time) and TRP354 (80% of a simulation time).
One can see that the CBD complex with GABA(AT) showed
overall lesser stability compared to its complex with HCN1
receptor (stabilized by two H-bonds and m— n stacking dur-
ing 64%, 83%, and 53% of the simulation time, respectively).

3.4. GABA, receptor

GABA, receptor has several binding sites. For the
a1B2a1y2B2-type pentamer, like the one studied here, there

are four Diazepam and two for Phenobarbital binding sites
(Richter et al, 2012; Kim & Hibbs, 2021; Figure 7a,b).
Cannabinoids and selected AEDs were docked into all five
binding sites followed by MM-GBSA calculation. The super-
position of all studied ligands bound to GABA, was illus-
trated in Figure 7c-g. Similarly to all previous ligand-receptor
complexes, the lowest energy was calculated for ones associ-
ated with 2-AG (Figure 8). The highest energy in the majority
of binding sites was observed for neurosteroid ganaxolone.
According to the literature, it should share the diazepam
binding site. Here, it showed the highest affinity to the
diazepam binding site between subunits 2 (chain C) and a1
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Figure 9. Results of 100 ns molecular dynamics simulation for selected complexes of studied compounds with GABA,.

(chain D), and the diazepam and phenobarbital binding site
between subunits y2 (chain E) and B2 (chain A). CBD showed
little to no affinity to phenobarbital binding site a1-B2 and
diazepam binding site B2 — a1 (chains B-C and chains A-B,
respectively). Interestingly, in these binding sites, the binding
mode of CBD differs significantly from the one of the refer-
ence ligands, diazepam, and phenobarbital (Figure 8f, CBD

colored in red). The most efficiently CBD bound other diaze-
pam binding sites: f2 — a1 (chain C-D) and a1 —y2 (chains
D-E) (Figure 8f, CBD colored in green). While inside of the
a1 —v2 binding site it showed to be less efficient compared
to 2-AG and Clobazam, in the case of 2 — a1 interface CBD
showed the highest affinity compared to all other AEDs and
even endocannabinoid 2-AG.
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Of two possible binding sites suggested by MM-GBSA cal-
culations, only one was verified by molecular dynamics simu-
lation (Figure 9). Soon after the beginning of the simulation,
CBD left the binding pocket of the diazepam binding site
inside of subunits B2 — a1 (chain C-D). AED Zolpidem, being
placed inside of this binding pocket, formed a stable hydro-
gen bond with amino acid ASN265 (60% of a simulation
time) and had its amide group being tightly placed inside of
the protein interface. Firmer binding was observed for the
diazepam binding site between subunits a1 —y2 (chains D-
E). In this case, both hydroxyl groups of CBD were participat-
ing in binding by forming H-bonds with SER205 and ASN60
(varying from 37% to 46% of a simulation time). Nonetheless,
looking at ligand’s RMSD and RMSF illustrated in Figure S12
(Supporting Information), one can conclude that CBD has sig-
nificantly higher flexibility, thus lesser binding strength com-
pared to Clobazam. According to molecular dynamics
simulation, Clobazam retained n — m interactions with TYR210
and TYR58 within 58% and 45% of a simulation, respectively.
Moreover, after 50 ns ligand was stabilized inside of the bind-
ing pocket and formed the interaction with TYR210 for the
remaining 80% of the simulation time.

Summarizing the results of molecular dynamics for all the
proteins studied here, it can be assumed that the most
prominent target for CBD as an antiepileptic agent is not the
GABA, but rather the HCN1 receptor. The complex of CBD
with GABA, was formed by only two H-bonds, which sustain
its binding for less than half of the 100 ns simulation time.
Meanwhile, forming similar interactions as the potent
Lamotrigine, CBD was held tightly inside of the open pore of
the HCN1 receptor, stabilized by two hydrogen bonds and
n — 1 interactions for up to 83% of the simulation time. The
binding of CBD to GABA(AT) was not as strong as in the case
of the HCN1 receptor, CBD also formed strong interactions
with it, stabilized by two H-bonds, which remained for up to
80% of the simulation time.

4, Conclusions

Up to date, there is not much known about the mechanism of
action of cannabinoids as AEDs. Herein, the comprehensive
computational investigation was performed to evaluate the
affinity of CBD toward selected limbic seizure treatment targets.
HCNT1, GABA-AT, and GABA, were used to model its interactions
with some cannabinoids and to compare its binding strength
with potent AEDs. The benchmark model targeting the CB1
receptor showed a good agreement with the literature data,
thus, enabling further implementation of the proposed here
methodology.

As a result of extensive molecular docking, molecular
mechanics, and 100 ns molecular dynamics simulation, it was
shown that CBD can bind all receptors of interest with a
decent affinity. The affinity of CBD for the GABA, receptor,
shown earlier in the literature, was confirmed here. The CBD
bound efficiently only inside of one of the four diazepam bind-
ing sites. Curious results were obtained when investigating the
interactions of the CBD complex with the open-pore HCN1
receptor. MM/GBSA calculations showed that CBD was not as

effective as potent Ivabradine, Lamotrigine, ZD7288 and even
as cannabinoids 2-AG and THC. Meanwhile, a more accurate
MD simulation revealed that CBD was only inferior to
Lamotrigine. According to the 100 ns simulation results, CBD
bound to the HCN1 receptor in a similar manner to this potent
FDA-approved inhibitor, interacting with the same residues.
None of the investigated ligands (even potent binders) could
bind a close-poreHCN1 receptor, which suggested that only an
open-pore conformation can be used for such simulations.

When comparing the MD trajectories of CBD complexes
with all three target proteins (Figures 4, 6, and 9), it can be
seen that the interactions between CBD and the HCN1
receptor remained strong during most of the simulation
time. Thus, it can be hypothesized that the HCN1 receptor
may serve as the most important target for the CBD treat-
ment of epilepsy. Proposed here models must be verified
experimentally before making any solid conclusions as for
the mechanism of CBD’s antiepileptic activity. Nonetheless,
proposed here hypothesis can lead to a better understand-
ing of how CBD-rich plant extracts can help in treating drug-
resistant seizures. Being natural and less harming compared
to synthetic AEDs, cannabinoids can open new paths for for-
mulating drugs that will reduce frequency and depth of epi-
leptic seizure and overtime improve the general wellbeing of
people suffering from drug-resistant epilepsy.
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