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Abstract: The increasing incidence of resistance to current epilepsy therapy underscores the need to
develop new antiepileptic agents with a new mechanism of action. Lacosamide and Carbamazepine
derivatives structurally related to the antiepileptic drugs were reported to be devoid of Carbonic
anhydrase inhibitory properties. Computational modeling can be a powerful tool for an experimentalist,
providing rigorous algorithms for the system of study. This can be valuable in testing hypotheses and
developing experimental protocols before experimenting. Therefore, this study aims to use
computational methods to confirm the experimental claim of the selected epilepsy inhibitors. Through
the hybrid functional B3LYP 6-311++G (d,p) associated with ADME/Tox (absorption, distribution,
metabolism, excretion, and Toxicity) predictions, the drug-ability, the physicochemical,
pharmacodynamic, and pharmacokinetic properties of the analogs as potential inhibitors were
investigated. All the compounds passed Lipinski's rule of five, indicating their potential oral use. To
understand the mode of interaction and the binding energy, molecular docking studies of the analogs
have been carried out with multiple targets such as Voltage-gated T-type calcium channel (Ca,3.1),
Voltage-gated sodium channel alpha (Na,1.5), human Carbonic Anhydrase 2 (hCA-II), and y-amino
butyric acid receptor (GABAg). The compounds of BIA 2-024, Carbamazepine, and Eslicarbazepine
showed the best docking interactions and AG® results when docked with most of the receptors. These
results predict the role of these compounds as potential antiepileptic drugs (AEDS).
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1. Introduction

lon influx through neuronal voltage-dependent ion channels mediates a range of
cytoplasmic responses, including releasing neurotransmitters, activating Ca?*-dependent
enzymes, and controlling neuronal excitability. Voltage-gated calcium channels are important
brain, heart, and muscle function regulators. An epileptic seizure is a brief period of symptoms
resulting from unusually intense or coordinated neural activities in the brain. Epilepsy is a brain
iliness defined by a lasting proclivity to produce epileptic seizures as well as the
neurobiological, cognitive, psychological, and social implications of this condition [1,2]. These
episodes can also occur with subtle or no behavioral signs. Epilepsy is one of the numerous
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pathophysiological conditions connected to excessive Ca?* entry into the cytosol, as well as
mutations and deletions in genes encoding Ca?* channels; others include migraine, pain,
autism, cerebellar ataxia, and night blindness [3,4]. The devastating neurodegenerative disorder
has no lasting potent disease-modifying therapy currently available. There is presently no long-
term effective disease-modifying medication available for this terrible neurological condition.

Many therapeutic targets have been proposed, including Voltage-gated T-type calcium
channel (Cay3.1) [3], Voltage-gated sodium channel alpha Nay1.5, human Carbonic Anhydrase
2 (hCA-I1), and y-amino butyric acid receptor (GABAg), which causes this disease. However,
treatment regimens comprising combinations of these agents have significantly reduced the
activity of epilepsy. Voltage-gated ion channels (VGICs), which are widely distributed
throughout the central nervous system (CNS), are responsible for the creation and control of
neuron excitability and are considered important actors in the etiology of human epilepsy,
regulating the form and duration of action potentials (APs).

The central nervous system (CNS) relies on various kinds of calcium (Ca?*) channels,
with T-type channels being one of the distinct types that play a crucial role in physiological
functions [5]. These channels activate when the potential exceeds —40 mV, exhibit a small
unitary conductance, and inactivate quickly upon opening [3]. In a Ca?*-dependent manner,
Ca?* channels physically bind to proteins of the vesicle-release machinery, which can influence
their activity [6]. In some cases, knowledge about how drugs interact with other ion channels,
such as sodium channels, has been used to identify drug interaction sites on voltage-gated
calcium channels, including T-type channels. In T-type channels, the S6 regions in domains 111
and 1V of the Cava.l subunit are hotspot locations for drug interaction sites. These regions are
linked to the inactivation-gating machinery and are located within the inner vestibule of the
channel pore [4]. Modulation of Ca?* channels occurs through different mechanisms, including
control by G-proteins and second messengers [7]. One highly versatile and widely expressed
Ca?* sensor, calmodulin (CAM), regulates the function of many enzymes and ion channels.
The voltage-gated Ca?" channels Cay1.2 (Ca®*-dependent inactivation) and Ca,2.1 (Ca?'-
dependent facilitation) are both subject to regulation by CAM, with CAM interacting with
Ca?"-bound channels to produce Ca?*-dependent inactivation and facilitation [8]. Calcium
channel blockers have proven effective in treating absence seizures and are becoming
increasingly recognized as potential therapeutic pathways for a variety of disorders, including
pain, Parkinson's disease, addiction, and anxiety. As a result, Ca?" channels are critical
pharmaceutical targets, and a thorough understanding of the processes that regulate their
activity is essential.

As of 2022, approximately 50 million people worldwide have epilepsy, with nearly
80% of cases occurring in developing countries [9]. In 2015, epilepsy was responsible for
125,000 deaths, an increase from 112,000 in 1990 [10]. Currently, drugs remain the primary
treatment for epilepsy. Over 35% of available antiepileptic drugs target voltage-gated ion
channels (VGICs), including phenytoin, gabapentin, Carbamazepine, Oxcarbazepine, and
ethosuximide. Phenytoin and Carbamazepine (CBZ) are broad-spectrum antiepileptic drugs
that primarily function by blocking voltage-gated sodium channels (VGSCs). Phenytoin, for
example, is more effective at inhibiting SCN8A-11327V than other drugs and could be used to
treat patients with gain-of-function mutations of SCN8A [11]. Different types of VGICs are
involved in the pathological process of epilepsy in distinct ways. For example, a decrease in
the expression of P/Q type VGICs may lead to the development of epilepsy. At the same time,
an increase in the expression of N-type and T-type calcium channels could also contribute to
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epileptic activity. These variants are essential for the disorder's prognosis and medication
outcomes [12]. These findings suggest that the regulation of VGICs could be a potential
therapeutic target for managing epilepsy [13].

CBZ is a first-line drug and also an oral sodium channel blocker approved for the
treatment of seizures and neuropathic pain. However, CBZ is a drug that is effective in reducing
pain levels. Still, it comes with a variety of therapy-limiting side effects, such as fatigue,
elevated liver enzymes, and diarrhea, as well as a lack of pain improvement, which led to CBZ
discontinuation [14]. Meanwhile, a study on stress degradation by Ghosh M et al. shows that
oxidation and acid degradation mostly impact CBZ solutions [15]. Various derivatives of CBZ
have been examined to have more anticonvulsant efficacy over CBZ-resistant seizures [16,17].

Lacosamide (LCM) is a third-generation antiepileptic drug (AED) that possesses a
favorable pharmacokinetic and pharmacodynamic profile that has been approved as an
adjuvant treatment for difficult-to-control partial seizures, with or without subsequent
generalization [18]. Its primary use is as an adjuvant treatment for refractory partial seizures.
It has a dual mechanism of action that includes the inactivation of slow Na* channels and
modulation of response to type 2 collapsin [19]. LCM treatment has been found to be effective
for treating epilepsy in Japanese pediatric patients, particularly at higher doses. The level of
LCM in the patient's blood may have a stronger relationship with its effectiveness than the
actual dosage administered [20]. A multivariate analysis of LCM treatment revealed that
patients who underwent gross-total resection at the time of diagnosis had a significantly higher
chance of seizure-free after 6 months. The side effects of LCM treatment were generally mild,
and only a small number of patients (about 1.5%) discontinued treatment. The most commonly
reported side effects were dizziness and sleepiness [21]. Another study findings by Carcak et
al. suggest that long-term LCM treatment may modify the development of absence seizures in
GAERS and positively affect absence seizure epileptogenesis [22]. The antiepileptic drug (R)-
lacosamide (R-LCM), ((R)-2-acetamido-N-benzyl-3-methoxypropanamide) and its derivatives
were efficiently and scalable synthesized from commercially existing aziridine-(2R)-
carboxylate in three simple sequential steps, including regioselective aziridine ring opening,
debenzylation followed by acetylation in one pot, and amide formation [23]. The derivatives
of R-LCM are (R)-2-acetamido-N-benzyl-3-ethoxypropanamide (1a), (R)-2-acetamido-N-
benzyl-3-propoxypropanamide  (1b), (2R)-2-acetamido-N-(((1R,3S,5R)-adamantane-2-

yl)methyl)-3-methoxypropanamide (1c), (R)-2-acetamido-N-cyclopentyl-3-
methoxypropanamide (1d), (R)-2-acetamido-N-hexyl-3-methoxypropanamide (1e), (R)-2-
acetamido-N-decyl-3-methoxypropanamide (11), (R)-2-acetamido-N-dodecyl-3-

methoxypropanamide (1g), and (R)-2-acetamido-N-octadecyl-3-methoxypropanamide (1h)
(Figure 1). Meanwhile, the derivatives CBZ are 10-0x0-10,11-dihydro-5H-
dibenzo[b,flazepine-5-carboxamide (OXO), (S)-10-hydroxy-10,11-dihydro-5H-
dibenzo[b,flazepine-5-carboxamide (Eslicarbazepine), (S)-(-)-10-acetoxy- 10,11-dihydro-
5H-dibenz[b,f]lazepine-5-carboxamide (BIA 2-093), and (Z)-10-(hydroxyimino)-10,11-
dihydro-5H-dibenzo[b,f]lazepine-5-carboxamide (BIA 2-024) (Figure 2).
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Figure 1. Structural formulae of R-LCM and its synthesized analogs.
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Figure 2. Structural formulae of CBZ and its analogues; (oxcarbazepine (OXC), Eslicarbazepine, BIA 2-093,
and BIA 2-024). The last four compounds (Ethosuximide, Gabapentin, Acetazolamide, and Eslicarbazepine
acetate) are the structural formulae of the FDA-approved drugs and the standards used in this study.

Consequently, this research aims to investigate the inactivation activity of the existing
synthesized R-LCM and CBZ derivatives in complex reactions with different receptors
responsible for epilepsy. Thereby further modeling new materials that can improve the
efficiency of the existing drugs [23,24]. If one compound cannot inhibit the different targets,
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we aim to consider the different targets they can inhibit and how to develop this into better
AEDs.

2. Materials and Methods

This study was designed to examine the interactions of the analogs of R-LCM and CBZ
in complex with the major targets of epilepsy. We did drug-likeness scoring, ADMET profile
study, and Protein-ligand docking to evaluate the lead potency of the compounds. The analogs'
binding modes and stability are compared to the FDA-approved drugs.

2.1. Macromolecule preparation.

The X-ray crystal structure of the proteins complexed with their co-crystallized ligands
was obtained from the Protein Data Bank [25]. y-amino butyric acid receptor (GABAg; 4MS3,
Resolution: 2.50 A) [26], Voltage-gated T-type calcium channel (Ca,3.1; 6KZO, Resolution:
3.30 A) [27], Voltage-gated sodium channel alpha (Nay1.5; 40VN, 6MUD, Resolution: 2.80
A, 2.69 A respectively) [28,29], and human Carbonic Anhydrase 2 (hCA-II; 5FDC, Resolution:
1.75 A) [30]. The target proteins were stripped of all crystal water molecules and heteroatoms.
We used Computed Atlas for Surface Topology of Proteins (CASTp) [31] to define the binding
sites of the target receptors. The obtained amino acid residues of the binding sites were further
validated using the reported experimental binding pockets for the target proteins using X-ray
crystallography. The docking procedure has been evaluated by re-docking the native co-ligands
in the active sites of the receptors.

2.2. Quantum chemical calculations.

From the literature, we selected a series of synthesized compounds of R-LCM and
Carbamazepine analogs, which were reported as potential anticonvulsant compounds [23,32].
The compound’s 3D molecular structures were energetically minimized and geometrically
optimized in their most conforming ground state using density functional theory (DFT) with
Becke, 3-parameter, Lee—Yang—Parr (B3LYP) method with a basis set 6-311++G (d,p) [33,34]
calculations using Spartan *14 version 1.1.4. After optimization, the molecular structures were
saved as PDB files.

2.3. Drug Likeness and ADME/Tox profile.

Using MolSoft [35], the drug-likeness score (> 0.18) of each ligand was determined
using Lipinski’s criteria [36]. To maximize the discovery of the fully active compounds, the
following probability parameters were predicted using admetSAR2.0 [37]: the human intestinal
absorption (HIA), caco-2, human oral bioavailability (> 30%), blood-brain barrier
permeability, P-glycoprotein, CYP2D6, CYP2C9, CYP3A4, and CYP1Az2 inhibition, eye
irritation, Ames mutagenesis, human ether-a-go-go inhibition, and hepatotoxicity. These
parameters are used to analyze the pharmacokinetics of the compounds, which are the most
important indicators for evaluating the characteristics of ADME/Tox (absorption, distribution,
metabolism, excretion, and Toxicity) predictions.
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2.4. Molecular docking.

BIOVIA Discovery Studio was used to prepare the imported protein structure, then the
required amounts of hydrogen atoms were added, and the structure was refined. The water
molecules in the crystallographic complex were eliminated from the crystal structure, and the
repeat protein chains were removed from the crystal structure. A molecular docking method
used in our previous studies [38] was applied in this work. AutoDock Vina incorporated in
PyRx [39] was used for the molecular docking. The docking protocol was run three times with
different random seeds. The binding modes were clustered and analyzed visually in Discovery
Studio.

More so, molecular interactions between the studied analogs of R-LCM and CBZ
complex with the targets were studied by observing the binding affinity for each compound,
the residues involved in the interaction, and the type of non-bonding interaction that occurs
between the complexes. The study of the mechanism of action of CBZ and its derivatives
developed by BIAL [32], Oxcarbazepine (OXC), (S)-(-)-10-acetoxy-10,11-dihydro-5H-
dibenz[b,f]lazepine-5-carboxamide (BIA 2-093) and 10,11-dihydro-10-hydroxyimino-5H-
dibenz[b,flazepine-5-carboxamide (BIA 2-024) was reported. The experimental data indicated
that the primary reason for the effectiveness of these antiepileptic drugs (AEDS) in preventing
seizure is the suppression of sodium channel activity.

3. Results and Discussion

3.1. Density functional theory analysis.

In this study, density functional theory (DFT) using the B3LYP/6- 311++G (d,p) basis
set was used to derive the optimal molecular geometries of the compounds together with their
atomic numbering schemes. The optimized structures at their ground state yielded calculated
parameters: octanol-water partition coefficient (log P), dipole moment, ovality, polarizability,
the number of hydrogen bond donors (HBDs) and acceptors (HBAS) and acceptor sites
(HBAS), area, volume, polar surface area (PSA), the lowest unoccupied molecular orbital (g;),
the highest occupied molecular orbital (5) (Table 1). The reactive behavior parameters for the
most stable conformers were derived from the other quantum chemical parameters (equations
1 - 5) and are listed in Table 2. The derived quantum chemical parameters are given the
following simple expressions [40,41]:

AEZSL_SH (1)

o I @

X=—u (3)

n=E¢&,— €&y (4)
_w e

w=t=t, )

Table 1. Predicted molecular properties (using DFT, B3LYP/6-311++G (d,p)) of the potential inhibitor
candidates in a vacuum from equilibrium geometry at the ground state.

Name E (au) &y 0 CPK CPK PSA CPK Log P | Polarizability | HBD HBA
(eV) (eV) | Area Volume | (A2%) Ovality Count | Count
(9] GS)
la -44841 | -9.76 | 0.07 32189 | 286.45 58.203 | 1.53 0.20 62.29 2 5
1b -920.04 | -6.40 | -0.56 339.04 | 304.18 54325 | 1.55 -0.11 64.67 2 5
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Name E (au) &y &L CPK CPK PSA CPK Log P | Polarizability | HBD HBA
(eV) (eV) | Area Volume | (A2%) Ovality Count | Count
(A2) (A3%)
1c -999.88 -6.46 0.47 345.62 | 327.57 53.171 1.50 0.43 66.31 2 5
1d -766.40 -6.41 0.33 276.72 | 245.19 54.734 1.46 -0.74 59.67 2 5
le -806.93 -6.43 0.32 316.29 | 275.33 55.336 1.55 0.20 62.11 2 5
1f -964.18 -6.52 0.43 398.13 | 3494 53.903 1.66 1.87 68.07 2 5
1g -1042.81 | -6.48 0.49 43583 | 385.88 54.296 | 1.70 2.71 71.03 2 5
1h -1278.69 | -6.50 0.46 555 496.43 54.433 | 1.83 521 80.00 2 5
(R) LCM | -841.42 -6.38 -0.02 295.04 | 266.7 48.018 1.47 -0.14 61.50 2 5
CBz -763.59 -5.78 -1.36 25413 | 245.78 36.871 | 1.34 -0.32 60.27 1 3
OXC -838.82 -6.30 -1.55 260.21 | 252.38 50.333 | 1.35 -0.60 60.72 1 4
BIA 2- -894.12 -5.91 -1.04 273.75 | 263.82 66.97 1.38 -0.21 61.62 2 5
024
BIA 2- -992.68 -6.06 -0.73 309.12 | 298.23 55.201 | 1.43 -0.86 64.31 1 4
093
Table 2. Calculated quantum parameters (using DFT, B3LYP/6-311++G (d,p)) of the potential inhibitor
candidates.
AE (eV) I(eV) A (eV) n (eV) x (V) |o(eV) u(eV) o (eV)

(R) LCM 6.36 6.38 0.02 6.36 3.20 0.16 -3.20 0.805

la 9.83 9.76 -0.07 9.83 4.85 0.10 -4.85 1.196

1b 5.84 6.40 0.56 5.84 3.48 0.17 -3.48 1.037

1c 6.93 6.46 -0.47 6.93 3.00 0.14 -3.00 0.649

1d 6.74 6.41 -0.33 6.74 3.04 0.15 -3.04 0.685

le 6.75 6.43 -0.32 6.75 3.06 0.15 -3.06 0.694

1f 6.95 6.52 -0.43 6.95 3.05 0.14 -3.05 0.669

19 6.97 6.48 -0.49 6.97 3.00 0.14 -3.00 0.646

1h 6.96 6.50 -0.46 6.96 3.02 0.14 -3.02 0.655

BIA 2-024 4.87 591 1.04 4.87 3.48 0.21 -3.48 1.243

BIA 2-093 533 6.06 0.73 5.33 3.40 0.19 -3.40 1.084

CBZ 4.42 5.78 1.36 4.42 3.57 0.23 -3.57 1.442

OXC 5.75 6.30 1.55 5.75 3.93 0.17 -3.93 1.343

AE — energy gap, y — electronegativity, | —ionization potential, A — electron affinity, u — chemical potential, n
— chemical hardness, o — chemical softness, and o — global electrophilicity index

The energy gap (AE) between the LUMO and HOMO influences the reactivity of the
inhibitor molecules greatly. Inhibitor molecule with low AE values gives better inhibition
properties because little energy is needed to remove an electron from the last occupied
molecular orbital [42]. According to the values of the energy gap, AE, from Table 2, it reveals
that Carbamazepine, BIA 2-024, BIA 2-093, and Eslicarbazepine acetate showed the lowest
AE compared with the other compounds, which suggests high chemical reactivity and
considerable intramolecular charge transfer from an electron donor (HOMO) to electron
acceptor (LUMO) groups. Based on these results, Carbamazepine, BIA 2-024, and BIA 2-093
have better bioactivity than the other studied compounds by considering the energy gap (AE).
Global softness, o, demonstrates the molecule’s susceptibility to charge transfer.
Carbamazepine, BIA 2-024, BIA 2-093, Oxcarbazepine, and 1b are the first five compounds
with the ¢ value (0.23 eV, 0.21eV, 0.19V, 0.17eV, and 0.17eV respectively) in a vacuum.
These compounds are the softest molecules, the most susceptible to charge transfer, and the
most chemically reactive. The charge of the chemical species is also associated with resistance
to electron transfer in the molecule; this defines the system's chemical hardness. Some of the
R-LCM derivatives (1a, 1c, 1f, 1g, and 1h) have the highest chemical hardness compared to
other compounds, making them more resistant to electron transfer. The global electrophilicity
index, ®, measures the stability of the energy of the system when it acquires an additional
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electronic charge N from the environment (Eqg. 5). The electrophilicity scale is a simple way to
assess the polarity of an interaction based on the electrophilicity gap between the reacting
partners [41]. A comparison between the calculated global electrophilicity indexes of the
compounds revealed the reactivity nature and stability of the individual compounds. The
expected charge transfer from the calculated w reveals that CBZ > Oxcarbazepine > BIA 2-024
> la > BIA 2-093 and so on. Electronegativity, y, is a measure of electron distribution in the
molecule [43]. The high electronegativity obtained for these compounds indicates they are
good electron acceptors. Compound 1a had the highest y value (4.85 eV), while compounds 1c
and 1g had the lowest (3.00 eV) (Table 2). The chemical potential () signifies the (p) signifies
the likelihood of a chemical reaction. A higher u value implies a greater ease of electron
donation (as an electron donor). Conversely, a lower p value (more negative) indicates a higher
propensity to accept electrons (as an electron acceptor) [44]. Most of the compounds exhibit
the ability to engage in a chemical reaction as electron donors.

3.2. ADME and toxicity analysis.

Table 2 shows the results of the Lipinski rule of five analyses on the fifteen lead
compounds. All the compounds passed the rule of five with zero violations except compound
1h, which has one violation. Table 3 shows the possible adsorption and toxicity profiles of the
fourteen candidate compounds as predicted by the admetSAR server, while Table 4 shows the
distribution profile of the compounds as predicted by the admetSAR server. Any molecule
involved in the central nervous system (CNS) drug development project has to be an optimal
candidate capable of crossing the blood-brain barrier (BBB) [45,46]. The BBB separates
circulating blood and cerebrospinal fluid (CSF) in the CNS. It consists of endothelial cell-
formed tight junctions surrounding capillaries that specifically block the diffusion of
microscopic particles and big or hydrophilic molecules into the CSF while allowing the passage
of tiny hydrophobic molecules. Specific proteins with other metabolic products, such as
glucose, are actively transported over barriers by barrier cells. Carbamazepine, Oxcarbazepine,
Eslicarbazepine, BIA 2-024, and BIA 2-093 have the highest blood-brain permeability. This is
an assessment that all the studied compounds can pass the blood-brain barrier, implying they
have good drug-like properties.

3.3. Molecular docking and binding domain interactions.

Docking was validated by re-docking the native ligands from crystal structures of
receptors obtained from the RCSB Protein Data Bank. The assessment of the docking process's
quality involves employing the lowest Root Mean Square Deviation (RMSD), which
corresponds to the least binding energy, in order to evaluate the accuracy of replicating the
binding pose of the molecular complex. The co-ligands associated with 4MS3 (y-amino-
butanoic acid) and 5FDC (3-[(sulfamoyl amino)methyl]-1-benzothiophene) exhibit respective
AG values of -2.5 and -6.4 kcal/mol with their corresponding receptors. The interactions
between the co-ligand of 5FDC and the receptor are illustrated in Figure 3, both prior to (A)
and post-docking (B). The outcome of the docking validation shows a consistent alignment
between docking poses and their atomic interactions. This underscores the capability of the
docking protocol to accurately reproduce analogous docking poses of the ligand about its
original crystal-bound conformation [47]. Consequently, the efficacy of the docking protocol
is affirmed.
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Figure 3. The X-ray crystallographic ligand-receptor complex (A) and the docked ligand in its originally bound-
receptor complex (B) of the hCA-Il (5FDC) receptor.

Our current efforts to identify novel anti-epilepsy agents focus on searching for
inhibitors of Cay3.1, Nay1.5, hCA-Il, and GABAg. The molecular docking results of the
protein-ligand complexes were evaluated according to their binding interactions and the
calculated binding free energy results, as exhibited in Table 3. Six and nine out of the total
studied nineteen compounds had a better binding affinity (AG < -5.9, -6.1) in complex with
Nav1.5 (6MUD and 40VN respectively) than the chosen standards (i.e., Ethosuximide,
Acetazolamide, and Gabapentin); these compounds are BIA-2024, Eslicarbazepine,
Carbamazepine, BIA-2093, Oxcarbamazepine, compounds 1a, 1b, 1c, and R-LCM.

Table 3. Calculated binding free energies.

Ligand 6KZO 6MUD \ 40VN 5FDC 4MS3 Total
Ca3.1 Nav1.5 hCA-I1I GABAB

la -6.6 -5.4 -6.3 -1.4 -6.2 -31.9
1b -5.9 -5.3 -6.3 -6.7 -6.2 -30.4
1c -1.7 -5.9 -6.7 -6.4 -6.9 -33.6
1d -5.5 -4.6 -5.2 -5.9 -54 -26.6
le -5.5 -4.6 -5.3 -5.9 -4.8 -21.3
1f -54 -4.4 -5.1 -5.5 -5.2 -25.6
19 -4.7 -4.5 -5.2 -5.3 -54 -25.1
1h -6.5 4.4 -4.6 -5.3 -5.2 -26

Acetazolamide -5.8 -5 -5.8 -6.4 -6.3 -29.3
BIA 2-024 -8.0 -7.6 -7.3 =15 -8.1 -38.5
BIA 2-093 -8.0 -6.6 -7.2 -7.8 -7.6 -37.2
Carbamazepine -8.1 -7.0 -14 -8.4 -7.8 -38.7
Eslicarbazepine -7.8 -7.1 -7.2 -8.3 -7.6 -38

Ethosuximide -5.2 -5.9 -5.3 -5.1 -5.2 -26.7
Gabapentin -5.0 -4.6 -55 -5.2 -5.3 -25.6
(R)-LCM -5.9 -5.5 -6.1 -7.0 -6.4 -30.5
Oxcarbazepine -7.9 -6.6 -7.0 -8.0 -7.6 -37.1

Direct binding evaluation provides additional information about drug interactions with
the cytoplasmic membranes. First, the docked compounds' binding energy (AG°) was
compared with the results of the docked standard drugs. Then, the molecular interaction of
compounds was visualized using the reported catalytic residues from the downloaded proteins.
In Nay1.5 (6MUD) target interactions, BIA 2-024 has the highest hydrogen bond interactions
with residues ARG 106, HIS 107, VAL 108, MET 109, THR 110, GLY 113, LYS 115, and
SER 1:1904 with the distance 2.73, 2.79, 2.65, 2.44, 2.36, 2.16, 2.08, and 2.74 A respectively,
(Figure 4). These residues are located in the C-lobe of the IQ domain. The visualization result
revealed that the top three compounds bonded with the 1Q domain of the protein (Figure 4).
Meanwhile, comparing this result with the 4ONV macromolecule, BIA-2-024, which has the
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best binding energy bonded to the Brugada mutation (SER 1904) at the boundary of CTNay1.5
with the CaM-C-term lobe environment [28]. Brugada Mutations signal a genetic condition
that causes an irregular heartbeat (ventricular fibrillation), causing the heart not to pump
enough blood to the rest of the body. Brugada Syndrome causes this mutation. To assess this
risk, genetic testing is performed to check for a mutation in the SCN5A gene. Meanwhile,
carbamazepine’s OH group interacted with the Brugada mutation residue (ARG 1914) of the
protein structure 4NOV with a distance of 2.75 A. In addition, The Amide and OH groups on
CBZ form a hydrogen bond interaction with the mutation in the ol helix of the EF-hand-like
motif (GLU 1799) of the Nay1.5 (4NOV) with 2.75 A. This results in the shift of the steady-
state inactivation (Vos) in the hyperpolarizing direction, resulting in slow recovery from
inactivation. Table 4 summarizes the interaction of all the compounds with the Nay1.5 target.
Through the oxygen substituents of the Amide group, compound 1c forms a hydrogen bond
with the Ca,3.1 (6KZO) at the ASN 952 on the S6y helix and GLN 922 within the active site.
Meanwhile, BIA 2-024 interacted with the carbonyl oxygen of LEU 353 with pi-sigma and pi-
alkyl intermolecular forces. The result from Table 4 revealed from the molecular interaction of
Acetazolamide with Ca,3.1 that Acetazolamide is a potent Ca?* inhibitor.

Iteractions

Figure 4. Graphical representation of the interaction of BIA 2-024 (2D, a, and 3D, b), Eslicarbazepine (2D, b,
and 3D, e), and CBZ (2D, ¢, and 3D, f) at active binding site of Nay1.5 (6MUD).

GABA (y-amino butyric acid) is the most common inhibitory neurotransmitter in the
CNS. A G-protein coupled receptor (GPCR) that causes slow and persistent synaptic inhibition
is the metabotropic GABAg receptor. Presynaptic GABAg receptors inhibit neurotransmitter
release, but postsynaptic GABAg receptors form a hyperpolarization of neurons. GABAg
receptor dysfunction can result in a variety of neurological disorders, including pain, epilepsy,
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and spasticity [48]. In this study, BIA 2-024 exhibits a stronger interfacial hydrogen bond
interaction within the GABARg receptor subunit extracellular Venus Fly Trap (GBR1bvrr) with
SER 198. Accounting for the contribution of HCO3 current to the ionic current through vy-
amino butyric acid (GABAg) receptors on dendrites is increased during periods of high-
frequency receptor activation. The excitatory effect of this HCO3 is blocked by membrane
permeates carbonic anhydrase (CA) inhibitors [49]. However, BIA2-024 supersedes the others
in considerable stability in the active site. The stabilization of the protein-ligand complex is
mainly due to the H-bonds and hydrophobic interactions, which inhibit the receptor’s activity.

Inhibiting the CA, hence increasing CO; levels in the brain, is one indirect method for
treating epilepsy [50]. In mice, comparing the activity of acetazolamide (standard drug) with
that of sulphanilamide using the maximum electroshock seizure (MES) test revealed a clear
relationship between the anticonvulsant effect and inhibition of brain CA. The maximum
degree of enzyme inhibition seen by these two drugs corresponded with their time of peak
anticonvulsant effect, with acetazolamide predicted to be twice as powerful as sulphanilamide
[51,52].

In addition to their anticonvulsant properties, the compounds showed high stability and
molecular interactions with the hCA-I1I receptor. CBZ had the maximum binding affinity with
the lowest energy of —8.4 kcal/mol with no bonding interaction with the receptor's residues
(Table 3). Eslicarbazepine follows this with a binding energy of —8.2 kcal/mol located in the
active site channel, where they are stabilized by the formation of hydrophobic interactions with
the side chains of residues VAL121, VAL143, and LEU198. However, most of the compounds
possess a good affinity than the standard drug for hCA-Il. Carbamazepine, Eslicarbazepine,
Oxcarbamazepine, BIA2-024, BIA2-093, R-LCM, 1a, 1b, and 1c are the compounds. In
addition, 83 percent of the total compounds form one or more interaction(s) with the active site
residues of hCA-II (see Table 3). This may indicate that most of the compounds are potent
inhibitors of hCA-11. Moreover, one studied compound has recently entered phase | of clinical
trials [53].

4. Conclusions

Understanding the molecular interactions of drugs that mediate epileptic seizures in the
early stage of drug discovery can help in a more effective drug design. In this study, we
employed in silico methods to validate prior findings from an experimental study of CBZ and
R-LCM analogs. All analogs studied are chemically reactive, with Carbamazepine’s analogs
having the lowest band gap. The physicochemical parameters calculated using quantum
mechanics showed that all the compounds are soft and have a high bioavailability. The
pharmacokinetics properties of the compounds, through ADMET evaluation, confirm the
potential drug-likeness properties of the compounds. These compounds in complex with four
selected targets of epilepsy were studied at the molecular level using molecular docking studies
by considering the binding affinity and the molecular interactions with the target’s receptors.
We selected those compounds that effectively cross the blood-brain barrier, have the
appropriate physicochemical properties, are not rapidly metabolized, are non-toxic, and have
high affinity and target selectivity (especially over Cay3.1 and Nay1.5 channels). This result
confirmed the inhibitory potency and selectivity for rapidly firing (“epileptic”) neurons over
neurons displaying normal activity of BIA 2-024, BIA 2-093, CBZ, and Eslicarbazepine. The
result also ascertains the experimental result, which showed that the major mechanism of BIA

2-093 is the inhibition of voltage-dependent sodium channels and their safety in older patients.
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The advantage of this protocol is the confirmation of the activity of these compounds in treating
epilepsy. Some of the compounds described in this paper are suitable for clinical studies, and
their evaluation is still ongoing, with great promise for developing novel drugs.
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