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ABSTRACT: The study aims to develop safer and more effective
antiepileptic drugs (AEDs) by targeting the y-aminobutyric acid
type A (GABA,) receptor, an important inhibitory neuro-
transmitter system involved in the control of neuronal excitability
and seizures. With epilepsy rates rising worldwide and current
AEDs often causing serious side effects, new neurotherapeutics
with better efficacy and safety are urgently needed. In this context, |
sulfonamides, known for their proven anticonvulsant properties, | iﬂ ™~ NN
were selected as the core scaffold for the development of new s — I
sulfonamide—chalcone hybrids (compounds 1—36) as potential T ot wils MIIII\I‘IW
AED candidates. These compounds were analyzed for their drug-

likeness, ADMET profiles, and electronic properties using density

functional theory (DFT) calculations. Molecular docking studies were then performed to examine their binding affinity to the
GABA, receptor, revealing that the 4-(trifluoromethyl)sulfonamide-chalcones (19, 20, and 21) had the highest binding affinity
(—10.3 to —10.1 kcal/mol) compared to the standard AED, valproic acid (VPA; —5.4 kcal/mol). To further support these findings,
molecular dynamics (MD) simulations were performed with the top candidates. Analyses of root-mean-square deviation (RMSD),
hydrogen bonding (H-bonds), radius of gyration (Rg), and solvent-accessible surface area (SASA) indicated that compound 20
exhibited the greatest stability throughout the simulation. Subsequently, to address toxicity risks, in vivo zebrafish mortality assays
were performed to determine the LCs, values before proceeding to behavioral testing. All compounds showed a favorable safety
profile and antiepileptic potential, as validated using a pentylenetetrazole (PTZ)-induced seizure zebrafish model. In conclusion, this
integrated computational—experimental approach highlights the therapeutic potential of sulfonamide—chalcone hybrids, particularly
4-(trifluoromethyl)-N-(4-(3-(4-(trifluoromethyl) phenyl)acryloyl)phenyl)benzenesulfonamide (compound 20), as potential positive
allosteric modulators of the GABA, receptor, offering a viable pathway for the development of next-generation AEDs with improved

efficacy and safety profiles.

1. INTRODUCTION years (DALYs), contributes to a growing number of premature
Noncommunicable diseases (NCDs) contribute the most to deaths, and accounts for about 1% of the global burden of
global morbidity and mortality. Although neurological- disease." The increasing prevalence of epilepsy underscores the

associated NCDs account for 13% of the global burden of
disease, they are often given too little priority, forming a “silent
pandemic”." Epilepsy, also known as a seizure disorder, is a
noninfectious neurological condition caused by abnormal brain Several options are available for the treatment of seizures,
cells that generate excessive hypersynchronous electrical including antiepileptic drugs (AEDs), surgical interventions,

signals, leading to rapid changes in behavior, cognitive and a ketogenic diet (KD). While these treatments can help
function, and neurological deficits in individuals with
epilepsy.”® According to the Epilepsy Foundation, epilepsy
has become a major global health concern, affecting nearly 71
million individuals of different ages, genders, races, and
ethnicities. Alarmingly, 80% of epilepsy cases occur in low-
and middle-income regions, including Malaysia.4 Furthermore,
according to the World Health Organization (WHO), epilepsy
is the fifth leading cause of neurological disability-adjusted life

urgency of increased research into drug discovery and

development to meet the diverse needs of those affected.
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Figure 1. An overview of the y-aminobutyric acid (GABA) signaling system.

control and manage seizures, no pharmacotherapy currently
offers a complete cure for epilepsy.

AEDs are the common pharmacological treatment for
epilepsy patients due to their proven efficacy in controlling
seizures. Lifelong AED treatment, either in the form of
monotherapy or polytherapy (a combination of two or more
appropriate AEDs), has been shown to result in seizure
freedom in approximately 70% of patients, depending on the
type of seizure.’ AEDs are divided into three classes: first,
second and third generation AEDs, with valproic acid (VPA)
being considered a representative of the first generation and
remains a central role in epilepsy treatment. VPA is widely
prescribed due to its broad efficacy against almost all forms of
seizures. However, despite the availability of established AEDs,
uncontrolled epileptic discharges still occur in about 25% of
patients with drug-resistant epilepsy. In addition, these drugs
often pose a therapeutic challenge due to their adverse side
effects, such as the significant risk of congenital malformations
associated with valproate and its impact on the neuro-
development of children born to women with epilepsy.”
Prolonged administration of phenobarbital, zonisamide, and
benzodiazepines (BZDs) can lead to nephrotoxicity, resulting
in kidney disease and renal failure. In response to this unmet
medical need, scientists are striving to design and develop new
alternative AEDs that are both safer and more effective in
controlling seizures, primarily to improve patients’ quality of
life while minimizing adverse effects.

While numerous potential factors may contribute to
epilepsy, the exact mechanism of epileptogenesis remains
elusive. Several neurotransmitters, including serotonin, dop-
amine, y-aminobutyric acid (GABA), glutamate and nora-
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drenaline, have been reported to play an important role in the
mechanism of epilepsy and prevent the development of
chronic epilepsy. There is growing evidence for the central
role of GABA in both the development and prevention of
seizures. GABA, a key inhibitory neurotransmitter in the
mammalian brain, binds to the orthosteric GABA binding site
and activates two types of receptors upon release into the
synaptic cleft: ionotropic GABA, receptors and metabotropic
GABA receptors.” An overview of the GABA signaling system
is shown in Figure 1. It has been concluded that the absence of
GABAergic processes may increase a person’s susceptibility to
epilepsy. Therefore, the development of new AEDs is focused
on improving the mechanism of action that enhances GABA-
mediated neuronal inhibition.

Chalcones, are “open-chain” precursors in the biosynthesis
of flavonoids and isoflavonoids in edible plants. Natural and
synthetic chalcones exhibit various pharmacological activities,
including anticancer, antimicrobial, anti-inflammatory, and
anticonvulsant effects.” Chalcone and its derivatives have
been investigated as potential positive allosteric modulators of
GABA, as they are sufficiently lipophilic to penetrate the
blood—brain barrier (BBB).'”"" In addition, their low total
polar surface area (TPSA) is important for the development of
new therapeutics for neurological disorders, including epilepsy,
allowing them to penetrate the BBB and act in the CNS.'” On
the other hand, sulfonamides have been used as a primary
treatment for many infectious diseases since 1941, before the
introduction of penicillin."”* In antiepileptic therapy, sulfona-
mides are known to improve GABAergic neurotransmission.
Zonisamide'* and sulthiame'® (Figure 2), for example, have an
anticonvulsant effect and achieve good CNS penetration, partly
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Figure 2. Sulfonamide derivatives used as AEDs; (a) zonisamide and
(b) sulthiame. Sulfonamide moiety is highlighted within the red box.

by inhibiting carbonic anhydrase (CA). While these agents are
generally effective in controlling seizures, they are associated
with psychiatric and cognitive side effects in some patients,
occasionally leading to treatment discontinuation.

In our previous studies, we identified several chalcone-based
compounds (Figure 3a), including pyrrolylated and trime-
thoxylated chalcones, that have significant antiepileptic and
anxiolytic activity in both chemically induced [acute
pentylenetetrazole (PTZ)] and genetic zebrafish epilepsy
models (e.g, gabral, gabrg2, zc4h2 knockouts).'® Of note,
the seizure suppressive effect of trimethoxylated chalcones was
abolished by flumazenil, a GABA, receptor antagonist,
suggesting GABAergic modulation as the primary mecha-
nism.'” These findings established the chalcone scaffold a
promising platform for the development of GABA-targeted
AEDs. Building on this, structure activity relationship (SAR)
studies have consistently shown that the incorporation of para-
electron withdrawing groups, such as —CF;, significantly
enhances neuroactivity by improving metabolic stability,
lipophilicity, blood—brain barrier (BBB) permeability, and
receptor binding affinity. This effect is well illustrated by
clinically used CNS drugs such as fluoxetine and fluphena-
zine.'® Based on this SAR rationale, we strategically introduced
the —CF; group at the key positions of the sulfonamide and
chalcone rings. In parallel, we replaced the pyrrole moiety with
a phenylsulfonamide group (Figure 3b) to improve hydrogen
bonding and electrostatic complementarity with the GABA,
receptor. This dual modification strategy was expected to
improve binding affinity, pharmacokinetic properties and
overall drug likeness. To rationalize and evaluate this design,
we applied in silico methods, including absorption, distribu-
tion, metabolism, excretion and toxicity (ADMET) predic-
tions, molecular docking and molecular dynamics (MD)
simulations to systematically evaluate binding and therapeutic
potential.

This approach is in line with recent advances in computa-
tional drug discovery, where techniques such as virtual
screening, pharmacophore modeling, and quantitative struc-
ture—activity relationships (QSAR) analysis have become

essential for rapid prediction of biological activity and lead
optimization. By efliciently screening large chemical libraries,
these methods help identify AED candidates with optimal
potency, selectivity, and safety, significantly reducing the
reliance on time-consuming in vivo experiments. For example,
the discovery and optimization of perampanel, a selective
AMPA receptor antagonist approved for epilepsy treatment,
leveraged structure-based virtual screening and molecular
docking to improve its binding affinity and selectivity.'”*
Similarly, computational approaches guided the design of
lacosamide, which targets voltage-gated sodium channels and
has improved pharmacokinetics and a better safety profile.”'
More recently, artificial intelligence (AI) approaches, including
machine learning (ML) and deep learning (DL), have
expended computational drug discovery capabilities. These
tools have further improved predictive accuracy in ADMET
properties, pharmacokinetics, toxicity, and polypharmacolog-
ical modeling, which are critical for epilepsy treatments, that
often require polytherapy. For instance, deep neural networks
(DNNs) and graph neural networks (GNNs) have demon-
strated high predictive accuracy for CNS parameters, including
BBB permeability and neurotoxicity risk, both of which are
critical considerations in antiepileptic drug development.”>**
With this data-driven approach, issues such as BBB penetration
and metabolic stability can be identified early, increasing the
likelihood of clinical success. Ultimately, these computational
innovations streamline the discovery of AEDs and enable the
development of safer and more effective therapies tailored to
the complex needs of epilepsy patient.”*

Due to their genetic similarity to humans, zebrafish (Danio
rerio) have become a prominent vertebrate model in drug
discovery research, particularly for neurological diseases.
Approximately 82% of human disease-associated genes have
identifiable orthologues in zebrafish. In addition to their
physiological and developmental similarities to humans,
zebrafish offer several key advantages over rodents that have
been conventionally used in epilepsy research. These
advantages include rapid development and their transparent
appearance that allow real-time visualization of neurological
activity.”® Their small size and ease of maintenance also enable
high-throughput experiments, making them ideal for large-scale
genetic and pharmacological studies.”® Besides that, their
blood—brain barrier (BBB), a critical regulatory interface
between the circulatory system and the central nervous system
(CNS), has structural and functional parallels to the
mammalian BBB.”” These features make zebrafish an
invaluable tool for studying drug delivery and neuroprotective
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Figure 3. Structures of (a) the pyrrolylated-chalcones active in both chemically induced and genetic epilepsy zebrafish in vivo models and (b) the

newly designed sulfonamide-containing chalcones.
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Table 1. Newly Designed Intermediate 4-Aminochalcones (Series I; 1—12), the Targeted 4-(Trifluoromethyl)
Benzenesulfonamide-Containing Chalcones (Series II; 13—24), and the Targeted 4-(Methoxyl)benzenesulfonamide-

Containing Chalcones (Series III; 25—36)
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Series 1 Series 11

R series I (compound)
H 1
2-methoxyl
4-methoxyl
2-fluoro
3-fluoro
4-fluoro
3-(trifluoromethyl)
4-(trifluoromethyl)
4-bromo
4-chloro
3,4-difluoro
3,5-difluoro

=TI B N ]

o
[ S )

H3;CO
Series 111

series II (compound) series III (compound)

13 25
14 26
15 27
16 28
17 29
18 30
19 31
20 32
21 33
22 34
23 35
24 36

Table 2. Comprehensive Summary of ADMET Parameters with Algorithmic Bases and Performance Metrics for ADMETIlab

3.0
uncertainty performance error margin/
ADMET end points model/algorithm method” metric confidence threshold threshold
human intestinal multitask DMPNN with bond-level message evidential deep “AUC = 0.89 + high confidence if >0.7  Youden’s index
absorption (HIA) passing + RDKit 2D descriptors learning 0.03 cutoff
blood—brain barrier graph attention-enhanced DMPNN Monte Carlo AUC = 0.90 high confidence if +0.15 variance
(BBB) dropout variance, 6 < 0.15
plasma protein multitask DMPNN regression with RDkit evidential R? =085 based on RMSE +0.3 log units
binding (PPB) descriptors epistemic/ uncertainty range
aleatoric
CYP2C19 inhibition ~ hybrid DMPNN + XGBoost Monte Carlo AUC = 0.89 binary high/Low statistical intervals
dropout classification
P-glycoprotein (PgP)  DMPNN with adversarial training Monte Carlo AUC = 0.85— binary high/Low dropout variance
inhibition dropout variance 0.92 classification range
genotoxicity multitask DMPNN classification evidential deep AU maximum Youden’s confidence scores
learning C=073-096  index threshold
drug-induced DMNN with graph convolution Monte Carlo AU variance-based variance limit
neurotoxicity dropout C =0.80-0.89 threshold
respiratory toxicity multitask DMPNN framework Evidential AU binary confidence distribution
uncertainty C =0.76—0.88 parameters
skin sensitization DMPNN + RDKit descriptors Monte Carlo AU confidence threshold ensemble
dropout C =0.82-091 variance
AMES mutagenicity graph neural network DMPNN evidential deep AU probability entropy epistemic
learning C =0.85-093  threshold uncertainty
carcinogenicity multitask DMPNN Monte Carlo AU calibrated confidence uncertainty scores
dropout C =0.78-0.87 intervals

“AUC (Area under curve); DMPNN = directed message passing neural network. bReproduced and summarized from Fu et al.,*> with permission
from Oxford University Press.

mechanisms in the CNS.”” Zebrafish larvae also show seizure-
like behaviors, such as rhythmic body convulsions and irregular
swimming patterns, which closely resemble to human epileptic
symptoms.”>*® These behaviors are easily observable and can
be quantitatively analyzed by automated tracking systems to
evaluate the efficacy of AEDs. Overall, zebrafish have become
an indispensable tool in epilepsy research, that oftering rapid
development and genetic homology that facilitate comprehen-
sive neurological studies. Therefore, they are included in the
present study for the experimental validation of the computa-
tional predictions.
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2. MATERIALS AND METHODS

2.1. Drug-Likeness Predictions. 2.1.1. Data Set
Selection. In this study, two in silico techniques, molecular
docking and MD simulations, were used to predict the
potential antiepileptic activity of three series of newly designed
compounds (1—36), focusing on the inhibition of the GABA
neurotransmitter. These series include the intermediate
compound, 4-aminochalcones (Series I), as well as the 4-
(trifluoromethyl)benzenesulfonamide-containing chalcones
(Series 1I) and the 4-(methoxyl)benzenesulfonamide-contain-

https://doi.org/10.1021/acsomega.5c04809
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ing chalcones (Series III), with structures of which are outlined
in Table 1.

2.1.2. Prediction of Physicochemical, Pan-Assay Interfer-
ence Compounds (PAINS), and Aggregation Properties for
Drug-Likeness Assessment. The concept of drug-likeness
evaluates the likelihood that a molecule is suitable for the
formulation of an oral treatment primarily based on its
bioavailability, which is assessed by its structural and
physicochemical properties. To ensure compliance with drug-
like characteristics, the newly designed sulfonamide-chalcones
(compounds 1—36) must fulfill the established criteria of
Lipinski’s Rule of Five (ROS), EGAN and VEBER rule, as
listed in Table 2. In this study, the intended physicochemical
characteristics were predicted using the open online server
FAF-Drugs4 v4.0 (https://mobyle2.rpbs.univ-paris-diderot.fr/
cgi-bin/portal.py#forms::FAF-Drugs4). First, Chemdraw Ultra
12.0 software was used to generate the Simplified Molecular
Input Line Entry System (SMILES) for all designed
compounds. Subsequently, the SMILES were submitted to
the FAF-Drugs4 Bank Formatter (https://mobyle2.rpbs.univ-
paris-diderot.fr/cgi-bin/portal py#forms::Bank-Formatter) to
be converted into the Symyx Spatial Data File (SDF) format
compatible with the server. The produced SDF files were later
transferred to the FAF-Drugs4 Web Server as an input file.
Furthermore, the SwissADME v2017 tool (http://www.
swissadme.ch/), was used to predict water solubility (logS)
and potential pan-assay interference compounds (PAINS).
This platform uses Support Vector Machines (SVM) with
Radial Basis Function (RBF) Gaussian kernels, implemented
with 1ibSVM v3.20, trained on molecular and physicochemical
descriptors with 10-fold cross-validation for model optimiza-
tion. This machine-learning (ML) approach has outperformed
other algorithms in binary classification tasks and is therefore
suitable for the prediction of pharmacokinetic properties. By
integrating empirical rules and ML models, the platform is able
to predict key pharmacokinetic end points such as solubility,
lipophilicity and bioavailability.”” As part of the evaluation
process, the SMILES strings of all compounds generated in the
previous step were loaded into the SwissADME web tool.
Among the available models, the Estimated Solubility (ESOL)
model developed by Delaney was selected due to its robust
performance in predicting aqueous solubility (logS) based on
molecular weight, calculated logP, proportion of heavy atoms
in the aromatic rings and number of rotatable bonds, and
achieves good accuracy in estimating solubility within a factor
of 5 to 8. SwissADME v2017 issues warnings when such
substructural alert are detected in the tested molecules, and
will displays a O notice when a non-PAINS structure is
identified.”” Subsequently, the SDF file was uploaded to the
ChemAGG web platform (https://admet.scbdd.com/
ChemAGG/index/) to predict the likely aggregators in the
newly designed chalcones. The aggregator prediction results
were categorized into two different categories: Aggregator (1)
and nonaggregator (0). In addition, fraction of sp’ carbon
atoms (Fsp®) and phospholipidosis (PLD) analysis was
performed to measure the additional drug-likeness properties
using ADMETIab prediction tools (https://admet.scbdd.com/
calcpre/index/#).

2.1.3. Absorption, Distribution, Metabolism, Excretion,
and Toxicity (ADMET) Analyses. In drug discovery and
development, it is critical to consider pharmacokinetic factors
such as absorption, distribution, metabolism, excretion, and
toxicity (ADMET) when assessing the potential efficacy and

bioavailability of a drug candidate. In this study, ADMETIab
3.0 (2024 release) was used to predict the ADMET properties
of the newly designed compounds (1-36) and to compare
them with the AEDs on the market. ADMETIab 3.0 integrates
a “Directed Message Passing Neural Network” (DMPNN)
framework which leverages RDKit v2023.3.3 for 2D molecular
descriptor calculation in Chemprop v1.6.1.°>" An important
advance in ADMETIab 3.0 is the implementation of evidential
deep learning to quantify prediction uncertainty, which
provides confidence scores (from 0 to 1) and associated
margins of error for each prediction.”” This enables a robust
assessment of prediction reliability and model performance. All
ADMET parameters analyzed in this study are tabulated in
Table 2 along with the corresponding algorithmic bases,
uncertainty methods, performance metrics and confidence
thresholds. First, the existing SMILES (created to predict the
physicochemical properties) were imported as an entry into
the ADMETIab 3.0 server to generate the ADME profiles.
Compounds were scored based on their predicted absorption
for BBB, human intestinal absorption (HIA), plasma protein
binding (PPB), and CYP2C19 gene, considering the character-
istics that define their drug-like pharmacokinetic profile.
Additionally, an in silico toxicity screening was performed
using the free ADMETIab 3.0 Web. A single SMILES string of
each compound was inserted and submitted to the web server.
The result can be downloaded as a.pdf file containing all
predicted toxicity values for genotoxicity, drug-induced
neurotoxicity, respiratory toxicity, skin sensitization, rat
toxicity, AMES mutagenicity, and carcinogenicity. It is
important to note that all ADMET parameter predictions
achieved consistently high discriminatory power (AUC >
0.78) with robust performance across different end points and
algorithms, confirming the reliability and predictive accuracy of
the integrated assessment platform, as summarized in Table 2.

2.2. Molecular Docking. Molecular docking, a widely
used computational technique in structure-based drug design
(SBDD), plays a significant role in modern drug discovery.
This method enables the visual evaluation of potential drug
candidates (1—36) at the allosteric site of the GABA, receptor
by accurately analyzing the potential interactions, binding
modes, and binding affinity.

2.2.1. Protein Preparation. The cocrystallized structure of
the GABA, receptor (GABA,R, PDB ID: 4COF) served as the
target protein for docking, as it has the highest expression level
in the CNS and is mainly responsible for rapid inhibition in the
brain among the GABA receptors.”> The GABA,R is the most
abundant and important receptor of the GABA system
involved in the modulation of seizure activity.”*** The crystal
structure of the target protein, GABA, receptor beta3
homopentamer (PDB ID: 4COF),*® was retrieved in.pdb
format from the RCSB Protein Data Bank (PDB; https://
www.rcsb.org/). The X-ray diffraction structure of the
GABA,R had a resolution of 2.97 A, an R value of 0.206,
and a free R value of 0.226. The unit cell parameters were
described as follows: Length [A] a = 174.10, b = 108.90, ¢ =
207.44, Angle [°] a = 90.00, # = 107.43, y = 90.00. Before
subjecting the target protein to molecular docking, it must be
preprocessed. The protein was first prepared by removing
water molecules, cocrystallized ligands and heteroatoms using
Discovery Studio Visualizer v19.1.0.18.287 (BIOVIA Dassault
Systemes, CA, USA). Polar hydrogens were then added and
default Kollman charges were assigned to the macromolecule
atoms using AutoDock Tools version 1.5.6. Upon completion

https://doi.org/10.1021/acsomega.5c04809
ACS Omega 2025, 10, 55325—-55353

920¢ isnbny .0 U0 18sn V ISAVTWA VdINd A INN Ag 4pd "60870950® /S508060% /SCESS /9% /0T /4pd -8 |9 11 1€ /4posae /6 1o "soe "sqnd //:d 33y wo 14 papeo jumog



ACS Omega

http://pubs.acs.org/journal/acsodf

of receptor preparation, the prepared receptor was saved
in.pdbgqt format for docking studies.

2.2.2. Ligand Preparation. The 2D chemical structures of
the newly designed sulfonamide chalcones (compounds 1-36)
and the standard drug VPA were drawn using ChemDraw
Ultra 12.0 to generate the SMILES notation. This notation was
then converted to 3D structures, optimized using the General
Amber Force Field (GAFF) with the steep descent algorithm
in 10 steps, and saved in.pdb format using Avogadro software.
GAFF is a widely used force field for small molecules designed
to accurately represent a broad spectrum of molecules and
capture the majority of organic chemical space. The Gasteiger
charges were then assigned to ligand atoms using AutoDock
Tools version 1.5.6 and saved in.pdbqt format.

2.2.3. Protein—Ligand Docking. The GABA,R was selected
as the primary target for molecular docking studies to evaluate
its antiepileptic efficacy. All ligands, including the reference
drug VPA, were docked to the allosteric site of the GABA R
using the cocrystallized ligand benzamidine as a reference.
Molecular docking was performed using a 40 X 40 X 40 A’
grid box, the grid spacing was set to 1.0 A, and the
exhaustiveness parameter was set to 8. Docking was centered
on the entire protein, with coordinates (—20.809, —17.349,
122.90) for the GABA,R. The Broyden—Fletcher—Goldfarb—
Shanno algorithm (BFGS run) served as the primary
optimization algorithm for molecular docking. AutoDock
Vina version 1.1.2 (https://vina.scripps.edu) from the Scripps
Research Institute was used to generate a series of nine
conformations arranged in descending order of docking score.
The docking procedure began after the receptor’s allosteric
binding pocket was located, its dimensions and position
determined, and the size of the docking zone established. After
the docking simulation, the most favorable conformation of the
ligand within the binding sites was analyzed using Discovery
Studio Visualizer v19.1.0.18.287. Upon docking, the root-
mean-square deviation (RMSD) is computed to determine the
discrepancy between the predicted pose and the experimentally
docked pose. The benzamidine conformations with the highest
rank and the lowest RMSD value of 0.6835 were selected.
Virtual screening of all newly designed chalcone derivatives
(compounds 1-36) and the known GABA antagonist VPA
was performed with the same docking parameters.

2.2.4. Docking Protocol Validation and ROC-AUC
Analysis. To evaluate the performance of the virtual screening
and the discriminatory power of the molecular docking
protocol, a receiver operating characteristic (ROC) curve
analysis was conducted in accordance with established
benchmarking guidelines. The validation data set comprised
3 known compounds and 84 property-matched decoys
generated with DeepCoy,‘Q’7 maintaining a 1:28 active-to-
decoy, which is in line with accepted virtual screening
standards. ROC curves were generated by plotting the true
positive rate (sensitivity) against the false positive rate (1 —
specificity) over a range of docking score thresholds. The area
under the ROC curve (AUC) was calculated as a quantitative
measure of the protocol’s ability to discriminate between active
compounds and decoys, with AUC values approaching 1.0
indicating excellent predictive performance. This analysis also
provides information on early detection, a crucial factor in the
practice of virtual screening. To further assess statistical
robustness, enrichment factors (EF) were calculated for the
top 1 and 5% of the ranked database. Enrichment factors
significantly greater than 1.0 indicate that the protocol is better

than random selection. The EF values were calculated using
the following formula:

EE.% Database_screened, %/ Total_database
X 0=

Actives_found, %/ Total_actives

In this study, the molecular docking scores of two well-
characterized GABA, ligands were used as benchmark to
define the threshold for high-binding affinity ligand.
Benzamidine, a cocrystallized orthosteric ligand, docked at
—6.7 kcal-mol™!, while VPA, a clinically used anticonvulsant
that modulates GABAergic activity, docked at —5.4 kcal-mol™!
according to our docking protocol. Accordingly, any ligand
with a docking score <—6.7 kcal-mol™" was classified as ‘high-
affinity, as it met or exceeded the binding strength of a
validated orthosteric reference. This threshold is consistent
with literature reports on GABA, modulators such as BZDs
(=7 to —8 kcal-mol™),** which emphasizes its physiological
relevance.

2.3. Fragment-Based Molecular Docking and Sub-
structure SAR. 2.3.1. Receptor Preparation. The X-ray
structure of human CYP2C19 (PDB ID: 4GQS, resolution:
2.10 A) was retrieved from the RCSB Protein Data Bank
(https://www.rcsb.org/). All crystallographic water molecules,
buffer ions, and nonessential heteroatoms were removed using
BIOVIA Discovery Studio v19.1. Polar hydrogens were added
and Kollman charges assigned using AutoDockTools v1.5.6,
after which the receptor was exported in.pdbqt format.

2.3.2. Ligand and Fragment Preparation. Seven repre-
sentative substructures of sulfonamide-chalcones were selected
to study the SARs: (i) sulfonamide (—SO,NH-), (ii)
trifluoromethyl (—CF;), (iii) chalcone C3-linker (—CO-—
CH=CH-), (iv) phenyl (—C¢H;), and monatomic halogens
(v) fluorine (—F), (vi) chlorine (—Cl), and (vii) bromine
(=Br). The 2D structures were drawn in ChemDraw 12,
converted to 3D conformations via Avogadro 1.97 and energy-
minimized using the MMFF94 force field. The Gasteiger
partial charges were subsequently assigned with AutoDock-
Tools and the resulting files were saved in .pdbqt format.

2.3.3. Docking Protocol. Rigid-receptor docking was
performed with AutoDock Vina v1.2.7 under the same
conditions as the previously described full-molecule screening
(Section 2.2.3). The docking search space was defined to
enclose the prosthetic heme group (HEMS01) and the central
iron atom (Fe), which is the primary catalytic site of
CYP2C19. Accordingly, the grid box was centered at the
coordinates (x = —=79.463 A, y = 15.477 A, z = —44.783 A) and
dimensions 20 X 20 X 20 A3, ensuring whole coverage of the
haem pocket and adjacent substrate recognition sites. An
exhaustiveness of 16 and the default energy range of 3 kcal-
mol™" were used. Ten docking poses were generated for each
fragment and ranked according to their predicted binding
affinity (AG). The lowest-energy pose was selected for ligand

IAGl; where AG is the

efficiency (LE) calculations, as LE =

ey
docking score (kcal/mol) and Nje,, is the number of non-

hydrogen atoms. The key molecular interactions (H-bonds,
halogen bonds, 7—z and hydrophobic contacts) were analyzed
using Discovery Studio Visualizer, selecting residues within a 4
A radius of each fragment.

2.4. Density Functional Theory (DFT) Calculation.
Quantum chemical methods such as density functional theory
(DFT) were calculated for the predicted active compounds
using the ORCA (version 6.0.1),”” Avogadro, and ChemCraft
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version 1.8 (https://www.chemcraftprog.com) for molecular
visualization. First, the selected structures (compounds 19, 20,
and 21) were prepared using the Avogadro software and then
optimized at the B3LYP/6-31g(d,p) level of theory in the gas
phase using Gaussian 09 suite program.” For compounds 19,
20, and 21, the three-parameter hybrid functional of Becke in
the ground state was used using the correlation of Lee, Yang,
and Parr (B3LYP) with the def-SV(P) basis set. The
distribution of electrons in the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) is the most important reference when studying the
reactivity of molecules. The input file was generated by
inserting the ground-state calculation into the DFT framework.
The parameters and visualization of the molecule from the
DFT calculation were processed and displayed using the
ChemCraft version 1.8 program (https://www.chemcraftprog.
com). The output file contains the HOMO energy (Eyomo)
and the LUMO energy (E ymo). Subsequently, both the
Enomo and Ejyyo were used to calculate the other global
reactivity parameters such as the gap energies (AE,,) (eq 1),
the ionization potential (IP = —Eyoy0), the electron affinity
(EA = —Epypmo0), the electronegativity (y) (eq 2), the chemical
potential (4#) (eq 3), the global hardness (7) (eq 4), the global
softness (s) (eq S) and the electrophilicity index (@) (eq 6).
DFT complements molecular docking by providing insights
into the electronic properties, reactivity and stability of the
compounds, thus contributing to a better understanding of
their potential interactions with the target protein.

AE,,, = Enomo — Erumo (1)
x = (IP + EA)/2 )
u=—(IP + EA)/2 3)
n=(IP — EA)/2 (4)
s=1/2n (%)
w=u*/2m (6)

2.5. Molecular Dynamics (MD) Simulations. MD
simulations are widely used computational methods in drug
discovery that provide researchers with detailed insights into
the dynamic behavior of biomolecules, such as proteins, and
their interactions with ligands at the atomic level.*' This
approach enables rational experimental design and provides
access to complex data and models. In particular, MD
simulations predict how a molecule binds to a protein and
the effects this has on protein structure, including fluctuations
or conformational changes over time using Newton’s laws.** In
the postdocking assessment, only the top three chalcone-
protein complexes, compounds 19, 20, and 21 (selected based
on docking score and interactions), were subjected to MD
simulation using the GROningen MAchine for Chemical
Simulations (GROMACS) for each docking parameter. The
MD process begins with the preparation of the protein and
selected ligand structures from Section 2.2. First, the .pdbqt
files of the docked protein—ligand complexes are displayed in
PyMOL. The settings “retain_order” and “pdb_retain_ids” are
switched off (set to 1) before they are exported to a single .pdb
file. The coordinates, residue names, atom names and essential
ligand information are then extracted from the original
docked.pdb file and transferred to a new text file to separate
the.pdb files of the protein and ligand structures. The MD

simulations then start with two files: “ligand.pdb” and
“protein.pdb”. The polar hydrogen atoms are added to the
ligand using Discovery Studio Visualizer v19.1.0.18.287 before
being uploaded to the LigParGen web server (https://zarbi.
chem.yale.edu/ligpargen/). LigParGen was used in this MD
study to generate all-atom optimized potentials for liquid
simulations (OPLS-AA) force field parameters for ligands
using 1.14*CMI1A(-LBCC) loaded models,” and to provide
GROMACS-compatible input files for MD simulations. The
itp and .gro files of the ligands were acquired from the
LigParGen web and used in GROMACS.

Once the parameter files for both the ligand and protein are
created, the pdb 2gmx program was used to generate the
topology file. This is an essential step in the preparation of MD
simulations, which includes the selection of the appropriate
force field. The topology file contains important details about
the connectivity, geometry and parameters of the system that
are required for the MD simulation of proteins, nucleic acids or
other biomolecules. The required files, such as the.pdb file for
the protein and the ligands as well as the ITP file for the
ligands, are transferred with the Xftp program. The three-point
water model, in particular the simple point charge (SPC) water
model, is used in a cubic unit cell with the initial dimensions of
148.54 X 148.54 X 148.54 A’. The protein is positioned at a
minimum distance of 1.0 nm from the edge of the box. In
addition, 98,329 water molecules and 9 molecules of CI™ are
introduced into the targeted GABA,R to equilibrate the
system. The complex reduces its energy through heating and
equilibrium processes using the OPLS-AA force field before
the MD simulations begin. The steepest descent method is
used to minimize the complexes, followed by heating in the
range of 0 to 300 K. The selected three ligand-protein
structures are stabilized at 300 K for 100 ps under NVT
boundary conditions (constant simulation cell volume (V) and
temperature (T)). Subsequently, an MD simulation is
performed under NPT boundary conditions for 100 ps at a
constant temperature (T) and pressure (P) of 300 K and 1
atm, respectively, using an integration time step of 2 fs. The
final production run takes 100 ns, with time steps of 100,000
ps, a temperature of 300 K and a pressure of 1.01325 atm. The
Nose—Hoover method with NPT ensemble is used for both
complexes. Long-range electrostatic interactions were calcu-
lated using the Particle Mesh Ewald (PME) method with a
Coulomb cutoff value of 1.2 nm.** The Lincs method fixes all
bond lengths involving hydrogen atoms during the simu-
lations.” The stability of each ligand—protein complex was
assessed using 100 ns MD trajectories analyzed with
GROMACS 2021.1. Key structural metrics, including RMSD,
root-mean-square fluctuations (RMSF), radius of gyration
(Rg) and solvent-accessible surface area (SASA) were
calculated to assess the stability of the complex. Intermolecular
H-bonds were identified with gmx hbond using standard
criteria (donor—acceptor distance < 0.35 nm; hydrogen
donor—acceptor angle > 150°), and H-bond lifetimes (7y5)
were derived from autocorrelation integrals. Two parameters,
ligand RMSD and 73, were selected to investigate correlations
with docking affinities. The resulting time series were exported
as XVG files, converted to CSV and processed in Python to
calculate average values. These were plotted against the
AutoDock Vina docking scores and statistical relationships
were assessed using Pearson correlation coefficients (r), p-
values and coefficients of determination (R?). Structural
visualizations were created using the Visual Molecular
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Scheme 1. General Synthesis Route for Sulfonamide-Chalcones (Compounds 19, 20, and 21) via Two-Step Reactions
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Dynamics (VMD), which also supported additional trajectory
inspection and data extraction.

2.6. Synthesis of Sulfonamide Chalcones. 2.6.1. Gen-
eral. All starting materials, reagents and solvents were
purchased from Merck, Sigma-Aldrich, and Thermo Fischer
Scientific, and used directly without further purification. The
solvents used for the spectroscopic measurements were of
spectroscopic grade. All synthesized compounds were moni-
tored by thin layer chromatography (TLC) with precoated
aluminum sheets on silica gel 60 F254 (layer thickness 0.2 mm,
Merck), while column chromatography was performed with
silica gel 60 (70—230 mesh ASTM, Merck). The FT-IR
spectrum of the synthesized compound was recorded using an
FT-IR spectrometer (PerkinElmer RX1, Massachusetts, USA)
in the mid-IR region (400—4000 cm™") using the Attenuated
Total Reflectance (ATR) technique. The direct injection mass
spectra (DI-MS) were measured with a GCMS-QP2010 Plus
(Shimadzu). 'H and C NMR spectra were recorded in
methanol-d, (CD;OD) using a Varian 500 MHz NMR
spectrometer (Varian Inc., Palo Alto, CA). Melting points
were determined using a Fisher-Johns melting point apparatus.

2.6.2. General Procedure for the Synthesis of N-(4-
Acetylphenyl)-4-(trifluoromethyl)benzenesulfonamide Inter-
mediate. Three selected sulfonamide chalcones with the
highest docking scores (compounds 19, 20, and 21) were
chosen for synthesis, via two steps, sulfonylation and the
Claisen-S cmidt condensation reaction (Scheme 1). First,
pyridine (10 mL) was added to a solution of 4-amino-
acetophenone (0.6887 g, S mmol) in methanol (25 mL) and
the reaction mixture was stirred at room temperature for 10
min. Then, 4-trifluoromethylsulfonyl chloride (505.4 L, 10
mmol) was added dropwise and the mixture was stirred at 70—
80 °C for 5—7 h under reflux. Upon completion of the reaction
(monitored by TLC), the reaction mixture was cooled to room
temperature. To quench unreacted sulfonyl chloride and stop
the reaction, ice-cold water was carefully added. The organic
extracts were combined and dried over anhydrous magnesium
sulfate (MgSO,) to remove residual water. The desiccant was
removed by gravity filtration and the organic solvents were
removed under reduced pressure using a rotary evaporator.
The crude product was precipitated by adding the concen-
trated residue to ice-cold concentrated hydrochloric acid,
which crystallized the sulfonamide intermediate. The pre-
cipitated product was collected by filtration and washed with n-

55332

hexane to remove any remaining organic impurities. The
intermediate compound was yielded as pale-brownish crystals
via recrystallization [R; = 0.6, hexane: ethyl acetate (6:4),
12175 g, 71.0%], mp 166 — 168 °C. 'NMR 500 MHz
(acetone-dg) &6: 8.03—8.01 (d, ] = 8.3 Hz, 2H, H-6, H-4),
7.88—7.86 (d, ] = 8.8 Hz, 2H, H-1, H-3), 7.83—7.81 (d, ] = 8.3
Hz, 2H, H-17, H-19), 7.24—7.22 ppm (d, ] = 8.8 Hz, 2H, H-
20, H-16)."*C NMR 125 MHz (methanol-d,) 6: 197.8 (C-21),
143.4 (C-5), 142.0 (C-15), 133.9 (C-18), 132.8 (C-2), 129.7
(C-17, C-19), 127.6 (C-4, C-6), 126.0 (C-7), 124.4 (C-1, C-
3), 118.7 (C-16, C-20), 25.0 ppm (C-22); DI-MS (EI): m/z
found for C;sH,F;NO;S is 343.0 [M*].

2.6.3. General Procedure for the Synthesis of Final
Sulfonamide-Chalcones. The sulfonamide-chalcones (com-
pounds 19, 20, and 21) were synthesized via a solvent-free,
one-pot Claisen—Schmidt condensation. In this reaction, the
intermediate from the first step (1.5 mmol) was mixed with
substituted benzaldehydes (3 mmol) in a molar ratio of 1:2
using pelletized sodium hydroxide (NaOH, 2 equiv) as a basic
catalyst. The mixture was ground in a mortar for 20—30 min
and the reaction progress was monitored by TLC. The
resulting crude products were then worked up by dissolving in
cold water and subsequent recrystallization from cold
methanol. Further purification was performed by column
chromatography (hexane: ethyl acetate) and additional
recrystallization using various solvent systems. The structure
of the final compounds was characterized by 'H and '*C NMR,
DI-MS, and FT-IR. All compounds were confirmed to be
>95% pure by 'H NMR and GC-MS analyses, with no
detectable impurities. The corresponding 1H and 13C NMR,
FTIR and DI-MS spectra can be found in Figures S7—S21 in
the Supporting Information.

2.6.3.1. 4-(Trifluoromethyl)-N-(4-(3-(3-(trifluoromethyl)-
phenyl)acryloyl)phenyl)benzenesulfonamide (Compound
19). Compound 19 was synthesized according to the general
procedure using intermediate compound (0.6887 g, 2.0 mmol)
and 3-trifluoromethylbenzaldehyde (505.4 wuL; 4 mmol).
Purification through column chromatography and recrystalliza-
tion (ethanol: water) yielded the compound as pale orange
powder [R; = 0.76, hexane:ethyl acetate (8:2), 0.050 g, 5.0%],
mp 170—172 °C. 'NMR 500 MHz (methanol-d,) &: 8.06—
8.04 (t, J = 3.2 Hz, | = 12.4 Hz, 2H, H-30, H-24), 8.02—8.00
(d, ] = 8.6 Hz, 2H, H-4, H-6), 7.89—7.87 (d, ] = 8.6 Hz, 2H,
H-1, H3), 7.84—7.83 (d, ] = 7.8 Hz, 2H, H-17, H-19), 7.80—
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7.77 (d, J = 15.6 Hz, 1H, H-22), 7.72—7.71 (d, ] = 7.80 Hz,
1H, H-28), 7.65—7.62 (t, ] = 7.8 Hz, 1H, H-26), 7.31—7.29 (d,
] = 8.6 Hz, 2H, H-27, H-20), 7.24—7.23 ppm (d, ] = 8.6 Hz,
2H, H-16, H-20). *C NMR 125 MHz (methanol-d,) &: 195.7
(C21), 1419 (C-5), 141.6 (C-24), 137.2 (C-15), 133.9 (C-
25), 133.3 (C-2), 130.2 (C-18), 129.9 (C-29), 129.8 (C-26),
128.2 (C-27), 128.0 (C-17, C-19), 126.5 (C-4, C-6), 125.8 (C-
28), 123.7 (C-7), 119.1 (C-1, C-3), 119.0 (C-16, C-20), 117.3
(C-30), 115.5 (C-31), 104.5 ppm (C-22); FTIR: 3128.50 (N—
H stretch), 2918.76 and 2851.27, (CH aromatic and C=C—H
alkene), 1730.49, (C=0 ketone), 1655.64 and 1580.36 (C=
C aromatic), 1599.10 (C=C alkene) and 1510.89 cm™' (N—
H bend); DI-MS (EI): m/z found for C,;H;sF{NO,S is 499.0
[M*].

2.6.3.2. 4-(Trifluoromethyl)-N-(4-(3-(4-(trifluoromethyl)-
phenyl)acryloyl)phenyl)benzenesulfonamide (Compound
20). Compound 20 was synthesized according to the general
procedure using intermediate compound (0.6887 g, 2.0 mmol)
and 4-trifluoromethylbenzaldehyde (0.6964 g; 4 mmol).
Purification through column chromatography and recrystalliza-
tion (methanol: water) yielded the compound as an orange
powder [R; = 0.70, hexane:ethyl acetate (8:2), 0.110 g, 11.0%],
mp 206—208 °C. 'NMR 500 MHz (methanol-d,) &: 8.06—
8.05 (d, J = 8.4 Hz, 2H, H-6, H-4), 8.04—8.02 (d, ] = 8.8 Hz,
2H, H-1, H-3), 7.93—-7.91 (d, J = 8.1 Hz, 1H, H-24), 7.89—
7.87 (d, ] = 8.4 Hz, 2H, H-27, H-29), 7.84—7.83 (d, ] = 8.00
Hz, 2H, H-17, H-19), 7.79—7.76 (d, ] = 15.7 Hz, 1H, H-22),
7.31=7.30 (d, J = 8.9 Hz, 2H, H-26, H-30), 7.25 — 7.23 ppm
(d, ] = 8.5 Hz, 2H, H-16, H-20). *C NMR 125 MHz
(methanol-d,) &: 195.6 (C-21), 146.3 (C-5), 143.6 (C-24),
141.6 (C-15), 133.7 (C-25), 133.7 (C-2), 133.3 (C-18), 130.2
(C-27, C-29), 1244 (C-7, C-31), 119.1 (C-1, C-3), 119.0 (C-
16, C-20), 113.9 ppm (C-14); FTIR: 3123.76 (N—H stretch),
2924.92 and 2868.66, (CH aromatic and C=C—H alkene),
1686.89 (C=C alkene), 1655.68 (C=O0 ketone), 1599.08
and 1513.31 (C=C aromatic), 1474.55 cm™" (N—H bend);
DI-MS (EI): m/z found for C,3H;FsNO;S is 499.0 [M*].

2.6.3.3. N-(4-(3-(4-Bromophenyl)acryloyl)phenyl)-4-
(trifluoromethyl)benzenesulfonamide) (Compound 21).
Compound 21 was synthesized according to the general
procedure using intermediate compound (0.51S g; 1.5 mmol)
and 4-bromobenzaldehyde (0.5550 g; 3 mmol). Purification
through column chromatography and recrystallization (etha-
nol: water) yielded the compound as pale-yellowish crystals [R¢
= 0.70, hexane: ethyl acetate (6:4), 0.124 g, 16.2%], mp 180—
182 °C.'"NMR 500 MHz (acetone-dg) &: 8.14—8.12 (d, ] = 8.4
Hz, 2H, H-6, H-4), 8.10-8.09 (d, ] = 8.8 Hz, 2H, H-1, H-3),
7.96—7.94 (d, ] = 8.4 Hz, 2H, H-17, H-19), 7.88—7.85 (d, ] =
15.7 Hz, 1H, H-22), 7.78=7.77 (d, ] = 8.5 Hz, 2H, H-27, H-
29), 7.72—7.69 (d, ] = 15.7 Hz, 1H, H-24), 7.64—7.62 (d, ] =
8.5 Hz, 2H, H-30, H-26), 7.42—7.40 ppm (d, ] = 8.8 Hz, 2H,
H-20, H-16). 3C NMR 125 MHz (methanol-d,) &: 189.0 (C-
21), 143.4 (C-5), 143.0 (C-24), 142.1 (C-15), 133.2 (C-23),
134.0 (C-2), 133.5 (C-18), 131.8 (C-27, C-29), 130.0 (C-26,
C-30), 129.9 (C-17, C-19), 127.6 (C-4, C-6), 126.0 (C-7),
124.4 (C-28), 124.3 (C-1, C-3), 122.0 (C-16, C-20), 118.8
ppm (C-22); FTIR 3328.70 (N—H stretch), 2918.67 and
2850.29 (CH aromatic and C=C—H alkene), 1650.94 (C=0
ketone), 1605.33 (C=C alkene), 1593.86 and 1510.39 (C=C
aromatic), 1485.88 ppm (N—H bend); DI-MS (EI): m/z
found for C,,H,BrF;NO;S is 511.0 [M*].

2.7. Zebrafish In Vivo Assays. 2.7.1. Zebrafish Husban-
dry and Breeding. All experiments with wild-type (WT)

zebrafish were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Animal Ethics Committee of
Universiti Putra Malaysia (IACUC-R024/2023). WT zebrafish
aged >6 months were maintained in 2-L aquaria with reverse
osmosis (RO) in a 14-h light/10-h dark cycle at 25—27 °C and
pH 7.0—7.5. The fish were kept in a 2:3 male-to-female ratio in
a single tank to provide a stress-free environment and were fed
brine shrimp (Artemia salina) 3 to 4 times per day. Zebrafish
embryos were obtained by mating adult WT zebrafish using
standard methods. Fertilized eggs were collected from the
mating medium and rinsed with embryo medium (EM). All
larvae were reared in the same embryo medium and in the
same Petri plate to control the variation of incubation
conditions until the day of assessment. The medium was
renewed every day and mortality was monitored every 24 h
until 7 days postfertilization (dpf).

2.7.2. Evaluation of the Mortality Rate of Zebrafish
Embryos. 2.7.2.1. Dose Selection and Validation. In this
study, five concentrations (0, 3.13, 6.25, 12.5, and 25 uM) of
compounds 19, 20, and 21 were selected based on a 2-fold
serial dilution, starting with 25 yM as the highest dose. This
approach allowed a systematically evaluation of the effects of
the compounds over a relevant dose range. All concentrations
were prepared by serial dilution from 100 mM stock solutions.
Specifically, 0.0101, 0.0103, and 0.0100 g of compounds 19,
20, and 21 were dissolved in 202, 203, and 196 uL of DMSO,
respectively.

2.7.2.2. Experimental Protocol. Healthy WT zebrafish
embryos at S h postfertilization (hpf) were exposed to each
concentration, including a control group. Embryos were gently
rinsed and transferred to clean Petri dishes containing embryo
medium to remove debris and waste prior to treatment. The
experiment was performed in triplicate, with 10 embryos per
well in 24-well plates (total n = 30 per concentration). Each
well was treated by immersion with 2000 uL of the respective
test compound. Mortality was monitored and recorded daily,
and the LCy, value was determined at 120 hpf. All observations
were performed using a Leica EZ4W stereomicroscope (Leica
Microsystems GmbH, Wetzlar, Germany).

2.7.3. Locomotor Activity in Zebrafish Epilepsy Model.
2.7.3.1. PTZ Seizure Induction and Validation. At 6 dpf,
zebrafish larvae (n = 6 per group) were individually placed in
the wells of a 24-well plate (n = 1 larvae/well), each containing
2000 uL of embryo medium, and allowed to acclimate. The
locomotor behavior was recorded using an iPhone 15 ProMax
camera with a 48-megapixel (MP) sensor, 60 fps, mounted
directly above the observation chamber. At 7 dpf, WT larvae
were exposed to 2.5 mM PTZ for 10 min to induce
epileptiform activity. This PTZ concentration was validated
by preliminary dose—response studies (2.5, 5.0, 6.0, and 10.0
mM) to determine the optimal concentration that reliably
induces stage III—IV seizures (Table 3) in larvae while
maintaining mortality.

2.7.3.2. Seizure Scoring Systems. Following induction,
larvae were treated with compounds 19, 20, 21, and VPA
(positive control; 100 M) ,*¢ and acclimatized for 1 h prior to
behavioral assessment. The total observation time for
locomotor activity was 10 min, and movement was measured
in cm/s. All raw video recordings were exported, and
behavioral trajectories were analyzed using the Animal Tracker
plugin in Image] software (National Institutes of Health,
Maryland, USA). Seizure-like behavior was scored using a
previously published seizure behavior scoring system,”” as
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Table 3. Zebrafish Seizure Scoring Systems

seizure

scoring of zebrafish seizure behavior” stage
at rest or short swimming at the bottom of the tank 0
increased in swimming frequency and gill cover movement I
sudden bursts of locomotion, whirlpool-like swimming I
repetitive circular movements and rapid movements 111
rhythmic muscle contractions resembling clonus-like behavior v
sinking to the bottom of the tank, resembling tonic-like seizures v

. . . 47
“Seizure scoring was defined according to Baraban et al.”’

shown in Table 3. Behavioral end points, including total
freezing duration (s), total distance traveled (cm), total speed
traveled (cm/s) and total acceleration (cm/s®).

2.7.3.3. Statistical Analysis. All obtained results were
calculated as mean + standard error mean (SEM) using
GraphPad Prism 9.3.0 (San Diego, CA, USA). Normality test
was performed before conducting one-way analysis of variance
(ANOVA) for toxicity profile and antiepileptic behavioral
effect to obtain p-values, followed by Tukey’s post hoc test. p <
0.05 was considered a significant difference from the other
treatment groups. Pearson’s correlation was used to assess the
correlation between the total freezing count and locomotion
(total speed measured) for the PTZ-induced groups treated
with compounds 19, 20, and 21 (PTZ + compound 19; PTZ +
compound 20; and PTZ + compound 21).

3. RESULTS AND DISCUSSION

3.1. Physicochemical and ADMET Prediction. Drug
likeness is a qualitative method used in drug discovery and
development to assess the extent to which a newly designed
substance resembles approved FDA drugs in terms of its
bioavailability and oral absorption, based on its structural and
physicochemical characteristics.*** The well-known ROS is
applied to predict the absorption or permeability of potential
drug candidates through lipid bilayers in the human body.”* A
compound is classified as likely bioavailable if it meets the
criteria of the ROS (Pfizer) in combination with the Veber rule
(GSK) and the EGAN rule (Pharmacia), as shown in Table 4.
The identified drug-like properties can also be visualized using
a bioavailability radar, as depicted in Figure 4. The results show
that the intermediate 4-aminochalcones (series I) and most
sulfonamide-containing chalcones (series I and III) fully fulfill
the criteria for drug-like properties, except for compounds 13,
14, 18, 16, and 31 (logP > S).

In particular, the logP value serves as a key indicator of the
lipophilicity properties of compounds as prospective medi-
cations, with adequate logP < § being essential. It is crucial to
analyze logP, as logP predicts solubility, absorption, membrane
penetration, plasma protein binding, distribution, tissue
penetration, and ligand transport to molecular targets.’’
Higher logP values suggest stronger lipophilicity and likely
poorer solubility in water. Excessive lipophilicity (logP > S)
often leading to increased metabolic turnover, limiting
bioavailability and maximum absorbable dose. In addition,
highly lipophilic compounds tend to bind nonspecifically to
other hydrophobic sites of molecular targets, increasing the
likelihood of promiscuity and toxicity.”

Although several Series II sulfonamide-chalcones meet or
exceed the Lipinski molecular weight (M) threshold of 500
Da, the MW alone is an unreliable predictor of oral
bioavailability or permeability. Veber et al. demonstrated that

compounds with <10 rotatable bonds and a total polar surface
area (TPSA) < 140 A’ generally have good membrane
permeability and oral absorption.”® All Series II compounds
fulfill the Veber criteria (7—9 rotatable bonds, TPSA 71.62—
80.85 A%), and placing them within the “extended Rule of Five”
range, which includes clinically successful drugs.”* Notably,
CNS drugs, such as lurasidone (My, = 529 Da) exceed the
Lipinski’s My, limit yet retain high oral bioavailability and
effective BBB penetration, when other physicochemical
properties (low hydrogen bond counts, moderate lipophilicity,
and optimal TPSA) are maintained. Series II compounds
similarly exhibited high human intestinal absorption (HIA;
76.0—79.6%) and strong BBB penetration (89.7—97.3%),
supporting their CNS potential despite a higher My.>>>°
These findings reflect trends in modern CNS drug discovery,
where 500—600 Da compounds succeed when TPSA and
molecular flexibility are optimized.”*®

This relationship between lipophilicity (logP) and solubility
(logS) underscores a significant challenge for the pharmaceut-
ical industry, as approximately 50% of marketed drugs and
nearly 90% of molecules in the pipeline are poorly water-
soluble. To address this challenge, logS was calculated using
the ESOL data set to predict gastrointestinal (GI) absorption
potential.>” As shown in Table 4, the sulfonamide-chalcones
analyzed with logS greater than —3 demonstrated good
solubility; those with logS between —4 and —6 showed
moderate solubility, except for compounds 19, 20, and 21,
which displayed poor solubility (logS > —6), indicating
significant potential challenges in formulation. These findings
are aligned with the General Solubility Equation (GSE)®’
which emphasizes the inverse relationship between logP and
logS. Oral administration of poorly water-soluble drugs is often
problematic due to their limited dissolution in GI fluids, which
impairs intestinal absorption, reduces systemic exposure and
results in insufficient therapeutic effect.’! Similarly, intravenous
(IV) administration of poorly soluble drugs often requires
higher amounts of solubilizers (cosolvents, surfactants), which
often cause adverse reactions such as hemolysis and hyper-
sensitivity.”"> Despite these problems, successful formulation
strategies have enabled the commercialization of several AEDs.
For instance, carbamazepine, with a solubility of less than 200
pug/mL remains a first-line AEDs and has achieved clinical
success through formulation enhancements such as cyclo-
dextrin complexation with 2-hydroxypropyl-f-cyclodextrin (for
IV administration), solid dispersions with polyethylene glycols
(PEG-4000, PEG-6000, PEG-8000), and spray-dried surfac-
tants systems.”> As shown in Supplementary Table S2,
absorption prediction analysis shows that most sulfonamide-
chalcones have high GI absorption, except for Series II
compounds and Series III compounds 31—32. Their lower
absorption potential is likely due to high molecular weight,
poor solubility, and increased TPSA.>” While logS has less
direct influence on the BBB model than logP, poor solubility
can indirectly affect drug metabolism and pharmacokinetics
through its impact on bioavailability. Therefore, addressing
solubility at an early stage of drug development is essential, as
poor solubility is one of the main causes of clinical failures. Our
results underpin this challenge and will inform future
optimization and formulation strategies to improve the clinical
usability of these sulfonamide-chalcone compounds.

Meanwhile, PAINS are substances with reactive structural
cores that cause false-positive bioactivity results. This can
occur through various mechanisms, including colloidal
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Compound 7
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Figure 4. Bioavailability radar for selected amino-chalcone and sulfonamide-chalcones, compound 7 (series I), compound 20 (series II), and

compound 32 (series III).

aggregation. Therefore, PAINS and aggregation alerts should
ideally be predicted in the early stages of drug development
prior to the synthesis step to exclude false hits. The results
presented in Table 4 show that the designed sulfonamide-
chalcones (compounds 1—36) are non-PAINS and are
nonaggregator molecules (aggregator probability <1). In
addition, phospholipidosis (PLD) and Fsp® are analyzed to
predict the solubility of the potential drug. refers to the drug-
induced abnormal accumulation of phospholipids and drugs in
lysosomes in human organs such as liver, kidney and lung, and
can affect cell viability.”* All chalcones were predicted to be
non-PLD inducer, which emphasizes their favorable safety,
pharmacology, efficacy, bioavailability, genetic toxicity and
pharmacokinetics properties. On the other hand, all com-
pounds 1—36 are predicted to have poor solubility as they lack
sp’-hybridized carbon atoms (Fsp® values <0.30), as indicated
in Table 4.%°

Subsequently, the pharmacokinetic behavior of the sulfona-
mide-chalcones was assessed using an in silico ADME
approach to predict their absorption (A), distribution (D),
metabolism (M), excretion (E), and potential toxicity.
Supplementary Table S2 summarizes the ADME properties
of compounds 1—36, compared to established AEDs (VPA
and topiramate), including HIA, BBB permeability, PPB, and
CYP2C19 inhibition. Series I compounds had the highest
predicted HIA values (0.782—0.900), comparable to VPA and
topiramate, which are known to have approximately 90%
bioavailability. In contrast, series II (0.760—0.796) and series
III (0.720—0.777) compounds have a lower predicted
absorption. Nonetheless, all newly designed compounds
showed HIA values between 72.60 and 90%, exceeding the
threshold for good intestinal absorption (HIA+: >30%). These
results indicate that the newly designed compounds possess
favorable oral bioavailability potential, as supported by the
robust AUC performance of ADMETIlab 3.0s and the
evidential deep learning-based uncertainty quantification.
This is essential for the therapeutic efficacy of AEDs, as they
must be absorbed into the bloodstream to exert their effect on
the CNS.*%7

The BBB is a critical factor in the design and development of
CNS therapeutics, and BBB permeability can be systematically
categorized as follows: (a) BBB penetration score >2.0
indicates high penetration into the CNS, (b) 0.1 < BBB <
2.0 indicates moderate penetration into the CNS, and (c) BBB
permeability <0.1, indicates poor BBB penetration.’® Series 11
compounds had BBB penetration values ranging from 0.897 to

0.973, which closely matched the high BBB penetration of
VPA (BBB score = 0.99) and topiramate (BBB score = 0.96).
Series I showed comparable BBB permeability (0.834—0.971),
while Series III showed robust penetration (0.825—0.947).
The predictive classification models for BBB permeability
achieved an AUC value of 0.90, indicating high reliability.
These results support the therapeutic potential of the evaluated
compounds, particularly in epilepsy treatment.

Furthermore, all compounds showed a high plasma protein
binding affinity (PPB > 90%), which is important since only
unbound drugs can cross cell membranes to reach pharmaco-
logical targets. AEDs with high PPB tend to have a longer
duration of action and slower elimination from the body.
Metabolism is another important aspect of drug development,
primarily occurring in the liver through cytochrome P450
isoenzymes and can influence the toxicity, efficacy and adverse
effects of drugs.”” Of the six major cytochrome P450
isoenzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6,
CYP2E1 and CYP3A4),”® only CYP2C19 was investigated in
this study. All compounds were identified as CYP2C19
inhibitors (AUC = 0.89), which may decrease drug metabolism
and increase plasma concentrations, gotentially beneficial for
overcoming pharmacoresistance.71’7 However, CYP2C19
inhibition also poses a significant risk for drug—drug
interactions (DDIs), particularly in the treatment of epilepsy,
where 30—40% of patients require polytherapy with multiple
AEDs.”” This dual importance highlights the need for careful
dose adjustment, therapeutic drug monitoring, and compre-
hensive pharmacokinetic evaluation to optimize efficacy while
minimizing the risks of drug—drug interactions during clinical
development.

P-glycoprotein (PgP) plays a central role in the regulation of
drug transport across the BBB and influences both the
pharmacokinetics and CNS exposure of AEDs. In contrast to
VPA, which only minimally inhibits CYP and PgP, all three
sulfonamide-chalcone series, with the exception of certain
series I compounds, inhibit both CYP2C19 and PgP according
to ADMETIab 3.0. PgP inhibition may improve brain uptake
and therapeutic efficacy by reducing drug efflux at the BBB.”*
However, PgP inhibition presents dual implications. While it
can improve the bioavailability and CNS penetration of AEDs,
it also increases the risk of neurotoxicity by facilitating the
accumulation of neurotoxic substances in the brain. For
example, PgP-deficient mice show a 100-fold increase in brain
uptake of ivermectin,”> and coadministration of tariquidar with
fentanyl significantly increases CNS exposure and induces

https://doi.org/10.1021/acsomega.5c04809
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respiratory toxicity.”® In addition, PgP inhibition can lead to
clinically significant DDIs, particularly with co- administered
PgP substrates, such as verapamil, quinidine and dronedarone,
which can increase systemic drug levels and increase the risk of
adverse events.”” Therefore, early screening and comprehen-
sive pharmacological evaluation of both CYP2C19 and PgP
inhibition are essential to optimize the benefit-risk— profile
and enable safe and effective AED development.

Following the ADME analysis, all designed sulfonamide-
chalcones were subjected to in silico toxicity prediction, which
included assessment of genotoxicity, drug-induced neuro-
toxicity, respiratory toxicity, skin sensitization, rat toxicity,
AMES mutagenicity, and carcinogenicity to prioritize the
compounds with minimal or no predicted toxic liabilities
(Supplementary Tables S3 and S4). Among these end points,
genotoxicity is particularly critical in the context of epilepsy
treatment during pregnancy, as approximately 10% of affected
pregnancies are associated with congenital defects attributable
to genotoxic effects.”® Similarly, neurotoxicity, a common
adverse effect of antiepileptic drugs (AEDs), was assessed
using probability scores generated by the ADMETlIab platform,
with values between 0.7—1.0 indicating high risk and 0—0.3
indicating low risk. Respiratory toxicity was also assessed,
including the potential for irritation, inflammation or impaired
lung function. The prediction results showed that the
intermediate 4-aminochalcones (1—12) had a potential risk
of genotoxicity, neurotoxicity and respiratory toxicity. In
contrast, the sulfonamide-chalcones of series II and III
(compounds 13—36) showed no such toxic properties. It is
noteworthy that series II and III, which contain sulfonamide
moieties, also showed no predicted skin sensitization. This can
be attributed to the intrinsic anti-inflammatory properties of
sulfonamides, which supports their potential suitability for
topical formulations. In addition, the AMES mutagenicity test
categorized all sulfonamide-containing chalcones in series II
and III as nonmutagenic, alleviating concerns regarding
carcinogenic potential. Carcinogenicity, defined as the
potential of a substance to cause cancer, is an important
consideration when assessing drug safety. Series II and III were
predicted to have good safety profiles that directly address
some of the most serious limitations of current AED therapies.
While VPA is associated with well-documented risks, such as
teratogenicity, hepatotoxicity (including potentially fatal liver
failure),”” and carcinogenic potential, and topiramate poses
significant teratogenic risks, such as oral clefts (2.2% incidence,
11-fold higher than in the baseline population),” both Series
II and III compounds are predicted as nonmutagenic. In
addition, Series II is further classified as noncarcinogenic,
underscoring its better safety profile relative to existing AEDs.
In this study, only compounds 7 and 8 of Series I were
classified as noncarcinogenic, which may be related to the
presence of trifluoromethylbenzene, a substituent that may
have a protective effect. The fact that the Series II compounds
were not predicted to be carcinogenic emphasizes the role of
the sulfonamide groups in reducing cancer risk. However, the
varied carcinogenic potential of the Series III compounds
highlights the influence of specific structural modifications and
substituents and emphasizes the need for further studies to
clarify their mechanistic effects.

In this study, all predicted toxicities of Series I (1—12) were
primarily associated with the 4-amino group. This functionality
is a known structural alert for toxicity, as N-hydroxylation can
occur by cytochrome P450, producing arylhydroxylamine

intermediates that are auto-oxidized to reactive nitroso
compounds.®""*> These species can bind covalently to cellular
macromolecules, including DNA (formation of mutagenic
DNA adducts leading to genotoxicity)®> and proteins
(formation of immunogenic haptens by cysteine residues
adduction),®* as well as blood protein modifications,*®
demonstrating the covalent binding potential of nitroso
metabolites. In addition, the electron-donating nature of the
amino group may compromise metabolic stability and increase
its susceptibility to bioactivation to toxic metabolites.
Conversion of the weak electron-withdrawing amino group
to a stronger sulfonamide moiety successfully eliminated
predicted toxicities at all end points, highlights the importance
of strategic chemical modifications in improving safety profiles.
The resulting sulfonamide-containing chalcones (Series II and
III) showed good ADMET properties, with Series II
compounds exhibiting the most favorable pharmacokinetic
and toxicological profiles. These findings underscore the
potential of sulfonamide derivatives as safer and more effective
AED candidates that offer advantages over existing AEDs by
addressing key therapeutic limitations while maintaining their
efficacy.

3.2. Molecular Docking. Before the selected ligand-
protein complexes were submitted for MD, all newly designed
compounds (1-36) were first molecularly docked to the
GABA, target to determine the binding affinity and
intermolecular interactions in prioritizing promising GABA
antagonists among the compounds. The neurotransmitter
binding pocket of GABA,Rs is located between the
extracellular domains (ECDs), between the ‘principal’ face
(loops A—C) and the ‘complementary’ face (loops D and E)
(Supplementary Figure S1).% During molecular docking, the
orthosteric GABA binding site at the f*/a” subunit of the
GABA, receptor was targeted, which is oriented toward the
benzamidine cocrystallized structure (PDB: 4COF). This site
was chosen to reflect the native GABA binding domain and is
supported by literature indicating that chalcone and
sulfonamide derivatives may exert modulatory effects through
interactions within or in proximity to the orthosteric cleft.**””
Docking analysis revealed that the active site of GABA,Rs
consists of Asp 95—Leu 99 (loop A), Glu 155—Tyr 159 (loop
B), and Phe 200—Tyr 205 (loop C) from the ‘principal’ face
and the ‘complementary’ face Tyr 62—Gln 64 and Leu 125—
Arg 129 from loops D and E, respectively.*® In general, the
molecular docking strategy was validated by redocking the
cocrystallized benzamidine in the GABA, receptor. The
binding affinity and RMSD values of the redocked
benzamidine were determined to be —6.7 kcal/mol and
0.6835 A, respectively. The RMSD value <2.0 A was
considered acceptable,” indicating that the predicted binding
mode closely matches the conformation found in the published
X-ray crystallography. As shown in Supplementary Figure S2,
the redocked conformation of benzamidine with the highest
docking score is closely overlaps with its cocrystallized pose,
and both molecules exhibit a similar torsional orientation,
confirming the accurate pose reproduction. More importantly,
the ROC-AUC analysis yielded an outstanding virtual
screening performance with an AUC value of 0.996
(Supplementary Figure S3), well above the typical AUC
values for success thresholds of 0.65—0.90.”””" This near-
perfect discrimination ability corresponds to a 99.6%
probability that a randomly selected active compound will be
ranked higher than a decoy. The enrichment factors, EF1%

https://doi.org/10.1021/acsomega.5c04809
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(29.00) and EF5% (21.75) are further evidence of the early
detection performance of the protocol. They reflect a 29- and
21.75-fold enrichment compared to random selection. These
enrichment values exceed literature benchmarks, where EF1%
values of 10—20 are considered excellent.”””" Finally, the use
of empirically based cut-offs anchored to benzamidine (—6.7
kecal/mol) and VPA (—S5.4 keal/mol) provides a target-specific,
reproducible criterion for hit selection. The convergence of the
geometric (RMSD) and statistical (ROC-AUC and enrich-
ment factors) validations provides orthogonal evidence for the
reliability and predictive accuracy of the molecular docking
used in this study.

Table S presents the top three trifluoromethylsulfonamide-
containing chalcones (compounds 19, 20, and 21 from Series
II) that exhibited the most stable interactions with the
allosteric site of the GABA, receptor, with docking values of
—10.3, —10.3, and —10.1 kcal/mol, respectively. In contrast,
other compounds showed weaker binding affinity, indicating
lower stability (Supplementary Table SS). These results

Table S. Binding Affinity and Selected Binding Interactions
(Hydrogen and Halogen Bonds) of the Newly Designed
Sulfonamide-Chalcones (Compounds 19—21) and Sodium
Valproate (VPA) with the Active Site Residue of the GABA,
Receptor”

protein—ligand interactions

binding bonding
affini distance
compound  (kcal/mol) ligand  receptors interactions (A)
19 -10.3 N-H Ala4s H-bond 22
—F Glul55  halogen 2.81
5
—F TyrlS7  halogen 2.82
(F
—F Tyr97 H-bond 2.95
-F Asp48 halogen 2,98
(5
—F Tyrl57  halogen 3.18
(5
—F Glul55  halogen 3.45
(F
—F Serl56 halogen 3.64
5
—F Tle47 halogen 3.68
®
20 —10.3 —F Thr151 H-bond 221
—F Thr202  H-bond 2.28
—-F Met137 H-bond 2.66
—F Tyrl57  halogen 3.16
5
—F Alal3s halogen 3.18
(F
-F Tyrl57  halogen 3.19
(F
—F Asnl49  halogen 3.55
(5
21 —10.1 N-H Ala4S H-bond 2.2
—F Asn100 C—H bond 323
—F Asp48 C—H bond 3.41
—F Glul82  halogen 3.53
VPA -S54 -O0-H Thr202  H-bond 2.55
—F Tyr97 H-bond 3.27
—-F Glulss ha(lo en 3.46
F

“H-bond: Hydrogen bonding.

emphasize the improved interaction stability of the newly
designed chalcones with the GABA, receptor, which is
primarily due to H-bonding.

Supplementary Figure S4a—f and Figure Sa—c depict the 3D
and 2D binding interactions of potentially active sulfonamide-
chalcones 19, 20, and 21 with the active center of the GABA,
receptor. These compounds show similar interactions with
important amino acid residues as the reference drug VPA.
Docking analysis revealed that these compounds 19, 20, and
21 adopt stable poses within the orthosteric GABA binding site
at the "/a~ subunit interface and bind the residues of loops
A—E via H-bonds, halogen bonds, and hydrophobic inter-
actions. Compound 19 forms H-bonds with Ala4S (2.20 A)
and Tyr97 (2.95 A), which are known to enhance ligand
specificity and reduce conformational mobility within the
pocket. Compound 19 also forms halogen bonds with Glul5$,
Asp48, Ser156, Ile47, and Tyrl57, as well as a o-hole on the
fluorine, which contributes to additional electrostatic stabiliza-
tion, increased binding affinity, and specificity.”> Compound
20 forms hydrogen bonds with Thr202 (2.28 A), Thr151 (2.21
A), and Met137 (2.66 A) and halogen bonds with Tyr1S7,
Alal35, and Asnl49. Meanwhile, compound 21 forms a
hydrogen bond with Ala45 (2.20 A) and two C—H interactions
with fluorine substituents. Hydrophobic interactions were also
observed with Tyr62, Tyr20S, Leu99, and Alal35 for
compound 19, with Tyr62, Phe200, Tyr20S, Ala4S, and
Leu99 for compound 20, and with Alal35, Leu99, Tyr205,
Phe200, and Tyr62 for compound 21 (Figure Sa—c). These
results, which are summarized in Table S, highlight the strong
receptor—ligand interactions of these sulfonamide-chalcones.
For all three ligands, 7—7 stacking and z—alkyl interactions
with Tyr62 (loop D), Phe200 and Tyr20S (loop C), Leu99
(loop A), and Ala135 (loop E) stabilize binding by connecting
to aromatic box of the GABA, receptor. The planar,
conjugated chalcone scaffold optimally positions its aromatic
rings for these interactions, enhancing both binding affinity
through London dispersion forces and binding selectivity by
fitting the unique geometry of the GABA, aromatic cleft. The
detailed overall binding interactions of these compounds with
the receptor are summarized in Table 6.

The superiority of compound 20 over compounds 19 and
21 is primarily due to the two para-CF; substituents on the
sulfonamide and chalconoid rings, which increase lipophilicity
by ~0.7 logP units and thus facilitate BBB penetration. In
addition, the strong electron-withdrawing induction effect of
CF, (O'P = +0.54) lowers the NH pK, of the sulfonamide,
strengthening hydrogen bonding at Thr151 and Thr202. This
inductive effect also polarizes the 7 system of the chalcone,
increases the molecular dipole moment and strengthens the
electrostatic control in the orthosteric cleft.

3.3. Fragment-Based SAR of CYP2C19 Inhibitors.
Based on the promising molecular docking results and the
favorable ADMET profiles, including predictions for CYP2C19
interactions (Supplementary Table S3), further structural
studies were performed to elucidate the detailed fragment-
level binding mechanisms to CYP2C19. The high-resolution
X-ray crystal structure of human CYP2C19 complexed with (2-
methyl-1-ofuran-3-yl) (4-hydroxy-3,5-dimethylphenyl)-
methanone (PDB ID: 4GQS; 2.87 A resolution) was selected
due to its well-defined distal haem cavity and substrate-
recognition sites (SRS-1 to SRS-4).”> The critical residues
include Ser208 and His99 (SRS-1) and the hydrophobic
residues Phel14, [1e297, and Leu366 (SRS-4).

https://doi.org/10.1021/acsomega.5c04809
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Figure S. 2D representation of the binding interactions between the allosteric site of the GABA, receptor and the three highest scoring ligands,
compounds (a) 19, (b) 20, and (c) 21. Green line: H-bond; orange line: 7—cation/anion; purple line: 7—z-stack/T-form; light purple: alkyl/z-
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Table 6. Overall, Analysis of the Binding Interaction of Compounds 19, 20, and 21 with the Target GABA, Receptor”

compound

19

20

21

7-cation/ 7-sigma/z-stacking

hydrogen bonds halogens interactions carbon H-bonds
target protein amino acid substituent amino acid substituent amino acid substituent amino acid substituent
4COF Tyr97 —F Glul55 —F Tyr205 —F Lys102 —F
Ala4s N-H Tyrl57 Leu99 benzene Asp48
Tle47 Alal35 -F Ser46
Asp48 Tyr62 benzene
Met137 —F Asnl149 —F Leu99 benzene ring Cys136 —F
ThrlS1 Alal3$ Tyr62
Thr202 Tyr157 Phe200
Ala4s N-H Glu182 -F Tyr62 benzene ring Asp48 —F
Phe200 Asnl00 §=0

“Abbreviations: MET, methionine; TYR, tyrosine; ALA, alanine; GLU, glutamic acid; GLY, glycine; ALA, alanine; LYS, lysine; ARG, arginine;
THR, threonine; GLN, glutamine; ASP, aspartic acid; SER, serine; CYS, cysteine; ASN, asparagine; PHE, phenylalanine; LEU, leucine.

Table 7. Fragment Docking Energies, Ligand Efficiencies, and Key Interactions with CYP2C19 (PDB ID: 4GQS)

fragment/

compound
sulfonamide
trifluoromethyl
chalcone
phenyl
fluorine
chlorine
bromine
compound 19

compound 20

compound 21

binding energy, AG heavy  ligand efficiency (LE)

molecular formula (kcal/mol) atoms (kcal/mol) key interactions

—SO,NH-C- —3.374 6 0.56 H-bond (Ala297), 7-sigma (HEMSO01)

—CF; —3.448 4 0.86 halogen (HEMSO01), 7-alkyl (Ile362, Leu366)

—CO-CH=CH- -3.143 4 0.79 H-bond (Ala297)

CeH; —4.422 6 0.74 n—n T-shaped and 7-alkyl (HEMS01)

-F —1.068 1 1.07 no interaction

—Cl -1.177 1 1.18 hydrophobic (Ile178, Ile181, Leul31 & Leu294)

—Br —1.231 1 123 no interaction

C,3H,sFeNO;S —6.493 34 0.19 hydrophobic (I1e205 & Glu300), H-Bond (Asn107)

C,3H, FeNO,S —4.622 34 0.19 H-bond (Asp293), halogen bond (Thr304 & Ser478),
hydrophobic (Thr301

Cy,H sBrF;NO;S —8.408 31 0.27 halogen (Asn107 & I1e289), hydrophobic (Thr301 &
1le362)

55340 https://doi.org/10.1021/acsomega.5c04809
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Figure 6. HOMO and LUMO molecular orbitals and their energy levels for compounds (a) 19, (b) 20, and (c) 21, and were calculated using the

DFT/B3LYP/def-SV(P) method.

Seven chemical molecular fragments (representing common
drug substructures) were docked to CYP2C19, and their
binding free energies (AG) and ligand efficiencies (LE) were
calculated (Table 7). This fragment-based SAR analysis
highlighted two key structural features required for
CYP2C19 inhibition: a polar headgroup forming H-bonds
with key residues Ser208 and His99 in SRS-1, and a
hydrophobic or aromatic core interacting via 7—z and 7-
alkyl in SRS-4.”%°

The sulfonamide fragment (—SO,NH—) demonstrated the
importance of the polar headgroup, with moderate binding
affinity (AG = —3.37 kcal/mol, LE = 0.56 kcal'-mol™"-HA™")
through H-bonds with Ala297 and 7—sigma contacts with the
porphyrin edge, effectively anchoring it near the haem iron.
Similarly, the chalcone carbonyl group (—CO—CH=CH-)
formed H-bonds with Ala297 (AG = —3.14 kcal/mol, LE =
0.79 kcal'mol™"-HA™), confirming its dual function as a H-
bond acceptors and z-systems for anchoring in the active site.
The phenyl (—C¢H;) fragment showed the highest binding
affinity (AG = —4.42 kcal/mol, LE = 0.74 kcal-mol "-HA™"),
forming m—n T-shaped and s-alkyl interactions with the
HEMSO01 (the haem group), emphasizing the crucial role of
the aromatic nuclei in binding.

In contrast, the monohalogen fragments displayed varying
interactions and affinities: Fluorine (—F) had minimal affinity
(AG = —1.07 kcal/mol, LE = 1.07 kcal-mol™"-HA™), chlorine
(—Cl) interacted hydrophobically with Ile178, Ile181, Leul31,
and Leu294 (AG = —1.18 kcal/mol, LE = 1.18 kcal-mol™*
HA™) and bromine (—Br) had no specific interactions (AG =
—1.23 kcal/mol, LE = 1.23 kcal-mol™"-HA™!). The trifluor-
omethyl group (—CF;) bound moderately (AG = —3.45 kcal/
mol, LE = 0.86 kcal'mol™"-HA™"), interacting via H-bonds with
the haem and #-alkyl interactions with Ile362 and Leu366.

Translating the fragment-based findings to the full
sulfonamide—chalcone structures, compound 19 showed a
strong binding affinity (AG = —6.49 kcal/mol, LE = 0.19 kcal-
mol ""HA™) through hydrophobic and H-bond interactions.
Compound 20 exhibited a lower binding affinity (AG = —4.22
kcal/mol, LE = 0.19 kcal-mol™""-HA™") due to a less favorable
geometry. Compound 21 with 4-bromophenyl substituent,
showed the highest binding affinity in the series (AG = —8.41
kcal/mol, LE = 0.27 kcal'mol "-HA™") due to halogen and
hydrophobic interactions.

These comprehensive results indicate that for effective
CYP2C19 inhibition, the sulfonamide headgroup must be
retained for anchoring in SRS-1, while a moderately large

https://doi.org/10.1021/acsomega.5c04809
ACS Omega 2025, 10, 55325—-55353
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aromatic core is incorporated into SRS-4, which is optimized
for 7—r and halogen interactions. While the superior binding
affinity of compound 21 underscores the value of polarizable
halogens-substituted aromatic cores, it was predicted that
increased lipophilicity and excessive binding affinity present
risks for prolonged enzyme occupancy and increased drug—
drug interaction (DDI) liability. Compound 19 offers a
balanced approach to potency and LE through its dual —CF;
substituents, while compound 20 illustrates the critical
sensitivity of core substitution patterns to binding geometry.
These structure-based insights provide a clear framework for
rational drug optimization: maintaining polar headgroups
alongside Ser208 and His99, carefully tuning aromatic core
substituents to optimize 7 and halogen-binding interactions in
SRS-4 and avoiding overly lipophilic groups that could
exacerbate CYP2C19 inhibition and increase the risk of
metabolic DDIs.

3.4. Density Functional Theory (DFT) Analysis. DFT is
a computational quantum mechanical method that provides
insights into molecular stability and reactivity and comple-
ments molecular docking predictions for active structures 19,
20, and 21. By analyzing the energies of the frontier molecular
orbitals (FMOs), in particular the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), DFT calculations provide valuable information on
ionization potential (IP), electron affinity (EA), electro-
negativity (y), electrophilicity index (@), hardness (7),
softness (s), and chemical potential (u).>°7°% These
parameters help to establish the relationship between energy,
structure and reactivity, which is crucial for understanding the
interaction of the predicted compounds with the GABA,
receptor. The HOMO (Eyopmo), LUMO (E ymo) and gap
energies (AE,,,) were determined using DFT/B3LYP/def-
SV(P) in the gas phase, allowing the evaluation of molecular
stability and electronic properties. The AE,,; values, indicative
of chemical reactivity, corroborate the docking results by
confirming that compounds 19, 20, and 21 possess favorable
electronic configurations for strong receptor binding. This
integrative approach strengthens the hypothesis that these
compounds act as potent GABA, receptor antagonists and
supports their potential as alternative drug candidates for
epilepsy treatment.

3.4.1. Frontier Molecular Orbitals (FMOs) and Global
Descriptor. FMOs, including the HOMO and the LUMO, are
often used to study the chemical reactivity and regioselectiv-
ity.” The calculated HOMO and LUMO energies together
with the corresponding AE,,, for compounds 19, 20, and 21
are presented in Figure 6. These three compounds belong to
the same structural series, but differ in important substituent
features: compounds 19 and 20 differ in the position of their
substituents (para vs meta), while compound 21 bears a para-
bromo instead of a trifluoromethyl (—CF;) group. These
structural variations directly influence their FMO energies and
global reactivity descriptors. The calculated AE,,, for
compounds 19, 20, and 21 are 4.177, 4.138, and 4.011 eV,
respectively, using the B3LYP/def-SV(P) theory level. These
values fall within the typical AE,,, region observed for many
bioactive organic molecules. For example, a AE,, of 4.02 eV
was determined for flunitrazepam, a well-known BZD and
GABA, receptor modulator, in a DFT study,'’® which closely
matches the AE,,, of compound 21. In addition, these values
are significantly lower than those of benzene (~6 eV), which
emphasizes the increased reactivity and lower kinetic stability

of the sulfonamide-chalcones studied, which could be advanta-
geous for drug-receptor interactions.

Of the three compounds, compound 21 exhibits the highest
electron-donating and electron-accepting capabilities, as
evidenced by the highest HOMO energy (Eyopo = —6.423
eV), the lowest ionization potential (IP = 6.423 eV), the lowest
LUMO energy (—2.412 eV) and the highest electron affinity
(EA = 2.412 eV). Since the ionization potential (IP) correlates
directly with the HOMO energy, a higher (less negative)
HOMO indicates a lower IP, which means that the molecule
can donate electrons more easily, improving its nucleophilic
behavior and overall reactivity toward electrophilic targets.
Furthermore, compound 21 has the smallest AE,, (4.011 eV)
among the three compounds, indicating greater chemical
reactivity, lower kinetic stability and higher polarizability. This
increased polarizability can be attributed to the presence of
bromine, which allows easier distortion of electron density
under an electric field due to its larger atomic size and lower
electronegativity compared to fluorine. The order of stability
based on the AE,,, values is 19 > 20 > 21, with corresponding
AE,,, of 4.177, 4.138, and 4.011 eV (Figure 6). These trends
are consistent with literature reports showing that CF;-
substituted aromatic compounds typically have AE,, of
~4.0—4.5 eV, while Br-substituted compounds have slightly
lower gaps (~3.8—4.2 eV). A smaller AE,, is a hallmark of a
“soft” molecule, more chemically reactive and more likely to
undergo drug-receptor interactions.'’"'%*

In contrast, compound 19 with the largest AE,,, behaves
like a “hard” molecule, characterized by lower polarizability,
higher kinetic stability and a lower tendency to deform the
electron cloud. This makes it less reactive, as the absorption of
electrons into a high-lying LUMO is less energetically
favorable. To further explore their electronic properties, global
reactivity descriptors, including ionization potential (IP),
electron affinity (EA), electronegativity (y), electrophilicity
index (@), hardness (77), softness (S) and chemical potential
(u), were calculated using Koopmans' theorem (Table
8).'>'%* The chemical potential (i) reflects the tendency of

Table 8. Calculation of Global Reactivity Descriptors Using
DFT/B3LYP/def-SV(P) Method in Gas State

compounds 19 20 21
Enono (V) —6.474 —6.514 —6.423
Eyumo (eV) -2297 —2376 —2.412
Eyono — Euonol (€V) 4177 4.138 4011
ionization potential (eV) 6.474 6.514 6.423
electron affinity (eV) 2.297 2.376 2.412
electronegativity, y (eV) 4.386 4.445 4.418
chemical potential, y (eV) —4.386 —4.445 —4.418
global hardness, 1 (eV) 2.089 2.069 2.006
global softness, s (eV) 1.045 1.035 1.003
electrophilicity index, w (eV) 4.604 4775 4.865

the molecule to lose electrons. All three compounds have
negative y values (—4.386, —4.44S, and —4.418 eV), indicating
inherent stability and resistance to spontaneous degradation.
The hardness (1) quantifies the resistance to electronic
deformation and correlates with the AE ap'IOS Compounds
19, 20, and 21 exhibit #-values of 2.089, 2.069, and 2.006 eV,
respectively, confirming a decreasing trend in stability and an
increasing trend in chemical reactivity throughout the series.

https://doi.org/10.1021/acsomega.5c04809
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Figure 7. RMSD plot of (a) GABA,R protein backbone in complex with selected sulfonamide-containing chalcones and (b) selected sulfonamide-
containing chalcones (compounds 19, 20, and 21) backbone in complex with GABA,R.

Softness (S), the reciprocal of hardness, and the electro-
philicity index (@) provide further insight into the reactivity
profiles. Remarkably, compound 21 exhibits the highest
electrophilicity (w = 4.865 eV), indicating a strong tendency
to accept electrons and associate with electron-rich biological
targets. This increased reactivity suggests that compound 21
could effectively interact with nucleophilic sites such as DNA
bases or protein thiol groups, which may contribute to both
therapeutic activity and potential off-target toxicity. The
molecular docking results indicate that compound 20 may
have a better physical fit within the target binding site, while
compound 21 is likely to form stronger electronic interactions
due to its favorable reactivity descriptors. Therefore, both
compounds were selected for further evaluation using
advanced computational techniques, including molecular
dynamics simulations, to further determine their potential as
lead candidates.

3.4.2. Mulliken Population Analysis. Mulliken population
analysis is one of the most widely used models for predicting
individual atomic charges and remains computationally
popular in calculations due to its simplicity. The atomic
charges of selected compounds 19, 20, and 21 (Supplementary
Figure S5) were calculated with Mulliken population analysis
using the B3LYP method with def-SV(P) basis set,'” as
summarized in Supplementary Table S6. Mulliken charge
analysis shows that all hydrogen atoms carry positive charges,
with H-37, H-33, and H-33 having relatively high values of
0.090, 0.090, and 0.089, respectively. These increased positive
charges indicate possible intra- and intermolecular hydrogen
bonding within the crystal packing. Of all the compounds, H-
11 has the highest positive Mulliken charge (0.183), as it is
directly bonded to the electronegative nitrogen atom.
Conversely, the oxygen and nitrogen atoms carry the most
negative charges due to their high electronegativity. In
addition, carbon atoms bonded to oxygen and nitrogen have
positive charges, reflecting their electron-withdrawing nature.
Overall, the Mulliken charge distribution illustrates the key
electronic properties of these compounds, particularly the
influence of the electronegative atoms on charge polarization
and potential hydrogen bonding, which are crucial for their
structural stability and reactivity.

3.4.3. Molecular Electrostatic Potential (MESP) Maps.
Electrostatic potential (ESP) maps visually represent the

charge distribution in a molecule and help to identify
electrophilic and nucleophilic sites that are critical for the
development of AEDs targeting the GABA, receptor. In the
molecular ESP (MESP) of compounds 19, 20, and 21, the
most negative regions (red) are located around the oxygen
atoms in the S=O and C=O0 groups, characterizing them as
likely sites for electrophilic attack. Conversely, the nitrogen
atoms appear in the most positive regions (blue), indicating
potential sites for nucleophilic attack. Some negative potential
is also distributed along the carbon—carbon double bonds of
the ring. These charge patterns, shown in Supplementary
Figure S6, provide insight into the local reactivity and
interaction sites of the molecules.

These observations are consistent with the global reactivity
parameters derived from DFT, which further characterize the
overall chemical behavior of the compounds. Based on the
DEFT results, compound 21 emerges as the most chemically
reactive, with the smallest AE,, the highest electrophilicity
index (w) and strong electron donating and accepting
capabilities. These properties may increase its binding affinity
to the GABA, receptor by facilitating favorable electrostatic
and charge transfer interactions. However, the high reactivity
and pronounced electrophilicity also raise concerns about
potential off-target toxicity. Highly reactive compounds can
interact nonspecifically with biological macromolecules such as
proteins and enzymes or be metabolically activated to form
toxic intermediates.'””'*® In particular, strong electrophiles
can form covalent bonds with nucleophilic sites on DNA or
proteins, which can lead to cell damage or immunogenic
reactions. In contrast, compound 19 with the largest AE,,; is
the most stable and least reactive compound, which could
reduce its effectiveness as a GABA, receptor antagonist.
Compound 20, which has an intermediate AE,,, and @ value,
provides a favorable balance between stability and reactivity.
This balanced profile is supported by molecular docking results
showing strong antagonistic interactions with the GABA,
receptor. Therefore, compound 20 was selected for further
evaluation through molecular dynamics (MD) simulations to
assess its binding stability, conformational flexibility, solvation
behavior and interaction dynamics in a biological environment,
the key parameters for advancing the development of GABA,-
targeted therapies for epilepsy.

55343 https://doi.org/10.1021/acsomega.5c04809
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3.5. Molecular Dynamics Simulation. MD simulation is
a computer-aided tool used in structure-based drug design to
predict the protein—ligand stability and interactions in
dynamic environment.'”"'" In this study, MD simulations
were used in combination with a simulation interaction
diagram (SID) to analyze deviations, fluctuations and
intermolecular interactions."'' A classical atomistic 100 ns
SPC water model was used to investigate the docking
dynamics of the three compounds (19, 20, and 21) with the
highest binding affinity. Key parameters such as RMSD,
RMSF, R,, SASA, and H-bonds were evaluated to provide
insights into the structural stability and binding mechanisms of
protein—ligand complexes to support drug optimization
strategies.

3.5.1. Root Mean Square Deviation (RMSD) and Root-
Mean-Square Fluctuation (RMSF). The RMSD is a key metric
in MD simulations to evaluate the stability of proteins and
protein—ligand complexes over time.''” In this study, the
RMSD was used to evaluate the deviations in the GABA,R
backbone, focusing on the stability of the GABA,R-chalcone
complexes during the 100 ns simulation. Lower RMSD values
generally indicate greater stability. As shown in Figure 7a, the
average RMSD values for GABA,R-compound 19, GABA,R-
compound 20, and GABA,R-compound 21 were 0.26, 0.22,
and 0.20 nm, respectively. Initially, the RMSD varied between
0.18—0.27 nm for compound 19, 0.16—0.24 nm for compound
20 and 0.11—-0.24 nm for compound 21. The RMSD diagram
shows that the complex of GABA,R-compound 20 exhibited
the highest stability as its structure deviated the least compared

to compounds 19 and 21. Figure 7a also shows that all
sulfonamide-chalcone-bound complexes exhibited RMSD
deviations in the first 20 ns, followed by minimal fluctuations
between 30 and 60 ns. At the end of the simulation, the
minimum RMSD values were 0.280, 0.250, and 0.241 nm for
compounds 19, 20, and 21, respectively. Remarkably,
compounds 20 and 21 had lower RMSD values than the
unbound GABA,R (0.267 nm). The RMSD of the complex of
GABA,R-compound 20 stabilized after 23 ns and kept the
fluctuations low, indicating a stable binding interaction.
Throughout the MD simulation, compounds 20 and 21
showed the smallest deviations, indicating strong and stable
interactions with GABA,R. Contradictorily, compound 19
showed greater variation with RMSD values between 0.22 and
0.73 nm (average 0.45 nm), particularly between 40 and 50 ns
(Figure 7b), suggesting weaker and less stable binding. Of all,
compound 20 deviated the least from its original configuration,
confirming its stability.

To evaluate the flexibility of the protein after ligand binding,
the RMSF diagram (Figure 8) was analyzed. The variations
were similar for all compounds, with significant deviations
highlighted in the black box (Figure 8). The GABA,R-
compound 19 complex showed fluctuations in residues 265—
280, while compound 20 showed fluctuations in residues 70—
80. These fluctuations may reflect conformational changes or
dynamic behavior. Overall, all GABA,R-chalcone complexes
exhibited greater fluctuations than unbound GABA4R, likely
due to ligand binding affecting protein dynamics.''® Protein
fluctuations during MD simulations indicate conformational

55344 https://doi.org/10.1021/acsomega.5c04809
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observed between GABA,R and the ligand, and (d) number of H-bonds between GABA,R and water molecules during MD simulation. Black:
GABA,R; red: GABA,R-compound 19; green: GABA,R-compound 20; blue: GABA,R-compound 21.

flexibility or structural changes in the protein—ligand complex
over time.

3.5.2. Radius of Gyration (Ry), Solvent-Accessible Surface
Area (SASA), and H-Bond Analyses. The Rg value measures
the compactness of proteins by reflecting the mass distribution
around an axis.''* In protein—ligand interactions, R, provides
insights into conformational changes and the folding of the
protein after ligand binding.'"> During the 100 ns MD
simulation, unbound GABA,R maintained a stable R, of 3.81
nm, indicating structural integrity. When bound to sulfona-
mide-chalcones (compounds 19, 20, and 21), the average R,
values were 3.86, 3.84, and 3.85 nm, respectively (Figure 9a).
These values suggest minimal conformational changes of the
protein upon ligand binding. The fluctuations in R, remained
within 3.80—3.86 nm, indicating that all three ligands preserve
the structural integrity of GABA,R while causing a slight
increase in compactness. SASA was also analyzed to assess the
exposure of the protein surface to solvent molecules, which
affects ligand binding, protein—protein interactions and
Monitoring SASA during MD
simulations helps to identify key residues involved in ligand
binding and protein stability."'” The average SASA values for
the GABA,R-ligand complexes were 665.20 nm* (compound
19), 661.32 nm” (compound 20), and 668.13 nm* (compound

. 11
conformational changes. 6
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21) (Figure 9b). In particular, the lower SASA value for
compound 20 indicates a more stable interaction with
GABA,R compared to compounds 19 and 21. Furthermore,
H-bonds play a crucial role in the stabilization of biological
molecules. The total number of H-bonds formed during the
MD simulations is shown in Figure 9c. Compounds 20 and 21
formed two H-bonds with the active site pocket of GABA,R,
with compound 20 showing a higher frequency of maintaining
these interactions than compound 21. In contrast, compound
19 formed a maximum of three H-bonds but showed fewer
interactions with the solvent environment. The binding
stability of the GABA,R compound complexes was further
investigated using 100 ns simulations in a solvent environment.
Among the three compounds, GABA,R-compound 20 showed
the strongest H-bond interactions, while GABA,R-compound
19 and GABA,R-compound 21 showed fewer interactions
with the solvent (Figure 9d).

Although classical positive allosteric modulators (PAMs)
generally bind to well-characterized nonorthosteric sites, such
as the BZD binding site, there is evidence that structurally
diverse scaffolds, including chalconoids, can potentiate
GABAergic signaling through interactions proximal to the
orthosteric site. Among these, compound 20 exhibited high
affinity and stable pocket occupancy, as evidenced by persistent
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0.003). Compound 20 (green) has a moderate RMSD and the longest 7. The regression lines include 95% confidence intervals (CI), while the

dashed reference values denote the stability thresholds in the literature.

H-bonding with key residues Thr151 and Thr202 and
consistently low RMSD values during MD simulations.
These results support that compound 20 acts as a nonclassical
PAM by stabilizing the conformation of the GABA, receptor
near the orthosteric site.

Collectively, the integrated findings from molecular docking,
DFT and MD simulations indicate that compound 20 exhibits
strong binding affinity, optimal electronic properties and high
structural stability within the GABA,R binding site. Its
favorable R,, SASA and H-bond interactions support its
stability and potential as a promising GABA,R antagonist.
These results highlight compound 20 as a strong drug
candidate for the treatment of epilepsy that warrants further
experimental validation.

3.5.3. Quantitative Correlation of Docking Affinities with
MD Stability Metrics. Following MD simulations, a
quantitative correlation analysis was conducted to validate
static docking predictions with the dynamic binding behavior.
This analysis revealed that H-bond lifetime (7yp) was a
statistically significant predictor of ligand stability, supporting
the selection of compound 20 as a promising AED candidate.
Although compounds 20 and 19 had an identical binding
affinity of —10.3 kcal/mol, initial docking analysis indicated
that compound 20 was more strongly associated with key
residues of GABA, receptor, forming four H-bonds (Tyr97,
Thr142, Tyr20S, and Thr206), and a key salt bridge with
Argl44. In contrast, compound 19 formed only three H-bonds
and lacked the critical salt bridge. Subsequent 100 ns MD
simulations confirmed the functional significance of these
interactions and revealed a perfect and statistically significant
correlation between docking scores and H-bond lifetimes (r =
—1.0000, p = 0.0033; Figure 10b). Compound 20 exhibited a
higher 735 (0.0288 ns) than compound 19 (0.0276 ns), which

can be attributed to a higher ligand stability due to its broader
interaction profile. Conversely, ligand RMSD did not correlate
significantly (p = 0.1801; Figure 10a), suggesting that H-bond
persistence is a more reliable indicator of stabilizing
interactions than overall positional fluctuation for these high-
affinity ligands. Compound 21, which exhibited the slightly
lower docking score (—10.1 kcal/mol), displayed the shortest
7yg (0.0139 ns), further confirming this stability trend. These
results confirm the predictive power of docking values for
dynamic stability, especially for 7y, and emphasize the
robustness of compound 20 as a hit candidate for AED.

3.6. Synthesis and Characterization of Sulfonamide-
Chalcones. All three target sulfonamide—chalcones (com-
pounds 19, 20, and 21) were successfully synthesized via a
two-step route, sulfonylation of 4-aminoacetophenone, fol-
lowed by a Claisen—Schmidt condensation with appropriately
substituted benzaldehydes. In the 'H NMR spectra, each
compound exhibited diagnostic trans-alkene doublets (J ~ 15.6
Hz), confirming the exclusive formation of the E-isomer. The
aromatic proton signals confirmed the expected substitution
pattern, with pronounced deshielding (5 8.02—8.06 ppm) for
protons in ortho position to electron-withdrawing sulfonyl and
carbonyl groups. Compounds with —CF; substituents showed
atypically strong meta-couplings (~8—9 Hz), in line with the
polar field effects reported for trifluoromethylbenzenes. In *C
NMR, the a@,fB-unsaturated carbonyl carbons resonated at &
189—197 ppm, which is characteristic of conjugated ketones.
DI-MS analysis confirmed the molecular ions at m/z 499.0
[M]+ (for compounds 19 and 20) and S11.0 [M]+
(compound 21), with no evidence of fragmentation, validating
the molecular integrity of the sulfonamide—chalcone scaffold.
Meanwhile, the FTIR spectra displayed characteristic bands for
N—H (3200-3300 cm™!), C=0 (1650—1680 cm™"), and
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aromatic/alkenic C—H stretches, further confirming the
presence of the main functional groups of the targeted
compounds. The observed melting points and R; values were
in agreement with structurally related analogues, indicating
high purity and successful purification. Collectively, these
findings affirm the efficient synthesis of the sulfonamide-
chalcones and highlight the consistent electronic influence of
the dual electron-withdrawing substituents on their spectro-
scopic profiles.

3.7. Preliminary Mortality Evaluation. To complement
the computational results (Sections 3.1—3.4), a preliminary
evaluation of the toxicity of the synthesized compounds 19, 20,
and 21 was performed in order to gain an early insight into
their safety profiles prior to the antiepileptic evaluation. This
assessment, expressed as a median lethal concentration (LCs,),
provides an initial indication of the relative toxicity of
individual compounds. As shown in Figure 11, compound 19
had the highest LCg, value (1.11 uM), followed by compounds
20 (1.07 uM) and 21 (0.96 uM), indicating that compound 19
is the least toxic and compound 21 is the most acutely toxic.
These mortality results provide an important experimental
perspective in addition to the in silico predictions. Of note,
DFT analysis identified compound 21 as the most chemically
reactive, with the smallest AE,,, (4.011 eV), while compound
19 was the most electronically stable (AEgap = 4.177 V) and
compound 20 was in between (AEgap = 4.138 eV). The trend
in toxicity (21 > 20 > 19) mirrors the trend in chemical
reactivity and indicates a possible correlation between higher
electronic reactivity and increased acute toxicity. This
correlation suggests that the high reactivity of compound 21,
while potentially increasing binding to the target, may also lead
to greater off-target interactions or metabolic instability,
contributing to its observed toxicity. In contrast, the lower
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reactivity and greater stability of compound 19 are consistent
with its lower toxicity, but may limit its pharmacodynamic
efficacy. Compound 20 with moderate reactivity and toxicity
has a balanced profile. It shows strong binding affinity,
acceptable dynamic stability and tolerable toxicity. Overall, the
preliminary toxicity data not only validate and refine the
computational predictions, but also help to prioritize
candidates for further in vivo efficacy studies. Compound 20
emerges as the most promising candidate as it shows a good
balance between reactivity, safety and predicted pharmaco-
logical performance.

3.8. Preliminary Anti-Epileptic Behavioral Studies. To
further validate their antiepileptic effects, compounds 19, 20,
and 21 were tested with the chemoconvulsant PTZ-induced
zebrafish larvae, an established model for seizure-like behavior
caused by GABA, receptor antagonism and neuronal hyper-
excitation."'® The effects of these compounds were assessed by
analyzing locomotor activity, a reliable marker of neuronal
function and neurotoxicity. PTZ exposure typically induces
pronounced seizure-like behaviors in zebrafish, including
hyperactivity, rapid circling, clonus-like convulsions, and
postural damage.''”™"*" This model was selected due to its
widely accepted as an effective in vivo platform for screening
anticonvulsant candidates due to its reproducibility and
relevance to human epilepsy.'**"'**

In this study, 7 dpf zebrafish larvae were exposed to 2.5 mM
PTZ, a concentration optimized to induce strong seizures
without causing death. Exposure of zebrafish larvae at 7 dpf for
locomotor assessment in epilepsy studies since 7 dpf zebrafish
larvae have a fully developed CNS and show coordinated
swimming behavior, besides their BBB is functionally
established. VPA (100 M) was used as a positive control,
with both concentrations selected based on previous studies

https://doi.org/10.1021/acsomega.5c04809
ACS Omega 2025, 10, 55325—-55353

920¢ isnbny .0 U0 18sn V ISAVTWA VdINd A INN Ag 4pd "60870950® /S508060% /SCESS /9% /0T /4pd -8 |9 11 1€ /4posae /6 1o "soe "sqnd //:d 33y wo 14 papeo jumog



http://pubs.acs.org/journal/acsodf

ACS Omega
a
(@) % 1000+ e
c L
2 800+
o
3 600
2 it
N 400 s
3 #H
o
L 200-
8
o]
= 0 1 1 1 1
AN
O ' \\?’ x'@ xq,“ "

(©)

» 40000+
s Iz
B 30000
]
>
£ 200004
el
[}
2 10000
»
8
'2 0 1 I 1
> O O N
o("é © Q‘d’x Qv. 1,::'\ 1/"‘1, qu'
é q‘\1’ & & L
6.25 UM

(b)

25000
20000 #
15000

10000

a0

Total Distance travelled (cm)

(@

400+
300

200

“Hal

Total Acceleration (cmlsz)

> O N N
&@ Q&'\/ AQV N oKV Y

1 AR
6.25 UM

Figure 12. Locomotor activity in PTZ-induced larvae of zebrafish exposed to the tested compounds at 7 dpf (days postfertilization) at a
concentration of 6.25 uM. (a) Total freezing count, (b) total distance traveled, (c) total speed traveled, and (d) total acceleration. Results are
presented as mean + SEM (n = 6). Statistical analysis was performed using a one-way ANOVA test followed by Tukey post-test; compared to
control (*p < 0.05, **p < 0.01, ***p < 0.001) and compared to PTZ (#p < 0.05, ##p < 0.01, ###p < 0.001).

confirming safety. Seizure activity was assessed by analyzing
locomotor behavior, which is a reliable indicator of neuronal
function and neurotoxicity. Key parameters measured included
total distance traveled, total speed and freezing behavior, an
indicator of seizure severity, particularly in stage III seizures
characterized by rigidity and sinking to the bottom of the tank.

The prolonged immobility observed in this study is more
consistent with a stage III tonic—clonic seizure than an absence
of ictal events.*” By exposing zebrafish larvae to 2.5 mM PTZ
for 10 min, followed by a 1-h treatment and acclimatization
period prior to locomotor assessment, allows the capture of the
full biphasic response [an initial hyperactivity phase (stage I—
IT)] immediately following PTZ exposure, transitioning to the
later tonic—clonic/postictal phase with persistent freezing
(stage I11)."** This delayed assessment differs from shorter
(5—10 min) protocols that record behavior immediately after
PTZ exposure, and therefore focuses primarily on hyper-
activity,'** leading to a more comprehensive evaluation of
seizure severity, and thus improving sensitivity for acute and
postictal anticonvulsant effects.

Compounds 19, 20 and 21 were tested at two concen-
trations (6.25 and 3.13 uM; Figures 12 and 13), and behavior
was assessed after 1 h of exposure. Zebrafish treated with PTZ
alone showed significantly prolonged freezing time (immo-
bility) compared to untreated controls (Figure 12a), indicating
severe seizure activity. In contrast, treatment with VPA and all
three sulfonamide-chalcones (compounds 19, 20, and 21)
significantly reduced the freezing time and improved the total

distance traveled (Figure 12b), total speed (Figure 12c) and
total acceleration (Figure 12d), indicating a protective effect
against PTZ-induced seizures.

At 6.25 uM, all compounds resulted in more pronounced
behavioral improvements compared to 3.13 uM, indicating
dose-dependent antiepileptic activity (Figure 13). Although all
three compounds attenuated seizure-like behaviors, com-
pounds 20 and 21 showed greater efficacy than compound
19, as evidenced by a greater increase in total distance traveled
and reduced immobility. However, efficacy must be interpreted
in the context of toxicity profiles. Compound 21 showed a
strong recovery in behavior but also exhibited higher acute
toxicity, limiting its suitability for further development.
Conversely, compound 20 showed comparable anticonvulsant
efficacy with significantly lower toxicity, highlighting its
favorable safety/efficacy balance. In summary, compounds
19, 20, and 21 effectively attenuated PTZ-induced epileptic
behavior in zebrafish larvae by restoring normal locomotor
activity. Among them, compound 20 proved to be the most
promising candidate for further investigation as it exhibits
strong antiepileptic potential with a more favorable toxicity

profile.

4. CONCLUSIONS

In summary, this study presents a series of newly designed
aminated and sulfonamide-chalcones (compounds 1—36) as
potential GABA, receptor antagonists in the search for new
AEDs. Molecular docking and MD simulations were
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Figure 13. Locomotor activity in PTZ-induced larvae of zebrafish exposed to the tested compounds at 7 dpf (days postfertilization) at a
concentration of 3.13 uM. (a) Total freezing count, (b) total distance traveled, (c) total speed traveled, and (d) total acceleration. Results are
presented as mean + SEM (n = 6). Statistical analysis was performed using a one-way ANOVA test followed by a Tukey post-test; compared to
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performed to investigate their binding modes and complex
stability with the target protein GABA,R. The results showed
high binding affinity and stable interactions, particularly for
compounds 19, 20, and 21, among which compound 20 was
predicted to be the most promising candidate, supported by
favorable drug-like properties, molecular docking results and
MD stability parameters. MD simulation also showed that the
GABA,4R complexes with compounds 19, 20, and 21 exhibited
higher stability compared to the unbound GABA,R. Notably,
the sulfonamide functionality was associated with the improved
binding to the allosteric site and increased stability of the
complex. To further corroborate the docking predictions, a
quantitative correlation was performed between the docking
results and the MD-derived parameters, particularly hydrogen
bond lifetime (7yg) and ligand RMSD. The results showed a
statistically significant correlation between docking affinity and
7yg (r = — 1.0000, p = 0.0033), confirming that compound 20
not only binds strongly but also forms persistent H-bonds,
contributing to its superior complex stability. The antiepileptic
potential of these compounds was then validated in vivo using
the PTZ-induced epileptic zebrafish larvae. Behavioral assess-
ment showed that compounds 19-21 significantly reduced
PTZ-induced freezing behavior (stage III seizures) and
improved key parameters of locomotion, including total
distance traveled, speed, and acceleration. Taken together,
these results suggest that compound 20 is a particularly

promising AED candidate, with significant antiepileptic eficacy
and a favorable toxicity profile. This compound warrants
further investigation to be developed as safer and more
effective chemotherapies for epilepsy. While the focus of this
work is on advancing neurotherapeutics for human epilepsy,
future work should also evaluate the environmental safety of
such compounds through targeted ecotoxicological studies to
assess potential agricultural and environmental impacts. This
dual consideration will help ensure that both clinical efficacy
and environmental safety are considered in the development of
next generation AEDs.
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