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Epilepsy affects approximately 50 million people globally, with one-third of patients remaining resistant to avail-
able therapies, emphasizing the need for new and safer anticonvulsants. Although fragment-based and in silico
approaches are effective for drug discovery, a unified structural analysis of antiepileptic APIs on the Ukrainian
market remains unexplored.

The aim of the study. To analyze 16 antiepileptic APIs registered in Ukraine using fragment-based methods to
identify shared pharmacophoric features, structural similarities, and correlations between structural fragments
and ADME properties (including drug-likeness patterns for structure-property insights) as a basis for rational
anticonvulsant design.

Materials and methods. Data were collected from the State Register of Medicinal Products of Ukraine and Com-
pendium (June 2025) using ATC code NO3A. Literature review used PubMed, PubChem, DrugBank, Scopus, Elicit,
and ResearchRabbit. Structural analysis was performed using Python libraries.

Results. The study classified 16 active pharmaceutical ingredients (APIs) into structural clusters (e.g., barbitu-
rates, dibenzazepines, amino acid derivatives) based on Tanimoto similarity coefficients and ECFP4 molecular
fingerprints. Commonly identified fragments included carbonyl, amino, amide, carboxyl groups, and aromat-
ic rings. ADME profiling revealed consistent relationships between structural features and physicochemical
properties.: high lipophilicity in benzodiazepines and good absorption characteristics in gabapentinoids. This
analysis was performed to identify structure-dependent ADME patterns, providing a basis for fragment-based
design of novel anticonvulsants.

Conclusions. Despite chemical diversity, the analyzed APIs exhibit shared spatial pharmacophore arrangements
with recurring groups supporting activity at NaV, CaV, GABA-A, SV2A, and GABA-T. ADME profiling and struc-
ture—property correlations provide a basis for pharmacophore fragment modelling and CNS-oriented fragment-Ii-
brary design to enable rational discovery. Future design should leverage the identified pharmacophoric fragments
to build multitarget molecules within a CNS ADME window
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1. Introduction
Epilepsy is one of the most widespread chronic

that significantly reduced toxicity (e.g., the transition
from carbamazepine to oxcarbazepine) or improved bio-

neurological disorders globally. According to the World
Health Organization, approximately 50 million people
suffer from it, with more than 70% of cases occurring in
low- and middle-income countries [1]. Despite the avail-
ability of a wide range of pharmacotherapies, about one-
third of patients remain pharmacoresistant, highlighting
the need to identify new, more effective, and safer antie-
pileptic agents [2].

Computer-aided methods, particularly frag-
ment-based design and in silico screening, have demon-
strated high efficiency in the discovery and optimization
of drugs, including anticonvulsants [3,4]. There are
documented cases of rational structural modifications
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availability through prodrug forms and molecular ste-
reospecificity. However, the literature lacks a systematic
comparison of all antiepileptic active pharmaceutical in-
gredients (APIs) currently available on the Ukrainian
market within a unified fragment-based field capable of
outlining the “chemical space” of effective anticonvul-
sant agents.

According to data from the State Register of
Medicinal Products of Ukraine [5] and the Compendi-
um information resource [6], antiepileptic drugs used
in the therapy of anticonvulsant conditions are repre-
sented by group NO3A, which includes the following
subgroups: NO3A A Barbiturates and their deriva-
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tives (NO3A AO02 Phenobarbital, NO3AAO5 Benzobar-
bital), NO3A B Hydantoin derivatives (NO3A BO02
Phenytoin), NO3A E Benzodiazepine derivatives (NO3A
EOl Clonazepam), NO3A F Carboxamide derivatives
(NO3A FO01 Carbamazepine, NO3A F02 Oxcarbazepine,
NO3A F04 Eslicarbazepine), NO3A G Fatty acid deriv-
atives (NO3A GOl Valproic acid, NO3A G04 Vigaba-
trin), NO3A X Other antiepileptics (NO3A X09 Lamo-
trigine, NO3A XI11 Topiramate, NO3A X14 Leve-
tiracetam, NO3A X15 Zonisamide, NO3A X18 Lacos-
amide, and gabapentinoids — NO3A X12 Gabapentin
and NO3A X16 Pregabalin).

In total, antiepileptic drugs on the Ukrainian
pharmaceutical market are represented by 16 unique
APIs, classified within ATC subgroup NO3A. The ma-
jority of these substances (43.75%) belong to subgroup
NO3A X — Other antiepileptic drugs, which demon-
strates the highest degree of structural and mechanistic
diversity. This is followed by NO3A F (18.75%) — Car-
boxamide derivatives, and two equally represented
subgroups — NO3A A (barbiturates) and NO3A G (fatty
acid derivatives) — each accounting for 12.5%. The
smallest shares belong to NO3A B (hydantoins) and
NO3A E (benzodiazepines), each comprising 6.25%.
This distribution underscores both the historical devel-
opment of epilepsy treatment and the broad chemical
space explored in the design of anticonvulsant agents.

Despite the availability of a broad spectrum of
antiepileptic drugs, approximately 30% of patients re-
main resistant to therapy, creating a pressing need for the
development of new, more effective and safer
medications. Antiepileptic drugs exhibit di-
verse mechanisms of action, yet their effica-
cy and side effect profiles vary considerably.
This variability necessitates the search for
new therapeutic agents capable of overcom-
ing the limitations of current antiepileptic
medications [7-9].

Antiepileptic drugs presented on the
pharmaceutical market of Ukraine are the
result of decades of research and clinical tri-
als. They represent successful examples of
molecules with proven antiepileptic activity,
characterized by significant diversity in
chemical structure, mechanisms of action,
and therapeutic spectra.

In this context, structural analysis of
antiepileptic drugs serves two key purposes.
First, it enables the identification of recurrent
and unique pharmacophoric elements that
determine selectivity toward primary molec-
ular targets. Second, it lays the analytical
foundation for subsequent fragment-oriented
design of novel molecules capable of over-
coming pharmacoresistance and improving
safety profiles.

The aim of this study was to conduct
a comprehensive fragment-based analysis of
16 antiepileptic APIs, which form the basis

of numerous medicinal products registered in Ukraine.
The analysis involved the evaluation and systematiza-
tion of their chemical similarity, pharmacophoric struc-
tural frequency, identification of key substructures, and
assessment of basic ADME parameters, together estab-
lishing a basis for the rational design of novel anticon-
vulsant agents.

2. Planning (methodology) of the research

The planning of the study was based on an integra-
tive cheminformatics strategy aimed at the systematic
analysis of the structural and pharmacophoric properties
of antiepileptic APIs registered in Ukraine. The research
design followed a multistep algorithm encompassing the
rational selection of study objects, data extraction from
validated sources, and computational modelling using
modern open-access tools. The methodological strategy
was grounded in the principles of Quality by De-
sign (QbD) to ensure systematic planning, reproducibili-
ty, and predictive analytical value.

The planning stage involved the following key
components: object selection, data extraction, analyti-
cal algorithm and outcome orientation. The study fo-
cused on 16 antiepileptic APIs from ATC group NO3A,
identified through Ukrainian regulatory sources. This
ensured a broad representation of diverse chemical
scaffolds and mechanisms of action among antiepilep-
tic agents.

The experimental plan followed a logical and re-
producible sequence (Fig. 1).

Object selection
ATC codes and pharmacological targets
(from the State Register of Medicinal Prodhicts of Ukraine,
Compendium. DrugBank)

Data extraction

SMILES and approaches to the structural design of an API molecule
(PubChem, PubMed, Scopus, Elicit, ResearchRabbir)

Multi-step analytical algorithm

Molecular fingerprints, Tanimoto similarity coefticients, clustering,

functional group analysis
(Python libraries)

Visualization and interpretation of results

Heatmap. diagrams, and ADME-property histograms
to 1dentity pharmacophoric fragments relevant to antiepileptic activity

(PyCharm Professional)

Fig. 1. Algorithm of the structural-fragment analysis of

16 antiepileptic APIs
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For each API, molecular structures (SMILES),
ATC classification, and pharmacological targets were
collected from validated public databases and recent sci-
entific literature, including Al Research Assistants Elicit
and ResearchRabbit. The research followed a multi-step
analytical algorithm:

1) structural data collection;

2) generation of molecular fingerprints (ECFP4);

3) assessment of structural similarity (Tanimoto
coefficients);

4) clustering analysis (KMeans algorithm);

5) functional group and scaffold extraction;

6) visualization and interpretation of structure-activ-
ity-property relationships.

Clustering was conducted to group structurally relat-
ed APIs into distinct clusters. Similarity between 16 APIs
was evaluated using Tanimoto coefficients. The planned
outcome was to identify frequent and unique pharmacophor-
ic fragments relevant to antiepileptic activity. These insights
were intended to support rational design of novel anticonvul-
sant candidates and development of fragment libraries.

3. Materials and methods

Data on antiepileptic APIs registered on the
Ukrainian pharmaceutical market were obtained from the
State Register of Medicinal Products of Ukraine [5] and the
Compendium information resource [6] (accessed June 2025).
An advanced search in the State Register was performed
using the ATC code NO3A.

A systematic literature search was conducted using
the databases PubMed, PubChem, DrugBank, Scopus, as
well as Al-based search assistant tools Elicit and Re-
searchRabbit. The data collected were processed through
analytical, comparative, and generalization methods.

Computational work was performed using Py-
thon 3.10. Molecular structures (SMILES) for 16 antie-
pileptic APIs were retrieved from PubChem. Calcula-
tion of circular molecular fingerprints (ECFP4) and
Tanimoto similarity coefficients was performed using
RDKit 2023.03.4 (RDKit: Open-source cheminformat-
ics). Clustering was carried out using the k-means meth-
od from the scikit-learn 1.3.0 library. Functional group
analysis was applied to identify shared pharmacophoric
patterns. Graphical visualizations (diagrams, heatmap,
ADME histograms) were created using matplotlib 3.8.0
and seaborn 0.13.0. All scripts were developed, de-
bugged, and executed in PyCharm Professional 2024.1
with the integrated Python interpreter. Graphs were
previewed via the SciView IDE module, and final imag-
es were exported in PNG format at 300 dpi resolution.

The ADME profiling, including evaluation of
drug-likeness criteria (e.g., Lipinski’s rule), was conduct-
ed not as a primary screening tool but to uncover rela-
tionships between identified structural fragments and
physicochemical properties, facilitating insights for the
rational design of new anticonvulsant candidates.

4. Results
Fragment-Based Drug Design (FBDD) or frag-
ment analysis is a powerful and versatile approach in the
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modern discovery of novel pharmaceuticals. Applying
fragment analysis principles to the structure of already
existing, clinically effective antiepileptic drugs is a valu-
able strategy for identifying key structural ele-
ments (pharmacophores) responsible for anticonvulsant
activity. This can significantly aid in the development of
new molecules with enhanced selectivity, reduced toxic-
ity, and improved antiepileptic efficacy.

To date, a few studies have employed fragment-based
approaches in the molecular design of compounds with an-
ticonvulsant properties [10—15]. However, the mentioned
studies have either applied fragment-based design, structur-
al optimization, or ab initio calculations for selected com-
pounds only. There has been no documented attempt to ap-
ply a unified structural and fragment-based approach to the
full list of 16 antiepileptic APIs.

Thus, a structural analysis of the full set of these
16 antiepileptic active substances is crucial for the ratio-
nal development of new chemical entities with selective
anticonvulsant action. This analysis enables:

—identification of molecular fragments frequently
occurring or unique among clinically effective antiepileptic
drugs, regardless of their specific mechanisms of action;

— detection of shared structural motifs among com-
pounds with different chemical scaffolds but similar
pharmacological effects, which may indicate “conver-
gent” evolution of effective structures;

—understanding the “‘chemical space” associated with
successful antiepileptic molecules, offering insight into the
preferred size, flexibility, polarity, and other physicochemi-
cal characteristics of effective structural fragments;

—creation of a library of “active” fragments de-
rived from known antiepileptic drugs, which can serve as
starting points or building blocks for designing entirely
new chemical entities;

— providing a rational basis for combining, expand-
ing, or modifying identified fragments to generate novel
molecular structures with improved properties, potential-
ly enhanced efficacy, better safety profiles, or new mech-
anisms of action.

In the first phase of this study, we analyzed the
historical data on molecular design, chemical structure,
and mechanisms of action for each API (Table 1). In ad-
dition to classical databases such as PubMed, PubChem,
DrugBank, and Scopus, advanced Al-driven platforms
Elicit and ResearchRabbit were used to retrieve recent
open-access research relevant to molecular design strate-
gies for the listed antiepileptic APIs.

Analysis of the molecular structures of antiepilep-
tic APIs across all six subgroups of ATC group NO3 A (Ta-
ble 1) reveals structural diversity. Besides the five
well-defined subgroups (NO3A A — NO3A G), classified
by structural characteristics, the sixth subgroup — NO3A
X (Other antiepileptics), includes 7 APIs. While some of
these share structural similarities, others do not. This
subgroup comprises hetero(carbocyclic) compounds
based on benzoisoxazole (zonisamide), 1,2,4-triazine
(lamotrigine), and B-D-fructopyranose (topiramate) cores,
as well as aliphatic amino acid derivatives (gabapentin,
pregabalin, levetiracetam, lacosamide).
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Table 1

Data on molecular structure, mechanism of action (MoA), and molecular design approaches of antiepileptic APIs on the

Ukrainian pharmaceutical market

INN/ATC code/Structure /MoA

Approaches to the structural design of an API molecule

1

2

Phenobarbital (NO3A A)

0]

O)\N o)
H
Allosteric modulator of GABA-A

receptors [16]

- introduction of a phenyl group increases the lipophilicity of the molecule and enhances its ability

Modifications at the 5™ position:

to cross the blood-brain barrier; incorporation of (halo)aryl substituents improves both activity

and lipophilicity;

— the presence of alkyl groups (Me, Et, iPr) influences the duration of the pharmacological
effect; specifically, the ethyl group is responsible for the prolonged action and

anticonvulsant effect, whereas the introduction of an amyl moiety leads to a decrease in

anticonvulsant efficacy.

The presence of keto groups is essential for binding to GABA-A receptors. Simultaneous

substitution of hydrogen atoms at the amino positions in the secondary amine groups of the

barbiturate ring reduces anticonvulsant activity [17-25]

Benzobarbital (NO3A A)

Allosteric modulator of GABA-A
receptors [26, 27]

It is an N-benzoyl derivative of phenobarbital, representing a pharmacophore-optimized ver-

sion of phenobarbital focused on achieving a balance between lipophilicity, duration of action,

and pharmacological activity. This modification enhanced the anticonvulsant properties while

minimizing undesired sedative effects. The benzoyl group increased the aromatic character of the

molecule, thereby improving lipophilicity and blood-brain barrier (BBB) permeability, as well

as enhancing interaction with target receptors. A number of studies have been directed toward
identifying various [25, 28-31]

Phenytoin (NO3A B)

o
N YO
O NH
O
Blocks voltage-gated sodium
channels (NaV1.1-1.6) [32]

The hydantoin system mimics certain properties of barbituric acid. The presence of two
phenyl groups increases the molecule’s lipophilicity and confers high affinity for NaV
channels. Unsubstituted secondary NH groups enable hydrogen bonding within the active
site of the target protein. The molecular structure allows phenytoin to selectively block
sodium channels in their activated state without affecting the GABAergic system, which is
a major advantage over the barbiturate subgroup. Substitution of one phenyl ring with an
alkyl group reduces both anticonvulsant activity and lipophilicity. Incorporation of trifluoro-
methyl groups into the structure significantly decreased anticonvulsant activity due to steric
hindrance during receptor binding [33-38]

Valproic acid (NO3A G)
O. _OH

:

Inhibits GABA transaminase,
activates glutamate decarbox-
ylase, blocks sodium channels
(NaV), inhibits T-type calcium

channels [39]

The structural modification is characterized by sequential chemical changes aimed at increas-
ing anticonvulsant activity and reducing undesirable toxic effects, particularly hepatotoxicity
and teratogenicity. The carboxyl group facilitates protein binding. Amides and esters (such
as sodium valproate and valpromide) have improved solubility and modified release profiles.
Amide derivatives, notably valpromide and valnoctamide, exhibit enhanced blood-brain
barrier (BBB) permeability and increased anticonvulsant activity compared to the parent acid.
Another important direction of chemical modifications involves altering the molecule’s alkyl
chains by introducing unsaturated fragments. Incorporation of triple-bond fragments into the
molecule has led to the discovery of new (antitumor) properties [40—44]

Vigabatrin (NO3A G)

OH

3

NH,

Inhibits GABA transaminase [45]

Derived through structural modification of GABA, the vinyl fragment forms a covalent bond with
the active site of GABA transaminase (GABA-T), while the presence of a primary amino group
mimics the a-amino group of GABA, which is essential for recognition and binding to the target
enzyme. The carboxyl group acts analogously to the y-carboxyl group of GABA. A six-carbon
alkyl chain ensures spatial compatibility with the enzyme’s binding site.

Only the S(+)-enantiomer exhibits high affinity for GABA-T and is responsible for the primary
pharmacological activity, whereas the R(-)-enantiomer is essentially inactive [46-49]

Carbamazepine (NO3A F)

A
041‘\NH2

Blocks voltage-gated sodium
channels (NaV), exerts weak
effects on GABA or calcium

channels [50]

o

The development of the carbamazepine molecule was based on chemical modification of
dibenzazepine (iminostilbene) aimed at simultaneously improving pharmacokinetic properties
and reducing toxicity. The carbamoyl group is essential for binding to sodium channels and
significantly influences pharmacokinetics. Its substitution with other functional groups leads
to the loss of antiepileptic activity. Substitutions in the azepine ring disrupt their conformation,
negatively affecting anticonvulsant efficacy. The introduction of a carbonyl group into the
azepine ring converts it into a prodrug, paving the way for the development of oxcarbazepine
and eslicarbazepine [38, 41]
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Continuation of Table 1

1

Oxcarbazepine (NO3A F)
o

(O
041’\NH2

Inhibits sodium and calcium
channels; activates potassium
channels [46]

The introduction of a carbonyl group in the azepine ring led to a reduction in hepatotoxic metabo-
lites. Replacing the carbonyl group at position 10 with a hydroxyl group resulted in the formation
of eslicarbazepine, which exhibits enhanced antiepileptic activity. The substitution of the aromatic
groups leads to a loss of affinity for sodium channels. Replacement of the carbamoyl group results
in loss of activity [21, 38, 41, 46]

Eslicarbazepine (NO3A F)
HO

A
o)\NH2

Inhibits sodium and calcium
channels [51]

Eslicarbazepine represents the culmination of rational structural modifications aimed at improv-
ing efficacy, tolerability, and pharmacokinetic properties compared to earlier dibenzazepine-based
antiepileptic drugs — carbamazepine and oxcarbazepine. The chemical strategy involved the
use of the active metabolite of oxcarbazepine — (S)-eslicarbazepine which was synthesized in a
prodrug (acetate) form to enhance bioavailability, controlled release, and stereoselectivity. The
(S)-configuration provides higher antiepileptic activity and lower toxicity, along with significantly
greater affinity for NaV sodium channels.
The hydroxyl group is essential for interaction with sodium channels. Even minimal alterations to
the molecular “core” lead to a loss of activity or increased toxicity [41, 46, 52-57]

Clonazepam (NO3A E)

H O
N

O\ O _

4 cl

C

Positive allosteric modulator of
the GABA-A receptor [58]

The 1,4-benzodiazepine core is a key pharmacophore for interaction with the GABA-A receptor.
Modifications of the secondary amine group affect pharmacokinetics but rarely enhance anticon-
vulsant activity. The 2-chlorophenyl group increases the molecule’s lipophilicity and improves
blood-brain barrier (BBB) penetration. Substitution of the chlorine atom with other halogens
alters activity. The presence of a nitro group at position 7 is crucial for anticonvulsant efficacy; re-
placing it with H or CH, leads to reduced anticonvulsant activity. The keto group at position 2 is
responsible for binding to the allosteric site of GABA-A. Substitution of the keto group with -OH
alters the duration of action. Modification of the keto group to generate annelated triazole deriva-
tives (e.g., clonazolam) increases affinity for GABA-A receptors. The absence of a chlorine atom
in the phenyl moiety (e.g., nitrazepam) results in weakened anticonvulsant activity and increased
sedative effects. Replacing the nitro group with a hydroxyl group (e.g., lorazepam) leads to pro-
longed duration of action. Substitution of the secondary amino group in the diazepine ring with a
methyl group and replacement of chlorine with fluorine in the phenyl residue (e.g., flunitrazepam)
results in pronounced hypnotic and sedative activity [52, 59-62]

Zonisamide (NO3A X)

0
N

/
O

g\ N H 2
Inhibits sodium and calcium

channels, inhibits carbonic
anhydrase [45]

Originally developed as an antibacterial sulfonamide (due to its structural similarity to sulfame-
thoxazole), this compound lacks classical pharmacophores typical of barbiturates, diazepines, or
hydantoins, and therefore exhibits a combined mechanism of action. The molecule is small and
possesses good lipophilicity. The benzoxazole core facilitates BBB penetration. The sulfon-
amide group contributes to the inhibition of sodium and calcium channels. Substitution of the
benzisoxazole ring with other heterocycles results in reduced activity, while the absence of the
sulfonamide group diminishes anticonvulsant efficacy. Replacing the sulfonamide group with a
pyrrolidine-2,5-dione substituent retains anticonvulsant activity [38, 45, 63—68]

Lacosamide (NO3A X)

0
My
NY

w/

tivation of NaV channels [46]

1

Selectively modulates slow inac-

The (R)-configuration at the C-3 center is critical for pharmacological activity, as the (S)-enantio-
mer is nearly inactive. Substituting the (R)- with the (S)-configuration results in a loss of activity.
The N-benzyl group contributes to lipophilicity and BBB penetration and is also essential for
interaction with NaV channels. The introduction of a methoxy group was decisive in enhancing
anticonvulsant activity. It also improves water solubility and metabolic stability. Replacing the
methoxy group with halogens increases toxicity and deteriorates pharmacokinetic properties
[46, 68-71]

Gabapentin (NO3A X)
Oo._ OH
NH,

Binds to the a,5-1 subunit of volt-

The cyclohexane ring stabilizes the molecule and mimics the spatial arrangement of GABA with-
out affecting its acid-base properties. The aminomethylene group is crucial for binding to the 0,6
subunit of calcium channels. The carboxyl group mimics the polar portion of GABA and retains

comparable acidity [41, 46, 72, 73]

age-gated calcium channels [46]
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Continuation of Table 1

1

2

Pregabalin (NO3A X)
O
H2N \/-\)\

Binds to the a,8 subunit of volt-
age-gated calcium channels [46]

Pregabalin was developed as a stereospecific derivative of gabapentin, in which the (S)-enantio-
mer proved to be significantly more active than the (R)-enantiomer.

The primary objective of its development was to improve affinity for the a,5-1 subunit of
voltage-gated calcium channels in the central nervous system, thereby enhancing efficacy in the
control of pain and seizures.

To achieve this, the cyclohexane ring present in gabapentin was replaced with an isobutyl moiety,
improving the molecule’s lipophilicity [41, 46, 74-81]

Levetiracetam (NO3A X)
@)
/\:)J\ N H2
~

Binds to the synaptic vesicle
protein SV2A [46], inhibits

N-type potassium and calcium
channels [82]

During structural modification of piracetam aimed at enhancing neuronal activity, anticonvulsant
properties were discovered accidentally. The pyrrolidone moiety improves BBB permeability.
The acetamide side chain is essential for binding to target sites. The (S)-stereocenter confers high
bioactivity, whereas the R-enantiomer is virtually inactive.

Modification of the pyrrolidone fragment (as in brivaracetam) led to increased affinity for SV2A
[38, 41, 46, 83-87]

Lamotrigine (NO3A X)
Cl
Cl

o
H,N N/)\NHZ

Blocks voltage-gated sodium

Over the years, numerous strategies have been employed to modify the structure of this compound
in order to improve solubility, bioavailability, and safety, as well as to fine-tune its physicochemical
properties. A central aspect in the study of lamotrigine’s structure has been its tautomerism. Both
theoretical and experimental studies have demonstrated that lamotrigine predominantly exists in the
diamino tautomeric form, which is thermodynamically favoured over alternative forms. Compara-
tive studies of lamotrigine and its analogs have emphasized the importance of substituent effects on
both the aromatic ring and the 1,2,4-triazine core. The 1,2,4-triazine core serves as the binding cen-
ter for ion channels. Diamino groups at positions 3 and 5 enhance water solubility and participate in
hydrogen bonding with biological targets. The substitution of the amino groups results in reduced
anticonvulsant activity. The 2,3-dichlorophenyl group at position 6 significantly increases lipophilic-
ity and facilitates blood-brain barrier (BBB) penetration. Variations in chlorine substitution aimed at
further improving lipophilicity generally have little impact on overall efficacy.

channels Replacing chlorine atoms with other halogens or methyl groups at specific positions of the dichloro-
[87], inhibits serotonin receptors | phenyl ring yields derivatives with improved metabolic stability and altered affinity for ion channels.
[46] The formation of fluorinated lamotrigine analogs has also been associated with anti-inflammatory
activity. Structural modification of lamotrigine through transformation of the 1,2,4-triazine ring into a
1,4-pyrazine ring and the introduction of an additional chlorine atom into the phenyl moiety led to the
discovery of a new effective antiepileptic candidate, JZP-4 [38, 41, 46, 88-90]
The initial goal was to develop new carbonic anhydrase inhibitors based on saccharide structures.
Topiramate (NO3A X) Topiramate became the first drug structurally related to monosaccharides, whereas most antiepi-

Blocks calcium and sodium
channels (NaV), potentiates
GABA-A receptors, inhibits
carbonic anhydrase [91], inhibits
MPA/KA-type glutamate recep-
tors [46]

leptics are lipophilic aromatic compounds. The fructopyranose ring provides high solubility and
bioavailability. Isopropylidene groups enhance lipophilicity. The sulfamate group is a key inhibi-
tory fragment for carbonic anhydrase and also modulates the drug’s effects on ion channels.
Even minor modifications to the fructopyranose scaffold or the sulfamate group can significantly
influence both the inhibitory potential against carbonic anhydrase and the anticonvulsant efficacy.
Removal of the sulfamate group from the molecule leads to a loss of carbonic anhydrase inhibi-
tion and anticonvulsant activity. Changes in the linker length between the sulfamate group and the
pyran ring, as well as alterations in the steric substituents around the ring oxygen atoms, correlate
with changes in the inhibition of constant values toward various human carbonic anhydrase
isoforms. One of the key strategies for topiramate modification involved the synthesis of cyclic
sulfur-containing derivatives, such as the cyclic candidate RWJ-37947. Derivatives in which the
sulfamate group was replaced by tetrazole or oxadiazole rings retained hydrogen bonding capaci-
ty but exhibited altered affinity toward carbonic anhydrase [38, 41, 46, 92-97]

5. Discussion

The summarized results regarding the key structur-
al fragments of antiepileptic active pharmaceutical ingre-
dients (APIs) and their target interactions indicate signifi-
cant diversity in molecular features and mechanisms of
action. Gabapentin and pregabalin, both characterized by
aliphatic backbones with -CH,NH, and -COOH functional

groups, act primarily through modulation of voltage-gated
calcium channels (CaV). Vigabatrin, which contains un-
saturated -CH = CH,, -CH )NH,, and COOH moieties,
uniquely targets GABA metabolism by inhibiting GABA
transaminase (GABA-T). Levetiracetam, distinguished by
its pyrrolidone ring and CONH, group, interacts with CaV
channels and the synaptic vesicle glycoprotein SV2A, in-
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dicating a dual mechanism. Lamotrigine possesses a
1,2,4-triazine core with a chlorinated phenyl ring and ami-
no group (-NH,), exhibiting activity on sodium chan-
nels (NaV) and the SV2A system. Topiramate, a structur-
ally complex molecule containing a fructopyranose ring,
sulfonamide (-SO,NH,), and gem-dimethyl substituents,
shows the broadest pharmacodynamic spectrum — modu-
lating NaV and CaV channels, potentiating GABA-A re-
ceptors, and inhibiting carbonic anhydrase (CA-II). Val-
proic acid, with its branched aliphatic structure and
carboxylic group, exhibits threefold activity: on NaV and
CaV channels and inhibition of GABA-T. The carboxam-
ide derivatives-carbamazepine, oxcarbazepine, and esli-
carbazepine-share a common dibenzazepine core, with
variations in functional groups (-CONH,, -C = O, -OH),
and act primarily on NaV channels; oxcarbazepine and
eslicarbazepine additionally affect CaV channels. Clonaz-
epam, as a benzodiazepine, features a fused diazepine
ring, chlorinated phenyl group, and nitro functionality,
and selectively enhances GABA-A receptor activity. Bar-
biturates like phenobarbital and benzobarbital contain bar-
bituric or barbiturate rings, with ethyl or phenyl substituents,
and also target GABA-A receptors. Benzobarbital includes
an additional N-benzoyl fragment that may contribute to its
pharmacological behaviour. Phenytoin, defined by its hy-
dantoin ring and two phenyl groups, acts primarily on NaV
channels. Zonisamide, combining a benzoxazole core and
sulfonamide group, targets both NaV and CaV channels and
inhibits carbonic anhydrase. Lacosamide, structurally
unique with its (R)-CH(NHCOCH,)-CH,-OCH, backbone
and NHACc side chains, also modulates NaV channels. As
evident from the presented data, among the established
mechanisms of antiepileptic action, the most prevalent are
the effects on voltage-gated sodium chan-

works. This included clustering of the molecular struc-
tures based on structural similarity, classification by
functional group content, generation of a structural sim-
ilarity matrix (heatmap), and visualization of clustering
using the Bemis-Murcko framework. Furthermore, the
compounds were assessed for their ADME-related phys-
icochemical properties, including molecular weight, par-
tition coefficient (LogP), topological polar surface
area (TPSA), number of hydrogen bond donors and ac-
ceptors, number of rotatable bonds, and the fraction
of sp*-hybridized carbon atoms (Fraction CSP3). SMILES
notations for the 16 APIs studied were used as input data
for this analytical stage, serving as the basis for structur-
al analysis and fragment similarity assessment of antiepi-
leptic active pharmaceutical ingredients (APIs) present
on the Ukrainian pharmaceutical market. These linear
representations allowed computational modelling, mo-
lecular fingerprinting, and clustering procedures essen-
tial to fragment-based drug design [98—101].

Structural similarity of the studied compounds
was analyzed and visualized using Python tools (Fig. 2-5),
with Fig. 2 showing 2D clustering of molecular finger-
prints into four KMeans-based groups reflecting struc-
tural and partial pharmacological classes (Table 2).

Fig. 3 presents the results of an analysis of the fre-
quency of occurrence of key pharmacophoric groups
within the structures of 16 antiepileptic compounds, aimed
at identifying the most prevalent ones. The functional
group analysis revealed the dominance of pharmacophores
such as carbonyl, amide, amino groups, and benzene rings.
These fragments are critical for binding to protein targets,
forming hydrogen bonds, stabilizing the ligand within the
active site, and mediating hydrophobic interactions.

nels (NaV) and calcium channels (CaV),
each observed in 8 active pharmaceutical
ingredients (APIs). Notably, five APIs —
topiramate, valproic acid, oxcarbazepine,
eslicarbazepine, and zonisamide — exhibit
both mechanisms simultaneously. In addi-
tion, six APIs were found to modulate
GABAergic neurotransmission through in-
teraction with GABA-A receptors or inhi-
bition of GABA transaminase (GABA-T).
Topiramate demonstrates the broadest
pharmacodynamic profile, with four
identified mechanisms of antiepileptic
action: modulation of sodium and calci-
um channels, GABA-A receptor potenti-
ation, and inhibition of carbonic anhy-
drase. It is followed by zonisamide and
valproic acid, each exhibiting three dis- — -400+
tinct mechanisms of action.

As a continuation of the study, a ®
fragment-based analysis was carried out
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Fig. 3. Distribution of pharmacophoric fragments among 16 antiepileptic APIs
Table 2 ) ) o
Clustering of antiepileptic APIs based on structural The resulting Tanimoto similarity heatmap re-
similarity vealed distinct clusters of compounds. shar.mg common
- — structural fragments. For example, high similarity lev-
Cluster |APIs erouped into Chemical characteristic by .
Cluster| “™% group which APIs are grouped els (up tf’ 0.88) were qbserved thWC.GIl bar‘.bltu.rate.s and
color a cluster into a cluster hydantoins (phenytoin, phenobarbital), indicating a
Carbamazepine shared pharmacophore. Likewise, a strong similari-
.| Aromatic structures with : : ot
Oxcarbazepine, X ty (0.86) was found among the dibenzazepine derivatives
. . heterocycles, mainly NaV . .
1 Eslicarbazepine, (carbamazepine, oxcarbazepine). In contrast, some mole-
blockers or GABA-A . . . . . .
Clonazepam, modulators cules (e.g., valproic acid, topiramate, zonisamide) exhib-
Lamotrigine ited minimal overlap in structural fragments with other
Phenytoin, Phe- Bt?lrblt}lrgtlesml}qldamomsh AHS, which correspond to their. unique mechanisms of
2 ‘ nobarbital, | .0 & StmIar pharmacoph- action and pharmacophoric profiles.
Benzobarbital Ore,;tt;l? carlponyl ir oups Additionally, the basic pharmacokinetic parameters
- - cyele e of the investigated API structures were evaluated, includ-
Gabapentin, Pre- | GABA mimetics or amino . . . e .
R . L . ing molecular weight, lipophilicity, polarity, hydro-
3 . gabalin, Vigaba- | acid derivatives — contain a bondi . d molecular flexibility. The rel
trin, Lacosamide, | primary amino group and a gen-bonding capacity, and mo ccular Lex1ibl ity. The rela-
Valproic acid carboxyl group thl’lShlpS. between structural. similarity and ADME
Pharmacophorically characte.rlsncs were analyzed (F ig. 5).. The results re.Vea.led
Loveti complex molecules with substantial structural diversity, while also confirming
evetiracetam, sulfonamide, lactam structure-function correlations. For instance, high lipo-
4 Zonisamide, . . . e .. . . .
Topiramate residues, etc. with unique philicity is characteristic of benzodiazepine and barbitu-
mechanisms OfaCtiPn rate derivatives (e.g., clonazepam, benzobarbital). Mole-
(¢.g., SV2A modulation) cules such as gabapentin, lacosamide, and valproic acid

The most frequently occurring functional group
was the carbonyl group, represented in ketones (19.64%),
carboxylic acids (7.34%), amides (10.71%), and within
barbituric, hydantoin, and pyrrolidinone scaffolds. The
high frequency of amino (8.93%) and amide (10.71%)
groups reflects the role of these functionalities in modu-
lating the GABAergic system or amino acid transporters.
A significant proportion of benzene rings (28.57%) aligns
with mechanisms of action involving interactions with
NaV channels or the SV2A receptor.

Fig. 4 visualizes the results of a comparative struc-
tural similarity analysis of the 16 antiepileptic APIs
through pairwise Tanimoto coefficient calculations
based on ECFP4 fingerprints.

demonstrate favourable bioavailability and good permea-
bility. A low TPSA value (<90 A?) in all compounds indi-
cates potentially good oral absorption. Structurally rigid
molecules, such as phenytoin and carbamazepine, may
benefit from more stable binding to NaV channels. Topira-
mate has the highest number of hydrogen bond accep-
tors (8), though it lacks donors. In contrast, gabapentin and
pregabalin possess highly donor-acceptor-rich structures,
contributing to effective protein interactions. The evalua-
tion of drug-likeness criteria highlighted structure-proper-
ty correlations, confirming that most compounds align
with established rules, which serves to map the “chemical
space” for fragment-based optimization rather than mere
compliance verification. Overall, the ADME profiles align
well with the structural clustering of the antiepileptic APIs.
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Practical relevance. The structural-fragment analy-
sis of 16 APIs can guide fragment-based design of new an-
ticonvulsants, inform creation of fragment libraries for in
silico screening, and support selection of alternative drugs
in cases of intolerance or resistance. By linking common
fragments with mechanisms of action and ADME profiles,
the study provides a foundation for virtual screening, hybrid
molecule synthesis, and broader pharmaceutical innovation.

Research limitations. The analysis covers only
the structures of 16 antiepileptic APIs available on the
pharmaceutical market of Ukraine, which limits the pos-
sibility of extrapolating the results to structural classes of
other known antiepileptic compounds present on the
global or other national markets.

Prospects for further research. The obtained re-
sults can be used for the design and synthesis of new antie-
pileptic compounds by combining the identified privileged
fragments and applying bioisosteric replacements.

6. Conclusions

As a result of the fragment-based analysis of 16 ac-
tive pharmaceutical ingredients (APIs) of antiepileptic
drugs presented on the Ukrainian pharmaceutical mar-
ket (ATC group NO3A), it was established that despite their
significant structural diversity, these compounds exhibit
convergent spatial organization of key pharmacophoric el-
ements that ensure effective binding to biological targets —
ion channels (NaV, CaV), receptors (GABA-A, SV2A), and
enzymes (GABA-T, CA-II). The analysis of functional
fragments identified a number of recurring pharmacophor-
ic groups, including carbonyl, amino, amide, and carboxyl
groups, as well as aromatic rings, which are critical for
hydrogen bonding, hydrophobic interactions, and proper
positioning within the active site of the target protein. At
the same time, unique pharmacophoric configurations
were discovered (e.g., sulfonamide group in zonisamide,
pyrrolidone in levetiracetam, and fructofuranose scaffold
in topiramate), which are not shared with other structures
but provide distinct mechanisms of action and open new
therapeutic targets. Structural clustering confirmed that
even chemically distinct molecules can achieve antiepilep-
tic activity through similar spatial arrangements of critical
pharmacophores, suggesting common principles of molec-
ular recognition by biological targets. The identified cor-
relations between structural fragments and ADME proper-
ties, including drug-likeness patterns, provide a foundation
for pharmacophore modelling and fragment-library devel-
opment, enabling the rational design of novel anticonvul-

sants with optimized pharmacokinetic profiles. Thus, the
study not only confirms the importance of recurring phar-
macophoric fragments but also emphasizes the role of the
three-dimensional molecular configuration in mediating
biological activity. The identified structure-activity-prop-
erty correlations provide a scientifically grounded platform
for the rational design of novel antiepileptic agents capable
of overcoming current limitations in pharmacotherapy, in-
cluding drug resistance observed in a subset of patients.
These findings may also be applied to the construction of
pharmacophore models and fragment libraries aimed at
identifying new ligands with selective activity toward key
targets involved in epileptogenesis. In summary, the fur-
ther search for new anticonvulsants should leverage the
identified key pharmacophoric elements fragments as
building blocks and combine them rationally to generate
multitarget molecules capable of modulating the relevant
targets. In designing new compounds, candidates should be
kept within a CNS-oriented ADME-properties window. In
candidates with high lipophilicity (like barbiturates), intro-
duce polar groups (hydroxyl) to improve absorption. Pref-
erence should be given to enantiopure (S)-configura-
tions (as in pregabalin and levetiracetam) to enhance
activity, solubility and BBB penetration, and avoid (R)-en-
antiomers to reduce toxicity.
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