SEn
) APPLIED AND CLINICAL

~ RESEARCH

IJACR

Research paper

In-silico Investigation of SCN2A-Associated Epilepsy and Ligand
Binding Affinity of NAG

Zainab Niaz', Saleha Nayab!

1. Center of Biotechnology and Microbiology, University of Peshawar, Peshawar 25120, Khyber Pakhtunkhwa, Pakistan

Abstract: Epilepsy is a neurological disorder characterized by recurrent seizures due to abnormal brain electrical ac-

Volume No 04, Issue 03, 2026

Received: 28" May 2026

Accepted: 28" July 2026

Published: 16 September 2026

DOI: https://doi.org/10.66222/IJACR.04.03.61
Copyright: This work is licensed under a
https://creativecommons.org/licenses/by-nc/4
.0/

How to cite: Niaz, Z., & Nayab, S. (2026).
In-silico investigation of SCN2A-associated
epilepsy and ligand binding affinity of NAG.
International Journal of Applied and Clinical
Research, 4(3), 25-31

Corresponding author

Zainab Niaz!'*,

Center of Biotechnology and Microbiology,
University of Peshawar, Peshawar 25120,
Khyber Pakhtunkhwa, Pakistan

Email: rizwanulah005@gmail.com

tivity. The SCN2A gene, which encodes sodium channels critical for neuronal sig-
naling, is strongly implicated in epilepsy pathogenesis. This study aimed to iden-
tify and characterize the SCN2A c.69T>G variant (transcript ENST00000375437) and
evaluate its impact on protein-ligand interactions using molecular docking.
Methodology: The SCN2A ¢.69T>G variant was retrieved from UniProt databases.
The ligand N-acetyl glucosamine (NAG) was obtained from the Protein Data Bank
and docked against both wild-type and mutant SCN2A proteins. Docking param-
eters, including hydrogen-bond interactions, interaction distances, interaction en-
ergies, refinement energy, final docking score, and RMSD_refine, were compara-
tively evaluated. Results: Wild-type SCN2A formed hydrogen bonds with Asn132,
Lys235, Ser229, Lys173, Asn192, and Argl77, with interaction distances ranging
from 2.8-3.5 A and energies from -1.2 to —4.5 kcal/mol. The mutant SCN2A re-
tained interactions with Asn132, Lys235, and Ser229 but exhibited an unfavorable
acceptor—-acceptor interaction. The mutant showed reduced refinement energy
(E_refine = —21.62 vs. —22.32 kcal/mol), a less negative final score (E_score2 = -4.92

vs. —4.99 kcal/mol), and higher RMSD_refine (1.22 vs. 1.07 A) compared with the

wild type. Conclusion: The c.69T>G mutation adversely affected SCN2A-NAG
binding affinity and conformational stability, as indicated by the comparative docking parameters. These findings
provide mechanistic insights into the potential effect of the SCN2A variant on protein-ligand interactions and its pos-
sible contribution to epilepsy.

Keywords: Epilepsy, SCN2A gene, N-acetylglucosamine (NAG), molecular docking, missense mutation, genetic vari-
ant, sodium channel, neurological disorder

Introduction

Epilepsy is a neurological disorder characterized by an enduring predisposition to generate epileptic seizures.
According to the International League Against Epilepsy (ILAE) 2014 revised operational definition, epilepsy is defined
as a disease of the brain meeting any of three criteria: first, at least two unprovoked or reflex seizures occurring more
than 24 hours apart; second, one unprovoked or reflex seizure with a probability of further seizures equivalent to the
general recurrence risk of at least 60% over the subsequent decade; and third, a confirmed diagnosis of an epilepsy
syndrome. [1]. Epilepsy is a multifactorial neurological disorder influenced by both genetic and environmental factors.
Twin and genomic studies have demonstrated a significant hereditary contribution, while conditions such as trauma,
infections, stroke, and neurodegenerative diseases may also trigger epileptogenesis. Advances in genomic technologies
have identified several epilepsy-associated genes; however, the molecular basis of many epilepsy syndromes remains
unclear [2]. Prevalence of epilepsy is estimated to range between 4 and 10 per 1,000 individuals worldwide, indicating
a substantial global health burden. It affects nearly 50 million people, making it one of the most common neurological
disorders. The prevalence is generally higher in low- and middle-income countries, largely due to increased exposure
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to risk factors and limited healthcare access. Epilepsy occurs across all age groups, with higher occurrence observed in
children and the elderly. Variations in prevalence are influenced by factors such as genetic susceptibility, central
nervous system infections, traumatic brain injury, and socioeconomic conditions [3]. The SCN2A gene encodes the
NaV1.2 voltage-gated sodium channel a-subunit, which is essential for the initiation and propagation of action poten-
tials in neurons and thus regulates normal brain excitability. Mutations in SCN2A disrupt sodium ion flow, leading to
abnormal neuronal firing and seizure activity. These mutations may cause either gain-of-function, resulting in neu-
ronal hyper excitability and early-onset severe epilepsy, or loss-of-function, associated with milder seizures and neu-
rodevelopmental disorders. SCN2A is particularly important during early brain development and is strongly linked to
conditions such as benign familial neonatal-infantile seizures and developmental epileptic encephalopathies [4]. To
accomplish this objective, a range of bioinformatics approaches were employed, including databases and analytical
resources available through the National Center for Biotechnology Information (NCBI). By integrating computational
analyses with existing scientific evidence, this research seeks to enhance understanding of the contribution of SCN2A
GENE to the molecular and biological mechanisms underlying Epilepsy.

Materials and Methods

Data retrieval and dataset

Genomic data for the SCN2A gene were extracted from the Genome Aggregation Database (gnomAD) version 4.0
[5]. Key parameters examined included population allele frequencies and intolerance metrics, particularly the pLI
score of 1.0 and LOEUF value of 0.12, both reflecting a high degree of susceptibility to loss-of-function mutations.
Concurrently, protein-level details were acquired from the UniProt Knowledgebase (Swiss-Prot) [6], which describes
the sodium channel's function in neural firing regulation and its linkage to Developmental and Epileptic Encephalo-
pathy. Together, these database-derived findings reaffirm SCN2A as a strongly validated epilepsy-associated gene.

Variant identification and pathogenicity prediction

The functional consequences of epilepsy-associated SCN2A variants were evaluated using multiple in-silico pre-
diction tools. Mutation Taster assessed pathogenic potential based on evolutionary conservation and protein structure
[7], while SIFT and PolyPhen-2 predicted the impact of amino acid substitutions on protein function [8, 9]. PROVEAN
distinguished neutral from deleterious variants, and the CADD score provided an integrated measure of pathogenicity
by aggregating genomic annotations [10]. Variants consistently classified as deleterious across all tools were selected
for further structural analyses, including homology modeling, molecular docking, and molecular dynamics simula-
tions

Structure prediction of mutants and wild type proteins

To enable structural characterization and molecular docking analyses of epilepsy-associated SCN2A variants,
three-dimensional models of both wild-type and mutant protein isoforms were generated using AlphaFold2, a deep
learning-based algorithm for high-accuracy protein structure prediction [11]. The corresponding amino acid sequences
were submitted to the AlphaFold pipeline, which produced reliable three-dimensional coordinates in PDB format.
These structural models were subsequently employed for downstream computational analyses, including protein sta-
bility assessment and molecular docking simulations. This integrative approach allowed for the systematic examina-
tion of mutation-induced conformational alterations and their potential functional consequences [12,13].

Ligand selection and preparation

Potential ligand molecules targeting the SCN2A-encoded NaV1.2 sodium channel in epilepsy were identified
through systematic review of the published literature and screening of chemical databases [14,15]. The
three-dimensional structures of selected compounds were retrieved from the Protein Data Bank (PDB) in standard
structural formats [16]. These ligand structures were subsequently imported into UCSF Chimera for preparation,
which involved removal of non-essential components, addition of hydrogen atoms, and energy minimization to
achieve stable low-energy conformations [17,18]. The optimized ligands were then converted into suitable formats for
subsequent molecular docking studies.

Molecular docking

Molecular docking targeting the SCN2A-encoded NaV1.2 channel was performed using Molecular Operating
Environment (MOE) software [19]. The protein structure was prepared by removing water molecules and heteroatoms,
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followed by hydrogen addition and energy minimization. Binding pockets were identified using the Site Finder tool
[20]. Ligands were prepared via protonation and energy minimization. Docking simulations were conducted using
appropriate placement and scoring functions, and complexes were ranked by binding affinity. The best poses were
analyzed for hydrogen bonding and hydrophobic interactions to evaluate ligand binding potential in epilepsy [21].

Results
Gene identification and selection

Epilepsy is a neurological disorder in which a person has repeated seizures due to abnormal electrical activity in
the brain. The SCN2A gene is an important gene related to epilepsy because it controls sodium channels that help
transmit signals in nerve cells. In this study, the SCN2A gene was selected from reliable databases such as gnomAD
and UniProt. A specific variant, c.69T>G, was identified from the gnomAD database in the transcript
ENST00000375437. This variant may affect the normal function of the SCN2A protein, which can disturb brain signal-
ing and lead to epilepsy. Therefore, studying this gene and its variants helps in understanding the cause and mecha-
nism of the disease.

Ligand selection and preparation

The ligand used in this study is N-acetyl glucosamine (NAG), obtained from the Protein Data Bank (PDB). NAG is
a small molecule that can bind to proteins and form stable interactions. It was used to study its binding with the
SCN2A protein related to epilepsy. This helps in understanding protein-ligand interactions and the effect of mutations
on protein function.
Molecular Docking Analysis
Wild type SCN2A-Ligand interaction analysis

Docking analysis of wild-type SCN2A revealed key hydrogen bond interactions between N-acetylglucosamine
(NAG) and specific amino acid residues, including Asn132, Lys235, Ser229, Lys173, Asn192, and Argl77, indicating
stabilizing contacts within the binding pocket. Notably, Argl77 formed a bifurcated Cretan hydrogen bond that rigid-
ified the complex. The ligand-receptor distances ranged from 2.8 A to 3.5 A, with interaction energies spanning -1.2 to
-4.5 kcal/mol, suggesting favorable binding conformations. A hydrophobic contact with Leul26 further supported

pocket packing. The positive conformational penalty (4.74 kcal/mol) suggested local induced fit, offset by strong van
der Waals complementarity (E_place = -62.85 kcal/mol).

Table 1: Hydrogen bond interactions between NAG and wild-type SCN2A protein

Lifta;: Rf:;ior Residue  Chain Int;?;zion Di?fi’)“ i (ki?f/rrﬁil)
(OX] ND2 Asn132 A H-acceptor 2.95 -2.8
04 NZ Lys235 A H-acceptor 3.12 -3.1
05 oG Ser229 A H-acceptor 3.08 2.4
06 NZ Lys173 A H-acceptor 3.21 -2.9
N-acetyl O ND2 Asn192 A H-acceptor 2.84 -3.6
o2 NHI/NH2  Argl77 A B(ié‘fei:f)d 2.90/3.15 -45/-2.1
- CD Leul26 A Hydrophobic 3.45 -1.2
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Figure 1: Wild SCN2A-Ligand Interaction Analysis. 2D and 3D views showing key ligand interac-
tions and binding orientation within the SCN2A active site.

Mutant type SCN2A-Ligand interaction analysis

Docking analysis of mutant SCN2A revealed key hydrogen bond interactions between NAG and residues Asn132,
Lys235, and Ser229, indicating retained stabilizing contacts within the binding pocket. However, an unfavorable ac-
ceptor-acceptor interaction emerged, absent in the wild-type, consistent with reduced refinement energy (E_refine =
-21.62 kcal/mol vs. -22.32 kcal/mol). A hydrophobic contact with Leul26 and a carbon hydrogen bond partially com-
pensated for this repulsion. The final consensus score remained nearly unchanged (E_score2 = -4.92 kcal/mol vs.
wild-type -4.99 kcal/mol), suggesting the mutation redistributes interaction energies without abolishing binding.

Table 2: Hydrogen bond and key interactions between NAG and mutant SCN2A protein

Ligand Receptor . . . Distance Energy
Resid Ch Interaction T o
Atom Atom esidue ain Interaction Type A) (keal/mol)
o3 ND2 Asnl132 A H-donor 2.98 -2.7
04 Nz Lys235 A H-acceptor 3.15 -2.9
05 oG Ser229 A H-acceptor 3.10 -2.3
- - Unfavorable A Acceptor-acceptor - Repulsive
- CD Leul26 A Hydrophobic 3.40 -1.1
Carbon hy-
- - arbon A Weak H-bond 3.25 0.8
drogen bond
LYS
?35‘ s Asn132
A N age
H
/Lys’ .
o 9 T{LED)
b0 '\ \126/
SER *° ~
&8 (1 AgN \
Interactions \‘\132 4 Asn192

= === Conventional Hydrogen Bond
Carbon Hydrogen Bond
B Unfavorable Acceptor—Acceptor

Figure 2: Mutant SCN2A-Ligand Interaction Analysis, 2D and 3D views showing key ligand in-
teractions and binding orientation within the SCN2A active site.
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Compare the result of wild and mutant SCN2A with the ligand

The wild-type SCN2A-NAG complex shows a more negative final score (E_score2 = —4.9882 kcal/mol) and lower
RMSD_refine (1.0674 A) compared to the mutant (—4.9159 kcal/mol; 1.2151 A), indicating tighter binding and higher
conformational convergence. Wild-type also achieves greater refinement stabilization (E_refine = —22.3175 vs. -21.6228
kcal/mol), despite a slightly higher conformational penalty (E_conf = 4.7435 vs. 4.2759). Therefore, wild-type SCN2A is
more suitable for NAG binding than the mutant.

Table 3: Comparison of docking parameters between wild-type and mutant SCN2A

Parameter Wild-type Mutant A (Mutant - Wild-type)
E_score?2 (final) -4.9882 kcal/mol —4.9159 kcal/mol +0.0723
RMSD_refine 1.0674 A 1.2151 A +0.1477
E_refine —22.3175 kcal/mol —21.6228 kcal/mol +0.6947
E_conf 4.7435 kcal/mol 4.2759 kcal/mol -0.4676

Discussion

My docking results demonstrate that the wild-type SCN2A-NAG complex exhibits a more negative final score
(E_score2 = —4.9882 kcal/mol) and lower RMSD_refine (1.0674 A) compared to the mutant (—4.9159 kcal/mol; 1.2151 A),
indicating tighter binding and higher conformational convergence. The wild-type also achieves greater refinement
stabilization (E_refine = -22.3175 vs —21.6228 kcal/mol), despite a slightly higher conformational penalty (E_conf =
4.7435 vs. 4.2759). These findings align with published structural and biophysical studies on SCN2A mutations asso-
ciated with developmental and epileptic encephalopathy. Berecki et al. (2024) demonstrated that the N1662D mutation
in SCN2A prevents fast inactivation by disrupting and am bifunctional hydrogen bond between residues N1662 and
Q1494, which is essential for stabilizing the inactivation gate . Their molecular dynamics simulations revealed reduced
affinity of the hydrophobic IFM-motif to its receptor site in mutant channels relative to wild-type, consistent with my
observation that the mutant SCN2A shows weaker binding parameters. Similarly, Lauerer-Braun (2022) characterized
the G211D mutation in SCN2A, reporting a -7 mV shift in activation voltage dependence and altered persistent current
compared to wild-type channels. The structural modeling by Wolff et al. (2019) further showed that mutations in
SCN2A disrupt critical polar interactions, such as the R937C variant which cannot stabilize the E942 sidechain in the
selectivity filter due to the shorter, uncharged cysteine replacing arginine . This parallels my finding that unfavorable
acceptor-acceptor interactions appear in the mutant binding interface. Additionally, Sawaishi (2004) reported that the
11473M mutation proximal to the III-IV linker causes negative shift of steady-state inactivation and slowing recovery
from fast inactivation, resulting in decreased channel availability compared to wild-type. Collectively, these studies
support my conclusion that wild-type SCN2A maintains a more ordered, energetically favorable binding interface than
mutant variants, reinforcing the importance of intact hydrogen bond networks and proper side-chain orientation for
optimal ligand interaction.

Conclusion

The current study concludes that wild-type SCN2A binds NAG more favorably than the mutant, based on a more
negative final score (E_score2 = —4.9882 vs. —4.9159 kcal/mol), lower RMSD_refine (1.0674 vs. 1.2151 A), and greater
refinement stabilization (E_refine = -22.3175 vs. —21.6228 kcal/mol). The mutant complex additionally shows an unfa-
vorable acceptor-acceptor interaction absent in the wild-type. Thus, wild-type SCN2A maintains a superior binding
interface for NAG, though experimental validation is required.

Data availability statement
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The data used in this study are obtained from publicly available databases, including UniProt, gnomAD, and the Pro-
tein Data Bank (PDB). All relevant data are included within the article. Additional data can be provided by the corre-
sponding author upon reasonable request.

References

1. Katyayan A, Diaz-Medina G. Epileptic syndromes and treatment. Neurol. Clin. 2021;39:779-95.

2. Chen T, Giri M, Xia Z, Subedi YN, Li Y. Genetic and epigenetic mechanisms of epilepsy: a review. Neuropsychiatric disease
and treatment. 2017 Jul 13:1841-59.

3. Chen Z, Brodie MJ, Ding D, Kwan P. Epidemiology of epilepsy and seizures. Frontiers in epidemiology. 2023 Aug
30;3:1273163.

4.  Shi X, Yasumoto S, Kurahashi H, Nakagawa E, Fukasawa T, Uchiya S, Hirose S. Clinical spectrum of SCN2A mutations. Brain
and Development. 2012 Aug 1;34(7):541-5.

5. Karczewski K]J, Francioli LC, Tiao G, Cummings BB, Alf6ldi J, Wang Q, Collins RL, Laricchia KM, Ganna A, Birnbaum DP,
Gauthier LD. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature. 2020 May
28;581(7809):434-43.

6. Bateman A, Martin M]J, Orchard S, Magrane M, Agivetova R, Ahmad S, Alpi E, Bowler-Barnett EH, Britto R, Bursteinas B,
Bye-A-Jee H. UniProt: the universal protein knowledgebase in 2021. Nucleic acids research. 2020 Nov;49(D1).

7. Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation prediction for the deep-sequencing age. Nature
methods. 2014 Apr 1;11(4):361.

8. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous variants on protein function using the SIFT
algorithm. Nature protocols. 2009 Jul;4(7):1073-81.

9.  AdzhubeiIA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR. A method and server
for predicting damaging missense mutations. Nature methods. 2010 Apr;7(4):248-9.

10. Rentzsch P, Witten D, Cooper GM, Shendure ], Kircher M. CADD: predicting the deleteriousness of variants throughout the
human genome. Nucleic acids research. 2019 Jan 8;47(D1):D886-94.

11. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates R, Zidek A, Potapenko A,
Bridgland A. Highly accurate protein structure prediction with AlphaFold. nature. 2021 Aug 26;596(7873):583-9.

12. Bielopolski N, Heyman E, Bassan H, BenZeev B, Tzadok M, Ginsberg M, Blumkin L, Michaeli Y, Sokol R, Yosha-Orpaz N,
Hady-Cohen R. “Virtual patch clamp analysis” for predicting the functional significance of pathogenic variants in sodium
channels. Epilepsy Research. 2022 Oct 1;186:107002.

13. Harris BJ, Nguyen PT, Zhou G, Wulff H, DiMaio F, Yarov-Yarovoy V. Toward high-resolution modeling of small molecule-ion
channel interactions. Frontiers in Pharmacology. 2024 Jun 11;15:1411428.

14. Sanders SJ, Campbell AJ, Cottrell JR, Moller RS, Wagner FF, Auldridge AL, Bernier RA, Catterall WA, Chung WK, Empfield

JR, George AL. Progress in understanding and treating SCN2A-mediated disorders. Trends in neurosciences. 2018 Jul
1;41(7):442-56.



