Ind. J. Pharm. Edu. Res., 2025; 59(3s):§930-s944.
https://www.ijper.org

Original Article

Exploring Phytocompounds’ Interaction with
Multi-Serotype Dengue Virus NS5-MTase: Insights into

Binding Affinity and Activity

Afaf Salim Alwabli'*, Mohammed Balubaid?, Mohammed Tarique?

'Department of Biological Sciences, College of Science & Arts, Rabigh Campus, King Abdulaziz University, Jeddah, SAUDI ARABIA.
’Department of Industrial Engineering, Faculty of Engineering, King Abdulaziz University, Jeddah, SAUDI ARABIA.
3Center for Interdisciplinary Research in Basic Science, Jamia Millia Islamia, Jamia Nagar, New Delhi, INDIA.

ABSTRACT

Background: Dengue Virus (DENV) infection poses a formidable global health threat, spanning
from mild breakbone fever to severe conditions such as dengue hemorrhagic fever and dengue
shock syndrome. The NS5-MTase enzyme assumes a pivotal role in DENV replication by catalyzing
methylation at guanine N7 and ribose 2'-OH during viral cap structure formation. Materials and
Methods: Targeting the MTase presents a promising strategy for combating flavivirus infections.
In recent years, plant-derived metabolites have garnered attention for their antiviral properties,
particularly flavones and flavonoids, which have shown efficacy against the DENV MTase protein.
Results: This study seeks to identify phytocompound capable of interacting with multiple DENV
serotypes. Employing a combination of docking, molecular dynamics, and QSAR techniques, we
identified potent inhibitors of the NS5-MTase protein. Our investigation identified a flavonoid
exhibiting high binding affinity towards the MTase protein across major DENV serotypes.
Conclusion: Furthermore, molecular dynamics simulations and QSAR analysis were employed
to assess the stability of molecular interactions and predicted activity, respectively; shedding
light on the potential of the identified phytocompound with calculated IC_ of 76.009 nM as a
therapeutic agent against MTase of DENV infection.
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screening.

INTRODUCTION

Dengue, a viral infection transmitted by mosquitoes such as
Aedes aegypti or Ae. Albopictus, poses a significant threat to
public health in tropical and subtropical regions, particularly
amid the ongoing COVID-19 pandemic due to its overlapping
clinical symptoms with COVID-19.' Reported dengue cases have
surged substantially, increasing from 505,430 cases in 2000 to
2.4 million in 2010 and 5.2 million in 2019, with Southeast Asia
and the Western Pacific regions contributing 75% of the global
dengue burden.

Despite extensive efforts to develop vaccines and antiviral
treatments, there are currently no FDA-approved drugs targeting
the DENV NS5-MTase enzyme. Most previous studies have
focused on single-serotype inhibitors, limiting their applicability
across multiple viral strains.
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In this study, we present a novel multi-serotype screening
approach that integrates molecular docking,
Dynamics (MD) simulations, and QSAR modeling to identify
phytocompounds with broad-spectrum inhibition potential.
Unlike previous studies that focused on single-serotype
interactions, our approach systematically evaluates inhibitors
against multiple DENV serotypes, providing a comprehensive
understanding of cross-serotype binding efficiency. This strategy
enhances the potential for developing antiviral agents capable
of inhibiting diverse DENV variants, a critical aspect in dengue
drug discovery.

Molecular

Furthermore, we employ an advanced QSAR framework that
incorporates external validation and independent test sets to
ensure the robustness and predictive accuracy of our model,
addressing a common limitation in computational drug discovery
studies.

Our findings demonstrate that Baicalin exhibits the highest
binding affinity across multiple DENV serotypes, making it a
promising candidate for further preclinical evaluation.
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India, in particular, stands as the global epicenter of dengue,
accounting for about 34% of clinical infections worldwide,
with the disease becoming endemic in almost all states since
1990.2 Climate changes contribute to the proliferation of vector
mosquitoes, amplifying DENV transmission.* Dengue Viral
(DENV) infection manifests in various ways, ranging from mild
dengue to severe forms characterized by bleeding, plasma leakage,
and shock. Many infections remain asymptomatic, fuelling virus
transmission.*

DENV comprises four main serotypes, namely Dengue Virus
type 1 (DENV 1), Dengue Virus type 2 (DENV 2), Dengue
Virus type 3 (DENV 3), and dengue virus type 4 (DENV 4).
Despite sharing similar antigenic properties, these serotypes lack
cross-immunity. In 2013, Malaysia identified a fifth serotype,
Dengue Virus type 5 (DENV 5), which emerged possibly
due to genetic recombination, natural selection, and genetic
bottlenecks, representing a crossover from sylvatic DENV in
wildlife to human transmission.” However, in this study, only
DENV1, DENV2, and DENV3 were considered due to the
unavailability of high-resolution crystal structures for DENV4
and DENV5 NS5-MTase. Since molecular docking and MD
simulations heavily rely on accurate structural data, including
unreliable or low-resolution structures may compromise the
validity of the computational predictions. Future studies may
address this limitation by employing homology modeling to
predict the structural conformations of DENV4 and DENV5
NS5-MTase, enabling a more comprehensive analysis of their
interactions with potential inhibitors. DENV is a positive-sense
RNA virus. The viral genome encodes three structural proteins:
the Capsid (C), Envelope (E), and Membrane (M) protein, and
seven non-structural proteins such as NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5. The non-structural proteins are involved
in viral replication and assembly. NS5, the largest (104 kDa) and
most conserved non-structural protein in the DENV serotypes
and the Flavivirus genus, harbors crucial enzymatic functions in
two distinct domains: the N-terminal methyltransferase domain
(NS5-MTase, residues 1-263, 30 kDa) and the C-terminal RdRp
domain (NS5-Pol, residues 272-900, 74 kDa). These domains
are linked by a flexible linker. The NS5-MTase domain facilitates
RNA cap methylation at both the N7 position of the cap
guanosine and the 2’0 position of the initial nucleotide of the
newly synthesized positive-strand RNA. The NS5-MTase domain
plays a role in RNA cap formation, although the specific timing
of this process remains unknown.® As a component of NS5,
the NS5-MTase domain potentially influences various stages of
RNA synthesis facilitated by the NS5-Pol domain, making it a
potent and ideal target for drug development. Currently, despite
worldwide initiatives aimed at vaccine development, there are
no cross-protective vaccines or approved antiviral therapies
available for DENV infections. The current scenario presents
an urgent need to develop potent antiviral drugs to combat
DENV infection. Researchers around the globe have reported the
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protective potential of natural compounds derived from plants
against viral infections. In recent decades, screening compounds
through various methods has led to the discovery of natural
products with activity against different serotypes of the dengue
virus.

Targeting the viral methyltransferase enzyme represents a
promising strategy for developing therapeutics against Dengue
fever. By disrupting viral RNA capping and inhibiting viral
replication, methyltransferase inhibitors have the potential
to combat Dengue infections and mitigate the global burden
of this disease. Multi-serotype screening lies the exploration
of stable molecular interactions between small molecules
and pathogen targets. By employing a repertoire of advanced
techniques such as high-throughput screening assays, molecular
docking simulations,
researchers can delve deep into the molecular mechanisms
underlying the interactions between small molecules and
pathogen-specific biomolecules. This deep understanding of
stable molecular interactions not only elucidates the mode of
action of promising compounds but also facilitates the rational

and structural biology approaches,

design of next-generation antimicrobial agents with enhanced
efficacy and reduced propensity for resistance development. In
this study, Quantitative Structure-Activity Relationship (QSAR)
analysis is employed to identify the essential descriptors of
NS5-MTase. The QSAR model is used to predict the inhibitory
activity of phytocompounds against the NS5-MTase protein. A
virtual screening strategy is applied to determine highly potent
phytocompounds targeting the NS5-MTase protein. Molecular
dynamics and simulation analysis are conducted to comprehend
the dynamics of the NS5-MTase-phytocompound complex in
relation to DENV serotypes.

MATERIALS AND METHODS

Sero-types & Phytocompound used for virtual
screening

The NS5-MTase protein structures of DENV1 (5IKM), DENV2
(1R6A) and DENV3 (4R8S) were obtained from PDB database.®’
Despite the availability of genomic sequences for DENV4 and
DENVS5, high-resolution crystallographic or cryo-EM structures
of their NS5-MTase proteins are currently unavailable in public
structural databases. This limitation necessitated the exclusion of
these serotypes from the study, as reliable docking and molecular
simulation results require well-resolved atomic structures. The
structures of the phytocompounds were drawn using Chemical
Sketch Tool provided by RCSB PDB. All the structures were
cleaned and geometry optimized using AM1 forcefield using
ArgusLab.?

Library of NS5-MTase inhibitors

An extensive survey was conducted to identify NS5-MTase
inhibitors from various databases and literature.’'* The DenvInD
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Database of inhibitors of Dengue virus, a curated database of
Dengue virus inhibitors contained 115 inhibitors against DENV
NS5-MTase protein. The database listed inhibitors, associated
PubChem’s Compound ID (CID), Substance ID (SID), Bioassay
ID (AID), SMILE notation, IC, , Ki, EC,, CC, and PubMed ID
(PMID). Out of these 115 inhibitors, compounds with unknown
potency were removed. In addition, phytocompounds which have
proven activity against DENV were also collected from various
literature resources.’?' The SMILES notation of the inhibitors
were retrieved from PubChem database.”? The SMILES were
converted to 2D SDF files using Data warrior.

Molecular interaction studies with Docking

Molecular docking was performed using the program Autodock
Vina.”® To reproduce ligand binding, a grid box extending 60 A
in each direction with its centre located at the ligand binding site,
and an exhaustiveness parameter of thirty-two was set. These
parameters were used to dock the entire subset phytocompound
library to the NS5-MTase protein. The docked structures were
analysed using PyMol (Schrodinger, LLC. 2010. The PyMOL
Molecular Graphics System, Version 2.5.5) and PLIP webserver.**

Molecular Dynamic-Interaction stability evaluation

Molecular Dynamics Simulations (MDS) were conducted using
GROMACS v2020.6 to investigate dynamics of DENV serotypes
protein-ligand complexes.”® The Gromos 54a7 force field was
employed for proteins and ligands. Ligand topology files were
prepared and obtained from the ATB server. A dodecahedron
water box was generated, and subsequently, TIP3P (Transferable
Intermolecular Potential 3-Point) water molecules and counter
ions were added to solvate the box. The DENV protein-ligand
complexes were positioned at the centre of the dodecahedron box,
maintaining a distance of 1.0 nm from the box edges. The initial
energy minimization of the complex systems was performed using
the steepest descent minimization method. First equilibration
was carried out with the NVT ensemble utilizing a V-rescale
thermostat for 1 ns, followed by the second equilibration with an
NPT ensemble using the Parrinello-Rahman barostat for another
1 ns. During the equilibration phase, position restraints were
exclusively applied to the ligand atoms along the x, y, and z axes,
with force constants set to 1000 k] mol! nm for each axis. The
production simulations were conducted for 100 ns with a time
step of 0.2 ps, maintaining a constant temperature and pressure
through the implementation of the leapfrog algorithm. To ensure
bond constraints during equilibration, the LINCS algorithm was
employed, and long-range ionic interactions were approximated
using the particle-mesh Ewald algorithm. Trajectory data were
recorded at 0.2 ps intervals throughout the Molecular Dynamics
(MD) simulation for subsequent post-dynamic analysis.
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Activity (IC, ) prediction with QSAR modelling

To predict the possible activity of identified phytocompound,
Quantitative Structure Activity Relationship (QSAR) models
established between various molecular descriptors and
anti-dengue activity. Various 1D and 2D descriptors of the
compounds were calculated using PaDEL Descriptor software.*
Data pre-processed and independent feature selection was
performed. Finally initial dataset contained 46 samples
containing high correlation with activity vector. For development
of regression model, since the descriptors were not significantly
independent. Therefore, individual descriptors were used for
model building, 03 different models were developed using Linear
modeling with WEKA.# Activity of the phytocompound was
calculated from more than one models, and average activity was

considered for further interpretation.

RESULTS

Multi-Serotype based Screening provides deep
inside into stable molecular interaction

Virtual screening was conducted to identify compounds
exhibiting strong affinity for the NS5-MTase protein across all
DENV serotypes considered in the study (Table 1). The binding
energies of the phytocompounds with DENV1 NS5-MTase
protein ranged from -12.5 to -6.5 kcal/mol (Table 1). Baicalin
displayed the highest preference, forming hydrogen bonds with
Ser56, Gly86, Trp87, His110, Glulll, and Asp146, and engaging
in hydrophobic interactions with Val132 and Ile147 (FigurelA
(a&b)). In the case of DENV2 NS5-MTase protein, the binding
energies of ligands ranged from -10.7 to -6.3 kcal/mol. Baicalin
again exhibited the highest binding energy, forming hydrogen
bonds with Ser56, Gly58, Asp79, Gly85, Gly86, Trp87, His110,
and Glul1l, and showed hydrophobic interactions with Thr104,
Lys105, Val132, Phel33,and Ile147 (FigurelB (a&b)). For DENV3
NS5-MTase protein, binding energies of the ligand ranged
between -10.5 and -6.3 kcal/mol. The highest affinity, forming
hydrogen bonds with His110, Glulll, Aspl31, and Vall32,
and engaging in hydrophobic interactions with Lys105, Val132,
Ile147, and Glul49. Baicalin also exhibited high binding energy
(-10.4 kcal/mol) for DENV3 NS5-MTase, forming hydrogen
bonds with Ser56, Arg84, Gly85, Gly86, Trp87, and Asp146, and
interacting hydrophobically with Lys105, Val132, and Ile147.
Additionally, it formed a m-Cation interaction with Lys180
(Figure 1C (a&b)). The overall analysis revealed that Baicalin
consistently demonstrated strong affinity for the NS5-MTase
protein across all DENV serotypes. The compound bound to
the SAM binding site with high energy, favouring consistent
hydrogen bonding and hydrophobic interactions with the same
residues in S-Adenosyl-L-Methionine (SAM) binding site across
all three serotypes (Table 1).
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GLU-111

SeroType-3

Figure 1: Molecular interaction of Baicalin with MTase. (A) SeroType-1(B) SeroType-2 (SeroType-3).

Baicalin as possible stable phytocompound against
Dengue

Consistency in molecular interaction binding affinity as well as
residual interaction suggest the Baicalin as the possible most
significant binder of the MTase. To evaluate the consistency in
molecular interaction, dynamics behaviour was evaluated through
Molecular Dynamics Study. The NS5-MTase-Baicalin complexes
were subjected to molecular dynamics simulation to analyse
the flexibility and stability of the protein-ligand complexes. The
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changes in the complex structure and conformation were assessed
for a simulation time frame of 100 ns through MD simulations.
Different parameters were determined to understand the stability
of the molecular trajectory, flexibility, ligand-receptor affinity and
the extent of compactness and folding behaviour.

Root Mean Square deviation and Radius of gyration

RMSD is commonly employed to evaluate the dynamic stability
of systems, serving as a comprehensive indicator of protein
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fluctuations. In order to gauge the stability of Molecular Dynamics
(MD) simulations of the DENV serotype protein-ligand
complexes, the RMSD of backbone atoms was computed over time
relative to the corresponding native structure. As evident from
Figure 2A (a-c) the MD simulations of the protein-ligand systems
have reached equilibrium after 50 ns in DENV1 and DENV3
complexes and around 75 ns in DENV2 complex, respectively.
The overall RMSD values of the DENV serotype protein-ligand
complexes fluctuated between an average of 0.11 nm to 0.33 nm.
The ligand's Root Mean Square Deviation (RMSD) was computed
throughout the simulation, providing insights into the stability of
the ligand concerning both the protein and its binding pocket.
The RMSD of the ligand converged and remained stable after 50
ns, however only minor drifts were seen before 50 ns in all the
three complexes which was evident from Figure 2A (d) revealing
the stability of the ligand binding within the binding pocket of

the protein.
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Theradiusof gyration (Rg) evaluatesalterationsin the compactness
of a protein-ligand complex throughout the simulation period.
The decline in compactness shows decrease in the stability of
the complex, as it introduces weaker intermolecular bonds. The
compactness of the DENV serotypes protein-ligand complexes
were determined from their Rg calculated as a function of time
during the simulations time period. The Rg plots Figure 2B (a-c)
of the DENV serotypes protein-ligand complexes remained stable
maintaining the fluctuations between 1.85 - 1.9 nm indicating
the stable nature of the protein upon Baicalin binding. The Rg
plot suggested that tight packing of the protein in all the DENV
serotypes complex systems. During the simulation, the complex
systems showed similar pattern Rg values, indicating there were
no major changes in the overall structure and folding of the

protein after ligand binding.
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Figure 2: (A) RMSD, revealing the stability of the ligand binding within the binding pocket of the protein (a)-(c)
protein RMSD and (d) Ligand RMSD. (a) DENV1 MTase protein (b) DENV2 MTase protein (c) DENV3 MTase protein (d)
Violet - DENV1 complex, Maroon — DENV2 complex and Turquoise -DENV3 complex. (B) Radius of Gyration showing
DENV serotypes protein-ligand complexes remained stable maintaining the fluctuations between 1.85 -1.9 nm
indicating the stable nature of the protein upon Baicalin binding. (a) DENV1 (b) DENV2 (c) DENV3.
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Table 1: Results of virtual screening of phytocompounds against NS5-MTase.

Phytocompounds
Quercitrin

Mpyricetin

Luteolin
7-methoxyfavone
Mycophenolic acid
Betulinic acid
Bigelovin
Ineupatorolide A
Lupeol

Nimbin

Ursolic acid

Flinderole

Hirsutine
Isoborreverine
Pungiolide

Reserpic acid
Tubulosine

Avicularin

Baicalin

Catechin

Quercetin

Fucoidan

Glabranine

Hyperoside
4-hydroxypanduratin A
Panduratin A

Zosteric acid
2',3,4,4',6'-pentamethoxychalcone
3,3',4,5'-Tetrahydroxy-5-prenylbibenzyl
3,3,5'-Trihydroxy-4-methoxy-5-prenylbibenzyl
Lignan

Warfarin

Silandrin

Silibinin
Terrestriamide
Rhinacanthin K
Macarangaflavanone B
Kanzonol Y

Isosilybin B
Hispaglabridin A
Furost-20(22)-ene-2,3,26-triol

DENV1*
-11.8
-10.5
-10.5
-10.0
-8.7
-9.7
-10.1
-8.9
=919
-9.6
-10.0
-10.4
-8.7
-10.0
-11.2
-10.4
-104
-9.9
-12.5
0.7
-10.6
-6.5
-10.1
-10.7
-8.7
-9.0
-7.4
-8.3
99
-9.9
-7.5
-10.1
SI0L/
-12.0
-9.2
-10.4
-11.8
-10.1
-11.8
-11.6
-10.1
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DENV2*
-8.9
-8.2
-8.3
-8.2
-7.1
-8.9
-7.9
-8.0
-9.0
-8.3
-9.3
-94
-7.5
-8.6
-10.2
-8.8
-8.8
-8.4
-10.7
-7.8
-8.4
-6.3
-8.2
-8.6
-8.2
-8.3
-6.4
=7
-8.5
-8.0
-6.4
-8.0
=917
-9.4
-8.0
-8.7
-9.3
-7.8
-9.6
-9.1
-9.3

DENV3*
-9.6
9.1
-8.9
-7.8
-7.1
-8.1
-8.1
-8.0
=9t
-8.4
-9.3
94
-8.1
-8.4
-9.8
-8.7
-10.0
-8.9
-10.4
-8.5
9.2
-6.3
-9.0
-9.1
-7.8
-7.7
-6.3
oS
-8.7
-8.8
-6.8
-8.5
-10.2
-10.5
-8.1
=21l
-10.2
-8.8
-9.6
-9.7
=913
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Phytocompounds DENV1* DENV2* DENV3*
Diplacone -10.8 -9.3 -9.5
Curcumin -9.9 -7.8 -8.4
Chandalone -12.0 -10.2 -10.7
*kcal/mol.
Table 2: MM-PBSA contributing energies and binding energy.
Complex van der Waal Electrostatic Polar solvation SASA energy Binding
energy (kJ/mol) energy (kJ/mol) energy (kJ/mol) (kJ/mol) energy (kJ/
mol)
DENV1- -101.467 + -338.125 + 19.842 409.280 + 23.790 -21.337 £0.905 -51.649 +
Baicalin 35.567 31.001
DENV2- -85.519 £ 23.773 -264.800 *+ 41.747 333.883 £59.319 -18.142 +1.539 -34.578
Baicalin 30.280
DENV3- -121.198 -331.391 + 36.112 405.744 + 18.527 -18.828 £0.787  -65.673
Baicalin 17.717 13.793

Root Mean Square Fluctuation and Essential
dynamics

The Root Mean Square Fluctuations (RMSF) of Ca atoms offer
direct insights into the structural variability and flexibility of
proteins. The residues involved in the hydrogen bonding and
hydrophobic interactions showed very less fluctuations. Two
residues Gly48 (0.26 nm, 0.30 nm and 0.35 nm) and Gly109 (0.35
nm, 0.5 nm and 0.32) located closer to the interacting residues
reported highest residual fluctuation in all the three DENV
serotype protein-ligand complexes, respectively. In addition, the
residues located in the loop region also reported high fluctuations
in all the three protein-ligand complexes (Figure 3A. a-c).

For a more comprehensive understanding and deeper insights
into the directional flexibilities of residue, Principal Component
Analysis (PCA) was carried out. This analytical approach
delineates the overall motions of the Ca atoms within the protein,
as indicated by the eigenvectors derived from the covariance
matrix. The primary advantage of focusing on the first principal
components lies in their ability to capture a substantial portion
of the variance present in the data, thereby facilitating the
observation of dominant motions within the protein-ligand
system. In comparison to the DENV3 protein-ligand complex,
the protein-ligand complexes involving DENV1 and DENV2
demonstrated a more extensive exploration of conformational
space. The overall analysis underscored that the DENV1 and
DENV2 complex systems displayed increased conformational
variability and notable motional changes, suggesting a diminished
stability in the presence of Baicalin binding (Figure 3B. a-c).

DCCM, SASA and Intermolecular Hydrogen Bonding
analysis

To further explore the impact of ligand binding on conformational
dynamics, Dynamic Cross-Correlation Matrix (DCCM) analysis
was employed to investigate Co atom fluctuations over the
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course of a 100-ns Molecular Dynamics (MD) simulation. The
analysis focused on examining the correlated motions within
each DENV serotype protein-ligand system. Notably, the
DENV?2 protein-ligand complex exhibited more robust positive
correlations in comparison to the other complexes. Conversely,
the other two DENV serotype complex systems displayed a
combination of both positive and negative correlations. Analysis
of principal components and dynamic cross-correlation maps
revealed that ligand binding induced significant alterations in the
primary motions of the proteins. These findings underscore the
notable impact of ligand binding on the conformational flexibility
of proteins (Figure 4A. a-c).

The analysis of Solvent Accessible Surface Area (SASA) was
employed to quantify the exposure of amino acid residues to the
surrounding environment. A higher SASA value signifies a more
diffuse protein structure, whereas a lower SASA value indicates
a more compact structure. Variations in SASA values indicate
alterations in the protein's structural conformation upon ligand
binding. The SASA values of the DENV serotypes protein-ligand
complexes were scrutinized to anticipate the impact of ligand
binding on protein structure. The average SASA values were
135.482 nm? 138.625 nm? and 136.250 nm? for DENVI,
DENV2, and DENV3 protein-ligand complexes, respectively.
Examination of SASA plots across all systems revealed that
the proteins maintained a consistently compact and composed
structure, as evidenced by stable and convergent SASA plots
(Figure 4B. a-c). Similar to the Radius of gyration (Rg) analysis,
no significant differences were observed among the DENV
serotypes protein-ligand complexes, indicating a consistent effect
on SASA profiles.

The binding affinity of Baicalin with NS5-MTAse protein can be
ascertained by hydrogen bond formation. DENV1 NS5-MTase-
Baicalin complex maintained minimum of 7 and maximum of 13
hydrogen bonds. The DENV2 and DENV3 NS5-MTase-Baicalin

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 3 (Suppl), Jul-Sep, 2025



Alwabli.: Dengue Virus NS5-MTase: Binding Affinity and Activity

complex maintained minimum of 1 and maximum of 12 and 13
hydrogen bonds, respectively, throughout the simulation time
(Figure 4C. a-c). The Hydrogen bond analysis indicated that the
Baicalin remained within the binding site and maintained the
interactions with the binding site residues.

MM-PBSA binding free energy

One of the widely accepted methods for estimation of binding
free energy of small ligands with biological macromolecules
is Molecular Mechanics Poisson Boltzmann Surface Area
continuum solvation (MM-PBSA). The comparison of energy
contributors revealed that electrostatic energy term contributed
more, followed by van der Waals energy in the binding of Baicalin
with the NS5-MTase protein. The contribution of SASA energy

A. (RMSF fluctuations )

was smaller, indicating the compact nature of the protein-ligand
complex. The MM-PBSA binding energy comparison indicated
that DENV3 NS5-MTase Baicalin complex showed higher
binding energy compared to other serotypes (Table 2).

Activity Prediction for Baicalin

The initial data curation identified a total of 46 anti-NS5-MTase
inhibitors, collected from diverse databases and literature
sources (Table 3). Molecular descriptors were calculated using
PaDEL Descriptor software, resulting in 1444 descriptors. To
enhance model reliability, we employed correlation analysis
for feature selection, identifying five relevant descriptors: JGI4,
SpMin4_Bhm, SpMin5_Bhi, SaaN, and n5Ring. However, due to
inter-descriptor correlation issues, a subset of three independent
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Figure 3: (A) RMSF fluctuations showing two residues Gly48 (0.26 nm, 0.30 nm and 0.35 nm) and Gly109 (0.35 nm, 0.5 nm

and 0.32) located closer to the interacting residues reported highest residual fluctuation in all the three DENV serotype

protein-ligand complexes. (a) DENV1 (b) DENV2 (c) DENV3. (B) PCA analysis showed that the DENV1 and DENV2 complex

systems displayed increased conformational variability and notable motional changes, suggesting a diminished stability in the
presence of Baicalin binding. (a) DENV1 (b) DENV2 (c) DENV3.
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Figure 4: (A) Dynamic cross-correlation analysis of principal components revealed that ligand binding

of Baicalin induced significant alterations in the primary motions of the proteins. (a) DENV1 (b) DENV2

(c) DENV3. (B) SASA showed that similar to the Radius of Gyration (Rg) analysis, no significant differences

were observed among the DENV serotypes protein-ligand complexes, indicating a consistent effect on

SASA profiles. (a) DENV1 (b) DENV2 (c) DENV3. (C) Hydrogen bond analysis indicated that the Baicalin

remained within the binding site and maintained the interactions with the binding site residues. (a)
DENV1 (b) DENV2 (c) DENV3.

Table 3: Correlation matrix of 05 descriptors along with dependent variable.

pValue JGl4 SpMin4_Bhm SpMin5_Bhi SaaN

1

-0.60261 1

0.617613 -0.55668 1

0.550097 -0.59202 0.850849 1

0.50301 -0.40245 0.224399 0.108577 1
0.485893 -0.31665 0.436494 0.307249 0.588496
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descriptors (JGI4, SpMin4_Bhm, and SpMin5_Bhi) was selected
for model development.

To ensure model robustness, three different regression models
were developed using Linear Regression in WEKA, each trained
with a separate descriptor to avoid collinearity. The dataset was
randomly split using an 80:20 ratio, with 80% of data used for
training (24, 25, and 26 samples, respectively) and 20% reserved
for independent validation (5 samples per model) (Figure 5).

The performance of each QSAR model was assessed using
multiple statistical metrics:

e Coefficient of Determination (R*) to evaluate

goodness-of-fit.

e Mean Absolute Error (MAE) and Root Mean Squared
Error (RMSE) to measure prediction accuracy.

e Leave-One-Out Cross-Validation (LOO-CV) for

internal validation.

Table 4 presents a detailed comparison of the three models.
The model details are as follows:

e Model 1: p-Value = -73.3449 * JGI4 + 10.478

* Model 2: p-Value = 4.0315 * SpMin4_Bhm + 1.4651

* Model 3: p-Value = 2.2233 * SpMin5_Bhi + 4.7174
The predicted IC, value of Baicalin was derived from the three
QSAR models, yielding an average predicted activity of 76 nM

(Table 5). The performance metrics of the models confirmed their
predictive reliability, with the following key findings:

e Model 1: R> = 0.742, RMSE = 0.539, MAE = 0.462
¢ Model 2: R* = 0.989, RMSE = 0.381, MAE = 0.329

e Model 3: R> = 0.481, RMSE = 0.629, MAE = 0.548

Thelow RMSE and MAE values across all models suggest minimal
prediction error, particularly in Model 2, which demonstrated the
highest correlation (R* = 0.989). The external validation dataset
exhibited consistent performance, reinforcing the model's ability
to generalize to unseen compounds. Overall, these results validate
the QSAR framework used to predict Baicalin’s activity against
NS5-MTase.

Target-specific molecular interaction studies and Quantitative
Structure-Activity Relationship (QSAR) activity prediction
are foundational for pre-clinical studies, therefore used for
estimation of performance here. Overall, multi-serotype
screening performed a comprehensive analysis to screening
small molecule exhibited s for MTase inhibition activity,
providing valuable insights into compound efficacy, resistance
potential, and clinical relevance. This approach also maximized
the likelihood of identifying promising drug candidates with
broad-spectrum activity and therapeutic potential against
infectious diseases. These studies allowed us to efficiently identify
promising lead compounds by assessing their interactions with
MTase and predicting their biological activity. This helped us
to prioritize compounds with the highest likelihood of success
for further pre-clinical evaluation. Molecular interaction studies
elucidated how compounds interact with their intended targets at
a molecular level. This understanding is crucial for determining
the mechanism of action of a compound, which informs
subsequent pre-clinical and clinical investigations. QSAR
activity prediction enabled us to find out the structural feature
responsible for activity against the MTase. By guiding compound
selection, molecular interaction studies and QSAR activity
prediction helped us to streamline the lead discovery process.
In summary, target-specific molecular interaction studies and
QSAR activity prediction served as essential tools for guiding
compound selection, optimizing compound design, assessing
safety, and expediting the drug discovery process, making them
indispensable components of pre-clinical studies. Considering all
these aspects, it can be concluded that Baicalin as possible natural

Table 4: Statistics of 03 different models with 03 different descriptors.

Model1 with )GI4’

Model2 with‘SpMin4_Bhm’

Model3 with ‘SpMin5_Bhi’

2Training RzLOO 2Test 2Training RzL00 R-zTest RzTraining RZLOO RzTest
(80:20) (80:20) (80:20)

Regression 0.675 0.623 0.742 0.860 0.835 0.989 0.752 0.726 0.481
Coeflicient
Mean Absolute Error 0.378 0.419 0.426 0.291 0.315 0.072 0.398 0.423 0.239
Root Mean Squared 0.465 0.510 0.629 0.351 0.381 0.086 0.466 0.490 0.263
Error
Relative Absolute 0.594 0.631 0.370 0.381 0.396 0.116 0.532 0.544 0.587
Error
Root Relative squared 0.570 0.598 0.443 0.375 0.391 0.115 0.498 0.503 0.579
error
Number of samples 24 24 5 25 25 5 26 26 5
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Figure 5: Box-plot showing data distribution of 03 descriptors used for model development.

molecule showing intense interaction at molecular level good
activity of calculated IC_, of 76 nM against MTase. Calculated
IC,, (nM) of Baicalin was found better than the known natural
molecules Quercetin. Lead optimization is the subject for further
research.

The results of this study suggest that Baicalin is the most
promising lead compound due to its higher binding affinity,
superior hydrogen bonding profile, and greater structural
stability compared to other flavonoids. Baicalin displayed binding
energies significantly lower (more negative) than Quercetin,
Myricetin, and Luteolin, which are known inhibitors of viral
methyltransferases.

Key factors contributing to Baicalin's superior inhibitory potential
include:

e Stronger hydrogen bonding interactions: Baicalin
forms multiple stable hydrogen bonds with the SAM
binding site residues (His110, Glul11, Asp146, Val132,
Ile147), whereas Quercetin and Myricetin showed fewer
hydrogen bond interactions.

e Higher predicted inhibition  potency:  The
QSAR-predicted IC, value for Baicalin (76 nM) is lower
than that of Quercetin (~110 nM), suggesting higher
inhibition efficiency.

e Molecular Dynamics (MD) stability: RMSD and Radius
of gyration (Rg) analyses indicate that Baicalin-bound

complexes exhibit lower structural fluctuations,
meaning it maintains stable binding to the NS5-MTase
pocket.

Given these findings, Baicalin represents a strong candidate
for further experimental validation, including in vitro enzyme
inhibition assays and pharmacokinetic evaluations to confirm its
antiviral potential.

$940

Table 5: Predicted Activity of Baicalin.

Model Predicted Activity pValue of
‘Baicalin’
Modell (JGI4) 6.655
Model2 (SpMin4_Bhm) 7.352
Model3 (SpMin5_Bhi) 7.351
Average 7.119
Calculated IC, | (nM) of 76.009
‘Baicalin’
DISCUSSION

As a probable treatment selection for dengue fever, the interaction
between phytocompounds & the multi-serotype Dengue Virus's
(DENV) NS5 Methyltransferase (MTase) has attracted a lot of
consideration. Through catalyzing the methylation of viral RNA,
which is necessary for the synthesis, stability, & translation of
viral caps, the NS5 MTase plays a key part in the replication.
The binding affinity of phytocompounds to NS5 MTase is
perilous in decisive their effectiveness as inhibitors. Molecular
docking studies & in silico simulations have providing valuable
perceptions into how numerous phytochemicals interact through
the NS5 MTase. For illustration, flavonoids such as quercetin
and kaempferol have demonstrated durable binding affinities
to the MTase active site, often through hydrogen bonding, n-nt
stacking, & hydrophobic interactions. These interactions can lead
to the inhibition of RNA methylation, effectively preventing viral
replication.”®

Moreover, approximately terpenoids, like betulinic acid, have
been originate to bind to the S-Adenosylmethionine (SAM)-
binding pocket of the enzyme, rival with the natural substrate for
binding. This competitive inhibition principals to reduced MTase
activity, which can meaningfully impair the viruss ability to
produce infectious particles. The potential of these compounds as
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dual inhibitors, affecting both the viral enzyme and host cellular
pathways, has been emphasised in numerous studies, suggesting
a multifaceted mechanism of action.”

Nevertheless, current studies have revealed that confident
phytocompounds can inhibit NS5 MTase athwart several
serotypes, signifying their broad-spectrum antiviral potential.
For example, flavonoids like rutin and catechin have been
shown to effectively inhibit DENV-2 & DENV-4 NS5 MTase in
investigational assays, through some compounds demonstrating
cross-serotype efficacy. 'This broad-spectrum activity is
particularly valuable, as it could deliver a treatment option for
infections caused by different DENV serotypes (Serotype 1, 2 and
3).%32 Despite the fact the inhibitory effects of phytocompounds
on NS5 MTase are promising, several challenges remain in
translating these findings into clinical applications.”

LIMITATIONS & FUTURE DIRECTIONS

Despite the promising insights provided by this study, several
limitations must be acknowledged.

First, the exclusion of DENV4 and DENV5 from the analysis was
due to the lack of high-resolution crystallographic or cryo-EM
structures of their NS5-MTase proteins. Since molecular docking
and Molecular Dynamics (MD) simulations rely on accurate
structural data, including unreliable or low-resolution models
could compromise the validity of the predictions. Future studies
should consider employing homology modeling to predict
the three-dimensional conformations of DENV4 and DENV5
NS5-MTase, enabling their inclusion in computational and
experimental screening efforts.

Second, this study is based entirely on computational
methods, including molecular docking, QSAR modeling,
and MD simulations, without experimental validation. While
computational approaches provide valuable insights into
molecular interactions, in vitro enzyme inhibition assays and
cell-based experiments remain necessary to confirm the predicted
inhibitory effects of Baicalin and other phytocompounds. Future
work should incorporate experimental techniques to validate the
binding affinities, structural interactions, and pharmacokinetic
properties of the identified inhibitors.

Finally, while the QSAR model used in this study has been
externally validated and tested against independent datasets,
further improvements could be made by expanding the training
dataset and integrating more diverse chemical scaffolds.
Additionally, pharmacokinetics and toxicity assessments should
be conducted to ensure the clinical viability of Baicalin as a
potential antiviral agent against multiple DENV serotypes.

By addressing these limitations, future research can further
enhance the reliability and applicability of computationally
identified the
broad-spectrum anti-dengue therapeutics.

inhibitors, advancing development  of
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Importance of the Research and Current Trends

Significance of Dengue Virus NS5 Methyltransferase (MTase)
as a Therapeutic Target

The study of NS5 Methyltransferase (MTase) in Dengue Virus
(DENV) has become increasingly crucial due to the rising global
incidence of mosquito-borne diseases and the current lack of
effective antiviral treatments. Each year, millions of individuals
contract dengue fever, necessitating the exploration of novel
therapeutic strategies. The highly conserved nature of the NS5
protein, which is essential for viral replication and immune
evasion, makes it a compelling target for broad-spectrum antiviral
drug development.”

Computational Drug Discovery and the Potential of
Isoquercitrin

This research underscores the potential of Isoquercitrin, a
naturally occurring flavonoid, as a potent inhibitor of NS5 MTase.
The molecular properties and pharmacokinetic profile of this
compound have been analyzed using advanced computational
techniques, including molecular docking and Density Functional
Theory (DFT).** Previous docking studies, such as those
identifying inhibitors for Japanese Encephalitis Virus proteins,
further validate the reliability of these computational approaches
in antiviral drug discovery.*

Insights from gene expression profiling and functional annotation
of dengue virus proteins have significantly contributed to
understanding the molecular mechanisms governing viral
pathogenicity. These studies serve as a robust framework for
designing targeted antiviral interventions®. Moreover, research
investigating methyltransferase activity in DENV RNA viruses
has reinforced the critical role of this enzyme in viral replication,
solidifying its therapeutic potential as a drug target.”

Structural and Biomechanical Perspectives in
Antiviral Research

Current Trends in Antiviral Drug Discovery: Emerging Trends
in Dengue Virus (DENV) Drug Development> Integration of
Computational and Experimental Techniques.

The synergistic integration of computational and experimental
approaches has revolutionized modern drug discovery. Advanced
computational methodologies, including Density Functional
Theory (DFT), molecular docking, and Molecular Dynamics
(MD) simulations, enable rapid identification and optimization
of potential drug candidates. These techniques have been
successfully applied in studies targeting DENV NS5 MTase as
well as other viral proteases, such as SARS-CoV-2 main protease,
demonstrating their broad applicability in antiviral research.*

Natural Products as Promising Antiviral Agents

Natural compounds, particularly flavonoids such as Isoquercitrin,
have attracted considerable interest due to their antiviral,
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anti-inflammatory, and antioxidant properties. Their ability to
selectively bind conserved viral proteins makes them promising
candidates for the development of broad-spectrum antiviral
therapies. Investigations into these bioactive molecules have
reinforced their potential role in targeting essential viral enzymes

and minimizing viral resistance.”

Advancements in Methyltransferase Research and
Molecular Docking

Recent studies exploring the methyltransferase activity of DENV
RNA viruses using purified proteins have underscored the
pivotal role of this enzyme in viral replication and pathogenesis.
The findings from these studies provide a foundation for the
development of highly selective inhibitors, offering a new

therapeutic avenue for dengue virus treatment.’®*

Al-Driven Drug Discovery and Computational
Optimization

The integration of Artificial Intelligence (AI) and Machine
Learning (ML) in drug discovery has significantly enhanced
docking algorithms, protein-ligand interaction predictions, and
structure-based drug design. These computational tools not only
accelerate the screening process for potential drug candidates
but also optimize their pharmacokinetic and pharmacodynamic
properties, improving the efficiency of drug repurposing and lead

compound selection.*

Microtubule Biomechanics and Drug Design

The mechanical properties of protein microtubules have emerged
as a novel consideration in antiviral drug design. Research
employing nonlocal elasticity theory has provided critical insights
into how antiviral agents interact with cytoskeletal components
to modulate viral replication. Furthermore, investigations into
thermal fluctuations, vibrational properties, and microtubule
instability have revealed new opportunities for designing drugs
that target microtubule-associated viral processes without

disrupting normal cellular functions.*!

Structural analyses of protein microtubules at the nanoscale
level provide valuable insights into cellular mechanics and drug
interactions. The investigation of microtubule buckling and
vibrational properties aids in designing drugs that selectively
inhibit viral replication while preserving cellular integrity.*
Additionally, research on thermal stress effects on microtubules
has enhanced our understanding of how cellular mechanics are
influenced under disease conditions, potentially informing future

antiviral therapeutic strategies.*

$942

FUTURE IMPLICATIONS

Future Directions and Implications in Antiviral Drug
Development

The findings of this study establish a strong scientific foundation
for future preclinical and clinical investigations targeting DENV
NS5 Methyltransferase (MTase). The favorable binding affinity
and pharmacokinetic properties of Isoquercitrin position it as
a promising candidate for further exploration. Moreover, the
integration of computational approaches with experimental
validation enhances the efficiency and cost-effectiveness of drug
discovery pipelines, ensuring a streamlined transition from in

silico predictions to in vitro and in vivo evaluations.

The continued exploration of microtubule interactions, thermal
stress effects, and the role of natural compounds in antiviral
therapies offers new opportunities for developing broad-spectrum
antiviral strategies. These areas of research may lead to novel
drug formulations that effectively inhibit viral replication while
minimizing cytotoxic effects, particularly for mosquito-borne

flaviviruses such as DENV, Zika, and Chikungunya.

This study underscores the therapeutic significance of targeting
NS5 methyltransferase as a strategy for combating dengue
virus infections. By leveraging bioactive natural products like
Isoquercitrin and employing state-of-the-art computational
methodologies, researchers are advancing the field of antiviral
drug discovery. The integration of molecular docking, Density
Functional Theory (DFT), and experimental validation provides
a comprehensive and multidisciplinary approach to tackling
global health threats posed by dengue and other flaviviruses.
These advancements not only reinforce current antiviral research
efforts but also lay the groundwork for future breakthroughs in

drug development.

CONCLUSION

In this study, phytocompounds were systematically evaluated for
their potential interaction with NS5 Methyltransferase (MTase)
across multiple Dengue Virus (DENV) serotypes. The approach
incorporated molecular docking, Molecular Dynamics (MD)
simulations, and Quantitative Structure-Activity Relationship
(QSAR) modeling to assess binding affinity and predicted
inhibitory activity. Among the screened compounds, Baicalin
emerged as the most promising candidate, exhibiting a highly
stable binding affinity across DENV1, DENV2, and DENV3 and
an IC_; value of 76.0 nM against MTase. These findings support
the potential of Baicalin as a broad-spectrum antiviral agent
targeting DENV NS5-MTase, warranting further preclinical

validation and pharmacokinetic assessments.
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SUMMARY

This study presents a comprehensive computational analysis
of phytocompounds targeting DENV NS5-MTase, integrating
molecular docking, MD simulations, and QSAR techniques.
Baicalin, a flavonoid compound, exhibited high binding affinity
and strong molecular interactions across major DENV serotypes,
reinforcing its therapeutic potential. With an IC, value of 76.0
nM, Baicalin demonstrates promising inhibitory activity against
NS5-MTase, a critical enzyme in DENV replication. These results
lay the groundwork for future experimental validation and
potential drug development efforts.
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