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Abstract

Dengue virus (DENV) nonstructural protein 3 (NS3) helicase is essential for viral replication and therefore an ideal target for
antiviral drug development. In this study, three compounds, epigallocatechin gallate (EGCG), ST-610 and ribavirin, were
screened for inhibitory activity against DENV2 NS3 helicase using molecular docking and two independent 200 ns molecular
dynamics (MD) simulations. Docking led to strong binding affinities, the highest of which was EGCG (8.3 kcal/mol), then
ST-610 (—7.8 kcal/mol) and ribavirin (7.2 kcal/mol). MD simulations revealed structural stability in both runs throughout,
with the lowest RMSD by EGCG (0.272 + 0.019 nm) compared to ST-610 (0.345 + 0.070 nm) and ribavirin (0.314 £+ 0.031
nm). Residue flexibility analysis (RMSF) also highlighted EGCG as the most stabilizing ligand at the catalytic residues (0.130
+ 0.067 nm). Solvent accessible surface area (SASA) was highest in case of EGCG (22.20 + 0.47 nm?) and represents good
conformational flexibility, while ribavirin formed the highest number of hydrogen bonds (7.07 £+ 1.17) but had lesser global
stability. Together, these findings suggest that EGCG has stronger inhibitory activity through the coupling of high affinity
binding and structural stabilization of catalytically important residues. The current work provides mechanistic insights into
ligand-NS3 helicase interactions and recognizes EGCG as a candidate for designing dengue antiviral drugs.
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Introduction

Dengue virus (DENV) infection remains the most
significant mosquito-transmitted viral disease,
threatening nearly half of the world population, with
DENV serotype 2 (DENV2) most commonly
associated with severe clinical presentations [1].
Despite more than four decades of study, no
universally accepted antiviral treatment for dengue
exists, highlighting the need for the identification of
an effective therapeutic candidate. The DENV2 NS3
helicase is a multipurpose enzyme that is essential for
viral replication, performing ATP-dependent viral
RNA unwinding [2]. Additionally, the highly
conserved catalytic core of NS3 helicase makes it a
promising target for broad-spectrum antiviral
intervention. Disruption of this enzyme by inhibition

is possible and could prevent viral genome replication,
thereby breaking the infectious cycle [3]. Various
compounds have been found to exhibit antiviral
efficacy against flaviviruses. The selection of
ribavirin, EGCG and ST-610 in this study was
intended to enable a mechanistic comparison among
ligands with distinctly different chemical frameworks
and pharmacological profiles. Ribavirin, a broad-
spectrum nucleoside analogue with established
efficacy, has shown broad-spectrum antiviral activity
but is plagued by toxicity and heterogeneity of activity
against dengue [2]. Furthermore, ribavirin is a
clinically approved nucleoside analogue characterised
by high polarity and limited molecular flexibility,
serving as a reference compound for conventional
antiviral inhibition [4, 2]. In contrast, epigallocatechin
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gallate (EGCG) is a polyphenolic natural compound
with high conformational flexibility and multiple
hydrogen bond donor and acceptor groups, enabling
diverse interaction patterns with viral proteins [5-
7]The predominant catechin in green tea has recently
emerged as a broad-spectrum natural antiviral with
multiple molecular targets such as viral entry and
enzymatic activity, making it an attractive candidate
for dengue antiviral development [5].

Meanwhile, ST-610, a benzoxazole derivative, was
already well defined as a highly potent flavivirus
helicase inhibitor with a promising chemical scaffold
for drug development and provides a structurally rigid
and target-specific scaffold optimised for enzyme
inhibition [8]. But a thorough comparison of these
molecules with DENV2 NS3 helicase using
computational methods is yet to be conducted.
Comparative analysis of these ligands allows
elucidation of how molecular flexibility, interaction
dynamics and electronic properties contribute to
different NS3 helicase inhibition mechanisms beyond
previously reported antiviral potency. Computational
tools such as molecular docking and molecular
dynamics (MD) simulations are powerful tools that
give robust information regarding drug-target
interactions at the atomic level, which can be used to
assess the binding affinity, structural stability and
dynamic conformational rearrangement [11, 12]. Such
techniques not only complement experimental results
but also accelerate the identification of efficient lead
molecules. In this, we performed thorough molecular
docking and replicated 200 ns MD simulations to
evaluate and compare the inhibitory activity of
ribavirin, EGCG and ST-610 against NS3 helicase
(NS3h) of DENV2. Additional calculations, including
quantum chemical calculations like density functional
theory (DFT) and molecular electrostatic potential
(MESP), were also performed to better elucidate their
electronic and structural properties relevant to protein
binding. This work attempts to bring the natural
compounds and synthetic compounds under one
computational platform and subsequently identify
potential candidates for further experimental
investigations as antivirals against dengue.

Materials and Methods

Preparation of NS3 helicase DENV2

Crystal structure of dengue virus serotype 2 NS3
helicase was retrieved from the Protein Data Bank
(PDB ID: 2BHR, 2.4 A resolution) (www.rcsb.org).
The structure was solved using GROMACS 2022.1.
Energy minimisation was performed with 500 steps of
steepest descent and 2000 steps of conjugate gradient
to remove steric collisions prior to simulation [13].
The catalytic binding site was found employing
diverse approaches: (i) CastP server for identifying
pockets and cavities, (ii) Clustal Omega for multiple

sequence alignment to detect conserved catalytic
residues, (iii) PyMOL superposition of homologous
helicase structures and (iv) COACH meta-server
predictions of ligand binding residues [14]. The
predicted binding pocket was confirmed around
residues Leul89-His452, in between the two
functional domains of NS3. All the protonation sites
of amino acids were assigned at physiological pH
(7.0).

Ligand preparation and
molecular simulations

The three molecules, ribavirin (PubChem CID:
37542), epigallocatechin gallate (EGCG; PubChem
CID: 65064) and ST-610, were selected as test ligands.
The 2D structures of ribavirin and EGCG were
downloaded in .sdf format from PubChem, while the
structure of ST-610 was manually sketched based on
the published article [9]. Hydrogen atoms were added,
geometries were energy-minimised and the structures
were converted to 3D using Avogadro. Each of the
ligands was then optimised with density functional
theory (DFT) at the B3LYP/6-31G* level using
Gaussian 09 to produce stable conformations.
Topology and parameter files were generated using
Automated Topology Builder (ATB 3.0) [15].

optimisation for

Molecular interaction
analysis

Molecular docking was performed to determine the
binding modes of ribavirin, ST-610 and EGCG with
NS3 helicase. The docking was achieved using
AutoDock 4.2.6 and AutoDock Vina (2021). The grid
box was centred over the catalytic cleft (x =—-10.427
A, y=46372 A, z=21.787 A) with dimensions 70 x
68 x 72 A to cover the active site residues.
Exhaustiveness was maintained at 8, and 50 docking
runs were set for every ligand. Docking poses were
ranked according to binding free energy (AG) and
visualised with Biovia Discovery Studio Visualizer
2021. Only then, all results compared to identify the
analogues with lower binding energy and better
conformation as the most favoured drug candidates for
NS3h of DENV2.

docking and binding

Pharmacokinetics and toxicity prediction

Ligand pharmacokinetic properties were assessed
using the SwissADME server [16], focusing on
gastrointestinal (GI) absorption, blood-brain barrier
permeability, drug-likeness (Lipinski’s rule of five)
and bioavailability scores. Toxicity profiles and
predicted LDso values were estimated using ProTox-II
(https://tox.charite.de/protox3/) and pkCSM
(https://biosig.lab.ug.edu.au/pkcsm/prediction).

Molecular dynamics simulations of the top 3
complexes
The three ligand-NS3 helicase DENV2 complexes
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were subjected to molecular dynamics (MD)
simulations using GROMACS 2022.1 and the
GROMOS 54A7 force field. The systems were
equilibrated within a TIP3P water cubic box with
periodic boundary conditions and counter-ions were
used to neutralise them, and then under the NVT and
NPT ensembles. Energy minimisation (1000 steps
steepest descent) was performed before equilibration.
Simulations were performed at 200 ns in replicates for
each complex at 300 K and 1 bar using the v-rescale
thermostat and Berendsen barostat [17]. Trajectories
were saved every 2 ps. Analysis included root-mean-
square  deviation (RMSD), root-mean-square
fluctuation (RMSF), solvent-accessible surface area
(SASA), radius of gyration (Rg) and occupancy of
hydrogen bonds. The data were analysed by
GROMACS and locally written codes. Meanwhile,
molecular graphics images were prepared using
VMD. Principal component analysis (PCA) was used
to validate significant motions of the protein—ligand
complexes.

Calculations by density functional theory (DFT)
and molecular electrostatic potential (MESP) iso-
surface Analysis

For exploring the electronic character of the ligands,
frontier molecular orbital (FMO) -calculations of
ribavirin, ST-610 and EGCG were performed at the
DFT (B3LYP/6-31G* level on Gaussian 09. The
highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and the
energy gap were calculated [18]. Particularly in this
study, MESP can help in identifying potential binding
sites for drug molecules in the NS3 helicase of
DENV2. Molecular electrostatic potential (MESP)
maps at the same level of theory were calculated to
reveal electron-rich and electron-deficient regions, to
help interpret ligand—protein interaction. Visualisation
was carried out with GaussView at iso-surface cut-off
values of 0.001 au.

Results and Discussion

NS3 helicase (NS3h) of DENV2 is a viral polyprotein
that is essential for replication because it unwinds
RNA by the mechanism of ATP hydrolysis [19]. It has
three subdomains, D1 (residues 1-140) and D2
(residues 141-301) are responsible for RecA-like
domains containing conserved motifs for binding ATP
as well as RNA, while D3 (residues 302—451) clamps
ssSRNA for stability [20]. The main binding pocket
selected in this study is D2-D3, with an area of 1646
A2 and volume of 1415 A3 as demonstrated in
Figure 1. Since it contains a conserved structure and
is essential for the replication of the genome, NS3h is
a promising target for antiviral therapy. The active
binding pocket of NS3h is situated at the interface
between its domains and is defined by the catalytic
triad residues His320, Asp242 and Ser435. In addition

to these key residues, several other amino acids
contribute to the active site, including Thr122, Ser197,
1le198, Arg220, Lys221, Asp242, Met262, Thr283,
Ser285, Ser286, Asp374 and Arg432.
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Figure 1. Three-dimensional structure of the NS3h
of DENV2. The RecA-like subdomains 1 and 2 are
shown in yellow and pink, respectively, domain 3 in
cyan, with the binding site region highlighted by a
grey shadow

Here, molecular docking was employed to predict the
binding orientations and conformations of ribavirin,
ST-610 and EGCG towards NS3h of DENV2.
Optimised ligands were docked with AutoDock
v.4.2.6 and AutoDock Vina (v.2021), and binding
affinities were considered with respect to the NS3h
catalytic site. Docking scores were utilised as a
principal criterion to assess potential inhibitory
activity. Among the three ligands, EGCG exhibited the
largest binding energy (—8.3 kcal/mol), followed by
that of ST-610 (—7.8 kcal/mol) and ribavirin (—7.2
kcal/mol), which signifies that both EGCG and ST-
610 possess stronger inhibitory activity towards NS3h
compared with that of ribavirin. The non-covalent
interactions in the binding pocket were studied using
BIOVIA Discovery Studio, which highlighted that
ribavirin formed hydrogen bonds with Thrl22,
Glu245, Pro281 and Thr283, and also interacted with
Thr122 and Glu245. These interactions were
relatively few in number and strength and would be
responsible for the reduced binding energy achieved.
EGCG, on the other hand, possessed a vast interaction
network with Serl197, Ilel198, Arg220, Thr241,
Asp242, Arg432 and Asp436 hydrogen-bonding,
coupled with other interactions with Lys199, Lys221
and Leu276.

The extensive interaction profile indicates great
complementarity between EGCG and the NS3h active
site, raising both stability and specificity of binding.
ST-610 exhibited an intermediate but positive binding
profile, interacting with Lys221 and Ser435 via
hydrogen bonds, together with stabilising interaction
with Arg220. These serve to illustrate that ST-610 can
afford to have good anchoring within the helicase
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catalytic cleft and can provide stable inhibition despite
a slightly reduced affinity compared to EGCG.
Overall, the result classifies EGCG and ST-610 as
more promising NS3h inhibitors than ribavirin, as
would be anticipated through their greater docking
scores and more profound interaction profiles. The
binding interactions of EGCG, in particular, are in
agreement with the reported ability of EGCG to block
viral replication by direct protein binding, whereas
ST-610 is reported as a small-molecule inhibitor of
possible antiviral activity. Together, the above results
justify further evaluation of EGCG and ST-610 as
potential dengue therapeutics against NS3h. The
entire interaction patterns of all three ligands with
NS3h are listed in Table 1, while their docking poses
are displayed in Figure 2.

The pharmacokinetic and toxicity profiles of ribavirin,
ST-610 and EGCG were assessed using SwissADME,
ProTox-II and pkCSM. All ligands satisfied Lipinski’s
rule of five (ROS5), except EGCG, which exceeded the
donor and acceptor limits, consistent with its predicted

poor gastrointestinal (GI) absorption. Ribavirin
exhibited the lowest molecular weight (244.21 g/mol)
and high polarity, indicating good solubility but
limited lipophilicity (log P = 0.13). ST-610 showed
good hydrophilic-lipophilic balance (log P = 2.25)
and TPSA within the optimal range (117.97 A2?),
indicating favourable absorption. Ribavirin (143.72
A?) was on the borderline, while EGCG (197.37 A?)
was above, indicating lower absorption potential.
Toxicity prediction placed ribavirin and ST-610 in
Class 5 (LD50 = 5000 mg/kg), suggesting a general
safety margin, whereas EGCG was in Class 3 (LD50
~ 2000 mg/kg), suggesting a higher risk. All the
ligands were endowed with a general bioavailability
score (0.55), implying drug-likeness of moderate
grade. Overall, ST-610 exhibited the best ADMET
profile with high GI absorption, low toxicity and RO5
compliance. The ADMET properties of curcumin and
its analogues are listed in Table 2, offering further
insights into their drug-likeness and overall suitability
for therapeutic applications.

Table 1. Molecular docking interpretation of ribavirin, ST-610 and EGCG against the NS3h of DENV2,
highlighting their binding affinities and interaction profiles

. Bmdl.ng H-Bond No. of Other Bond
Ligands affinity . . Structures
Residues H-Bonds Residues
(kcal/mol)
HoN N
ST-610 7.8 Lys221 2 Arg220 NG
' Ser435 g s
A
s
o NH2
Thr122 1»1
o Glu245 Thr122 N
_ N\
Ribavirin 7.2 Pro281 4 Glu24s N o
Thr283
HO OH
OH
HO
Ser197 O o
Ile198 Lys199
Arg220 Lvs221 g
EGCG 8.3 Thr241 7 e .
Asp242 O o
HO
Argd32 OH
Asp436 HO  OH
HO OH
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Figure 2. Docking poses illustrating the predicted spatial arrangements and hydrogen bond interactions of
ribavirin, ST-610 and EGCG within the binding site of NS3h of DENV2

Table 2. Toxicity profiles of ribavirin, ST-610 and EGCG with their drug parameters

) M/W Number of Number of Number of Log TPSA Toxicity
Ligands (g/mol) Rotatable H-bond H-bond P Log S (A?) (mg/kg)
& Bonds Acceptors Donors o gk

LD50:

ST-610 402.51 6 5 1 225  -3.63 11797 5000
Class: 5

LD50:

Ribavirin 244.21 3 8 4 0.13  -0.21 143.72 5000
Class: 5

LD50:

EGCG 458.37 4 11 8 1.87 -3.56 197.37 2000
Class: 3

The MD simulations provided valuable insights into
the stability and conformational behaviour of the NS3
helicase-ligand complexes for ribavirin, ST-610 and
EGCG. All three drug-protein  complexes
demonstrated good structural stability throughout the
simulation as per the root mean square deviations
(RMSDs) as depicted in Figure 3(A). EGCG had the
lowest RMSD value of 0.272 4+ 0.020 nm, reflecting a
highly stable interaction with very little variation from
the starting structure. Ribavirin was the next with
0.314 + 0.031 nm, also reflecting good stability. ST-
610 possessed a slightly larger RMSD (0.345 + 0.070
nm) but within a satisfactory range of stability, which
might suggest that its bulkier scaffold is accountable
for more conformationally flexible binding modes.
Meanwhile, root mean square fluctuation (RMSF)

analysis (Figure 3(B)) revealed that the catalytic triad
residues of NS3 helicase were less than 0.15 nm in all
cases, demonstrating well-conserved protein—ligand
contacts. EGCG (0.130 £ 0.067 nm) and ribavirin
(0.132 = 0.075 nm) indicated somewhat more
restricted motion, while ST-610 (0.156 + 0.093 nm)
provided reasonable flexibility, which could reflect its
atypical binding orientation and lipophilic
interactions. Fluctuations were mostly limited at
residues 8, 83, 300 and 356, which are the loop areas
that are recognised to be more flexible. Interestingly,
the flexible areas were not at the catalytic pocket and
the resulting functional stability of the enzyme upon
ligand binding.

Moreover, the radius of gyration (Rg) of ribavirin
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exhibited a compact complex structure with R, =
0.223 + 0.001 nm, which showed that its smaller
nucleoside-like shape was well fit into the helicase
binding site. ST-610 had an R, of 0.226 + 0.002 nm,
indicating a compact but stable protein—ligand
complex, consistent with its bulkier aromatic nature
that may induce minor conformational adjustments.
EGCG had an R, of 0.225 £ 0.002 nm, demonstrating
that despite its presence of a polyphenolic backbone
with numerous hydroxyl moieties, the complex
remained compact and structurally uniform (Figure
3(C)). Furthermore, solvent accessible surface areca
(SASA) measurements revealed the surface exposure
upon ligand binding as portrayed in Figure 3(D).
Ribavirin possessed 22.00 + 0.47 nm? which
represented effective burial within the binding site
with minimal solvent exposure. ST-610 possessed
22.04 £ 0.59 nm? which reflected stable solvent
interactions corresponding to its bulkier structure.
EGCG, with 22.20 + 0.47 nm?, showed slightly greater
exposure, which could be due to its hydrophilic
hydroxyl groups dynamically interacting with the
solvent environment while retaining overall stability.

Next, the mean distance of NS3h to the ligands was
consistent with stable binding, with close contacts of
ribavirin (0.142 + 0.007 nm) and EGCG (0.158 +

0.010 nm), while ST-610 (0.229 + 0.022 nm) had a
little wider range of contact due to its bulk structure
(Figure 3(E)). Hydrogen bond analysis also revealed
varying interaction profiles, as shown in Figure 3(F).
Ribavirin contained the highest number of hydrogen
bonds (7.07 + 1.17), consistent with its polar
functional groups. The molecule possesses multiple
hydroxyl (-OH) groups on the ribose moiety, an amide
(-C(=0)-NH-) group and a primary amine (-NH>),
all of which provide numerous donor and acceptor
sites for hydrogen bonding. These polar functional
groups enhance its ability to form stable interactions
with residues within the NS3h binding pocket. While
EGCQG also participated in strong hydrogen bonding
(4.58 £ 1.32), with its multiple hydroxyl substituents.
ST-610, having fewer hydrogen bonds (0.68 + 0.67),
might be able to rely more on hydrophobic and n—n
interactions, which play significant roles in drug—
protein complex stabilisation as well. Thus, while
ribavirin demonstrates the most consistent polar-
driven interaction profile, EGCG and ST-610 exhibit
complementary stabilisation mechanisms through
hydrogen bonding flexibility and hydrophobic or
aromatic interactions, respectively, highlighting
mechanistically distinct inhibition strategies rather
than a single dominant binding mode.
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Figure 3. The average of triplicate molecular dynamics simulation for ribavirin, ST-610 and EGCG against NS3h
of DENV2 after 200ns (A) RMSD (B) RMSF (C) Radius of gyration (D) SASA (E) Distance (F) Number of
hydrogen bonds
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Figure 4. The CoM distance between ribavirin, ST-610 and EGCG against the catalytic triads of NS3h of DENV2

(Serd35, Asp242, His320)

To further analyse the binding mode of the ligands
with NS3h, centre of mass (CoM) distances between
each of the ligands and catalytic triad residues (D242,
H320 and S435) were calculated during the period of
the simulation (Figure 4). The calculated average
CoM distances confirmed that for S435, ribavirin was
maintained at a distance of 0.501 = 0.047 nm, ST-610
at 0.443 = 0.043 nm and EGCG at 0.540 + 0.053 nm.
For H320, the corresponding values were 0.511 +
0.063 nm (ribavirin), 0.435 + 0.043 nm (ST-610) and
0.550 £ 0.061 nm (EGCG). Similarly, for D242,
ribavirin was 0.471 £ 0.054 nm, ST-610 was 0.447 +
0.029 nm, and EGCG was 0.506 + 0.064 nm.

Interestingly enough, these CoM findings do not
necessarily match the results of the average ligand-
protein distance study, in which ribavirin exhibited
tighter average distances to the catalytic residues. This
divergence between atomistic distance metrics and
CoM analysis highlights the importance of integrating
multiple structural descriptors to capture ligand-
specific binding mechanisms, which cannot be
inferred from binding proximity alone. The reason
could be that the values of average distances measure
specific atom-to-atom contacts, while CoM analysis
examines the general ligand mass distribution in
relation to the catalytic triad [21]. Thus, while
ribavirin  will form direct hydrogen bonding
interactions with the catalytic residues, ST-610 is in a
more compact overall position compared to the active
site, as reflected by its smaller CoM values. EGCG,
however, despite forming numerous hydrogen bonds
and solvent contacts, had slightly greater CoM
distances at which were most likely due to its bulky
polyphenolic structure extending deeper into the
binding pocket. Overall, the CoM analysis suggests
that ST-610 consistently has the most constricted
binding pose in close vicinity to the catalytic triad,
whereas ribavirin attains stability through strong
direct interactions and EGCG stabilises through an
extended binding mode. This indicates that the ligands
adopt distinct but complementary binding modes to

target NS3h of DENV2.

The close contact and interaction analysis revealed
distinct binding patterns of ribavirin, ST610 and
EGCG to the DENV2 NS3h. Ribavirin formed
hydrogen bonds with Lys263, Thr122, Glu245,
Cys318, Asp315 and His320, apart from other non-
covalent contacts with Cys261. Among them, His320
is a residue of the catalytic triad, and it implies that
ribavirin has the ability to fit into the active site but
with very limited interaction with the entire catalytic
network. ST-610, on the other hand, formed a single
hydrogen bond with Glu323 and also a non-hydrogen
bonding interaction with Lys221, Arg432, Prol24,
Alal25, Cys261 and Leu276. Although ST-610 forms
interaction with several residues around the catalytic
cavity, its lack of stable hydrogen bonding with the
catalytic triad may result in lower inhibitory activity
compared to the other ligands [22]. Lastly, EGCG
possessed the largest network of interaction, forming
hydrogen bonds with Thr241, Asp242, Arg220,
Asp436, Ala431, Serd35 and Ser197, and secondary
contacts with residues such as 1le198, Leu276,
Met262, 1le243, Pro264, Ala439, Pro376 and Arg432.
EGCG uniquely interacted directly with two catalytic
residues (Asp242 and Ser435) established to be
essential for helicase function. The location of the
catalytic residues can be seen in Figure 5.

These findings are consistent with previous reports
that curcuminoids and polyphenolic analogues inhibit
NS3h through a synergy of aromatic stacking,
hydrophobic contacts and electrostatic interactions in
which the aromatic forces are significant [2, 5].
Significantly, while a number of aromatic residues in
NS3h are concealed in the binding pocket, the surface
of the outer helicase is charged and contains acidic and
basic residues, offering avenues for electrostatic and
hydrogen-bonding interactions [23]. Collectively,
interaction and structural analyses reveal that all three
ligands form stable complexes with distinct
mechanistic behaviours of NS3h. EGCG exhibits an
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optimal binding profile, achieving stability through
adaptive hydrogen-bond networks that engage the
catalytic triad residues and neighbouring amino acids,
allowing conformational accommodation within the
binding pocket. Ribavirin, in contrast, relies on
compact, polar-driven interactions with limited
flexibility, primarily engaging part of the catalytic site.
ST-610 maintains a rigid binding pose with minor
conformational fluctuations, consistent with its bulky
aromatic scaffold and interacts peripherally around
the active site. These results suggest that ligand
stability and inhibitory potential are governed not only
by binding strength but also by differences in
flexibility, compactness, solvent exposure and specific
interaction patterns. Taken together, these findings
highlight the mechanistic diversity of NS3h inhibition
among EGCG, ribavirin and ST-610, with EGCG
demonstrating the most adaptable and extensive
engagement, supporting its consideration for further

optimisation as a potential inhibitor.

PCA was employed to characterise the concerted
motions of NS3h in its complex with ribavirin, ST-610
and EGCG as depicted in Figure 6. Arrows represent
the dominant direction of motion, and the red and blue
traces denote the initial and final conformations,
respectively [3]. For the ribavirin complex, the protein
underwent limited conformational change with arrows
mostly in flexible loop regions. This shows ribavirin
binding preserved the general structural core while
allowing periphery motions, consistent with its
stabilising hydrogen-bond interactions. Meanwhile,
the ST-610 complex had relatively limited motions, as
suggested by fewer large direction arrows. This
finding is in agreement with the tight binding mode
suggested by CoM distance analysis, suggesting that
ST-610 inhibits large-scale domain rearrangement and
stabilises helicase conformation.

| Ribavirin |

| sT-én |

Figure 5. Snapshots illustrate the binding orientation of ribavirin, ST-610 and EGCG within the active site of
NS3h at their closest approach. The catalytic triad is represented in green liquorice, whereas other key residues

of the binding pocket are displayed in pink

Ribavirin

Figure 6. The structures illustrate the dynamic motions of NS3h DENV2 with ribavirin, ST-610 and EGCG as
revealed by PCA. The arrows denote the direction of the movement, with the red trace showing an initial

conformation and the blue displaying the final orientation
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On the other hand, more localised motions in various
regions were observed for the EGCG complex, as
would be expected for the bulky polyphenolic
molecule EGCG crossing several subdomains.
Although it introduced a somewhat larger
conformational change, the protein structurally
remained unperturbed, indicating that EGCG
maintains the enzyme through numerous hydrogen
bonds and solvent contacts but nonetheless permits
flexibility of the domains. In conclusion, PCA
indicates that the three ligands stabilise NS3h but by
distinct mechanisms, at which ribavirin preserves
hydrogen-bond-catalyzed stability, ST-610 constrains
motion by closely placed restriction, and EGCG
facilitates support of stability and provokes more
extensive flexibility. This heterogeneity of binding-
induced dynamics can be useful in drug design
because each ligand highlights distinct modes of
inhibition of NS3h of DENV2. These interaction
patterns reveal three distinct inhibitory behaviors,
ribavirin primarily stabilises NS3h through direct
polar contacts with catalytic residues, ST-610 adopts a
compact, catalytically peripheral binding pose
dominated by hydrophobic interactions, and EGCG
uniquely bridges multiple catalytic and surrounding
residues through an extended hydrogen-bonding
network.

To understand the binding affinity profiles of the
selected ligands with NS3h of DENV2 in a deeper
manner, density functional theory (DFT) and
molecular electrostatic potential (MESP) iso-surface
computations were carried out, as demonstrated in
Figure 7 [24, 25]. These computations provide data

ST-610 Vi, = 0.98
Loy on
& > ad 98
s E R -
a2
Vi = — 1.02
Ribavirin
\A
o 4‘.“
‘0: e
%%
Voo == 0.95

regarding the distribution of electrons as well as
potential binding sites of the molecules. Ribavirin,
with its multiple polar functional groups, exhibited an
equilibrated electrostatic potential that supports stable
hydrogen bonding with catalytic residues. EGCQG,
possessing intense hydroxyl substituents, registered
the lowest minimum negative potential (Vmin),
consistent with its extensive hydrogen bonding and
solvent-accessible interactions. ST-610, in contrast,
registered the highest Vmin, reflecting its preference
for hydrophobic and aromatic stacking interactions
over extensive hydrogen bonding. Overall, Vmin
trend (EGCG < ribavirin < ST-610) is in line with the
corresponding modes of interaction determined from
molecular docking and MD simulations, pointing out
that all ligands stabilise NS3h by virtue of
complementary electrostatic and structural moieties.

Electronic properties of ribavirin, ST-610 and EGCG
are associated with their pharmacological action and
are also pertinent to the study of molecular interaction
governing drug—target binding. DFT calculations were
done to investigate the electronic properties and
energy gap of the compounds, which are important for
estimation of stability, reactivity and their potential
binding efficiency with NS3h [26]. ST-610 possessed
the largest HOMO-LUMO gap (7.4287 eV), which
was followed by EGCG (7.1838 eV), with the lowest
gap found for ribavirin (5.4777 eV). The larger the
HOMO-LUMO gap, the more electronic stability and
lower chemical reactivity it indicates, suggesting that
ST-610 is relatively more stable than EGCG and
ribavirin. The calculated HOMO and LUMO energy
values are presented in Table 4.

Figure 7. MESP iso-surface analysis of ribavirin, ST-610 and EGCG highlights regions of electrostatic potential
critical for binding interactions. Red regions denote negative potential, blue indicates positive potential and

green represents neutral areas
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Table 4. HOMO-LUMO energy gap serves as a valuable parameter for estimating the stability and reactivity of
ligand molecules, providing insights that are essential for rational drug design

Ligands HOMO (eH) LUMO (eH) HOMO-LUMO (eV)
ST-610 —0.2940 —-0.0210 7.4287
Ribavirin —0.2451 —0.0438 5.4777
EGCG —0.3041 —0.0401 7.1838
Table 5. Comparative analysis of NS3 helicase-ligand complexes
. RMSD RMSF HOMO-  MESP Vmin . .
Ligand (nm) (nm) H-bonds LUMO (eV)  (kecal/mol) Mechanistic Insight
Polar-driven binding,
Lo 0314+ 01324+ 7.07+ strong direct H-bonds with
Rib 5.478 Moderat &
AV 0,031 0.075 1.17 oderate catalytic residues, limited
flexibility
Peripheral binding relies
on hydrophobic and n—n
0.345 + 0.156 + 0.68 . . . .
ST-610 0.070 0.093 0.67 7.429 Highest 1nteract10ns,.m1n0r
conformational
adjustments
Extended binding, engages
027+ 0.130 + 458 + catalytic triad and
EGCG 0.020 0.067 132 7.184 Lowest neighbouring residues,

flexible H-bond network,
high solvent adaptability

Conversely, the lower energy gap of ribavirin has
greater chemical reactivity with simpler electronic
transitions that may enhance its capacity for
interaction with the target protein. The interpretation
of the MESP iso-surface provides insight into the
distribution of the electrostatic potential of these
ligands. The red regions show negative electrostatic
potential, the blue regions show positive potential, and
the green regions of neutral potential. These charge
distributions are relevant to predict hydrogen bonding
and electrostatic interactions in the NS3 helicase
active site. Relevantly, ST-610 and EGCG exhibit
large areas of negative potential, which may allow for
stronger electrostatic complementarity with positively
charged amino acids, while ribavirin exhibits more
localised charge distribution. Cumulatively, the
combined DFT and MESP analysis suggests that ST-
610, having its larger HOMO-LUMO gap and
superior charge distribution, is potentially more stable
and binding-specific for NS3 helicase. EGCQG is also
demonstrating good interaction capacity and stability,
whereas ribavirin, although more reactive, may use its
higher reactivity to form stronger transient
interactions. Comparative metrics for RMSD, RMSF,
hydrogen bonds, HOMO-LUMO gaps, and MESP
potentials are summarised in Table 5, highlighting
distinct mechanistic inhibition among the ligands.

These findings confirm the molecular docking and

MD simulation results in favour of EGCG and
ribavirin as superior candidates over ST-610. The
agreement between electrostatic potential distribution,
HOMO-LUMO gaps and MD-derived interaction
profiles demonstrates that electronic properties
directly influence ligand binding behaviour, with
EGCG favouring electrostatic adaptability, ribavirin
promoting reactive polar engagement and ST-610
exhibiting electronically stable but less reactive
binding.

Conclusion
In silico screening of NS3h of DENV2 with ribavirin,
ST610 and EGCG reveals distinct inhibition

potentials. EGCG consistently presented the best
features, including stable and ongoing interactions
with the key catalytic residues and low RMSD values,
thereby demonstrating its great potential as a natural
NS3 helicase inhibitor. Ribavirin showed good
consistency of pattern of interaction and remains
significant in view of its broad-spectrum antiviral
activity and potential complementary effect in
helicase inhibition. Conversely, ST610 provided
valuable mechanistic information in the form of centre
of mass and MESP analyses that revealed unique
electrostatic characteristics that may determine the
way it orients while binding, although its overall
stability and interaction profile were less appealing
compared to those of ribavirin and EGCG.
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Cumulatively, these findings position EGCG and
ribavirin as the more promising candidates for
inhibition against NS3 helicase, with ST610 as a
second lead that requires optimisation to enhance its
modest but distinctive interaction profile.
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