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The increasing frequency of global travel and migration has intensified the spread
of viral infections, including COVID-19 (SARS-CoV-2), Hepatitis C (Hepatitis C virus, HCV),
acquired immunodeficiency syndrome (Human Immunodeficiency Virus, HIV), Dengue fever
(Dengue virus, DENV), and Zika fever (Zika virus, ZIKV). These global health challenges
underscore the urgent need for effective antiviral therapeutics. Viral protease enzymes play a
vital role in the viral replication cycle, making them promising molecular targets for therapeutic
intervention. In this study, structure-based pharmacophore modeling (SBPM) and molecular
docking approaches were employed to identify potential protease inhibitors against multiple
viral proteases. Pharmacophore models were generated for five viral targets obtained from the
RCSB Protein Data Bank, followed by virtual screening of compound libraries from the ZINC
and Molport databases. Top-ranked virtual hits were subsequently docked using iGEMDOCK
to evaluate binding affinities and molecular interaction profiles, while physicochemical and
pharmacokinetic properties were assessed using the SWISSADME web tool. The findings
revealed several promising virtual hits exhibiting strong and stable binding interactions at
the protease active sites, alongside favorable drug-likeness profiles. These results provide a
valuable foundation for future in vitro validation, hit-to-lead optimization, and the potential
development of novel antiviral agents targeting multiple viral proteases.
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The field of drug discovery is characterized
by a continuous and dynamic process involving
multiple stages, from target identification to
preclinical development, before eventual clinical

evaluation. This process traditionally involves
laborious experimental screening of compound
libraries to identify potential drug candidates.
However, with the completion of the human
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genome project, there has been a surge in the
number of potential therapeutic targets for
drug discovery, necessitating more efficient
and innovative approaches to accelerate the
discovery of novel antiviral drugs. Traditional
methods are time-consuming and resource-
intensive, hence the adoption of computational
techniques.! for complimenting and expediting
the drug discovery process.” The study leverages
advancements in structural biology, computational
modeling, and bioinformatics to facilitate the
identification of potential inhibitors. Integration
of artificial intelligence and machine learning
enhances screening protocols. Challenges such
as drug resistance and off-target effects persist,
necessitating continued research efforts.® The
emergence of viral infections, such as COVID-19
(SARS-CoV-2), Hepatitis C (Hepatitis C virus,
HCV), Acquired Immunodeficiency Syndrome
(Human Immunodeficiency Virus, HIV), Dengue
fever (Dengue virus, DENV), and Zika fever (Zika
virus, ZIKV). presents a significant global health
challenge. Viral proteases play crucial roles in the
replication and maturation of these viruses, making
them attractive targets for drug discovery. However,
the identification of potent and selective inhibitors
against viral proteases remains a daunting task.
Traditional drug discovery methods often require
extensive experimental screening of compound
libraries, which is time-consuming and resource
intensive. Hence, there is a pressing need for
innovative computational approaches to expedite
the discovery of novel antiviral drugs targeting viral
proteases. Advancements in structural biology,
computational modeling, and bioinformatics
have enabled a deeper understanding of viral
proteases’ structure-function relationships and
mechanisms of action, facilitating the identification
of potential inhibitors with enhanced efficacy and
specificity. Traditional methods of drug discovery
are time-consuming and resource-intensive, so the
adoption of innovative computational techniques
is crucial. Structure-based drug design combined
with high-throughput screening methodologies
offers a streamlined approach for identifying lead
compounds with promising antiviral activity. The
integration of artificial intelligence and machine
learning algorithms has revolutionized drug
discovery by enhancing the predictive power and
efficiency of screening protocols. Challenges such
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as drug resistance and off-target effects persist,
necessitating ongoing research and development
efforts. Drug repurposing, particularly leveraging
existing compounds as protease inhibitors,
is a viable strategy for circumventing these
obstacles while minimizing development costs and
timelines. Thus, pursuing innovative computational
approaches in antiviral drug discovery is essential
to combat viral infections effectively. *
Coronaviruses (CoVs) have garnered
global attention due to their potential for causing
severe respiratory illnesses, exemplified by
outbreaks such as Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV), Middle
East Respiratory Syndrome Coronavirus (MERS-
CoV), and the ongoing pandemic caused by
SARS-CoV-2.56 The role of SARS-CoV-2
proteases in viral replication and host immune
modulation is pivotal in the ongoing COVID-19
pandemic.”® These proteases, including the main
protease (Mpro) and the papain-like protease
(PLpro), facilitate viral polyprotein processing and
manipulate host immune responses, contributing
to viral immune evasion and disease severity.
Consequently, targeting these proteases has
emerged as a promising strategy for antiviral drug
development. Inhibitors disrupting their catalytic
activity have shown efficacy in suppressing viral
replication and improving clinical outcomes.
Structural elucidation of SARS-CoV-2 proteases
through techniques like x-ray crystallography and
cryo-electron microscopy has guided the rational
design of inhibitors, enhancing their potency
and specificity. However, challenges such as
developing broad-spectrum inhibitors against
diverse viral strains, minimizing off-target effects,
and ensuring drug affordability and accessibility
persist, underscoring the importance of continued
research efforts in combatting COVID-19.
Hepatitis C virus (HCV) stands as a
significant contributor to chronic liver disease,
culminating in conditions like cirrhosis and
hepatocellular carcinoma. The NS3/4A protease,
pivotal in HCV replication, orchestrates viral
polyprotein cleavage, facilitating the synthesis
of crucial functional proteins crucial for viral
assembly and infectivity. ° Moreover, by targeting
key host proteins linked to innate immunity, this
protease also manipulates host immune responses,
aiding viral evasion of defenses and contributing
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to disease progression.'®!" Antiviral drug discovery
has homed in on this protease, yielding inhibitors
that show promise in halting viral replication and
ameliorating clinical outcomes in HCV-infected
individuals. These inhibitors disrupt the catalytic
activity of NS3/4A, impeding viral polyprotein
processing and replication, with structural studies
guiding the development of more potent and
specific inhibitors. Techniques such as X-ray
crystallography and cryo-electron microscopy
have unveiled the protease’s three-dimensional
structure and its complexes with inhibitors at
atomic resolution, laying the groundwork for
structure-based drug design and optimization of
lead compounds against HCV NS3/4A. Challenges
persist in developing inhibitors effective across
diverse HCV genotypes and minimizing off-
target effects and toxicity. Additionally, ensuring
affordable access to these drugs, particularly in
regions heavily burdened by HCV-related liver
disease, is critical for global health improvement.'?

Human Immunodeficiency Virus type
1 (HIV-1) poses a formidable global health
challenge, leading to acquired immunodeficiency
syndrome (AIDS)." Its protease is instrumental
in viral replication, cleaving the viral polyprotein
and influencing host immune responses, thus
aiding viral evasion, and contributing to disease
progression.'*!> Antiviral drug discovery has
focused on inhibiting HIV-1 protease, yielding
protease inhibitors that revolutionized HIV
treatment by reducing viral load and enhancing
clinical outcomes.'s'® Structural studies have
provided insights into the protease’s mechanism,
guiding the development of potent inhibitors
through techniques like X-ray crystallography and
cryo-electron microscopy.'” Challenges persist,
including the need for inhibitors with improved
pharmacokinetics and reduced resistance, alongside
efforts to enhance drug safety and accessibility,
especially in resource-limited regions, to bolster
global HIV control efforts. '*

The Dengue virus (DENV) poses a
formidable global health threat, with millions of
infections yearly. Central to DENV replication
is the NS2B-NS3 protease complex, pivotal
for polyprotein processing and replication,
and influencing host immune responses, thus
contributing to disease severity.'”?° Inhibitors
targeting NS2B-NS3 have shown promise in
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suppressing viral replication and improving
clinical outcomes, impeding viral polyprotein
processing and replication. Structural elucidation of
NS2B-NS3 has guided the development of potent
inhibitors. #'2* Challenges persist, including the
need for broad-spectrum inhibitors, minimizing
oft-target effects, and ensuring access to affordable
antiviral drugs in DENV-endemic regions. »*%

Zika virus (ZIKV) has emerged as
a significant public health concern due to its
association with neurological complications such
as microcephaly and Guillain-Barré syndrome.
The NS2B-NS3 protease complex of ZIKV plays
a crucial role in viral replication by cleaving the
viral polyprotein, facilitating the production of
individual functional proteins necessary for viral
assembly and infectivity, while also modulating
host immune responses by cleaving key host
proteins involved in innate immunity, enabling
viral evasion of host defenses and contributing to
disease pathogenesis.”*° The essential role of the
NS2B-NS3 protease in ZIKV replication makes it
an attractive target for antiviral drug development,
with inhibitors showing promise in suppressing
viral replication and improving clinical outcomes
in infected individuals. Structural elucidation of
the Zika virus NS2B-NS3 protease has provided
valuable insights into its catalytic mechanism and
substrate specificity, facilitating the design of novel
therapeutics through techniques such as X-ray
crystallography and cryo-electron microscopy
(cryo-EM).?"32 Despite progress, challenges
remain in developing inhibitors with broad-
spectrum activity against diverse ZIKV strains
and related flaviviruses, while efforts to minimize
off-target effects, toxicity, and increase access to
affordable antiviral drugs are vital for mitigating
the global impact of ZIKV infection and associated
neurological complications.****

This study aims to develop structure-based
pharmacophore models (SBPMs) derived from the
binding site regions of selected disease-specific
viral proteases to facilitate the identification of
potential inhibitors. The generated SBPMs will
be employed for virtual screening of compound
libraries to identify stable virtual hits for each
viral protease. Subsequently, molecular docking
studies will be performed to predict and evaluate
the binding profiles of these hits at the target
binding sites. The research further seeks to
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elucidate the key structural features responsible
for selective inhibitor binding to viral proteases.
It is hypothesized that the virtual hits identified
through SBPMs and molecular docking analyses
will exhibit in silico stable binding profiles at the
putative target sites comparable to, or better than,
those of known specific inhibitors. The novelty of
this study lies in its two-tiered screening strategy,
wherein the initial hits prioritized based on SBPMs
for specific viral proteases are subsequently re-
ranked through molecular docking studies making
this approach distinct from conventional direct
docking-based virtual screening protocols.

MATERIALS AND METHODS

Target Selection

A systematic, multi-step selection process
was applied to identify suitable viral protease
targets. Five proteases were chosen for this study:
Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV-2) protease, Hepatitis C virus (HCV)
NS3/4A protease, HIV-1 protease, Dengue virus
NS2B-NS3 protease, and Zika virus NS2B-NS3
protease. The three-dimensional (3D) structures
of these targets were retrieved from the RCSB
Protein Data Bank (www.rcsb.org) and PDBsum
(https://www.ebi.ac.uk/thornton-srv/databases/
pdbsum/) databases based on the following
criteria: (i) availability of X-ray crystallographic
data with acceptable resolution, (ii) presence of a
co-crystallized ligand complex to allow interaction
analysis, (iii) absence of chain breaks in the protein
sequence, and (iv) high-quality Ramachandran plot
statistics, with >90% residues in the most favorable
region, <10% in additionally and generously
allowed regions, and <0.1% in disallowed regions.
All heteroatoms were removed from the selected
protein structures using UCSF Chimera (https://
www.cgl.ucsf.edu/chimera/).
Structure-Based Pharmacophore Modelling
(SBPM) and Virtual Screening

The selected X-ray derived 3D structures
of the viral proteases were subjected to structure-
based pharmacophore modeling using the Pharmit
web server (https://pharmit.csb.pitt.edu/). Pharmit
analyzes ligand—protein complexes to identify
pharmacophoric features such as hydrophobic
centers, hydrogen bond donors and acceptors, and
aromatic rings. For virtual screening, the following
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filtering parameters were applied: a maximum
of 1000 hits for hit reduction and the “beyond
rule of five” (bRo5) filter for hit screening. This
criterion was used instead of Lipinski’s Rule of
Five, as protease inhibitors often possess larger
and more complex structures than typical small-
molecule drugs. Beyond Rule of Five (bRo5)
filter parameters: Molecular weight < 500, cLogP
between 0 and 7.5, Hydrogen bond donors d” 5,
Hydrogen bond acceptors d” 10, Polar surface area
d” 200 A2, Rotatable bonds d” 20. Hits were ranked
based on root mean square deviation (RMSD) and
minimized RMSD (mRMSD) values, representing
3D conformational fit to the pharmacophore. The
maximum score threshold was set to 0, and the
optimal mRMSD was d” 2 A. Pharmit-generated
pharmacophore models were used to screen
integrated chemical databases, including ZINC,
ChEMBL34, PubChem, and MolPort respectively.
The best-hit molecules were exported in SDF
format for further preparation and docking analysis.
Molecular Docking

Ligand structures were drawn and energy-
minimized using ChemDraw and Chem3D 21.0.0
software and saved in SDF format. Binding site
analysis was performed based on co-crystallised
and bioactive ligands and solvent molecules were
removed from the PDB structures using UCSF
Chimera. Molecular docking was performed using
the open-source software iGEMDOCK (http://
gemdock life.nctu.edu.tw/igemdock.php). This tool
generates protein—compound complexes, profiles
target binding interactions, and ranks ligands based
on total binding energy, van der Waals energy, and
hydrogen bonding contributions. The resulting
binding poses, and molecular interactions were
analyzed using PoseView by ProteinPlus (https://
proteins.plus), which provided two-dimensional
representations of hydrogen bonds, hydrophobic
interactions, and 0—0 stacking between the hit
compounds and the active site residues of each
protease.
ADME Prediction

The pharmacokinetic and physicochemical
properties of the virtual hits were predicted
using the SWISSADME web tool (http://www.
swissadme.ch/). The SMILES notations of
the compounds were entered to calculate key
descriptors, including topological polar surface
area (TPSA), molecular weight, number of heavy
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atoms, hydrogen bond donors and acceptors, and
rotatable bonds. Predicted lipophilicity (iILOGP)
and solubility (Log S, ESOL model) were used to
assess water solubility and membrane permeability.
Gastrointestinal (GI) absorption and blood—brain
barrier (BBB) permeability were also evaluated.
In addition, Lipinski’s score, lead-likeness, and
synthetic accessibility were determined to facilitate
comparison among the hits and the reference
inhibitor, and to prioritize compounds with
favorable drug-like and synthetic characteristics
for further lead optimization studies.

RESULTS

Target selection

The selection of appropriate viral protease
targets is a crucial step in structure-based drug
design, as it determines the accuracy and biological
relevance of subsequent pharmacophore modeling
and virtual screening studies. As part of this
study, a set of five disease-specific viral proteases
were chosen based on their established roles in
viral replication and pathogenesis, as well as the
availability of high-resolution crystal structures in
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the RCSB Protein Data Bank (PDB). Each selected
protease represents a key therapeutic target for a
major viral infection of global concern. The details
of the selected protease targets, including their
corresponding PDB IDs, are presented in Table 1

The key chemical features generated
from the structure-based pharmacophore models
(SBPMs) of the selected viral proteases are
summarized in Table 2 and the models shown in
Figure 1. These features represent the essential
interactions within the active sites that govern
ligand recognition and binding specificity.

DISCUSSION

The application of a structure-based
pharmacophore model (SBPM), derived from
the SARS-CoV-2 main protease (Mpro) and
its crystallized ligand, for virtual screening
led to the identification of the virtual hits:
Molport-002-527-96, Molport-002-528-694,
Molport-002-530-593, Molport-002-530-797,
Molport-002-530-884, Molport-002-530-890,
Molport-002-530-949, Molport-002-531-829, and
Molport-046-596-817 respectively. Subsequent,

Table 1. Structural details of selected viral protease targets used in this study

PDBID  Viral protease Ligand

S8HUR SARS-CoV-2 main protease (Mpro)** Ensitrelvir

4WF8 HCV protease® Asunaprevir

3SPK HIV-1 protease® Tipranavir

2FOM DENV protease® * Anthracene-1,2,7,9-tetraol®

SH41 ZIKV protease® *N-(5-nitro-6-(piperazin-1-yl) pyridin-2-yl)

-1H-indazol-5-amine*!

* As no co-crystallized ligand was available, the binding analysis was performed using a bioactive

ligand reported in the literature.

Table 2. Chemical Features of Viral Protease-Based Structure-Based Pharmacophore

Models (SBPMs)
PDB ID Structure-Based Pharmacophores
SHUR 4 Hydrogen acceptors, 1 Hydrogen donor 1 Aromatic ring
4WEF8 1 Aromatic, 4 Hydrogen acceptors, 1 Hydrogen donor
3SPK 3 Hydrogen acceptors, 2 Hydrogen donors, 1 Hydrophobic
2FOM 4 Hydrogen acceptors, 4 Hydrogen donors
SH41 1 Positive ion, 1 Negative ion, 4 Hydrogen acceptors, 2 Hydrogen donors
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Fig. 1. Structure-based pharmacophore models (SBPMs) illustrate the key chemical features of the selected
viral proteases. Pharmacophore feature representation of viral protease active sites generated using Pharmit.
Blue spheres indicate hydrogen bond donor regions; red spheres indicate hydrogen bond acceptor regions; green
spheres represent hydrophobic regions; magenta spheres denote aromatic ring features; orange spheres represent
positive ionizable regions; and white spheres indicate negative ionizable regions.

Table 3. Docking scores and key target—ligand binding interactions of the top three virtual hits and the reference
inhibitor against SARS-CoV-2 main protease (PDB ID: 8HUR)

Hit molecule Docking Score Target-ligand binding interactions
(kcal/mol)
Molport-046-596-817 -142.97 His41: hydrogen bond, hydrophobic interaction

Met165: hydrophobic interaction

Asn142: hydrophobic interaction
Molport-002-530-884 -140.03 Glul66: hydrogen bond, ionic interaction, hydrophobic interaction

His41: pi-pi interaction, hydrophobic interaction

Met165: hydrophobic interaction
Molport-002-530-949 -138.13 Ser144: hydrogen bond

Glul66: hydrogen bond

His41: pi-pi interaction

Met165: hydrophobic interaction

Glu189: hydrophobic interaction

His41: hydrophobic interaction
Ensitrelvir -140.43 His163: hydrogen bond
(Co-crystallised ligand) Gly143: hydrogen bond

His41: pi-pi interaction

Thr26: hydrophobic interaction

Cys145: hydrophobic interaction
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3121

molecular docking studies against SARs-CoV-2
main protease (PDB ID: 8HUR) revealed strong
hydrophilic and hydrophobic interactions between
the ligand and the amino acid residues of the
protease binding site. Ensitrelvir, used as the
reference inhibitor, formed stable interactions
with the active site residues His163, Gly143,
Ser144, Cys145, and Thr26, confirming its
established binding pattern within the protease
pocket. Two-dimensional (2D) visualization
of the ten screened hits demonstrated multiple
hydrophilic interactions with amino acid residues
including Leu205, Pro293, Phe3, Phe291, Trp207,
Gly299, Ala206, Val212, Asp295, Val297, Ala210,
Thr292, Phe4, Leu253, Cys300, and Arg298. The
hydrophilic interactions primarily involved R—-NH
donor groups in the ligands forming hydrogen
bonds with C=0 acceptor groups of the protein
backbone. 8—0 stacking interactions were also
observed between the aromatic rings of the hit
compounds and the aromatic side chains of
amino acid residues, particularly those containing
imidazole (His41), phenyl (Phe), and indole (Trp)
groups. The triazole functional groups within
the hit structures contributed strongly to these
hydrophilic interactions, due to the presence of
nitrogen atoms that act as hydrogen bond acceptors
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and the aromatic character that facilitates 0—-0
stacking. The hydrophobic interactions were
mainly attributed to substituents on the aromatic
rings, which enhance contact with the enzyme’s
hydrophobic pocket. Overall, the triazinone and
triazole moieties present in both Ensitrelvir and
the top hits accounted for the majority of the
hydrophilic interactions through their carbonyl
and nitrogen atoms. Among the docked hits,
the top three compounds with the best binding
energies were: Molport-046-596-817 (“142.972
kcal/mol), Molport-002-530-884 (“140.026 kcal/
mol), Molport-002-530-949 (“138.131 kcal/mol),
All three virtual hits demonstrated strong binding
affinity and fit optimally within the protease
active-site pocket, showing theoretical binding
poses highly comparable to that of Ensitrelvir.
Each of the three hits contained aromatic rings
that facilitated 0—0 interactions with amino acid
residues such as His41, and shared interactions
with Met165 and His41, residues known to be
critical for catalytic activity in the protease.
Structurally, all three compounds featured tricyclic
or fused polycyclic ring systems, including lactam
rings (cyclic amides), which are characteristic
of protease inhibitors. These rigid frameworks
enhance binding affinity by improving shape

Table 4. Docking scores and key target-ligand binding interactions of the top three virtual hits and the
reference inhibitor against Hepatitis C viral protease (PDB ID: 4WF§)

Hit molecule Docking Score

Target-ligand binding interactions

(kcal/mol)
Molport-020-311-760 -139.98 His1057: hydrophobic interaction
Alal156: hydrophobic interaction
His1057: pi-pi interaction
Molport-020-309-674 -135.82 His1057: pi-pi interaction, hydrophobic interaction
Asp1079: hydrophobic interaction
Val1078: hydrogen bond
Molport-047-017-485 -127.64 Ser1139: hydrogen bond
Lys1136: hydrophobic interaction
Alal156: hydrophobic interaction
His1057: hydrophobic interaction
Asunaprevir -123.33 Asp1081: hydrophobic interaction

(Co-crystallised ligand)

Argl1155: hydrophobic interaction, hydrogen bond
Alal156: hydrophobic interaction

Alal157: hydrophobic interaction, hydrogen bond
His1057: hydrophobic interaction, hydrogen bond
Gly1137: hydrogen bond

Ser1139: hydrogen bond
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Fig. 3. Comparison of the top three virtual hits showing (A) 2D molecular structures, (B) 3D docking poses, and
(C) 2D ligand—protein interaction diagrams for the reference inhibitor, Hit-1, Hit-2, and Hit-3, respectively
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complementarity with the enzyme pocket. Multiple
amide bonds within the compounds serve as both
hydrogen bond donors and acceptors, mimicking
the peptide backbone of natural substrates and
indicating potential activity like serine or cysteine
protease inhibitors. Additionally, the presence of
methylenedioxyphenyl groups (-O—-CH, —O-)
attached to aromatic rings enhanced binding
to hydrophobic regions within the enzyme’s
active site and contributed to 0—0 stacking
interactions. The overall planarity of these
structures facilitated optimal fitting within the
protease binding pocket (Table 3 and Figure 2).
The incorporation of alkyl substituents and phenyl
rings further contributed to membrane permeability
and improved predicted bioavailability of the
virtual hits. The ADME properties of the three
selected hits were predicted using SWISSADME.

XIANG & AVUPATI, Biomed. & Pharmacol. J, Vol. 18(4), 3114-3137 (2025)

None of these compounds violated the relaxed
“beyond rule of five” criteria applied during the
Pharmit filtering stage, suggesting that they all
possess acceptable drug-like characteristics. For
comparison, the reference inhibitor, Ensitrelvir,
showed a lipophilicity (iLogP) value of 3.22,
which is within the same range as the selected
hits. Structurally, Ensitrelvir is a heterocyclic
molecule with several important chemical features.
It contains a methylated purine group that supports
base-pair recognition, while its bicyclic urea core
composed of two carbonyl and three nitrogen atoms
provides molecular rigidity and planarity. The
carbonyl groups enable hydrogen bonding, which
plays a key role in ligand—protein interactions.
Additionally, the substituted aryl amide ring
with chlorine and a methylated nitrogen atom
enhances lipophilicity and promotes 8—0 stacking

Table 5. Docking scores and key target-ligand binding interactions of the top three virtual hits and the
reference inhibitor against HIV-1 viral protease (PDB ID: 3SPK)

Hit molecule Docking Score

(kcal/mol)

Target-ligand binding interactions

Molport-008-344-770 -135.82

Molport-023-246-998 -127.64

Molport-001-545-102 -127.64

Tipranavir -138.52

(Co-crystallised ligand)

Asn25A: hydrogen bond
Asn25B: hydrogen bond
Thr82: hydrophobic interaction
Leu23: hydrophobic interaction
Pro81: hydrophobic interaction
Ala28: hydrophobic interaction
Asp30: hydrogen bond

11e50: hydrogen bond

11e50: hydrogen bond

Asn25: hydrogen bond

Gly48: hydrogen bond

Asp29: hydrogen bond

Arg8: pi-cation interaction, hydrophobic interaction
Leu23: hydrophobic interaction
Gly49: hydrophobic interaction
Ile50A: hydrogen bond

[1e50B: hydrogen bond

Thr82: hydrophobic interaction
Pro81: hydrophobic interaction
Ala28: hydrophobic interaction
11e50: hydrophobic interaction
Asn25A: hydrogen bond
Asn25B: hydrogen bond
Asp30: hydrogen bond

Asp29: hydrogen bond

Thr82: hydrophobic interaction
Leu23: hydrophobic interaction
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interactions. The trifluoromethylphenyl side chain
further contributes to stability and binding through
van der Waals and dipolar interactions. Among the
three hits, Molport-046-596-817 was predicted to
have the lowest solubility (Log S = “4.44), while
Molport-002-530-884 and Molport-002-530-949
displayed moderate solubility. Ensitrelvir, in
comparison, had the lowest solubility overall
(Log S = “4.84). All three hits achieved good
Lipinski scores, indicating that they are likely
to have favourable oral bioavailability. The
predicted gastrointestinal (GI) absorption was
high for both Ensitrelvir and most hits, except
for Molport-002-530-949, which showed lower
predicted GI absorption. Regarding synthetic
feasibility, Molport-002-530-884 had the highest
synthetic accessibility score (4.96), suggesting that
it may be more complex to synthesise compared to
Molport-046-596-817 and Molport-002-530-949.
The reference inhibitor, Ensitrelvir, had a moderate
synthetic accessibility score of 3.56. These results
align well with recent developments in the targeting
of SARS-CoV-2 main protease (MV*R”). A
group of researchers used a combined ligand-
and structure-based virtual screening protocol
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and screened ~200 million compounds, and
emphasised the importance of hydrogen-bond
donors/acceptors plus aromatic/0-interaction
features in the pharmacophore design.** In another
synthetic research study unfolded the importance
of triazole-piperazine derivatives that achieved
sub-micromolar MV’*R” inhibition (IC... € H”
1.9 uM) and favourable liver microsome stability.*
In this context, the triazole/triazinone features, the
observed H-bonding to Gly143, Ser144, Cys145,
and 0-0 stacking with His41 are consistent with the
reported literature.*

The application of a structure-based
pharmacophore model (SBPM), derived from
the Hepatitis C viral protease and its crystallized
ligand, for virtual screening led to the identification
of the virtual hits: Molport-003-895-473,
Molport-005-131-122, Molport-010-740-325,
Molport-010-819-952, Molport-010-819-959,
Molport-020-309-674, Molport-020-311-760,
Molport-028-743-611, Molport-047-008-406,
and Molport-047-017-485. Subsequent, molecular
docking studies against HCV NS3 protease (PDB
ID: 4WF8) revealed strong hydrophilic and
hydrophobic interactions between the selected

Table 6. Docking scores and key target—ligand binding interactions of the top three virtual hits and the
reference inhibitor against DENV protease (PDB ID: 2FOW)

Hit molecule Docking Score

(kcal/mol)

Target-ligand binding interactions

Molport-044-727-279 -121.04

Molport-000-808-297 -118.63

Molport-001-740-947 -116.9

Anthracene-1,2,7,9-tetraol -90.11

(Bioactive ligand)

Gly153: hydrogen bond

Gly151: hydrogen bond

Tyr161: pi-pi interaction

His51: hydrophobic interaction
Pro132: hydrophobic interaction
Leu128: hydrophobic interaction
Tyr161: pi-pi interaction, hydrophobic interaction
Tyr150: hydrophobic interaction
His51: hydrophobic interaction
Leu128: hydrophobic interaction
Pro132: hydrophobic interaction
Gly151: hydrogen bond

Gly153: hydrogen bond

Tyr161: pi-pi interaction
Gly153: hydrogen bond

Ser135: hydrogen bond

His51: hydrophobic interaction
Ser135: hydrogen bond

Gly153: hydrophobic interaction
Gly151: hydrogen bond
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ligands and the key amino acid residues within
the catalytic binding pocket. Ensitrelvir, used
as a reference inhibitor, formed 0-0 stacking
and hydrophobic interactions with His1057
and Alall56, validating the reliability of the
docking approach and serving as a structural
benchmark for comparison. Among the screened
hits, three compounds Molport-020-311-760,
Molport-020-309-674, and Molport-047-017-485
demonstrated highly favorable binding orientations
and interaction energies within the protease pocket.
Two-dimensional (2D) visualization of the ligand—
protein interactions revealed multiple hydrophilic
and hydrophobic contacts involving residues
His1057, Alall56, Aspl1079, Vall1078, Ser1139,
Lys1136,and Alal156. The hydrophilic interactions
were primarily mediated through hydrogen bonding
between amide, carbonyl, and heteroatom groups
in the ligands and backbone carbonyl or side-
chain donor groups of the protein. 0—0 stacking
interactions were prominently observed between
aromatic rings in the hit compounds and the
imidazole side chain of His1057, supporting stable
non-covalent anchoring within the protease active
site. Additionally, polar substituents on aromatic
rings facilitated directional hydrogen bonding with
residues such as Val1078 and Ser1139, enhancing
the overall binding complementarity of the
ligands. The hydrophobic interactions were mainly
contributed by alkyl and phenyl substituents, which
enhanced contact with the enzyme’s hydrophobic
sub-pocket near Alal156 and Asp1079. Among
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the three hits, Molport-020-311-760 exhibited
the strongest binding affinity, with the lowest
docking energy (“139.978 kcal/mol) and minimal
structural deviation (mRMSD = 1.741 A). This
compound showed predominant 8—0 stacking with
His1057 and favorable hydrophobic packing with
Alall56, suggesting a stable and energetically
optimized binding pose. The planar aromatic core
of Molport-020-311-760 contributed to efficient
shape complementarity and d—0 overlap, while
its limited polar surface (TPSA = 89.47 A?)
favored deep binding pocket accommodation.
Molport-020-309-674, with a docking energy of
“135.824 kcal/mol, showed a balanced interaction
profile involving 8—-0 stacking with His1057,
hydrogen bonding with Val1078, and hydrophobic
contacts with Asp1079 and Alal156. The methoxy-
substituted aromatic ring in this compound
likely enhanced hydrogen-bonding potential
and fine-tuned lipophilicity, contributing to
improved solubility and stable docking orientation.
Molport-047-017-485, while exhibiting a slightly
weaker binding energy (“127.644 kcal/mol),
displayed strong hydrophilic interactions through
hydrogen bonding with Ser1139 and hydrophobic
contacts with Lys1136, His1057, and Alal156.
The presence of multiple heteroatoms within
its aromatic and amine functionalities enabled
extensive hydrogen bonding, while its higher
topological polar surface area (TPSA = 113 A?)
reflected increased polarity and solvation potential.
Structurally, all three hits contained rigid aromatic

Table 7. Docking scores and key target-ligand binding interactions of the top three virtual hits and the reference
inhibitor against ZIKV protease (PDB ID: SH4I)

Hit molecule

Docking Score Target-ligand binding interactions

(kcal/mol)

ZINC000015953149 -122.64 His51: hydrophobic interaction and pi-pi interaction

Alal32: hydrophobic interaction

Tyr161: hydrophobic interaction

Asp83: hydrogen bond
ZINC00004825072 -118.46 Tyr161: hydrogen bond, hydrophobic interaction

His51: hydrophobic interaction
Molport-002-888-347 -117.74 Alal32: hydrophobic interaction

His51: hydrophobic interaction

Tyr161: hydrophobic interaction
N-(5-nitro-6-(piperazin-1-yl) -99.415 Tyr161: pi-pi interaction and hydrophobic interaction

pyridin-2-yl)-1H-indazol-5-amine
(Bioactive ligand)

Tyr150: hydrogen bond
Alal32: hydrophobic interaction
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scaffolds capable of sustaining 0—0 stacking and
hydrophobic complementarity, features typical
of protease inhibitors. The presence of amide
and heterocyclic linkages in each compound
provided multiple hydrogen-bond donors and
acceptors, allowing interactions that mimic peptide
backbone recognition within the catalytic site.
The planar aromatic systems enhanced fitting
within the active-site cleft, while the alkyl and
phenyl substituents contributed to hydrophobic
stabilization and potential membrane permeability.
The observed interaction patterns and docking
geometries suggest that all three ligands occupy
the protease binding groove in a manner similar
to known NS3 inhibitors, engaging key residues
associated with catalytic function (Table 4 and
Figure 3). The physicochemical and ADME profiles
of these compounds, predicted using SwissADME,
indicated favorable drug-like characteristics. None
of the three hits violated Lipinski’s rule of five,
and all showed iLogP values between 3.19 and
3.84 comparable to Ensitrelvir (iLogP = 3.22)
indicating balanced lipophilicity for potential
oral bioavailability. The calculated solubility
(Log S) values ranged from “4.14 to “4.87,
suggesting moderate solubility suitable for early-
stage in vitro evaluation. Molport-047-017-485
exhibited the lowest solubility (“4.87) but the
best synthetic accessibility (SA = 3.59), whereas
Molport-020-311-760 demonstrated the most
potent binding energy with acceptable solubility
(“4.14) and a manageable synthetic complexity
(SA = 3.98). All compounds were predicted to
have high gastrointestinal (GI) absorption and
low probability of blood—brain barrier penetration,
consistent with the desired pharmacokinetic
profile of peripheral protease inhibitors. Overall,
Molport-020-311-760 emerged as the most
promising hit based on its strong binding energy,
favorable lipophilicity, and excellent geometric
complementarity with the protease binding site.
Molport-020-309-674 presented a balanced profile
of solubility, stability, and binding interactions,
making it an attractive candidate for further
optimization. Molport-047-017-485, with its high
pharmacophore fit and synthetic accessibility,
represents a valuable scaffold for structural
modification to enhance -0 stacking interactions
and potency. The consistent presence of aromatic
and amide functionalities across all three hits
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highlights their potential as lead-like scaffolds
for further development of HCV NS3 protease
inhibitors. These observations align with current
strategies in targeting the NS3/4A protease of
Hepatitis C virus, where aromatic scaffolds capable
of -0 stacking and amide-rich linkages continue
to strengthen high-affinity binding. A recent study
modelling genotype-3 variants of NS3/4A used
pharmacophore-assisted covalent docking and
molecular dynamics to show that His57 (canonical
numbering) engages in persistent 8—0 interactions,
and that variations in hydrophobic groove residues
affect ligand binding.** Additional computational
work demonstrates that virtual screening against
NS3/4A reveals conserved interaction motifs:
hydrogen bonds to residues in the catalytic loop
(e.g., Asp81/Ser139) and occupation of adjacent
hydrophobic sub-pockets via planar aromatic
cores.*

The application of a structure-based
pharmacophore model (SBPM), derived from the
HIV-1 protease and its crystallized ligand, for virtual
screening led to the identification of the virtual hits:
Molport-001-545-102, Molport-001-768-271,
Molport-002-140-561, Molport-002-853-462,
Molport-008-344-770, Molport-012-192-987,
Molport-023-246-998, Molport-023-319-072,
and Molport-051-594-682. Subsequent, molecular
docking studies against 3SPK (PDB ID: HIV-1
protease) revealed extensive hydrophilic and
hydrophobic interactions between the top-scoring
ligands and the catalytic residues located within
the protease binding pocket. Tipranavir, a clinically
approved HIV protease inhibitor, was used as
a reference ligand. It exhibited characteristic
hydrogen bonding and hydrophobic interactions
with the key active site residues Asp25, Asp30,
Asp29, and Ile50, validating the reliability of
the docking workflow and serving as a structural
benchmark for comparative evaluation. Among
the screened virtual hits, Molport-008-344-770,
Molport-023-246-998, and Molport-001-545-102
displayed the most favorable binding orientations
and docking energies within the catalytic pocket.
Two-dimensional (2D) interaction mapping of these
ligand—protein complexes revealed that all three
hits formed multiple hydrophilic and hydrophobic
contacts with amino acid residues Asn25, Asp29,
Asp30, Gly48, Gly49, 11e50, Leu23, Pro81, Ala28,
and Thr82—the key residues critical for proteolytic
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function. Hydrophilic interactions were primarily
mediated by amide, carbonyl, and sulphonamide
groups, which acted as hydrogen bond donors
and acceptors, establishing strong polar contacts
with residues such as Asn25, Asp29, and Asp30.
The 0-0 stacking and van der Waals interactions
observed between aromatic scaffolds of the ligands
and residues Thr82, Pro81, and Leu23 contributed
to nonpolar stabilization and overall binding
complementarity within the protease groove.
The coexistence of both hydrogen bonding and
hydrophobic contacts provided optimal structural
anchoring and conformational stabilization of the
ligands within the binding site. Among the three top
hits, Molport-008-344-770 exhibited the strongest
binding affinity with a docking energy of “135.824
kcal/mol and the lowest minimized root mean
square deviation (mRMSD = 1.335 A). The ligand
established dual hydrogen bonds with Asn25A
and Asn25B, a hallmark interaction observed in
potent HIV protease inhibitors, and extensive
hydrophobic interactions with Thr82, Leu23,
Pro81, and Ala28. The naphthol-aryl conjugated
ring system within this molecule enhanced 00
stacking and lipophilic contacts, promoting tight
binding and minimal conformational drift. The
compound’s balanced lipophilicity (iLogP =
2.99) and high gastrointestinal absorption further
support its potential for oral bioavailability.
Molport-023-246-998, with a docking energy
of “127.644 kcal/mol and an mRMSD of 1.851
A, demonstrated a complementary binding
profile driven by its sulphonamide and phenolic
functional groups, which formed strong hydrogen
bonds with Asp30 and Ile50. The carboxyl and
hydroxyl moieties increased the compound’s
polarity (TPSA = 161.41 A?) and solubility (Log
S =“2.39), making it the most soluble among the
three hits. Although its large polar surface area
contributed to low GI absorption, the high density
of hydrogen bond donors (nHBD = 5) facilitated
robust polar interactions within the protease active
site, suggesting strong potential for aqueous-phase
binding stability. Molport-001-545-102 also
showed excellent docking results with an energy
of “127.644 kcal/mol and mRMSD = 1.367 A,
forming multiple hydrogen bonds with Ile50,
Asn25, Gly48, and Asp29, as well as d—cation and
hydrophobic interactions with Arg8 and Leu23.
The sulphonamide group in this compound acted
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as a key polar anchor, mimicking the carboxylate
interaction motif observed in Tipranavir, while the
cyclohexane carboxylic acid substituent introduced
conformational flexibility and contributed to
hydrophobic pocket accommodation. With
moderate lipophilicity (iLogP =2.14) and high GI
absorption, Molport-001-545-102 demonstrated a
well-balanced pharmacokinetic and binding profile
indicative of lead-like potential. Structurally,
all three hits share common pharmacophoric
features, including amide and sulphonamide
linkages, planar aromatic rings, and polarity-
distributed substituents, which collectively
support high-affinity, non-covalent interactions
with HIV-1 protease residues. These features
mimic the peptide-bond recognition mechanism
exploited by known protease inhibitors, thereby
facilitating selective and stable occupation of
the enzyme’s active cleft. The aromatic ring
systems of the hits enable 0—0 stacking, while the
hydrophilic terminal groups enhance hydrogen
bonding and aqueous solubility two essential
properties for effective protease inhibition and
systemic bioavailability (Table 5 and Figure 4).
The SwissADME-predicted physicochemical and
pharmacokinetic parameters confirmed favorable
drug-like characteristics for all three compounds.
None of the hits violated Lipinski’s rule of five, and
all demonstrated manageable synthetic accessibility
(SA =2.22-3.62), suggesting practical feasibility
for laboratory synthesis. Molport-008-344-770
and Molport-001-545-102 exhibited high GI
absorption, while Molport-023-246-998, though
more polar, achieved superior solubility (Log
S = “2.39). All three were predicted to be non—
blood—brain barrier permeant, aligning with the
desired pharmacokinetic behavior of HIV protease
inhibitors that act peripherally rather than centrally.
Overall, Molport-008-344-770 emerged as the most
promising hit, displaying the strongest binding
energy, high structural complementarity, and optimal
physicochemical balance. Molport-023-246-998
demonstrated excellent solubility and a high
degree of polar interaction, positioning it as a
potential candidate for formulation optimization.
Molport-001-545-102, with its extensive hydrogen
bonding and hydrophobic residue coverage, offers
a valuable scaffold for further structural refinement
aimed at potency enhancement. Collectively, the
consistent presence of sulphonamide, amide,
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and aromatic frameworks across these three hits
supports their potential as lead-like scaffolds
for next-generation HIV-1 protease inhibitor
development. Our results fit well with current
structural and computational understanding of
HIV-1 protease inhibition. Crystal and structural
analyses show Tipranavir, and other clinical
inhibitors stabilize the active site and flap region
via dual hydrogen bonds to the catalytic Asp25/
Asp252 dyad and extensive hydrophobic/aromatic
contacts with residues such as I1e50, Leu23 and the
flap glycine residues.*’

The application of a structure-based
pharmacophore model (SBPM), derived from
the Dengue viral protease and a bioactive ligand,
for virtual screening led to the identification
of the virtual hits: Molport-000-808-297,
Molport-001-740-947, Molport-002-723-211,
Molport-035-706-134, Molport-039-138-765,
Molport-039-338-798, Molport-044-726-090,
Molport-044-727-269, Molport-044-727-279,
and Molport-044-727-351. Subsequent, molecular
docking studies against dengue virus protease
(PDB ID: 2FOM) revealed a consistent pattern of
hydrophilic and hydrophobic interactions between
the selected ligands and key amino acid residues
within the catalytic binding pocket. Anthracene-
1,2,7,9-tetraol, a known inhibitor, served as the
reference ligand and exhibited hydrogen bonding
with Ser135 and Gly151, as well as hydrophobic
contact with Gly153. This validated the docking
protocol and provided a structural benchmark for
evaluating the affinity and interaction profiles of
the virtual hits. Among the screened compounds,
Molport-044-727-279, Molport-000-808-297, and
Molport-001-740-947 displayed the most favorable
binding orientations and lowest binding energies,
suggesting strong potential as DENV protease
inhibitors. Two-dimensional (2D) interaction
visualizations indicated that the top three hits
established multiple hydrophilic contacts with
residues Glyl51, Gly153, Serl35, and Tyrl61,
alongside hydrophobic interactions involving
His51, Leul28, Pro132, and Tyr150. Hydrogen
bonding was primarily mediated by hydroxyl
and carbonyl groups on the ligands interacting
with backbone amide or carbonyl groups of
Gly151 and Glyl53. -0 stacking interactions
were observed between aromatic moieties of the
ligands and the imidazole or phenolic side chains
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of His51 and Tyrl61, respectively, reinforcing
non-covalent stabilization within the protease
active site. The hydrophobic stabilization was
contributed by fused aromatic and alkyl moieties
engaging Leul28 and Prol32, both of which
form part of the enzyme’s hydrophobic pocket
adjacent to the catalytic triad. Among the hits,
Molport-044-727-279 demonstrated the most
favorable binding energy (“121.042 kcal/mol)
and optimal spatial complementarity with the
active-site residues. This ligand formed dual
hydrogen bonds with Glyl51 and Gly153, 80
stacking with Tyr161, and hydrophobic contacts
with His51, Leul28, and Pro132. The presence of
a sugar-like cyclic scaffold with multiple hydroxyl
substituents enabled directional hydrogen bonding,
while the conjugated aromatic system enhanced
0—0 stabilization and hydrophobic packing
within the catalytic pocket. Molport-000-808-297
showed comparable affinity (“118.633 kcal/mol)
and a strong network of interactions involving
hydrogen bonds with Gly151 and Gly153, and
hydrophobic contacts with Tyr150, Pro132, His51,
and Leul28. The presence of dichlorophenyl and
hydroxyl-substituted rings provided both lipophilic
and polar features that favored balanced binding.
Molport-001-740-947 exhibited slightly weaker
but still significant binding energy (“116.903
kcal/mol), characterized by 0—-0 stacking with
Tyr161 and hydrogen bonding with Gly153 and
Ser135. The presence of multiple hydroxyl and
methoxy functionalities facilitated solvation
potential and stable anchoring through hydrogen
bonding. Structurally, all three hits shared a
common polyhydroxylated heterocyclic scaffold
reminiscent of tetrahydrofuran or sugar-like ring
systems, consistent with their strong hydrophilic
interaction profiles. These scaffolds provided
multiple hydrogen-bond donors and acceptors
that mimic peptide substrate recognition within
the catalytic cleft of DENV protease. The attached
aromatic rings in the hits further contributed to 6—0
stacking with aromatic residues and hydrophobic
packing near His51 and Tyr161, both of which
play critical roles in stabilizing substrate—enzyme
complexes. The observed interaction geometries
suggest that these ligands effectively occupy
the protease’s active pocket, engaging residues
essential for catalytic activity, thereby indicating
their potential as non-covalent, reversible inhibitors
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(Table 6 and Figure 5). SwissADME-based in silico
profiling revealed that all three hits exhibited drug-
like properties within acceptable physicochemical
limits. None of the top compounds violated more
than one of Lipinski’s rule-of-five criteria, and
all showed logP values between 1.56 and 1.84,
reflecting balanced lipophilicity conducive to
oral absorption. The topological polar surface
areas (TPSA) ranged from 166.89 to 187.12 A2,
indicating moderately high polarity consistent
with the multiple hydroxyl groups observed in
their structures. Solubility analysis showed all
three ligands to be soluble, with Log S (ESOL)
values between “3.55 and “3.87, comparable to
the reference inhibitor (“3.99). Gastrointestinal
absorption was predicted to be low for the top
three hits, which is expected due to their relatively
high molecular weights (430—474 g/mol) and polar
surface areas. All compounds were predicted to
be non-blood-brain barrier (BBB) permeant, an
advantageous property for peripheral viral protease
inhibitors, reducing the risk of CNS-related
adverse effects. Synthetic accessibility (SA) values
ranged between 4.58 and 5.06, reflecting moderate
synthetic feasibility for early-stage medicinal
chemistry optimization. When compared to the
reference inhibitor Anthracene-1,2,7,9-tetraol
(binding energy: “90.1099 kcal/mol), all three hits
demonstrated significantly higher binding affinities
and more extensive hydrogen bonding and 0-0
stacking networks. The hydrophilic—hydrophobic
balance observed in these ligands suggests
enhanced stabilization within the protease active
site through both polar and non-polar interactions.
Among the three, Molport-044-727-279 emerged
as the most promising hit, combining the
lowest binding energy, favorable interaction
geometry, and strong hydrogen-bonding with
key catalytic residues (Glyl51 and Gly153).
Molport-000-808-297 followed closely with
a balanced interaction profile and favorable
hydrophobic packing. Molport-001-740-947,
while slightly less potent, displayed excellent
polar complementarity and 8—0 stacking potential,
representing a valuable scaffold for structural
modification. Overall, the consistent involvement
of residues Glyl151, Glyl53, His51, Tyrl61, and
Ser135 across the hits confirms the essential
binding motif and pharmacophoric pattern required
for DENV protease inhibition. The combination
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of aromatic scaffolds, hydroxyl substituents, and
sugar-like frameworks highlights their potential
as lead candidates for further optimization in the
design of potent, selective dengue virus protease
inhibitors. Our results are consistent with current
structural and computational knowledge of dengue
NS2B-NS3 protease inhibition.* The catalytic and
substrate-binding pockets observed in the 2FOM
crystal structure explain why residues Gly151/
Gly153, Ser135 and His51 frequently form the
backbone of ligand interactions; see the deposited
structure and 3D view.*® Recent in-silico studies
summarise that potent NS2B—NS3 inhibitors
commonly combine polyhydroxylated or polar
scaffolds (for directional H-bonding to Gly151/
Gly153/Ser135) with fused/aromatic systems (for
0-0 and hydrophobic packing near His51, Tyr150/
Tyr161 and Leu128), features which were matched
to the patterns identified in our study.®

The application of a structure-based
pharmacophore model (SBPM), derived from the
ZIKV protease and a bioactive ligand, for virtual
screening led to the identification of the virtual
hits: Molport-000-743-059, Molport-000-998-436,
Molport-002-603-479, Molport-002-888-347,
Molport-046-596-283, Molport-046-703-191,
ZINC000004825072, ZINC000005487055,
ZINC000015953149, and ZINC000019881412.
Subsequent, molecular docking studies against
Zika virus protease (PDB ID: 5H4I) revealed a
consistent pattern of hydrophilic and hydrophobic
interactions between the selected ligands and key
amino acid residues within the catalytic binding
pocket. N-(5-nitro-6-(piperazin-1-yl)pyridin-
2-yl)-1H-indazol-5-amine, a known inhibitor,
served as the reference ligand and exhibited
hydrogen bonding with Tyr150 and hydrophobic
interactions with Ala132 and Tyr161. The indazole
ring established 0—0 stacking with the aromatic
side chain of Tyrl161, validating the docking
protocol and providing a structural benchmark
for assessing the virtual screening hits. Among
the screened compounds, Molport-002-888-347,
ZINC00004825072, and ZINC000015953149
displayed the most favorable binding orientations
and lowest docking energies, suggesting strong
potential as ZIKV protease inhibitors. The docking
energies of these top three hits were “117.7430,
“118.4590, and “122.6440 kcal/mol, respectively—
each notably lower than that of the reference
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inhibitor (“99.415 kcal/mol)indicating greater
binding affinity and conformational stability
within the protease catalytic site. Two-dimensional
(2D) interaction analysis revealed that the top
three ligands established multiple hydrophilic
interactions with residues Gly151, Gly153,
Asp75, Asp83, Aspl29, and Tyr161, in addition
to hydrophobic contacts involving His51, Ala132,
and Tyr150. Hydrogen bonding was primarily
mediated by hydroxyl, carbonyl, and nitro
functional groups, while 0—0 stacking interactions
were observed between aromatic moieties of
the ligands and the imidazole or phenolic rings
of His51 and Tyrl61, respectively, reinforcing
non-covalent stabilization within the catalytic
pocket. The hydrophobic stabilization was further
contributed by the aromatic or fused ring systems
of the ligands engaging Alal32 and Tyrl161, both
of which form part of the hydrophobic subsite
adjacent to the protease’s catalytic triad. Among
the three hits, ZINC000015953149 demonstrated
the most favorable binding energy (“122.6440
kcal/mol) and optimal spatial complementarity
with catalytic residues Asp83, His51, and Tyr161.
This ligand exhibited hydrogen bonding with
Asp83, 0-0 stacking with His51, and hydrophobic
contacts with Alal32 and Tyrl61. Structurally,
ZINCO000015953149 possesses a conjugated
electrophilic core with a thioamide, nitroaromatic,
and &,a-unsaturated system, suggesting potential
covalent character through Michael acceptor-like
reactivity. The presence of nitro groups enhances
electrophilicity and contributes to ionic interactions
with negatively charged residues within the
protease active site. ZINC00004825072, with a
nucleoside-like scaffold comprising a purine base
and sugar ring, exhibited strong hydrogen bonding
with Tyr161 and hydrophobic interactions with
His51. Its diazo (-Nf ) functionality potentially
enhances electrophilic activity and contributes to
stable anchoring within the enzyme’s polar pocket.
Molport-002-888-347, a chromone-like molecule
with nitroaromatic and chloro substituents, showed
hydrophobic contacts with His51, Tyrl61, and
Alal32, supporting favorable 0—0 stacking and
lipophilic complementarity within the binding site.
The hydroxymethyl and carbonyl substituents of
this compound further contributed to directional
hydrogen bonding and stabilization. Structurally,
all three hits shared the presence of aromatic and
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heteroaromatic ring systems responsible for 0—0
stacking and hydrophobic stabilization. The nitro,
diazo, and hydroxyl substituents contributed to the
formation of hydrogen bonds and potential ionic
bridges with aspartate residues within the active
pocket, thereby enhancing overall affinity. The
coexistence of polar and nonpolar functionalities
indicates a favorable hydrophilic-hydrophobic
balance crucial for protease inhibition (Table 7 and
Figure 6). SwissADME-based in silico profiling
revealed that all three hits displayed acceptable
physicochemical and pharmacokinetic properties
consistent with early-stage drug candidates.
None of the compounds violated more than one
of Lipinski’s rule-of-five criteria. The calculated
lipophilicity (iLogP) values ranged between
“0.90 and 1.68, suggesting a balance between
aqueous solubility and membrane permeability.
Topological polar surface areas (TPSA) ranged
from 134.28 to 157.81 A2, reflecting high polarity
consistent with their multiple hydrogen bond
donors and acceptors. Solubility analysis showed
that ZINC00004825072 was very soluble (Log S =
“2.00), Molport-002-888-347 was soluble (“3.51),
and ZINC000015953149 moderately soluble
(“4.93). All three compounds were predicted
to exhibit low gastrointestinal absorption and
were non—-blood—brain barrier (BBB) permeant,
a desirable property minimizing CNS exposure
for antiviral therapeutics. Synthetic accessibility
(SA) values ranged from 3.61 to 4.34, indicating
moderate ease of synthesis and favorable prospects
for medicinal chemistry optimization. When
compared to the reference inhibitor N-(5-nitro-
6-(piperazin-1-yl)pyridin-2-yl)-1H-indazol-
S-amine, all three hits demonstrated superior
binding energies and a more extensive hydrogen
bonding and 8-0 stacking network involving key
residues His51, Asp83, Alal32, and Tyr161. The
shared presence of aromatic frameworks and polar
substituents allowed strong complementarity
to the active site topology, stabilizing both the
catalytic cleft and substrate-recognition motifs.
Overall, ZINC000015953149 emerged as the
most promising hit due to its lowest binding
energy, extensive interaction network, and
electrophilic pharmacophore, followed closely by
ZINC00004825072 and Molport-002-888-347.
The consistent involvement of residues His51,
Asp83, Alal32, and Tyrl61 across all three
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ligands highlights the essential pharmacophoric
motif required for ZIKV protease inhibition. The
combined presence of nitroaromatic, diazo, and
heterocyclic scaffolds underscores their potential
as robust lead candidates for further optimization
toward the development of selective, non-covalent
ZIKV protease inhibitors. Our computational
results are well supported by recent structural and
discovery work on Zika NS2B—NS3 protease: the
S5H4I crystal coordinates used as your docking
template define the catalytic cleft and confirm the
relevance of residues such as His51, Asp75, Alal32
and Tyr161 for ligand engagement.® In addition,
structure-based analyses and experimental inhibitor
studies have consistently reported hydrogen-bond
interactions with Gly151/Gly153 and directional
contacts involving Tyr161 and Alal32 in validated
hits, further reinforcing the relevance of these
interaction patterns.”'

CONCLUSION

The present study demonstrated that
virtual hits identified through structure-based
pharmacophore modeling (SBPM) exhibit in silico
stable binding profiles at the protease target sites
of multiple viral pathogens. Five viral protease
targets corresponding to SARS-CoV-2, Hepatitis
C virus, Human Immunodeficiency Virus, Dengue
virus, and Zika virus were selected from the RCSB
Protein Data Bank. Individual pharmacophore
models were generated for each target and
utilized for virtual screening. Nine virtual hits
were identified for the HIV protease (PDB ID:
3SPK), while ten hits each were identified for
the ZIKV (5§H4I), SARS-CoV-2 (8HUR), DENV
(2FOM), and HCV (4WEF8) proteases. Compounds
retrieved from the Molport and ZINC databases
via the Pharmit web tool were further validated
through molecular docking using iGEMDOCK,
which provided binding energy estimations. The
SWISSADME tool was employed to evaluate
physicochemical properties, and ProteinPlus
(PoseEdit function) was used to visualize 2D
ligand—protein interactions. The results confirmed
that all virtual hits displayed stable and favourable
binding interactions within the target active sites,
consistent with or exceeding those of reference
inhibitors. The identified chemical scaffolds and
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structural features responsible for binding stability
were also characterized. Overall, this investigation
establishes a systematic and computationally
efficient framework for the discovery of antiviral
protease inhibitors. While in silico approaches
significantly reduce time and cost in early-stage
drug discovery by screening large compound
libraries, experimental validation through in vitro
assays, synthesis of hit compounds, and subsequent
lead optimization will be essential for confirming
biological activity and improving pharmacological
properties. Scaffold optimization in future studies
will further enhance binding affinity and minimize
potential side effects, advancing these virtual hits
toward viable antiviral drug candidates.
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