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Abstract: The demand for efficient antiviral treatments that go beyond traditional
treatment, whose effectiveness may be compromised by viral changes and
documented adverse effects following immunization, has increased due to the quick
and ongoing introduction of SARS-CoV-2 variations. In this regard, a potential class
of natural chemicals for SARS-CoV-2 medication development is plant-derived
alkaloids, which are known for their broad-spectrum antiviral qualities. This research
employs network pharmacology, gene ontology, and molecular docking to find
effective alkaloid candidates that can target conserved viral proteins across SARS-
CoV-2 variations. 5 bioactive alkaloids were screened against three key coronavirus
proteins—2AJF (spike RBD-ACE2 complex), 2DD8 (spike RBD-neutralizing antibody
complex), and 2J98 (replication-associated nsp9 protein). Binding affinities ranged
from -6.0 to -11.3 kcal/mol, with Manzamine A emerging as the strongest inhibitor
across all targets (2AJF: -11.3, 2DD8: -10.0, 2J98: -9.1 kcal/mol). Its stable hydrogen-
bonding network and interactions with key amino acids suggest strong potential to
disrupt viral entry, immune evasion mechanisms, and replication processes. Network
pharmacology revealed 5, 272 SARS-CoV-2 associated genes, of which 51 overlapped
with alkaloid-related targets. Venn analysis identified 6 shared genes, and protein-
protein interaction (PPI) network construction highlighted critical hub regulators like
MTOR, AKT1, STAT3, SYK, CASP3, and JAK2 implicated in immune modulation,
apoptosis, inflammation, and viral pathogenicity. The combined computational
approach identifies Manzamine A as a promising natural scaffold for anti-SARS-CoV-
2 drug development. Experimental validation through in vitro, in vivo, MD simulation
and pharmacokinetic research is still necessary to show clinical application, even
though the results provide insightful information for future therapeutic design.

Introduction

Since January 2020, the coronavirus SARS-CoV-2 has
caused COVID-19 disease. New viral variants continue to
arise through genetic changes. As of September 2025, XFG
and NB.1.8.1 were the most common lineages worldwide,
but current assessments show they do not have increased
transmissibility, immune evasion, or severity compared
with other circulating variants (1). The treatments have
caused some adverse effects, especially those with pre-
existing comorbidities (2, 3). There remains a risk of
continued SARS-CoV transmission, and viral mutations
could produce new variants (4). Therefore, it is essential to
explore alternative or complementary therapeutic
approaches to control viral dissemination. Plant-derived
alkaloids have been reported to possess significant
antiviral properties, indicating their potential as bioactive
compounds for therapeutic intervention (5, 6). Alkaloids

that demonstrate high inhibitory activity against the SARS-
CoV-2 virus can serve as potential candidates for
managing future waves of coronavirus infection. Notably,
viral protein structures such as 2AJF, 2DD8, and 2J98,
which are associated with the SARS-CoV-2 spike and main
protease regions, have conserved domains across multiple
variants (7, 8).

Therefore, alkaloid compounds exhibiting strong
binding affinities and stable interactions with these
conserved proteins may be valuable in developing
effective antiviral therapeutics (9). In order to determine
which compounds had the greatest and lowest binding
affinities, network pharmacology and molecular docking
were used to examine the binding energies between
certain alkaloids and SARS-CoV-2 viral proteins. The
findings from such computational analyses can provide
crucial insights for the rational design of plant-based
antiviral drugs targeting SARS-CoV-2 and its emerging
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variants (10).
Methodology

Network Pharmacology

Employing Homo sapiens as the chosen organism, the
Swiss Target Prediction platform
(https://www.swisstargetprediction.ch/) was used to find
possible protein targets using the SMILES structures of the
chosen alkaloids that were taken from the PubChem
database. In parallel, only entries classified as protein-
coding genes were taken into consideration when
retrieving disease-associated genes from the GeneCards
database (https://www.genecards.org). The  Jvenn
(https://jvenn.toulouse.inrae.fr/app/example.html) diagram
tool was used to display the crossing targets of each
corona disease and the chosen alkaloids. The STRING
database (https://string-db.org/) was used to build a
protein—protein interaction (PPl) network utilizing the
common target proteins and a high-confidence interaction
score criterion (>0.9). Cytoscape (version 3.10.4) was used
to visualize the final network. Using Cytoscape's String app
plugin, topological analysis was carried out to find
important regulatory genes. Network nodes were ranked
according to radiality centrality, degree, and proximity
metrics. Hub genes were defined as genes that
consistently scored highest across all three categories.
These genes were then linked with the molecular docking
studies (6, 7).

Analysis of Gene Ontology and KEGG Pathway
Enrichment

Using Gene Ontology (GO) and Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway frameworks,
extensive functional enrichment analyses were carried out
to clarify the biological importance of specific alkaloids

predicted molecular interactions. ShinyGO  v0.85
(https://bioinformatics.sdstate.edu/go/)  and  SRPLOT
(https://www.bioinformatics.com.cn/en), two reputable

bioinformatics platforms intended for high-throughput
gene-set enrichment and route visualization, were used for
the analyses. In order to identify probable biological
functions and mechanistic correlations, enrichment
analysis was performed on 52 intersecting genes that were
found to be common targets between certain alkaloids
and the corona illness. Within the GO framework, enriched
terms were systematically categorized into the three
principal ontological domains: Biological Process (BP),
reflecting the physiological roles and pathways in which
the genes are involved; Cellular Component (CC), denoting
the subcellular localization or structural contexts of gene
products; and Molecular Function (MF), representing the
biochemical activities of these targets at the molecular
level.

KEGG pathway analysis was subsequently utilized to
delineate the most significantly enriched signalling and
metabolic pathways potentially modulated by the selected
alkaloids. A false discovery rate (FDR) threshold of less
than 0.05 was used to evaluate statistical significance in
order to guarantee strong control of multiple testing
mistakes. The analytical results were visually represented
through dot plots and bar charts, generated using
ShinyGO and SRPLQOT, providing an interpretable overview
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of the enriched functional categories and pathways
associated with the identified target genes.

Molecular Docking

The Protein Data Bank provided the three-dimensional
crystal structure of the unliganded hydrolase viral protein
(2AJF), immune system viral protein (2DD8), and RNA
binding protein (2J98) of the SARS-CoV-2 spike receptor
binding domains for molecular docking studies (6, 11, 12).
The human receptor ACE2 (angiotensin converting enzyme
2) forms a complex with the 2AJF, a SARS-CoV-2 spike
protein receptor-binding domain. It is essential for
developing vaccines and therapeutic antibodies as well as
for comprehending how coronaviruses, such as SARS-Cov-
2, attach to host cells. The crystal structure of the SARS-
CoV-2 S protein receptor-binding domain (RBD)
associated to the neutralizing antibody m396 is called
2DD8 (Crystal Structure of SARS-CoV-2 Spike Receptor-
Binding Domain Complexed with Neutralizing Antibody).
Researchers were able to comprehend the precise
locations (epitopes) on the virus that the immune system
targets in order to prevent infection thanks to this
structure (13).

This information is critical for the design of antibody-
based therapeutics and vaccines (14). 2J98 (Crystal
structure of the 229E-CoV nsp9 C69A mutant) this non-
structural protein 9 (nsp9) from the human coronavirus
229E (HCoV-229E), a different type of coronavirus. By
binding to single-stranded RNA to form a homodimer a
combination of two identical protein units the nsp9
protein plays a crucial part in viral replication (15). One
possible aim for creating broad anti-coronavirus
treatments is to interfere with this dimerization. All non-
essential water molecules and heteroatoms were carefully
removed using Molegro Molecular Viewer (MMV) to refine
and prepare the target protein, which was then saved in
PDB format. The active site characteristics, including the
geometry and volume of the binding pocket, were
identified using the CASTp server (16). The protein’s
structural quality was assessed using the PROCHECK server
(7).

Ramachandran plot analysis confirmed that more than
90% of the amino acid residues were located within
energetically favorable regions. This distribution, along
with the observation of minimal steric clashes in the psi
(V) and phi () torsion angles, indicated a high degree of
stereochemical accuracy and overall structural stability of
the protein (9). A collection of five antiviral alkaloid
compounds from various plant sources (18), namely
Anisomycin, Camptothecin, Fangchinoline, Manzamine A,
and Tetrandrine, were acquired from the PubChem
database (19). To ensure compatibility for docking
techniques, Molegro Molecular Viewer was used to
convert these compounds, which were initially available in
Structure Data File (SDF) format, to Protein Data Bank
(PDB) format. Molecular docking simulations were then
conducted using PyRx 0.8, with ligand structures imported
and optimized through Open Babel for accurate binding
evaluation (20). A docking grid was generated, and
molecular interactions were assessed through the Vina
wizard. The docking outcomes were visualized and
analyzed using Discovery Studio 2025, which provided an
in-depth representation of 2D and 3D molecular
interactions between 2AJF, 2DD8 and 2J98, with the
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Table 1. SARS-CoV compound and alkaloid binding affinities in detail.

Binding affinity (Kcal/mol)

No. Compound

2AJF 2DD8 2J98
1. Reserpine -8.0 -8.6 -7.8
2. Camptothecin -84 -8.2 -7.7
3. Tetrandrine -10.3 -94 -7.5
4. Manzamine A -11.3 -10.0 -9.1
5. Fangchinoline -10.5 -9.3 -7.6

Figure 1. Compound-disease target network that uses a String database to show how some alkaloids interact with

o

related disease targets.

Figure 2. Protein-protein interaction (PPI) network of intersecting genes.
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Figure 3. Venn diagram illustrating intersecting genes between disease-related targets and selected alkaloids-associated
targets.

Figure 4. Top 10 hub genes identified from PPI network based on (a) closeness centrality, (b) degree centrality, (c) Ec
centricity and (d) radiality.
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ligands, offering insights into their binding affinities and
structural compatibilities (21).

Results

In the network pharmacology analysis, a total of 5, 272
disease-associated genes were identified for the SARS-
CoV-2 variant. Among these, 51 genes were found to be
related to the selected alkaloids. Venn diagram analysis
revealed 6 overlapping genes shared between the
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Hepatitis B -

Measles -
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PI3K-Akt signaling pathway- @

Pathways in cancer- @
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alkaloid-associated genes and disease-related genes,
indicating their potential as therapeutic targets (Table 1;
Figures 1 and 2) (14). These intersecting targets showed a
broad pattern of interaction when the Protein-Protein
Interaction (PPI) network was constructed (Figure 3).
Furthermore, network analysis emphasized the critical
involvement of key signaling molecules such as MTOR,
STAT3, AKT1, SYK, CASP3, and JAK2 (Figure 4), suggesting
their possible roles in mediating the therapeutic effects of
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Figure 5. GO analysis of target genes associated with selected alkaloids.
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Figure 7. GO enrichment study of genes that intersect between disease-associated genes and specific alkaloid targets.
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Figure 8. Three-dimensional structure and its active
binding site of the target proteins. a. 2AJF, b. 2DDS, c.

2)98.

PROCHECK statistics

1. Ramachandran Plot statistics

PROCHECK statistics.

1. Ramachandran Plot statistics

PROCHECK statistics

1. Ramachandran Plot statistics

Figure 9. Prediction of protein binding sites using

Ramachandran plot. a. 2AJF, b. 2DD8, c. 2J98.
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the selected alkaloids against the SARS-CoV-2.

Molecular  docking serves as an essential
computational methodology for elucidating the
interaction dynamics between prospective drug molecules
and specific active or binding sites of target proteins,
thereby facilitating rational drug design and the
identification of high-affinity lead compounds (23). The
strength of interaction between a ligand and the active
sites of a target protein is primarily understood by
analyzing hydrogen bonding networks and identifying key
amino acid residues involved in these interactions (Figure
5). Six intersecting genes are found between disease-
related targets and specific alkaloids-associated targets
according to the venn diagram (Figure 6). A ligand
demonstrating the highest binding affinity is often
prioritized as a promising candidate for subsequent
experimental validation and development (10). Biological
process, molecular function and cellular enrichment of the
intersecting genes between disease-associated genes and
alkaloid targets through gene ontology study (Figure 7).

The CASTp server was employed to delineate and
characterize the catalytic or active site regions within the
target protein structure (24). Figure 8, presents the 3D
structure of the proteins and showcases its key binding
sites. For the protein structures 2AJF, 2DD8, and 2J98, the
identified binding pocket volumes were measured as 228,
74, and 25 A3 respectively. The ideal ligand binding region
was pinpointed at pocket 1 of each protein, with
dimensions, 2AJF- volume 10786.289 A3 area 5562.820 A3,
2DD8- volume 3783.84 A3 area 1982.439 A3, 2J98- volume
38.568 A3, area 81.894 A%, To evaluate the structural quality
of the protein, the PROCHECK server was used to generate
a Ramachandran plot, which visualizes the distribution of
backbone dihedral angles and distinguishes favourable
from unfavourable conformational regions (Figure 9). A
reliable and well-refined protein model is generally
indicated when over 90% of its residues occupy
energetically preferred regions (25).

In this study, the target proteins demonstrated strong
structural integrities, with 85.4% for 2AJF, 86.0% for 2DD8
and 92.0% for 2J98 proteins. Its residues located in the
most favoured regions and only 04% occupying
disallowed zones. This validation supports the accuracy of
the proteins model and indicates reduced steric clashes
through optimal ¢ and Y torsion angle alignment, thereby
enhancing its stereochemical stability for subsequent
molecular docking analyses. With this goal, 5 plant-
derived alkaloids, recognized for their antiviral activity,
were selected for molecular docking against Human SARS-
CoV virus proteins (PDB ID: 2AJF, 2DD8 and 2J98) (Figures
10-12).

All assessed phytocompounds shown strong binding
affinities for the target protein, with binding energies
ranging from-7.0 to-11.3 kcal/mol, according to the
docking analysis (Supplemental Table 1). Lower binding
energy values correspond to stronger and more stable
ligand—protein interactions, reflecting higher inhibitory
potential (24). With a binding affinity of-11.3 kcal/mol for
2AJF,-10.0 kcal/mol for 2DD8, and-9.1 kcal/mol for 2J98,
Manzamine A proved to be the most effective inhibitor
among the investigated compounds by establishing stable
contacts with important residues. Hemanthamine's
binding affinities with proteins 2AJF and 2DD8 were the
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Figure 10. The target protein's surface representation, three-dimensional visualization of protein-ligand interactions, and
two-dimensional structural depiction of protein 2AJF. a. Reserpine, b. Camptothecin, c. Tetrandrine, d. Manzamine A, e.
Fangchinoline.
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Figure 11. The target protein's surface representation, three-dimensional visualization of protein-ligand interactions, and
two-dimensional structural depiction of protein 2DD8. a. Reserpine, b. Camptothecin, c. Tetrandrine, d. Manzamine A, e.
Fangchinoline.
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Figure 12. The target protein's surface representation, three-dimensional visualization of protein-ligand interactions, and

two-dimensional structural depiction of protein 2J98. a. Reserpine, b. Camptothecin, c. Tetrandrine, d. Manzamine A, e.

Fangchinoline.
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lowest, at-7.0 kcal/mol and-6.8 kcal/mol, respectively.

Discussion

The molecular docking analysis in this study effectively
used computational tools such as CASTp and PROCHECK
to identify and validate key binding sites on SARS-CoV-2
proteins, supporting rational drug design. CASTp
characterized protein surface topography by locating
pockets, cavities, and functional binding regions and by
measuring pocket volumes and surface areas, which
influence ligand accessibility and binding affinity. These
CASTp results are consistent with recent studies on protein
surface mapping and underscore the tool's importance for
targeted  drug-design  efforts  (16).  PROCHECK
Ramachandran plot analysis showing over 85% of residues
in favoured regions indicates that the protein models are
stereo chemically sound and suitable for docking (Figure
9). High model quality is essential because steric clashes
and unfavourable torsion angles can compromise ligand-
binding predictions. Ensuring structural integrity improves
the reliability of simulated ligand—protein interactions,
which is critical for antiviral drug discovery against SARS-
CoV-2 variants (10).

Binding affinity results identify plant-derived alkaloids
such as manzamine A as promising inhibitors, with
docking energies as low as -11.3 kcal'mol™. These
findings  support the growing evidence that
phytochemicals can act as antiviral agents by forming
stable hydrogen-bonding networks with key viral residues,
underscoring their potential relevance in drug-discovery
pipelines (18). Network pharmacology analysis predicts
interactions between alkaloid-associated genes and genes
linked to SARS-CoV-2, supporting a multi-target
therapeutic strategy. Identified signalling molecules—
including MTOR, STAT3, AKT1, SYK, CASP3, and JAK2—
indicate the complex pathways these compounds may
modulate.  Integrating  molecular  docking  with
systems-level analysis therefore helps elucidate the
potential mechanisms of action for these alkaloids (Figure
5) (7).

Future studies should augment this computational
framework with molecular dynamics simulations to
evaluate ligand-binding stability and kinetics over time,
and with biochemical assays to experimentally validate
antiviral activity. Investigating synergistic effects of
combined alkaloids and assessing their impact on host
immune responses through multi-omics integration could
inform optimized therapeutics. Expanding compound
libraries to include synthetic analogs and applying
machine-learning—guided screening would accelerate
identification of leads with improved specificity and
bioavailability.

Conclusion

Plant-derived alkaloids, known for their antiviral potential,
were evaluated via in-silico molecular docking against
SARS-CoV-2 proteins 2AJF, 2DD8, and 2J98 to assess
binding affinities. Manzamine A exhibited the strongest
inhibitory potential with binding energies of -11.3
kcal/mol for 2AJF, -10.0 kcal/mol for 2DD8, and -9.1
kcal/mol for 2)98, indicating stable interactions that could
disrupt viral entry, replication, or assembly. These results
align with prior studies on manzamine alkaloids'
favourable binding to SARS-CoV-2 structures, highlighting
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their promise as natural drug scaffolds rooted in
traditional medicine. However, docking predictions require
experimental validation through in-vitro/in-vivo assays,
pharmacokinetic profiling, and toxicity studies to confirm
efficacy and safety. Structural optimizations and advanced
formulations could further enhance Manzamine A's clinical
viability against SARS-CoV-2 and emerging viruses.
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