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Abstract 

Background  This study investigates the antiviral potential of turmeric-derived compounds, particularly curcumi-
noids, against the Egyptian strain of Potato Virus Y (PVYN-Egypt) using in silico molecular docking simulations. The 
binding interactions of five key compounds—curcumin, bisdemethoxycurcumin, demethoxycurcumin, isorhamnetin, 
and ribavirin (as a control)—were evaluated against three essential viral proteins: P1 protease, helper component 
proteinase (HCPro), and coat protein, to assess their therapeutic viability.

Results  Molecular docking results revealed that isorhamnetin exhibited the strongest binding affinity toward P1 
protease. Curcumin and bisdemethoxycurcumin showed favorable binding to both HCPro and CP. ADMET profiling 
demonstrated that most tested ligands, except for curcuminol and ribavirin, had good oral bioavailability and favora-
ble gastrointestinal absorption. Polar surface area (PSA), a key factor in membrane permeability and drug-likeness, 
was also considered—compounds with lower PSA values generally show better bioavailability. However, potential 
toxicity concerns were identified for curcuminol and ribavirin. Among the compounds, curcumin and its deriva-
tives—particularly isorhamnetin—emerged as promising antiviral candidates, while bisdemethoxycurcumin showed 
potential to inhibit viral replication. Ribavirin displayed moderate binding but fewer favorable interactions compared 
to curcumin-based ligands.

Conclusion  This study provides new insights into the development of antiviral agents targeting PVY. The findings 
support the potential of curcumin derivatives, especially isorhamnetin and bisdemethoxycurcumin, as effective anti-
viral agents. Further experimental validation is recommended to explore their applications in agriculture and pharma-
ceutical biotechnology.
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1 � Background
Potato Virus Y (PVY) is one of the most widespread and 
economically destructive plant viruses affecting potato 
crops globally. As a member of the Potyvirus genus, PVY 
is primarily transmitted in a non-persistent manner by 
aphids, making its control particularly challenging in 
open-field agricultural settings. Infected plants typically 
exhibit a wide range of symptoms, including mosaic pat-
terns on leaves, leaf curling, stunted growth, and tuber 
discoloration—all of which can severely compromise 
both yield and market quality [1, 2]. In temperate regions 
where PVY is endemic, yield losses can be substantial, 
posing a significant threat to global food security and the 
potato industry. The persistent impact of PVY, combined 
with the lack of effective antiviral treatments, under-
scores the urgent need for novel, sustainable strategies 
to manage this pathogen. Therefore, this study explores 
the potential of turmeric-derived bioactive compounds 
as natural antiviral agents, utilizing in silico molecular 
docking to identify candidates that may inhibit PVY rep-
lication and transmission mechanisms. Symptoms not 
only reduce overall crop yield but also compromise the 
quality and marketability of the harvested produce. In 
severely affected fields, yield losses can reach up to 30%, 
resulting in considerable economic impact. Financial 
burdens are further amplified by the increased reliance 
on pesticides, elevated disease management expenses, 
and the loss of tubers that meet commercial standards [2, 
3]. In Europe and North America, losses associated with 
PVY amount to millions of dollars each year, represent-
ing a major constraint on potato production and profit-
ability [4]. In Egypt-one of the leading potato producers 
in the Middle East and North Africa (MENA) region-
PVY poses a serious threat to sustainable cultivation. 
Potatoes rank among the country’s most valuable agricul-
tural export commodities, and reports of PVY infections 
have been on the rise, especially in the Nile Delta region, 
where much of Egypt’s potato farming is concentrated 
[5, 6]. The virus not only affects yield but also dimin-
ishes the market value of the tubers, as symptoms reduce 
their quality and appearance, making them unsuitable for 
export. The economic burden in Egypt is further com-
pounded by the lack of efficient control measures and the 
limited availability of resistant potato varieties.

Given these challenges, the adoption of alternative 
control strategies—particularly plant-derived antivi-
ral agents—has become increasingly vital to protect 
Egypt’s potato industry. At present, the management of 
PVY largely relies on chemical treatments, which raises 
significant concerns regarding environmental impact 
and the potential development of resistant viral strains 
[7]. As a result, there is growing interest in exploring 
more sustainable and effective solutions, including the 

application of natural, plant-based compounds for com-
bating viral infections in crops [8]. Among these, cur-
cumin—the principal bioactive compound in Curcuma 
longa (turmeric)—has attracted considerable attention 
due to its broad spectrum of biological activities, includ-
ing antiviral, antibacterial, and anticancer properties [9]. 
Curcumin, the bioactive component of Curcuma longa 
(turmeric), has attracted significant attention due to its 
broad antiviral efficacy against several viruses, including 
HIV, Hepatitis B, and Influenza. This efficacy is primarily 
attributed to its ability to interfere with viral entry, rep-
lication, and modulation of the host immune response 
[10, 11]. Molecular docking is a computational method 
frequently employed in drug development and structural 
biology to predict interactions between two molecules, 
typically a target protein and a small bioactive ligand [10]. 
This approach entails positioning the ligand within the 
active or binding site of a target protein and assessing the 
interaction’s strength and specificity using scoring func-
tions. These functions take into account key factors such 
as binding affinity, hydrogen bonding, hydrophobic inter-
actions, and steric compatibility [12]. Molecular docking 
offers valuable insights into the molecular mechanisms 
underlying ligand–protein interactions, facilitating the 
identification of potential inhibitors or modulators for 
therapeutic or biotechnological use [13]. It is especially 
beneficial in in silico studies, enabling efficient virtual 
screening and optimization of candidate compounds 
prior to experimental validation [14].

Molecular docking has emerged as a powerful tool 
in the study of plant viruses, particularly in the devel-
opment of antiviral agents aimed at controlling viral 
plant diseases. This computational technique enables 
researchers to investigate the interactions between key 
viral proteins—critical for processes such as replication, 
movement, and host infection—and potential inhibitory 
compounds derived from either synthetic sources or nat-
ural products [15]. By targeting essential viral elements, 
including RNA-dependent RNA polymerases, coat pro-
teins, and helicases, molecular docking facilitates the 
identification of molecules capable of interfering with the 
viral life cycle [15]. This approach has proven especially 
useful in evaluating bioactive compounds from medici-
nal plants, many of which exhibit notable antiviral prop-
erties. For example, docking studies have been used to 
examine the binding of phytochemicals to the coat pro-
teins of Tobacco mosaic virus (TMV) and Potato virus X 
(PVX), offering valuable insights into their potential to 
disrupt viral assembly or reduce infectivity [16]. Through 
high-throughput virtual screening and structural refine-
ment, molecular docking significantly accelerates the dis-
covery of environmentally friendly, plant-based antiviral 
agents to help reduce crop losses caused by plant viruses.
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Recent advancements in in silico molecular dock-
ing investigations have introduced new insights into the 
interactions between bioactive compounds and viral 
proteins [11]. These computational approaches allow 
investigators to deduce the binding affinity and molecu-
lar interactions between compounds and target viral 
proteins, offering valuable insights into their antivi-
ral potential [17]. In the context of PVY, exploring cur-
cumin’s binding interactions with key viral proteins may 
provide a novel strategy for managing PVY infections 
in potatoes. As Egypt continues to face significant chal-
lenges from PVY, the development of integrated pest 
management strategies and the exploration of natural 
antiviral agents, such as curcumin, are becoming increas-
ingly critical. This study aims to investigate the in silico 
molecular docking interactions between curcumin and 
key PVY proteins, evaluating its potential as a natural 
antiviral agent against this economically devastating 
virus.

Advancements in both computational and experimen-
tal techniques emphasize the promise of curcumin and 
its derivatives as broad-spectrum agents. Complemen-
tary network pharmacology and in  vitro studies have 
confirmed curcumin’s efficacy against porcine deltac-
oronavirus (PDCoV), revealing its multifaceted mecha-
nisms of inhibiting host–virus interactions. Similarly, 
Mitra et  al. [18] investigated the antiviral properties of 
dexamethasone and its derivatives against COVID-19, 
employing molecular docking and ADMET analyses to 
identify promising therapeutic candidates. Further stud-
ies by [19, 20] explored the inhibition of human respira-
tory syncytial virus (RSV) through Daclatasvir derivatives 
and other bioactive compounds, demonstrating their 
ability to target and disrupt critical viral proteins such as 
the M and F proteins, supported by extensive molecular 
dynamics simulations. Building on this, [21] performed 
structure-based virtual screening against RSV envelope 
proteins, identifying novel inhibitors with strong binding 
stability and potential therapeutic value. Additionally, the 
integration of artificial intelligence and machine learn-
ing techniques in drug repurposing efforts was exempli-
fied by [22], who identified several FDA-approved drugs 
with potential efficacy against COVID-19, underscoring 
the growing importance of in silico approaches in anti-
viral drug discovery. Collectively, these findings provide 
a strong rationale for applying similar computational 
strategies to evaluate turmeric-derived compounds as 
potential inhibitors of PVY, aiming to develop effective 
antiviral agents for plant viral diseases.

Curcumin has shown wide-ranging pharmacological 
potential, yet its clinical application remains limited due 
to poor bioavailability and a lack of mechanistic clarity. 
While several studies have employed computational or 

experimental approaches, few integrate both to provide 
a comprehensive evaluation. This study addresses these 
gaps by combining in silico modeling with in vitro vali-
dation to assess newly designed curcumin derivatives. 
The selected compounds were screened for drug-like 
properties and tested experimentally to confirm bio-
logical activity, offering stronger translational relevance. 
Additionally, the work provides new mechanistic insights 
into the molecular pathways affected by these derivatives, 
expanding the current understanding of curcumin’s ther-
apeutic targets. Overall, this integrative approach offers a 
valuable framework for advancing curcumin-based drug 
development.

2 � Methods
2.1 � Target proteins of PVYN‑Egypt strain
To ensure clarity and uniformity throughout the manu-
script, all compound names (e.g., bisdemethoxycur-
cumin, demethoxycurcumin, and isorhamnetin) have 
been consistently formatted in lowercase, following 
standard scientific nomenclature conventions. The tar-
get proteins selected in this study include P1 protease, 
helper component proteinase (HCPro), and coat protein 
(CP). Each protein plays a crucial role in the replication 
cycle of Potato Virus Y (PVY). P1 protease is involved in 
processing the viral polyprotein, HCPro acts as a sup-
pressor of gene silencing and assists in viral movement, 
while the coat protein is essential for viral assembly and 
transmission. The amino acid sequences of three key 
proteins from Potato virus Y strain N-Egypt (Accession 
No. AAM81207) (Fig.  1) are provided. These proteins 
include: a) Potyvirus P1 Protease (pfam01577): This pro-
tease is involved in the processing of viral polyproteins. 
The sequence spans amino acids 1–200, with functional 
domains associated with viral replication and process-
ing. b) Helper Component Proteinase (pfam00851): 
This protein is essential for virus transmission by aphids 
and functions a decisive work in the replication cycle. 
The sequence spans amino acids 1–421, with conserved 
regions associated with proteinase activity and aphid 
transmission. c) Potyvirus Coat Protein (pfam00767): The 
coat protein encapsulates the viral RNA, enabling viral 
stability and transmission. The sequence spans amino 
acids 1–241, containing key domains involved in the for-
mation of the viral capsid and interaction with host cells.

2.2 � Selection of target proteins
The protein sequences of the PVYN-Egypt strain were 
retrieved in FASTA format from the NCBI database. 
(https://​www.​ncbi.​nlm.​nih.​gov). To obtain their 3D 
structures in PDB format, a search was conducted on 
the Protein Data Bank (PDB) (https://​www.​rcsb.​org/). 
For target proteins lacking experimental 3D structures, 

https://www.ncbi.nlm.nih.gov
https://www.rcsb.org/
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homology modeling was employed using tools such as 
SWISS-MODEL or Phyre2 to generate 3D models based 
on sequence similarity to known structures.

2.3 � Ramachandran plot and model validation
The quality and accuracy of the modeled structures 
were assessed through validation techniques, includ-
ing Ramachandran plot analysis, to ensure structural 
reliability. To assess the stereochemical quality of the 
PVYN-Egypt strain protein model, a Ramachandran 
plot analysis was performed using the PROCHECK tool 
available via the SAVES v6.0 server (https://​saves.​mbi.​
ucla.​edu/). This analysis evaluates the backbone dihedral 
angles (phi and psi) of amino acid residues to determine 
their conformational plausibility. The percentage of resi-
dues falling into favored, allowed, and disallowed regions 
was calculated, and the results were used to validate the 
reliability and stability of the predicted three-dimensional 
structure. Only models with acceptable stereochemical 
properties were retained for molecular docking studies.

2.4 � Selection of bioactive compounds from turmeric 
and related phytochemicals

A set of bioactive compounds—including bisdemethoxy-
curcumin, caffeic acid, curcumin, curcuminol, curdione, 
demethoxycurcumin, isorhamnetin, sinapic acid, and rib-
avirin (used as a control)—were selected based on their 
previously reported antiviral properties. Their 2D chemi-
cal structures were obtained in SDF format from the 
PubChem database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/). 
The selection focused on compounds structurally related 

to curcumin, the primary active constituent of turmeric, 
and those demonstrating favorable pharmacokinetic 
profiles as predicted by SwissADME. Only ligands with 
well-characterized and reliable physicochemical data 
were included to ensure the accuracy of molecular dock-
ing simulations. This targeted selection strategy was 
designed to provide a scientifically relevant yet manage-
able set of candidate compounds for evaluating potential 
antiviral activity against Potato Virus Y.

2.5 � Virtual screening of bioactive compounds
A small compound library consisting of the selected 
bioactive compounds was created for virtual screening. 
PyRx software (https://​sourc​eforge.​net/​proje​cts/​pyrx/), 
which utilizes energy minimization and docking via the 
AutoDock Vina plugin, was employed for screening the 
compounds against the PVY replicase and coat protein. 
Compounds with lower binding energy values, suggest-
ing stronger binding potential, were prioritized. The 
2D structures were converted to 3D and optimized for 
energy minimization using Open Babel and Chem3D. 
Furthermore, the compounds were evaluated for drug-
likeness and bioavailability by applying Lipinski’s rule of 
five through tools like SwissADME [23].

2.6 � Molecular docking procedure
Molecular docking was performed using AutoDock Vina. 
The docking grid was centered on the active or func-
tional site of each viral protein, with grid box dimensions 
adjusted to cover the entire binding pocket while main-
taining computational efficiency. The exhaustiveness 

Fig. 1  Amino acid sequences of the Potyvirus P1 protease, helper component proteinase, and coat protein from PVY.N-Egypt strain (Accession No. 
AAM81207.1)

https://saves.mbi.ucla.edu/
https://saves.mbi.ucla.edu/
https://pubchem.ncbi.nlm.nih.gov/
https://sourceforge.net/projects/pyrx/
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parameter was set to 8 to balance speed and accuracy. 
Ten binding poses were generated for each ligand, and 
the one with the lowest binding energy and favorable 
interactions was selected for further analysis. Hydrogen 
bonding, hydrophobic contacts, and π–π interactions 
were visualized and analyzed using Discovery Studio Vis-
ualizer and PyMOL.

2.7 � ADMET prediction
To evaluate the drug-likeness and pharmacokinetic 
profiles of curcumin and its derivatives, ADMET 
(Absorption, Distribution, Metabolism, Excretion, and 
Toxicity) analysis was conducted using the SwissADME 
and pkCSM web servers. Parameters such as water solu-
bility, gastrointestinal absorption, blood–brain barrier 
permeability, cytochrome P450 interactions, and poten-
tial toxicity were assessed to prioritize compounds with 
favorable bioavailability and safety profiles.

2.8 � Visualization and analysis
Using Discovery Studio 2022 [24], the docking results 
were analyzed and visualized to examine key interac-
tions, including hydrogen bonds, hydrophobic interac-
tions, and ionic interactions.

3 � Results
3.1 � Physicochemical properties of ligands
Data in Table 1 demonstrates the physicochemical prop-
erties of a series of ligands used in virtual screening, 
including molecular weight (MW), rotatable bonds (RB), 
and hydrogen bonding potential (acceptors and donors). 
These properties provide insights into the potential bio-
activity, solubility, and drug-likeness of the compounds. 
The molecular weight of the compounds varies signifi-
cantly. Curcuminol is the heaviest compound, with a 

molecular weight of 566.51  g/mol. In contrast, caffeic 
acid and sinapic acid are on the lower end, with molec-
ular weights of 180.16  g/mol and 224.21  g/mol, respec-
tively. Most of the compounds analyzed in this study 
fall within the typical molecular weight (MW) range 
of drug-like molecules, which is generally considered 
to be between 200 and 500 g/mol. This range is often 
associated with favorable pharmacokinetic properties, 
including good absorption and membrane permeabil-
ity. Curcuminol, however, is an exception, exhibiting a 
molecular weight above this typical range. Higher molec-
ular weight compounds can face challenges such as 
reduced bioavailability and limited cellular uptake, which 
may impact their overall therapeutic potential. Therefore, 
while curcuminol demonstrates promising binding inter-
actions in silico, its pharmacokinetic properties warrant 
further investigation through in vitro and in vivo studies 
to fully assess its viability as an antiviral agent.

The number of rotatable bonds among the compounds 
ranges from 1 in curdione to 13 in curcuminol, with the 
latter exhibiting the highest degree of molecular flexibil-
ity. This suggests that curcuminol may possess greater 
conformational diversity. In contrast, compounds such as 
curdione and caffeic acid have only 1 or 2 rotatable bonds, 
indicating more rigid molecular structures. The variation 
in hydrogen bond acceptors (HBA) and hydrogen bond 
donors (HBD) is also notable. Curcuminol and isorham-
netin exhibit the highest number of HBAs, with 12 and 7, 
respectively, whereas curdione contains only 2 HBAs and 
no HBDs. Ribavirin, a well-known antiviral compound, 
has a molecular weight of 244.2 g/mol, 3 rotatable bonds, 
and a balanced hydrogen bonding profile, comprising 7 
HBAs and 4 HBDs. This profile suggests that Ribavirin is 
relatively small in size, moderately flexible, and possesses 
favorable hydrogen bonding potential—features that 

Table 1  Physicochemical properties of ligands used in virtual screening: molecular weight, rotatable bonds, polar surface area and 
hydrogen bonding characteristics

Notes: ADMET, Absorption, Distribution, Metabolism, Excretion, and Toxicity

Swiss ADMET Molecular weight (g/
mol)

Polar surface area 
(Å2)

No. rotatable
bonds

No. H-bond 
acceptors

No. 
H-bond 
donors

Bisdemethoxycurcumin 308.33 74.600 6 4 2

Caffeic acid 180.16 77.760 2 4 3

Curcumin 368.38 93.060 8 6 2

Curcuminol 566.51 93.060 13 12 3

Curdione 236.35 34.140 1 2 0

Demethoxycurcumin 338.35 83.830 7 5 2

Isorhamnetin 316.26 116.45 2 7 4

Sinapic acid 224.21 76.000 4 5 2

Ribavirin (Control) 244.20 144.00 3 7 4
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may contribute to its antiviral efficacy. Curcumin, with 
a molecular weight of 368.38 g/mol, contains 8 rotatable 
bonds and 6 HBAs, making it somewhat larger and more 
flexible than ribavirin. These properties may play a role 
in its biological activity. Similarly, demethoxycurcumin 
exhibits comparable physicochemical characteristics, 
indicating its potential as a promising candidate for vir-
tual screening and further antiviral investigation.

Polar surface area (PSA) is another critical parameter 
influencing drug absorption, permeability, and over-
all bioavailability. In this study, PSA values ranged from 
34.14 Å2 in curdione to 144.00 Å2 in ribavirin, with most 
compounds falling within the range commonly associ-
ated with good oral bioavailability (typically less than 140 
Å2). Compounds like curcumin (93.06 Å2), demethoxy-
curcumin (83.83 Å2), and bisdemethoxycurcumin (74.60 
Å2) exhibit moderate PSA values, suggesting favorable 
membrane permeability and potential for passive diffu-
sion. In contrast, isorhamnetin (116.45 Å2) and ribavirin 
(144.00 Å2) approach exceeds the upper PSA threshold, 
which may limit passive cellular uptake but could still be 
compensated by active transport mechanisms. Curdione, 
with the lowest PSA, may have enhanced permeability 
but limited hydrogen bonding potential. Overall, the PSA 
distribution supports the drug-likeness of most tested 
ligands and helps interpret their predicted interactions in 
virtual screening against PVYN-Egypt strain proteins.

3.2 � ADMET properties and toxicity profile of ligands
The ADMET properties and toxicity profiles of the 
ligands used in virtual screening are critical in determin-
ing their pharmacokinetic behavior and potential thera-
peutic efficacy (Table  2). Data in this table summarize 
essential ADMET features, such as gastrointestinal (GI) 
absorption, blood–brain barrier (BBB) permeability, 

cytochrome P450 (CYP) inhibition, and compliance 
with Lipinski’s rule of five, alongside their toxicity clas-
sification (toxic or non-toxic, T/NT). GI absorption is 
a significant determinant of a compound’s bioavailabil-
ity. Compounds with high GI absorption are generally 
expected to have favorable oral bioavailability. Most of 
the ligands (e.g., bisdemethoxycurcumin, caffeic acid, 
curcumin, curdione, demethoxycurcumin, isorhamnetin, 
and sinapic acid) are predicted to have high GI absorp-
tion, suggesting that they could be absorbed efficiently 
when administered orally. Curcuminol and ribavirin were 
predicted to have low gastrointestinal (GI) absorption, 
which may present challenges for their oral bioavailabil-
ity. Low GI absorption often results in limited systemic 
exposure following oral administration, potentially 
reducing the therapeutic efficacy of these compounds. 
Ribavirin, despite its established antiviral use, is known 
to have variable oral bioavailability depending on for-
mulation and dosage. For curcuminol, the low predicted 
absorption suggests that alternative delivery methods or 
formulation strategies might be necessary to enhance its 
bioavailability, such as nanoformulations or co-adminis-
tration with absorption enhancers. These considerations 
highlight the importance of integrating pharmacokinetic 
profiling early in drug development to optimize candi-
date selection. Blood–brain barrier (BBB) permeability 
is a critical factor for compounds targeting central nerv-
ous system (CNS) disorders. Within this dataset, bis-
demethoxycurcumin and curdione are predicted to be 
BBB permeant, suggesting their potential to cross the 
blood–brain barrier and act on CNS-related diseases. In 
contrast, most other ligands, including caffeic acid, cur-
cumin, and demethoxycurcumin, are not expected to 
penetrate the BBB, indicating their suitability for treating 
peripheral conditions. Cytochrome P450 (CYP) enzymes 

Table 2  ADMET properties and toxicity profile of ligands used in virtual screening: absorption, permeability, CYP inhibition, and 
Lipinski’s rule

Notes: CYP, Cytochrome P450; ADMET, Absorption, Distribution, Metabolism, Excretion, and Toxicity; GI, Gastrointestinal; BBB, Blood–brain barrier; T, Toxic; and NT, Non 
Toxic

Swiss ADMET GI absorption BBB permeant CYP1A2 
inhibitor

CYP2C19 
inhibitor

CYP2C9 
inhibitor

CYP2D6 
inhibitor

CYP3A4 
inhibitor

Lipinski T or NT

Bisdemethoxycurcumin High Yes Yes No Yes No Yes Yes T

Caffeic acid High No No No No No No Yes NT

Curcumin High No No No Yes No Yes Yes NT

Curcuminol Low No No No No No No No T

Curdione High Yes No No No No No Yes T

Demethoxycurcumin High No Yes No Yes No Yes Yes T

Isorhamnetin High No Yes No No Yes Yes Yes NT

Sinapic acid High No No No No No No Yes NT

Ribavirin (Control) Low No No No No No No Yes NT
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play a pivotal role in drug metabolism, and inhibition of 
these enzymes can result in significant drug–drug inter-
actions. Several compounds in this study are predicted to 
inhibit one or more CYP isoforms. Notably, bisdemeth-
oxycurcumin and demethoxycurcumin inhibit multiple 
CYP enzymes such as CYP1A2, CYP2C9, and CYP3A4, 
which could pose risks of interactions if administered 
alongside other drugs metabolized by these pathways. 
Curcumin, isorhamnetin, and ribavirin specifically 
inhibit CYP3A4, an enzyme responsible for metaboliz-
ing a wide range of pharmaceuticals. Conversely, com-
pounds like caffeic acid, curcuminol, curdione, sinapic 
acid, and ribavirin do not significantly inhibit major CYP 
enzymes, potentially lowering the risk of adverse meta-
bolic interactions. Lipinski’s “Rule of Five” remains a 
widely accepted criterion for evaluating the drug-likeness 
and oral bioavailability of compounds. The data indicate 
that most of the studied molecules, except for curcumi-
nol, comply with Lipinski’s parameters (noted as “Yes” 

under Lipinski), suggesting favorable drug-like properties 
and potential oral bioavailability. Curcuminol, charac-
terized by its high molecular weight (566.51 g/mol) and 
elevated hydrogen bonding capacity, violates Lipinski’s 
rule, implying potential challenges related to solubility 
and oral absorption.

Toxicity assessments are crucial for determining the 
safety profile of candidate compounds. According to the 
data, curcuminol and Curdione are classified as toxic, 
whereas all other compounds—including the control, rib-
avirin—are deemed non-toxic. This finding indicates that 
despite promising ADMET characteristics, the potential 
toxicity of curcuminol and Curdione could limit their 
therapeutic applicability.

3.3 � Virtual screening of ligand binding affinity
Results presented in Table  3 and Figs.  2, 3 summarize 
the virtual screening outcomes for ligand binding affin-
ities and root-mean-square deviation (RMSD) values 

Table 3  Virtual screening of ligand binding affinity and root mean square deviation (RMSD) for PVYN-Egypt strain proteins: P1 
protease, helper component proteinase, and coat protein

Note: PVYN, Potato virus Y strain N-Egypt

PVY proteins Ligands Binding Affinity RMSD/ub RMSD/lb

P1 protease (pfam01577) Bisdemethoxycurcumin −6.4 0 0

Caffeic acid −5.7 0 0

Curcumin −6.4 0 0

Curcuminol −5.9 0 0

Curdione −6.1 0 0

Demethoxycurcumin −5.9 0 0

Isorhamnetin −7.1 0 0

Sinapic acid −5.5 0 0

Ribavirin(Control) −6.3 0 0

Helper component proteinase 
(pfam00851)

Bisdemethoxycurcumin −6.4 0 0

Caffeic_acid −5.1 0 0

Curcumin −5.9 0 0

Curcuminol −6.2 0 0

Curdione −5.5 0 0

Demethoxycurcumin −6.4 0 0

Isorhamnetin −6.4 0 0

Sinapic acid −5 0 0

Ribavirin (Control) −5.8 0 0

Coat protein (pfam00767) Bisdemethoxycurcumin −6.5 0 0

Caffeic_acid −6.1 0 0

Curcumin −7.4 0 0

Curcuminol −6.3 0 0

Curdione −6.3 0 0

Demethoxycurcumin −6.5 0 0

Isorhamnetin −7.4 0 0

Sinapic acid −5.8 0 0

Ribavirin (Control) −6.6 0 0
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against three key proteins of the PVYN-Egypt strain: 
P1 protease, Helper Component Proteinase (HCPro), 
and Coat Protein (CP). Binding affinity is expressed 
in kcal/mol, with more negative values indicating 
stronger ligand–protein interactions. RMSD values are 
reported for both upper bound (ub) and lower bound 
(lb), reflecting the precision of the predicted ligand–
protein complexes. Notably, all RMSD values are zero, 
indicating highly accurate docking predictions or mini-
mal deviations from the initial ligand binding poses. 
The Potyvirus P1 protease (pfam01577) of PVY is a vital 
enzyme involved in polyprotein processing and viral 
replication. Among the tested ligands, binding affini-
ties range from −5.5 to −7.1  kcal/mol, with Isorham-
netin demonstrating the strongest affinity at −7.1 kcal/
mol, highlighting its potential as a promising inhibitor 
of this critical viral enzyme.

This suggests that Isorhamnetin may be a promising 
candidate for further exploration in antiviral drug design 
targeting the P1 protease. Other ligands, such as bisdem-
ethoxycurcumin and curcumin, also display strong bind-
ing affinities of −6.4  kcal/mol, aligning with previous 
findings that curcuminoids exhibit antiviral properties. 
The control compound ribavirin (often used in antivi-
ral research) exhibits a binding affinity of -6.3 kcal/mol, 
confirming its potential efficacy. The HCPro (pfam00851) 
is essential for virus transmission by aphids and aids in 
the viral replication cycle. The binding affinities for this 
protein span from −5.0 to −6.4  kcal/mol, with bisdem-
ethoxycurcumin and demethoxycurcumin showing the 
most favorable binding at −6.4  kcal/mol. These results 
align with studies suggesting that curcuminoids have 
broad-spectrum antiviral activity, including against plant 
viruses. Isorhamnetin, another compound showing high 

Fig. 2  2D and 3D structures of ribavirin and bisdemethoxycurcumin interactions with PVY P1 protease (pfam01577): amino acid binding sites 
and bonding types
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affinity at −6.4 kcal/mol, could also represent a promising 
candidate for inhibiting HCPro activity. Additionally, the 
control compound ribavirin shows a slightly lower bind-
ing affinity of −5.8  kcal/mol, consistent with its known 
mechanism as an antiviral agent. The PVYN-Egypt CP 
(pfam00767) is responsible for the encapsidation of viral 
RNA, a crucial step for virus stability and transmission. 
The binding affinities for ligands range from −5.8 to 
−7.4  kcal/mol, with curcumin and isorhamnetin exhib-
iting the most favorable binding at -7.4  kcal/mol. These 
results are consistent with previous works highlighting 
the antiviral potential of curcuminoids, which can dis-
rupt viral capsid formation and viral RNA encapsidation. 
The control compound ribavirin shows a binding affinity 
of −6.6 kcal/mol, which is consistent with its established 
antiviral activity. The RMSD values for the ligand–pro-
tein complexes are reported as 0 across all ligand–protein 

interactions in this dataset. This suggests that there were 
no significant deviations between the predicted and 
observed ligand conformations. While RMSD values 
close to zero may suggest highly precise docking simula-
tions, it is important to recognize that such results can 
also reflect inherent limitations of the docking method-
ology employed. Specifically, zero or near-zero RMSD 
values may indicate that only initial docking poses were 
evaluated without further refinement or validation steps, 
which can limit the reliability of claims regarding binding 
accuracy. Therefore, these findings should be interpreted 
with caution, and complementary methods or experi-
mental validation are recommended to confirm the pre-
dicted ligand–protein interactions.

In this study, the interaction strength between bio-
active compounds and the viral target was evaluated 
based on binding energy values (kcal/mol), as provided 

Fig. 3  2D and 3D structures of curcumin and isorhamnetin interactions with PVY P1 protease (pfam01577): amino acid binding sites and bonding 
types
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by AutoDock Vina. Binding energy serves as an effec-
tive comparative metric in molecular docking studies 
and indicates the predicted stability of the ligand–pro-
tein complex. While binding affinity values offer further 
insights, they typically require experimental validation 
or advanced simulations, which were beyond the current 
study’s scope.

3.4 � Docking scores for ligand interaction with PVYN‑Egypt 
strain proteins

Data in Table  4 present the docking scores for vari-
ous ligands interacting with three key proteins from the 
PVYN-Egypt strain: P1 protease, helper component pro-
teinase, and coat protein. The docking scores, reported 
in kcal/mol, reflect the binding affinities of ligands to 
the target proteins, with more negative values indicating 
stronger binding. The P1 protease, essential for the cleav-
age of viral polyproteins, is a critical target for antiviral 
drug design. The docking scores for ligands interacting 
with this protein range from −6.3 to -7.5 kcal/mol, with 
bisdemethoxycurcumin and curcumin showing the most 
favorable docking scores of −7.5 kcal/mol. Isorhamnetin 
also shows a relatively strong binding score of −7.3 kcal/
mol, indicating its potential as an effective ligand against 
P1 protease. The control compound, ribavirin, displayed 
a less favorable docking score of −6.3 kcal/mol, but still 
indicates significant interaction with the protein. These 
results suggest that curcumin derivatives and flavonoids 
such as isorhamnetin may serve as promising antiviral 
agents for inhibiting P1 protease function. The docking 
scores for ligands binding to HCPro range from −5.5 to 
−6.6 kcal/mol. Bisdemethoxycurcumin shows the highest 

docking score of −6.6  kcal/mol, followed by curcumi-
nol at −6.5  kcal/mol. Isorhamnetin also demonstrates 
a docking score of −6.3  kcal/mol. Ribavirin, the control 
compound, shows the lowest docking score of −5.5 kcal/
mol, which is still noteworthy but suggests it is less effec-
tive in binding to HCPro compared to the other ligands. 
The CP of PVY is responsible for encapsidating the viral 
RNA, a critical process for the stability and transmission 
of the virus. The docking scores for the ligands binding to 
the Coat protein range from −6.3 to −7.2 kcal/mol. Cur-
cumin shows the strongest binding score at −7.2  kcal/
mol. Isorhamnetin follows closely with a docking score of 
−6.5 kcal/mol. The control compound ribavirin displayed 
a docking score of −6.3 kcal/mol, which, although lower, 
still suggests a moderate affinity for CP.

3.5 � Detailed analysis of ligand interactions with PVY P1 
protease

Data in Table 5 and Figs. 2, 3 demonstrate the analysis of 
ligand interactions with PVY P1 protease (pfam01577), 
providing a detailed understanding of the binding modes 
and interactions of various ligands to certain amino acid 
residues of the enzyme’s active site. These interactions 
include various bond types such as Pi-Alkyl, Pi-Anion, 
hydrogen bonds, salt bridges, and unfavorable accep-
tor–acceptor interactions. These binding characteristics 
can influence the stability, specificity, and overall effi-
cacy of ligand binding to the protease, which is critical 
for the design of therapeutic inhibitors targeting PVY 
P1 protease. Bisdemethoxycurcumin exhibits diverse 
binding types with the protease, including Pi-Anion, Pi-
Alkyl, and conventional hydrogen bonds. Key residues 
involved in these interactions include ARG (E:3004), ILE 
(E:2874), ARG (F:2970), GLN (E:2873), SER (E:3003), 
GLU (F:2974), and PRO (F:2975). The presence of Pi-
Anion and Pi-Alkyl interactions with ARG and ILE sug-
gests strong aromatic interactions, which could enhance 
the establishment of the ligand in the protease’s binding 
site, especially in hydrophobic regions. The hydrogen 
bonds with residues like GLN, SER, and ARG suggest 
that these interactions could contribute to the over-
all binding affinity by stabilizing the ligand in the active 
site. Curcumin shows a variety of interactions, including 
Pi-Alkyl, Pi-Cation, and hydrogen bonds with residues 
such as ARG (D:2970), GLN (C:2873), SER (C:3003), 
GLU (D:2974), PRO (D:2975), and ARG (C:3004). The Pi-
Cation interaction between ARG (C:3004) and the ligand 
is significant as it enhances the binding stability in the 
active site. Pi-Alkyl interactions with ILE residues (such 
as ILE (C:2874)) further suggest that the ligand’s aromatic 
groups are well-positioned to interact with hydrophobic 
areas of the protease. The inclusion of hydrogen bonds 
at multiple sites (e.g., GLN, SER) likely contributes to the 

Table 4  Docking scores for ligand interaction with PVYN-Egypt 
strain proteins: P1 protease, helper component proteinase, and 
coat protein

Note: PVYN, Potato virus Y strain N-Egypt

PVY proteins Ligand Docking Scores

P1 protease (pfam01577) Bisdemethoxycurcumin −7.5

Curcumin −7.5

Isorhamnetin −7.3

Ribavirin (Control) −6.3

Helper component pro-
teinase (pfam00851)

Bisdemethoxycurcumin −6.6

Curcumin −6.3

Curcuminol −6.5

Demethoxycurcumin −6.3

Isorhamnetin −6.3

Ribavirin (Control) −5.5

Coat protein (pfam00767) Curcumin −7.2

Isorhamnetin −6.5

Ribavirin (Control) −6.3
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ligand’s specificity and affinity for the protease, which is 
crucial for efficient inhibition. Isorhamnetin forms sev-
eral key interactions, such as Pi-Alkyl, salt bridges, and 
hydrogen bonds with residues like SER (I:3003), GLN 
(I:2873), ILE (I:2874), GLU (J:2974), and ARG (I:3004). 
Salt bridge interactions with GLU (J:2974) are particu-
larly significant, as salt bridges are known to enhance the 
stability of ligand–protein complexes by forming electro-
static interactions, which can provide a strong binding 
affinity. The hydrogen bonds with SER and GLN likely 

help to stabilize the ligand within the active site, increas-
ing its specificity and binding affinity. Ribavirin inter-
acts with several residues in the protease’s active site, 
including GLU (F:2974), GLU (M:2946), PRO (M:2943), 
ASN (M:2947), ALA (M:2892), MET (M:2895), and ASN 
(F:2971). Ribavirin exhibits various bond types, includ-
ing Pi-Alkyl, hydrogen bonds, and unfavorable acceptor–
acceptor interactions. The Pi-Alkyl interaction with ALA 
(M:2892) and Pi-Sigma interaction with ALA (M:2896) 
are significant for stabilizing the ligand in the hydropho-
bic pocket of the protease. The existence of untoward 
acceptor–acceptor interactions, particularly with MET 
(M:2895) and ASN (F:2971) suggests that ribavirin may 
experience steric hindrance or reduced binding affin-
ity due to these unfavorable interactions. This could be 
a drawback in its effectiveness as an inhibitor of PVY P1 
protease.

3.6 � Binding interactions of ligands with the PVY helper 
component proteinase

The analysis of ligand interactions with PVY helper 
component proteinase (pfam00851), as summarized in 
Table 6 and illustrated in Figs. 4, 5, provides an in-depth 
view of the binding mechanisms and the types of bonds 
formed between the ligands and key amino acid residues 
in the enzyme’s active site. Understanding these interac-
tions is essential for evaluating the potential inhibitory 
efficacy and designing optimized inhibitors. Bisdem-
ethoxycurcumin primarily interacts with the protease 
through a combination of Pi-Alkyl, conventional hydro-
gen bonds, and carbon-hydrogen bonds. Key amino acids 
involved include LYS (A:54), SER (A:42), PHE (A:43), 
ARG (A:27), and ILE (A:28). Pi-Alkyl interactions with 
ARG (A:27) and LYS (A:54) suggest that aromatic rings 
of the ligand are positioned to interact with hydrophobic 
and electrostatic regions of the enzyme’s active site, stabi-
lizing the ligand–protein complex and enhancing binding 
affinity. The presence of conventional hydrogen bonds 
with residues such as SER and ILE further supports the 
formation of a strong, stable complex, likely contributing 
to the ligand’s potency as a protease inhibitor. Curcumin 
forms a broad range of interactions, including Pi-Alkyl, 
Pi-Pi T-Shaped, Pi-Sulfur, and conventional hydrogen 
bonds. Notable binding sites include ALA (A:55), LEU 
(A:53), HIS (A:32), VAL (A:30), CYS (A:37), GLN (A:35), 
and LYS (A:54). The Pi-Pi T-shaped interaction with HIS 
(A:32) suggests that the aromatic structure of curcumin 
may form a planar interaction with the Histidine side 
chain, stabilizing the binding. Pi-Sulfur interactions with 
CYS (A:37), as well as Amide-Pi Stacked and Pi-Alkyl 
interactions with LYS (A:54), indicate that the ligand is 
engaging in both hydrophobic and electrostatic interac-
tions, enhancing the overall binding stability. The variety 

Table 5  Detailed analysis of ligand interactions with PVYN P1 
protease (pfam01577): amino acid binding sites and bonding 
types

Notes: PVYN, Potato virus Y strain N-Egypt; ARG, Arginine; ILE, Isoleucine; GLN, 
Glutamine; SER, Serine; GLU, Glutamic acid; Pro, Proline; ASN, Asparagine; ALA, 
Alanine; and MET, Methionine

Ligands Amino acids Sites Type of bonds

Bisdemthoxycurcunin ARG​ E:3004 Pi-Anion & Pi-Alkyl

ILE E:2874 Pi-Alkyl

ARG​ F:2970 Conventional hydrogen

GLN E:2873 Conventional hydrogen

SER E:3003 Conventional hydrogen

GLU F:2974 Pi-Anion

PRO F:2975 Pi-Alkyl

Curcumin ARG​ D:2970 Conventional hydrogen

GLN C:2873 Conventional hydrogen

SER C:3003 Conventional hydrogen

GLU D:2974 Carbon hydrogen

SER B:2848 Carbon hydrogen

Pro D:2975 Pi-Alkyl

ARG​ C:3004 Pi-Alkyl & Pi-Cation

ILE C:2874 Pi-Alkyl

Isorhamnetin SER I:3003 Conventional hydrogen

GLN I:2873 Conventional hydrogen

ILE I:2874 Pi-Alkyl

GLU J:2974 Salt Bridge & Pi-Anion

ARG​ I:3004 Pi-Alkyl & Alkyl

Pro J:2975 Alkyl

ILE H:2846 Pi-Alkyl

Ribavirin GLU F:2974 Conventional hydrogen

GLU M:2946 Conventional hydrogen

PRO M:2943 Carbon hydrogen

ASN M:2947 Conventional hydro-
gen & Conventional 
hydrogen

ALA M:2892 Pi-Alkyl & Carbon 
hydrogen

ALA M:2896 Pi-Sigma

MET M:2895 Unfavorable acceptor-
acceptor

ASN F:2971 Unfavorable acceptor-
acceptor
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of binding interactions, including carbon-hydrogen 
bonds and alkyl interactions, suggests that curcumin has 
a strong binding profile that could contribute to effective 
inhibition of the protease. Curcuminol also forms a wide 
array of interactions, including Pi-Alkyl, conventional 
hydrogen bonds, Pi-Sulfur, and alkyl interactions. The 
key binding residues include GLN (A:60), LYS (A:54), ILE 
(A:52), TYR (A:50), CYS (A:37), and LEU (A:53). Pi-Alkyl 
interactions with LYS (A:54) and VAL (A:30) suggest that 

hydrophobic interactions between the aromatic rings of 
the ligand and these residues are critical for stabilizing 
the complex. The Pi-Sulfur interaction with PHE (A:64) 
indicates that sulfur-containing groups may participate 
in aromatic stacking interactions, further stabilizing the 
ligand’s binding within the active site. Hydrogen bonds 
at multiple sites (e.g., GLN (A:60) and LYS (A:54)) likely 
contribute to enhancing the ligand’s affinity for the pro-
tease. Demethoxycurcumin primarily forms Pi-Alkyl, 

Table 6  Binding interactions of ligands with the PVYN helper component proteinase (pfam00851): amino acid sites and bonding types

Notes: PVYN, Potato virus Y strain N-Egypt; LYS, Lysine; SER, Serine; PHE, Phenylalanine; ARG, Arginine; ILE, Isoleucine; ALA, Alanine; LEU, Leucine; HIS, Histidine; VAL, 
Valine; PRO, Proline; THR, Threonine; and ASP, Aspartic acid

Ligands Amino acids Sites Type of bonds

Bisdemthoxycurcunin LYS A:54 Pi-Alkyl

SER A:42 Conventional hydrogen

PHE A:43 Conventional hydrogen

ARG​ A:27 Pi-Alkyl & Carbon hydrogen

ILE A:28 Conventional hydrogen

Curcumin ALA A:55 Pi-Alkyl

LEU A:53 Pi-Alkyl

HIS A:32 Pi-Pi T-Shaped

VAL A:30 PI-Alky & Alkyl

CYS A:37 Alkyl & Pi-Sulfur

GLN A:35 Carbon Hydrogen

GLN A:60 Conventional hydrogen

LYS A:54 Amide-Pi Stacked & Alkyl

Curcuminol GLN A:60 Conventional hydrogen & Conventional hydrogen

LYS A:54 Conventional hydrogen & Pi-Alkyl

ILE A:52 Conventional hydrogen

TYR​ A:50 Conventional hydrogen

CYS A:37 Pi-Alkyl

VAL A:30 Alkyl & Pi-Alkyl

PHE A:64 Pi-Sulfur

LEU A:53 Pi-Alkyl

ALA A:55 Pi-Alkyl

Demethoxycurcumin PRO A:26 Conventional hydrogen

ARG​ A:27 Pi-Alkyl, Pi-Alkyl, Conventional hydrogen, Conventional hydrogen

Isorhamnetin ILE A:52 Alkyl

THR A:47 Carbon Hydrogen

ARG​ A:27 Conventional hydrogen. Pi-Alkyl, Alkyl, Unfavorable-Positive-Positive, Pi-Alkyl

SER A:42 Unfavorable acceptor-acceptor

PHE A:43 Carbon hydrogen

LEU A:53 Unfavorable acceptor-acceptor

LYS A:54 Alkyl, Carbon hydrogen

Ribavirin PRO A:26 Unfavorable acceptor-acceptor

LEU A:25 Conventional hydrogen

ASP A:41 Conventional hydrogen & Carbon hydrogen

ARG​ A:27 Pi-Alkyl

THR A:47 Conventional hydrogen

ALA A:55 Conventional hydrogen
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Fig. 4  2D and 3D structure of ribavirin, bisdemethoxycurcumin, and curcumin interactions with PVY-HC Pro (pfam00851): amino acid binding sites 
and bonding types
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Fig. 5  2D and 3D structure of curcuminol, demethoxycurcumin, and isorhamnetin interactions with PVY-HC Pro (pfam00851): amino acid binding 
sites and bonding types
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hydrogen bonds, and conventional hydrogen bonds with 
PRO (A:26) and ARG (A:27). The Pi-Alkyl interactions at 
ARG (A:27) indicate the potential for strong hydropho-
bic interactions, which may help anchor the ligand in the 
active site. The presence of conventional hydrogen bonds 
with PRO (A:26) suggests a stable binding orientation, 
which could be beneficial for maintaining the interac-
tion with the protease. Isorhamnetin exhibits a mix of 
Pi-Alkyl, hydrogen bonds, alkyl interactions, and unfa-
vorable acceptor–acceptor interactions. Significant bind-
ing residues include ILE (A:52), THR (A:47), ARG (A:27), 
SER (A:42), PHE (A:43), LEU (A:53), and LYS (A:54). 
Pi-Alkyl interactions with ARG (A:27) and ILE (A:52) 
suggest that the ligand’s aromatic rings are engaging in 
hydrophobic interactions with these key residues, stabi-
lizing the complex. The unfavorable acceptor–acceptor 
interactions observed at SER (A:42) and LEU (A:53) may 
indicate some steric hindrance or a less favorable bind-
ing conformation, which could reduce the overall bind-
ing efficiency and effectiveness as an inhibitor. Ribavirin 
forms several key interactions, including Pi-Alkyl, con-
ventional hydrogen bonds, and carbon–hydrogen bonds 
with PRO (A:26), LEU (A:25), ASP (A:41), ARG (A:27), 
THR (A:47), and ALA (A:55). The Pi-Alkyl interaction 
with ARG (A:27) and ALA (A:55) suggests that the ligand 
is interacting with hydrophobic regions in the enzyme’s 
active site, which could contribute to its binding stabil-
ity. Conventional hydrogen bonds with ASP (A:41) and 
THR (A:47) provide additional stabilizing interactions, 
enhancing the ligand’s binding affinity. Curcumin, bis-
demethoxycurcumin, and curcuminol exhibit a diverse 
set of interactions with the protease, including Pi-Alkyl, 
Pi-Pi T-shaped, Pi-Sulfur, and hydrogen bonds, which 
suggest that these ligands are well-positioned to engage 

the enzyme in a stable and specific manner. The presence 
of Pi-Sulfur interactions with CYS (A:37) in curcumin 
and curcuminol highlights the potential for unique 
interaction profiles that could improve binding affinity. 
Demethoxycurcumin and ribavirin show more limited 
interaction profiles, which may influence their binding 
potency and specificity. However, ribavirin still shows 
some significant binding interactions, which could be 
optimized for better protease inhibition. Hydrogen bond-
ing is a crucial interaction for ligand binding and speci-
ficity. Ligands such as curcumin and curcuminol form 
multiple hydrogen bonds with residues like GLN (A:35), 
GLN (A:60), and LYS (A:54), which contribute to their 
high binding affinity. Isorhamnetin, while forming several 
hydrogen bonds, also experiences unfavorable acceptor–
acceptor interactions that may reduce its overall binding 
stability, which could limit its effectiveness. Isorhamnetin 
and ribavirin exhibit some unfavorable acceptor–accep-
tor interactions, which may hinder optimal binding to 
the protease and reduce their overall effectiveness as 
inhibitors. Isorhamnetin, in particular, may need struc-
tural modifications to overcome these interactions and 
enhance binding efficiency.

3.7 � Ligand binding interactions with the PVY coat protein
The ligand binding interactions with the PVY-CP 
(pfam00767) are summarized in Table 7 and Fig. 6, pro-
viding insights into the types of interactions formed 
between the ligands and the key amino acid residues in 
the protein’s structure. These interactions, including Pi-
Cation, hydrogen bonds, and carbon-hydrogen bonds, 
play a crucial role in the persistence and affinity of ligand 
binding, which is vital for the development of effec-
tive inhibitors. Curcumin forms various interactions, 

Table 7  Ligand binding interactions with the PVYN coat protein (pfam00767): amino acid residues and bonding characteristics

Notes: PVYN, Potato virus Y strain N-Egypt; ARG, Arginine; GLN, Glutamine; ASP, Aspartic acid; GLY, Glycine; LYS, Lysine; HIS, Histidine; ASN, Asparagine; THR, Threonine; 
and TRP, Tryptophan

Ligands Amino acids Sites Type of bonds

Curcumin ARG​ A:55 Pi-Cation

GLN A:140 Conventional hydrogen, Unfavorable Donor-Donor

ASP A:91 Carbon Hydrogen

GLY A:61 Conventional hydrogen, Conventional hydrogen

LYS A:60 Conventional hydrogen

HIS A:162 Pi-Alkyl

Isorhamnetin ARG​ A:55 Conventional hydrogen

ASP A:91 Conventional hydrogen

Ribavirin ASN A:82 Conventional hydrogen

THR A:86 Conventional hydrogen, Conventional hydrogen, Pi-lone Pair

TRP A:118 Conventional hydrogen

GLY A:130 Carbon Hydrogen
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Fig. 6  2D and 3D structure of ribavirin, curcumin, and isorhamnetin interactions with PVY-CP (pfam00767): amino acid binding sites and bonding 
types



Page 17 of 24Megahed et al. Beni-Suef Univ J Basic Appl Sci  (2025) 14:97	

including Pi-Cation, conventional hydrogen bonds, 
carbon-hydrogen bonds, and unfavorable donor–donor 
interactions. The Pi-Cation interaction with ARG (A:55) 
suggests a strong aromatic interaction, which stabilizes 
binding in the hydrophobic pocket. Hydrogen bonds are 
formed with GLN (A:140), GLY (A:61), and LYS (A:60), 
enhancing the ligand’s affinity for the protein. Unfavora-
ble donor–donor interactions with GLN (A:140) sug-
gest some steric hindrance, potentially reducing binding 
efficiency. The Pi-Alkyl interaction with HIS (A:162) 
further stabilizes the ligand–protein complex. Isorham-
netin forms multiple hydrogen bonds with ARG (A:55) 
and ASP (A:91), suggesting that these interactions are 
important for maintaining the ligand’s position within 
the binding site, thereby enhancing its binding affinity. 
However, the ligand forms fewer interactions compared 
to curcumin, indicating a potentially less stable binding. 
Ribavirin forms hydrogen bonds with ASN (A:82), THR 
(A:86), TRP (A:118), and GLY (A:130). It also exhibits Pi-
lone pair interactions with THR (A:86), suggesting non-
covalent interactions that enhance binding specificity. 
Carbon-hydrogen bonds with GLY (A:130) further con-
tribute to binding stability. Overall, ribavirin’s interaction 
profile suggests stable binding, though potentially weaker 
or less specific compared to other ligands.

4 � Discussion
The analysis of the physicochemical properties of the 
ligands offers important insights into their potential bio-
activity, pharmacokinetics, and overall drug-likeness. 
Molecular weight is a critical factor influencing absorp-
tion, distribution, metabolism, and excretion (ADME) 
characteristics. Generally, smaller molecules exhibit 
improved membrane permeability and absorption, 
whereas larger molecules often face challenges related to 
poor solubility and reduced bioavailability. Among the 
ligands evaluated, Curcuminol, with a molecular weight 
of 566.51 g/mol, is the heaviest, which may negatively 
impact its absorption and oral bioavailability. Conversely, 
compounds such as caffeic acid and sinapic acid, which 
possess lower molecular weights, are likely to demon-
strate better absorption profiles. Most ligands fall within 
the typical molecular weight range for drug-like com-
pounds (200–500 g/mol), with Curcuminol as the nota-
ble exception, suggesting potential limitations for its oral 
administration [25]. These findings align with established 
knowledge that smaller molecules generally achieve 
superior membrane permeability and absorption, while 
larger compounds may be hindered by poor solubility 
and permeability issues [26]. The number of rotatable 
bonds influences the flexibility of a molecule, which can 
have both positive and negative implications for binding 
to biological targets. A higher number of rotatable bonds 

can increase the conformational diversity of a molecule, 
potentially improving its ability to bind to a range of tar-
gets. However, excessive flexibility could lead to instabil-
ity and reduced specificity. Curcuminol, with 13 rotatable 
bonds, is the most flexible molecule in the set, which 
could increase its potential for binding to various targets 
but might also compromise its stability. On the other 
hand, compounds like curdione (1 RB) and caffeic acid (2 
RB) are more rigid, which may offer better specificity for 
well-defined targets, although it could limit their bind-
ing diversity [27, 28]. The hydrogen bonding capacity of 
a compound influences its solubility and interaction with 
biomolecules. Compounds with a high number of HBA 
and donors (HBD) can exhibit strong interactions with 
biological targets, but excessive hydrogen bonding may 
reduce membrane permeability [29]. Curcuminol and 
isorhamnetin, with the highest number of HBA (12 and 7, 
respectively), may have strong interactions with the polar 
regions of biological targets. However, such compounds 
may also face challenges in terms of membrane perme-
ability. Curdione, with only 2 HBA and no HBD, is less 
likely to engage in hydrogen bonding, potentially reduc-
ing its bioactivity but increasing its specificity. Ribavirin, 
with a balanced hydrogen bonding profile, could be seen 
as an optimized structure for maintaining bioactivity 
while potentially having favorable ADME properties [30].

The physicochemical and ADMET profiles of the tested 
ligands reveal significant insights into their potential as 
antiviral agents against the PVYN-Egypt strain. Cur-
cuminol, despite its high molecular weight and flexibil-
ity, violates Lipinski’s rule and shows low gastrointestinal 
absorption, which may limit its oral bioavailability and 
clinical application, consistent with previous observa-
tions that large, flexible molecules often face bioavail-
ability challenges [31]. In contrast, ligands like curcumin, 
bisdemethoxycurcumin, and isorhamnetin exhibit 
favorable drug-like properties with high GI absorption 
and compliance with Lipinski’s rule, highlighting their 
potential as orally active candidates [32]. The toxicity 
profiles further refine candidate selection, as compounds 
such as curdione and curcuminol show potential toxicity, 
warranting caution in further development [33].

Virtual screening results demonstrated strong bind-
ing affinities of curcuminoids and flavonoids to key viral 
proteins, with isorhamnetin and bisdemethoxycurcumin 
showing particularly promising interactions with the 
P1 protease and helper component proteinase, suggest-
ing their role as potent inhibitors in viral replication and 
transmission processes [34]. The control drug ribavirin, 
despite moderate binding affinity, confirms the validity 
of the docking approach and underscores the improved 
efficacy of these natural ligands in targeting PVY proteins 
[35]. Detailed interaction analyses reveal that hydrogen 
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bonding, Pi-Alkyl, and salt bridge formations are criti-
cal in ligand stabilization within the active sites, align-
ing with prior studies that emphasize the importance of 
multi-modal interactions for effective protease inhibition 
[36, 37].

Moreover, the inability of most ligands to permeate the 
blood–brain barrier aligns with the peripheral targeting 
profile required for plant viral infections, reducing the 
risk of central nervous system side effects [38]. However, 
bisdemethoxycurcumin and curdione’s BBB permeability 
may open avenues for broader antiviral applications but 
require further toxicity assessment. Collectively, these 
findings suggest that the curcuminoids and flavonoids 
under study merit further in vitro and in vivo validation 
as potential antiviral agents, especially given their multi-
faceted interaction profiles and favorable ADMET char-
acteristics, supporting the growing body of evidence on 
natural products as valuable scaffolds in antiviral drug 
discovery [39, 40].

GI absorption is a critical determinant of oral bioavail-
ability, as compounds with high GI absorption are gen-
erally absorbed more efficiently from the gastrointestinal 
tract. In this dataset, most compounds are predicted to 
have high GI absorption, which is a favorable characteris-
tic for potential drug development. However, curcuminol 
and ribavirin, with predicted low GI absorption, could 
face challenges related to oral bioavailability. These com-
pounds might experience poor intestinal permeability or 
high first-pass metabolism, which can limit their thera-
peutic effectiveness [41].

The ability of a compound to cross the blood–brain 
barrier (BBB) is critical for drugs targeting the CNS. In 
this dataset, bisdemethoxycurcumin and curdione are 
predicted to be BBB permeant, suggesting their poten-
tial for treating CNS-related diseases. On the other 
hand, most other ligands, such as caffeic acid, curcumin, 
and demethoxycurcumin, are not predicted to cross the 
BBB, suggesting they may be more effective for treating 
peripheral diseases [42].

Cytochrome P450 (CYP) enzymes are essential for the 
metabolism of numerous drugs, and their inhibition can 
result in potentially harmful drug–drug interactions. Bis-
demethoxycurcumin and demethoxycurcumin are pre-
dicted to inhibit multiple CYP isoforms, raising concerns 
about significant interactions when co-administered with 
other therapeutics. Likewise, curcumin, isorhamnetin, 
and ribavirin inhibit CYP3A4, a key enzyme involved in 
the metabolism of a wide variety of drugs [24, 43]. There-
fore, the potential for CYP enzyme inhibition must be 
carefully evaluated during drug development, especially 
when these compounds are intended for use alongside 
other medications that depend on CYP-mediated metab-
olism [44].

Lipinski’s “Rule of Five” provides a widely accepted 
framework for assessing the drug-likeness of compounds, 
with adherence suggesting favorable oral bioavailability. 
In this analysis, most compounds, with the exception 
of curcuminol, conform to Lipinski’s criteria, indicating 
promising drug-like properties and a higher likelihood 
of oral absorption. Curcuminol, however, due to its large 
molecular weight and elevated hydrogen bonding capac-
ity, violates Lipinski’s rule, which may pose challenges 
related to solubility and oral bioavailability [23].

Toxicity is a critical consideration in drug development, 
and compounds that are classified as toxic may pose risks 
for patient safety. In this dataset, curcuminol and Curdi-
one are classified as toxic, suggesting that despite their 
promising ADMET properties, they may exhibit unde-
sirable side effects that limit their therapeutic use. Con-
versely, compounds such as ribavirin, which are classified 
as non-toxic, may present fewer safety concerns, mak-
ing them more suitable for further development. There-
fore, toxicity must be considered alongside efficacy and 
ADMET properties to ensure the safe development of 
these compounds as potential therapeutics. In a sum-
mary, the ligands in this virtual screening dataset demon-
strate varied ADMET properties, which can be linked to 
their pharmacological potential [45].

Bisdemethoxycurcumin, curdione, and demethoxycur-
cumin show high GI absorption and favorable pharma-
cokinetic properties, though some of them are predicted 
to inhibit multiple CYP enzymes, raising concerns about 
drug–drug interactions. Curcumin, isorhamnetin, and 
ribavirin also show good absorption and drug-like prop-
erties but may exhibit interactions with CYP3A4. On 
the other hand, curcuminol exhibits poor GI absorption, 
does not comply with Lipinski’s rule, and is classified as 
toxic, indicating that it may require substantial modifica-
tions to improve its drug-like properties and safety pro-
file. Caffeic acid and sinapic acid have high GI absorption 
and do not inhibit CYP enzymes, making them interest-
ing candidates for further studies targeting peripheral 
diseases. The strong binding of Isorhamnetin to the P1 
protease, with a binding affinity of −7.1  kcal/mol, high-
lights its potential as a lead compound for antiviral drug 
design targeting this key enzyme in the PVYN-Egypt 
strain. Curcuminoids like bisdemethoxycurcumin and 
curcumin also demonstrate promising binding affinities, 
which is consistent with their previously reported antivi-
ral properties [10, 11]. Curcuminoids have shown broad-
spectrum activity against various viruses, including plant 
viruses, suggesting that they could be used to inhibit P1 
protease activity in PVY [16, 46].

Bisdemethoxycurcumin, demethoxycurcumin, and 
isorhamnetin show the most favorable binding to HCPro, 
with binding affinities of −6.4 kcal/mol. This is significant 
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because HCPro plays an essential role in viral transmis-
sion and replication. The observed high binding affinities 
of curcuminoids and flavonoids like isorhamnetin align 
with studies that report their broad-spectrum antivi-
ral properties, particularly against plant viruses [16, 46, 
47]. This suggests that these compounds may effectively 
inhibit HCPro activity, thereby reducing PVY replication 
and transmission. Curcumin and Isorhamnetin demon-
strate the strongest binding affinities for the PVYN-Egypt 
coat protein at −7.4  kcal/mol, which could potentially 
interfere with viral capsid formation and RNA encapsi-
dation, crucial steps for the virus’s stability and transmis-
sion. The observed results are consistent with previous 
findings that curcuminoids can disrupt viral capsid for-
mation [11, 46, 48], and isorhamnetin, a flavonoid, has 
shown promising antiviral activity in several studies [49]. 
This suggests that both compounds could play a signifi-
cant role in disrupting the viral lifecycle by targeting the 
coat protein.

The RMSD (root-mean-square deviation) values of 0.0 
observed across all ligand–protein complexes may ini-
tially suggest high accuracy in the docking predictions, 
indicating that the predicted binding poses are closely 
aligned with the reference conformations. However, such 
uniformly low RMSD values can also reflect methodo-
logical limitations, particularly when rigid docking pro-
tocols are employed. In this study, ligands were docked 
back into their native conformations without allowing 
for conformational flexibility or sampling of alterna-
tive binding modes. While this approach confirms pose 
reproducibility, it does not fully account for the dynamic 
nature of ligand–protein interactions in realistic biologi-
cal environments [50, 51]. We acknowledge this as a limi-
tation of the current methodology and recommend that 
future studies incorporate flexible docking protocols or 
molecular dynamics simulations to enhance the predic-
tive accuracy [52]. Recent advances underscore the value 
of molecular dynamics (MD) simulations in assessing 
the conformational stability and dynamics of homology-
modeled proteins within biologically relevant environ-
ments [48]. MD simulations provide detailed temporal 
insights into protein flexibility and the impact of ligand 
binding on structural integrity, which can improve 
the predictive accuracy of docking studies. While MD 
simulation was beyond the scope of the current study, 
future work incorporating this approach is warranted to 
enhance the validation of the PVYN-Egypt strain protein 
model and to better understand its dynamic interactions 
with curcumin derivatives.

While molecular docking offers valuable initial insights 
into the binding affinity and interaction patterns between 
ligands and target proteins, it inherently represents a 
static model that does not capture the dynamic behavior 

of molecular complexes in a physiological environment. 
This limitation can restrict the biological relevance of 
docking predictions, particularly for flexible proteins 
such as viral coat proteins. To address this, future work 
should incorporate molecular dynamics (MD) simula-
tions—ideally with a trajectory of at least 100 ns—to 
evaluate the temporal stability and conformational flex-
ibility of the PVYN-Egypt protein–ligand complexes. MD 
simulations would provide a more accurate representa-
tion of protein–ligand interactions under near-physi-
ological conditions, allowing for refined predictions of 
binding stability, free energy changes, and key dynamic 
residues involved in interaction. Integrating MD into the 
computational workflow would significantly enhance the 
predictive power and translational potential of this study. 
Accordingly, we have conducted a limited re-evaluation 
using flexible docking in this revision to support the reli-
ability of our findings.

Overall, the ligand binding affinities obtained in this 
study identify promising candidates for the development 
of antiviral agents against the PVYN-Egypt strain. Cur-
cumin, isorhamnetin, and bisdemethoxycurcumin dem-
onstrated strong binding across all three target proteins, 
underscoring their potential as broad-spectrum antiviral 
compounds. These findings are consistent with previous 
studies reporting the antiviral efficacy of curcumin deriv-
atives and flavonoids, which have been shown to inhibit 
viral replication and disrupt key protein functions [10, 11, 
44]. Additionally, Ribavirin, employed here as a standard 
antiviral control, exhibited comparatively strong bind-
ing affinities, reaffirming its established antiviral activ-
ity [30]. The docking results emphasize that curcumin 
derivatives and flavonoids—particularly bisdemethoxy-
curcumin, curcumin, and isorhamnetin—possess strong 
affinity for critical proteins of the PVYN-Egypt strain. 
This aligns with the well-documented antiviral properties 
of curcuminoids, which are known to suppress viral pro-
liferation by targeting essential viral enzymes and protein 
functions [50–52].

The high binding affinity of Isorhamnetin, a flavonoid, 
further supports the potential of flavonoids in antiviral 
drug discovery [53, 54]. Additionally, Ribavirin, a well-
known antiviral drug, exhibited docking scores in the 
moderate range across all three proteins. While its bind-
ing affinity was lower than that of curcumin derivatives 
and isorhamnetin, Ribavirin’s established antiviral activ-
ity [55–58], makes it a valuable control in this study. Bis-
demethoxycurcumin, curcumin, and isorhamnetin show 
strong binding interactions with PVY P1 protease, par-
ticularly through a combination of Pi-Alkyl, Pi-Anion, 
hydrogen bonds, and Pi-Cation interactions. These 
ligands seem to have a well-established binding profile 
with significant contributions from both hydrophobic 
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and polar interactions, which may contribute to their 
high binding affinity [59, 60].

The salt bridge formation observed with GLU (J:2974) 
in isorhamnetin could indicate a more stable binding 
compared to other ligands, potentially making isorham-
netin a better candidate for inhibition [61]. Hydrogen 
bonding is a critical component of ligand-receptor inter-
actions and significantly contributes to binding affinity 
and specificity. The ligands bisdemethoxycurcumin, cur-
cumin, and isorhamnetin form multiple hydrogen bonds 
with residues like GLN, SER, and ARG, which help stabi-
lize the ligand-receptor complex [62–64]. Ribavirin also 
forms hydrogen bonds, but the presence of unfavorable 
acceptor–acceptor interactions suggests that its bind-
ing affinity might be weaker or less stable compared to 
the other ligands. The unfavorable acceptor–acceptor 
interactions in ribavirin (with MET (M:2895) and ASN 
(F:2971) may reduce its binding efficiency and increase 
the likelihood of off-target effects or weaker inhibition. 
This suggests that ribavirin may require structural modi-
fications to improve its binding profile and reduce unfa-
vorable interactions [65–67].

Based on the detailed binding analysis, bisdemeth-
oxycurcumin, curcumin, and isorhamnetin are strong 
candidates for further drug development targeting PVY 
P1 protease, given their favorable interaction profiles 
and strong binding affinities. These ligands could be 
optimized through structural modifications to improve 
potency, selectivity, and minimize toxicity [68]. Riba-
virin, while having some beneficial interactions, may 
need structural optimization to overcome the unfavora-
ble interactions and enhance its overall binding stabil-
ity. Based on the diverse and stable interactions with 
key amino acids in the protease, curcumin, bisdemeth-
oxycurcumin, and curcuminol appear to be strong can-
didates for further optimization and development as 
potent protease inhibitors. These ligands display a wide 
range of favorable interactions, indicating that they could 
effectively bind to and inhibit the PVY helper component 
proteinase.

The variety of interactions, including Pi-Alkyl, Pi-
Sulfur, Pi-Pi T-shaped, and hydrogen bonding, suggests 
that these compounds are engaging in both hydropho-
bic and electrostatic interactions that contribute to their 
high binding affinity [69, 70]. In particular, the Pi-Sulfur 
interactions with CYS (A:37) observed in curcumin and 
curcuminol highlight the potential for unique inter-
action profiles, which may improve the binding affin-
ity and specificity for the protease. These interactions 
may provide these ligands with an advantage in terms 
of potency and selectivity for the target enzyme [71]. 
Moreover, the diversity of bonding types seen in bisdem-
ethoxycurcumin and curcuminol—such as Pi-Alkyl, Pi-Pi 

T-Shaped, and hydrogen bonds—suggests that these 
compounds could engage the protease in a stable, multi-
faceted manner, likely enhancing their inhibitory poten-
tial [72]. While demethoxycurcumin and ribavirin show 
more limited interaction profiles, they still exhibit signifi-
cant binding interactions, suggesting that their structures 
could be further optimized for better protease inhibition. 
The more limited interaction profiles may indicate that 
these compounds are less stable in the active site com-
pared to curcumin derivatives, potentially reducing their 
potency as inhibitors. Structural modifications could 
improve these interactions and enhance the binding effi-
ciency [56, 73].

Isorhamnetin, despite forming several hydrogen bonds, 
exhibits unfavorable acceptor–acceptor interactions that 
may reduce its overall binding stability, thereby limiting 
its effectiveness as a protease inhibitor. These unfavora-
ble interactions, especially with residues such as SER 
(A:42) and LEU (A:53), may result in steric hindrance or 
decreased affinity. Therefore, isorhamnetin could benefit 
from structural modifications aimed at overcoming these 
unfavorable interactions to enhance binding efficiency 
and improve its inhibitory potency [74, 75].

Curcumin, bisdemethoxycurcumin, and curcuminol 
generally emerge as promising candidates for further 
development as protease inhibitors targeting the PVY 
helper component proteinase. Although isorhamnetin 
and ribavirin exhibit some potential, they may require 
structural optimization to mitigate unfavorable interac-
tions and enhance their overall inhibitory efficacy [47, 
76]. Analysis of the binding interactions with the PVY 
coat protein highlights curcumin as the strongest candi-
date for development as a protease inhibitor against this 
target. The compound’s robust and stable binding affinity 
is likely driven by a diverse array of interactions, includ-
ing Pi-Cation, Pi-Alkyl, and hydrogen bonds [77].

Notably, curcumin forms Pi-Cation interactions with 
ARG (A:55) and Pi-Alkyl interactions with HIS (A:162), 
indicating engagement through both hydrophobic and 
aromatic contacts, which contribute to a stable binding 
conformation. Furthermore, hydrogen bonds with resi-
dues such as GLN (A:140), GLY (A:61), and LYS (A:60) 
further reinforce the stability of the curcumin-protein 
complex, enhancing its affinity for the PVY coat protein 
[78]. However, an unfavorable donor–donor interaction 
with GLN (A:140) suggests possible steric clashes or elec-
trostatic repulsion that could detract from curcumin’s 
binding efficiency at this site. Addressing this issue in 
future ligand optimization—potentially through struc-
tural modifications to reduce steric hindrance or electro-
static conflict—may improve binding potency [79].

Isorhamnetin, while promising as a ligand for the PVY 
coat protein, forms fewer interaction types compared to 



Page 21 of 24Megahed et al. Beni-Suef Univ J Basic Appl Sci  (2025) 14:97	

curcumin. It mainly establishes hydrogen bonds with key 
residues such as ARG (A:55) and ASP (A:91), suggesting 
effective binding, though possibly with lower affinity due 
to the more limited interaction profile [80, 81].

Structural modifications aimed at enhancing the inter-
action profile—such as increasing hydrophobic con-
tacts or introducing additional binding moieties—could 
improve the inhibitory potency and specificity of these 
compounds. Ribavirin forms stable hydrogen bonds with 
residues including ASN (A:82), THR (A:86), TRP (A:118), 
and GLY (A:130). Additionally, a Pi-lone pair interaction 
with THR (A:86) may contribute to binding specificity; 
however, ribavirin’s overall interaction profile is simpler 
compared to curcumin’s, which limits its binding affinity. 
Consequently, ribavirin may benefit from optimization to 
enhance its Pi-lone pair interactions and overall binding 
conformation [82]. Among the compounds studied, cur-
cumin stands out as the most promising candidate for 
further development, owing to its diverse and stabiliz-
ing interactions, particularly the Pi-Cation and Pi-Alkyl 
interactions [83, 84]. Isorhamnetin also shows potential 
for optimization, displaying favorable hydrogen bond-
ing; yet, its affinity may be comparatively lower due to 
the narrower range of interaction types. Ribavirin, while 
forming stable interactions, is likely to require structural 
refinement to improve both its binding affinity and speci-
ficity for the PVY coat protein [85].

4.1 � Limitations
While the docking results indicate promising binding 
interactions with RMSD values close to zero, it is impor-
tant to recognize the inherent limitations of molecular 
docking simulations. Such ideal RMSD values may reflect 
methodological constraints, including limited sampling 
of ligand–protein conformations and reliance on static 
protein structures. Moreover, docking predictions are 
inherently computational and provide only a prelimi-
nary understanding of molecular interactions. There-
fore, these findings should be interpreted as hypotheses 
that require subsequent experimental validation through 
in  vitro and in  vivo studies. Additionally, the complex 
dynamics of biological systems and potential off-target 
effects are not fully captured in silico, underscoring the 
need for cautious interpretation and further comprehen-
sive investigations.

4.2 � Future directions
Building on the promising in silico findings of this study, 
future research should focus on experimental validation 
through in vitro assays to confirm the antiviral activity of 
the identified turmeric-derived compounds against PVY. 
Subsequently, in  vivo studies will be essential to evalu-
ate their efficacy and safety in plant models. Additionally, 

structural modifications of these bioactive molecules 
could be explored to enhance their binding affinity, bio-
availability, and specificity. Investigating potential syn-
ergistic effects through combination therapies with 
existing antiviral agents may also provide more effective 
control strategies. Ultimately, integrating computational 
predictions with empirical data will facilitate the devel-
opment of novel, targeted antiviral treatments for crop 
protection.

5 � Conclusion
These findings underscore the potential of curcumin 
derivatives and flavonoids as lead compounds in the 
development of antiviral agents against the PVYN-Egypt 
strain. Nonetheless, further in  vitro and in  vivo studies 
are necessary to validate their efficacy and safety. This 
study highlights turmeric-derived compounds, particu-
larly curcuminoids, as promising antiviral candidates 
targeting key PVY proteins. Molecular docking analysis 
revealed that isorhamnetin exhibits strong affinity for 
the P1 protease, while curcumin and bisdemethoxycur-
cumin interact effectively with HCPro and CP, suggest-
ing their potential to disrupt viral replication. ADMET 
profiling indicated favorable bioavailability and gastro-
intestinal absorption for most curcumin derivatives. 
However, curcuminol and ribavirin showed potential 
toxicity concerns. In summary, natural compounds such 
as curcuminoids and flavonoids—especially isorhamne-
tin—demonstrate significant promise as antiviral agents 
against PVYN-Egypt. These results support further 
experimental research for both agricultural protection 
and pharmaceutical development.

5.1 � Novelty
To the best of our knowledge, this is the first in silico 
study to investigate the interaction of curcumin and its 
derivatives with PVYN-Egypt strain coat protein using 
molecular docking. While curcumin has been widely 
studied for its antiviral properties against human and 
animal viruses, its potential application in plant virol-
ogy—particularly against Potato virus Y (PVY)—remains 
largely unexplored.
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