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Article history: Background: Influenza A virus causes severe respiratory illnesses, especially in developing nations where
Received 26 January 2024 most child deaths under 5 occur due to lower respiratory tract infections. The RIG-I protein acts as a sensor
Received in revised form 5 May 2024 for viral dsRNA, triggering interferon production through K63-linked poly-ubiquitin chains synthesized by

Accepted 7 May 2024 TRIM25. However, the influenza A virus’s NS1 protein hinders this process by binding to TRIM25, disrupting

its association with RIG-I and preventing downstream interferon signalling, contributing to the virus's

Keywords: . .

Influenza A NS1 evasion of the immune response.

TRIM25 Methods: In our study we used structural-based drug designing, molecular simulation, and binding free
Molecular dynamics energy approaches to identify the potent phytocompounds from various natural product databases
Natural Products Databases (>100,000 compounds) able to inhibit the binding of NS1 with the TRIM25.

Host immunity Results: The molecular screening identified EA-8411902 and EA-19951545 from East African Natural

Products Database, NA-390261 and NA-71 from North African Natural Products Database, SA-65230 and SA-
4477104 from South African Natural Compounds Database, NEA- 361 and NEA- 4524784 from North-East
African Natural Products Database, TCM-4444713 and TCM-6056 from Traditional Chinese Medicines
Database as top hits. The molecular docking and binding free energies results revealed that these com-
pounds have high affinity with the specific active site residues (Leu95, Ser99, and Tyr89) involved in the
interaction with TRIM25. Additionally, analysis of structural dynamics, binding free energy, and dissociation
constants demonstrates a notably stronger binding affinity of these compounds with the NS1 protein.
Moreover, all selected compounds exhibit exceptional ADMET properties, including high water solubility,
gastrointestinal absorption, and an absence of hepatotoxicity, while adhering to Lipinski’s rule.
Conclusion: Our molecular simulation findings highlight that the identified compounds demonstrate high
affinity for specific active site residues involved in the NS1-TRIM25 interaction, exhibit exceptional ADMET
properties, and adhere to drug-likeness criteria, thus presenting promising candidates for further devel-
opment as antiviral agents against influenza A virus infections.
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Introduction

Influenza A virus (IAV) is a major cause of respiratory infections
that can lead to severe complications and even death [1]. According
to the World Health Organization (WHO), there are around a billion
cases of seasonal influenza annually, including 3-5 million cases of
severe illness [2]. It causes 145,000 respiratory deaths annually [3].
Ninety-nine percent of deaths in children under 5 years of age with
influenza-related lower respiratory tract infections are in developing
countries [4]. In addition, Influenza A presents the potential for
pandemics, which may arise with the emergence of a new subtype of
the influenza virus or when an influenza virus from animals crosses
species and starts spreading among humans. [5]. The 2009 pandemic
alone is estimated to have caused 100,000-400,000 deaths, not only
among groups considered to be at a higher risk of complications,
such as the elderly, persons with chronic conditions and pregnant
women, but also in young, healthy individuals [2]. Influenza epi-
demics and pandemics cause significant morbidity and mortality,
costs to health services and economic losses due to work ab-
senteeism [6]. Therefore, understanding the molecular mechanisms
of IAV infection and immune evasion is crucial for developing ef-
fective prevention and treatment strategies, also with positive im-
pact for society and economics [7].

Recognition of viral pathogens infecting host cells is detected by
pattern recognition receptors (PRRs), such as RIG-I, belonging to the RIG-
I-like receptor (RLR) family of PRRs. These receptors typically remain in
an inactive state within uninfected cells, where the N-terminal tandem
CARDs (caspase activation and recruitment domains) are inaccessible for
signalling [8,9]. Upon activation, RIG-I sets off a signaling cascade de-
pendent on TRIM25 E3 ligase activity, triggering the production of IFNs
(interferons) and inflammatory cytokines. Viral RNA interaction along
with ATP binding disrupts RIG-I's autoinhibited state, permitting TRIM25
to facilitate K63-linked polyubiquitination of its second CARD [10,11].
This ubiquitination, in turn, promotes RIG-I's assembly into a helical
structure, enabling its interaction with the downstream effector MAVS
(mitochondrial antiviral signaling protein). MAVS functions as a crucial
link between RIG-I and various proteins and enzymes responsible for
activating IRF3 and NF-xB, pivotal factors controlling the expression of
genes encoding IFN-o and IFN-B [12]. These genes are responsible for
producing proteins secreted by the cell, binding to receptors present in
the same or neighbouring cells [13,14]. On the flip side, certain research
findings highlight RIPLET as a crucial E3 ligase in antiviral defense, en-
hancing the antiviral signaling capabilities of the viral RNA receptor RIG-I
through both Ub-dependent and independent pathways. Utilizing its
dimeric configuration and a bivalent binding mechanism, RIPLET ex-
hibits a preference for identifying and ubiquitinating RIG-I that is pre-
oligomerized on double-stranded RNA [15-17].

Pathogenic viruses have developed various strategies to hijack
the RIG-I signaling pathway, thus suppressing the host’s innate im-
mune response [18,19]. One such instance is observed in the non-
structural protein 1 (NS1) of influenza A viruses (IAV). NS1 serves as
a multifunctional virulence factor that interacts with numerous host
proteins upon infection, including TRIM25 [20]. Structurally, NS1
consists of an RNA-binding domain (RBD, amino acids 1-73), con-
nected by a short linker to the effector domain (ED, amino acids
85-202), followed by an unstructured C-terminal tail. Detailed stu-
dies involving the individual domains and complete structures of
NS1 have shed light on NS1’s self-association, the flexible nature of
RBD and ED architecture, and its interactions with double-stranded
RNA (dsRNA) and host proteins [21,22]. NS1 forms a constitutive
homodimer by strongly interacting between its RBDs, while it can
assemble into higher-order oligomers based on concentration levels
due to weaker interactions among its EDs involving the surface area,
notably featuring W187. These higher-order structures might be
essential for specific functions like binding to double-stranded RNA
[23]. However, the NS1 of the influenza A virus can bind to TRIM25’s
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coiled-coil domain, thereby disrupting its interaction with RIG-I.
Consequently, this inhibition prevents RIG-I ubiquitination and
subsequent downstream signaling [24]. Several small molecule in-
hibitors of NS1-ED have been reported in the literature, such as A9,
A22, and JJ3297, which bind to a hydrophobic pocket in the ED and
disrupt its interaction with CPSF30 [25]. These compounds have
shown antiviral activity against different strains of IAV in-vitro and
in-vivo. However, they showed some limitations, such as low po-
tency, poor bioavailability, or high toxicity [26]. Moreover, the
emergence of drug-resistant mutants poses a challenge for the de-
velopment of effective NS1-ED inhibitors.

Natural products (NPs) are a rich source of chemical diversity and
biological activity, and have been widely used as drugs or lead
compounds for various diseases [27-29]. NPs have also shown po-
tential as anti-IAV agents, either by directly inhibiting viral proteins
or by modulating the host immune system [30]. However, the
identification of NPs that target NS1-ED is still scarce and requires
extensive screening and validation [31]. To overcome this challenge,
we employed a computational approach that combines molecular
docking and molecular dynamics (MD) simulations to screen a large
collection of NPs from different databases against the NS1-ED
binding interface [32,33]. Molecular docking is a fast and efficient
method to predict the binding modes and affinities of ligands to a
receptor [34]. Though, docking often neglects the receptor flexibility
and the dynamic nature of protein-ligand interactions, which may
affect the accuracy and reliability of the results [35]. Therefore, we
integrated MD simulations with docking to refine the binding poses,
evaluate the stability and interactions of the complexes, and calcu-
late more realistic binding free energies [36]. To inhibit the binding
of NS1 with the TRIM25, we screened NPs from various databases,
such as Chinese Medicines Database (TCM), North African Natural
Products Database (NANPDB), East African Natural Products Data-
base (EANPDB), and North-East African Natural Products Database
(ANPDB) and the South African Natural Compounds Database
(SANCDB). These databases contain NPs from diverse sources, such
as plants, animals, fungi, bacteria, or marine organisms, with dif-
ferent chemical structures and biological activities [37].

In this article, we present the results of our computational
screening of NPs against NS1-ED using docking and MD simulations.
We identified several NPs that showed high binding affinity and
stability to NS1-ED, as well as favourable interactions with E95 and
E96 residues which were previously identified as important binding
residues. Furthermore, we juxtaposed our findings with those
achieved through standalone docking or employing distinct scoring
functions. We explore the strengths and limitations of our metho-
dology, along with its potential implications for drug discovery and
development against IAV infection.

Materials and methods
Crystal structure retrieval and preparation

The complex crystal structure of NS1-ED in complex with
TRIM25 coiled-coil domain (PDB ID: 5NT1) was obtained from
Research Collaboratory for Structural Bioinformatics, Protein Data
Bank (RCSB, PDB) [24]| (https://www.rcsb.org/structure/5nt1). The
complex structure was then subjected to PyMOL for the removal of
water molecules [38]. The addition of hydrogen atoms and mini-
mization of the protein structure was achieved by using Chi-
mera [39,40].

Molecular screening of natural products libraries
The drug repositories, such as the Traditional Chinese Medicines

Database (TCM), North African Natural Products Database (NANPDB),
East African Natural Products Database (EANPDB), North-East
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African Natural Products Database (ANPDB), and South African
Natural Compounds Database (SANCDB), were obtained and pro-
cessed to ensure they met the required format. These collections
contain diverse natural products from South Africa and China, each
possessing various medicinal properties. To eliminate compounds
that breach Lipinski’s rule of five (R5) and are potentially toxic, the
databases underwent screening using the FAF4drug online web-
server [40]. Before employing EasyDock Vina 2.0 for virtual drug
screening, the drugs underwent conversion into.pdbqt format. The
Ligands’ preparation involved generating the pdbqt format, where
tools like Open Babel were utilized to assign atomic charges and
atom types. The non-polar hydrogen atoms, Gasteiger charges, and
torsion tree roots for flexibility analysis were considered in the li-
gand’s preparation process. In contrast, the receptor necessitated
preparation as grid maps within AutoGrid to delineate the docking
space. This encompassed configuring grid dimensions, spacing, and
specifying the macromolecule in pdbqt format, which entailed the
addition of hydrogen atoms, charges, and atom types. Furthermore,
the receptor grid was established based on the crystal structure of
the NS1-TRIM25 complex. This software offers a user-friendly gra-
phical interface for screening virtual databases. The AUTODOCK4
algorithm was utilized in the screening process to evaluate and
prioritize potential drug candidates. Initially, a lower exhaustiveness
setting of 16 was chosen for rapid preliminary screening. Following
this, the most promising compounds, based on their scores, under-
went a second screening with a higher exhaustiveness value of 64.
This step was aimed at eliminating false positives and re-evaluating
the top-ranking compounds. Subsequently, from each database, the
top-ranking 10% of drugs identified in the previous process under-
went induced-fit docking (IFD) using AutoDockFR. AutoDockFR ty-
pically employs force fields such as Amber or CHARMM, simulation
protocols like molecular dynamics (MD), and scoring functions such
as Amber scoring or force-field-based scoring for IFD simulations.
The default parameters for the IFD docking were utilized. This
method accommodates receptor flexibility and enables covalent
docking [41]. Finally, the top two hits from each database were
subjected to visual analysis using PyMOL and Schrodinger Maestro
(free academic version for visualization) and molecular simulation
for further validations [42].

Molecular simulation of top-scoring hits

To perform the MD simulation, all the coordinate and topology
files for each complex were prepared by using the "tLeap" module
within Amber21 [43,44]. Amber21 is a cutting-edge molecular dy-
namics simulation software, boasting advanced algorithms and en-
hanced performance capabilities. Designed for precision and
efficiency, it offers researchers unparalleled control and insight into
complex biomolecular systems. Each system was enclosed in a sol-
vent box (Optimal Point Charge, OPC), and ions were inserted to
neutralize charges. Parameterization of the ligand molecule utilized
the GAFF2 force field, generating initial topology and frcmod files via
antechamber and parmchk2. Following this, energy minimization
was performed using algorithms like steepest descent and conjugate
gradient. The minimization process iterated until specific con-
vergence criteria, such as reaching a maximum force or meeting an
energy change threshold, were achieved. Utilizing a temperature
coupling algorithm, like Langevin Dynamics or Berendsen thermo-
stat, each system underwent a gradual temperature increase for
equilibration to reach the desired simulation temperature. The cal-
culation of long-range electrostatic interactions relied on the Particle
Mesh Ewald (PME) method, while van der Waals forces were de-
termined using Lennard-Jones potential [45]. The equilibration
process involved multiple stages, including positional restraint,
gradual heating, and subsequent unrestrained equilibration, at the
target temperature and pressure. To preserve covalent bond lengths
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and angles, the SHAKE algorithm was applied. Pressure control was
maintained using a barostat such as Berendsen or Andersen [46].
Following equilibration, a production simulation of 300 ns was
conducted for each system using a molecular dynamics algorithm,
either under NPT or NVT ensemble conditions [47].

Post-simulation analysis of the top hits-NS1 complexes

The resulting trajectory from simulation production was ana-
lyzed using CPPTRA] or PTRA] modules [48], wherein several key
metrics such as RMSD, RMSF, SASA, and hydrogen bonding were
calculated for each system [49-51]. RMSD, which quantifies the
variance between the original and superimposed structures, is de-
termined using the following mathematical equation:

[Ydi=1
' Natoms (1)

Here, 'di’ denotes the positional variance between atoms, while 'i’
refers to both the original and superimposed structures.
Additionally, the evaluation of the Root Mean Square Fluctuation
(RMSF) involves utilizing the B-factor to measure the flexibility of
individual protein residues. Mathematically, RMSF is determined as
follows:

Thermal factor orB — factor = [(87**2)/3] (msf) (2)

RMSD =

Binding free energy and dissociation constant (KD) analysis

The end-point total binding free energy was estimated by using
the Molecular Mechanics Generalized Born Surface Area (MM/GBSA)
method, which is a widely used and reliable approach for evaluating
the binding affinity of protein-ligand complexes [42]. Using the
MMPBSA.py script, the stable frames from the simulation trajec-
tories were selected for free energy calculations [40]. The total
binding free energy was computed as the difference between the
free energy of the complex and the sum of the free energies of the
protein and the ligand, as shown in the following equation [52]:

AGbind = AGcomplex — (AGreceptor + AGligand) 3)

The free energy of each component was calculated as the sum of
several energy terms, including bonded, electrostatic, van der Waals,
polar and non-polar contributions, as shown in the following
equation [52]:

G = Gbond + Gelectrostatic + GvdW + Gpolar + Gnon — polar
(4)
The bonded term represents the interactions among covalently
bonded atoms, such as bond stretching, angle bending and torsion.
The electrostatic and van der Waals terms represent the Coulombic
and dispersion forces between non-bonded atoms, respectively [53].
The polar and non-polar terms represent the solvation effects of the
solvent on the solute, which depend on the solvent dielectric con-
stant and the solute accessible surface area [42,54]. The polar term
was estimated using the generalized Born (GB) model, which ap-
proximates the polar solvation energy by a pairwise interaction
potential based on the effective Born radii of the atoms. The non-
polar term was estimated using a linear combination of the solvent-
accessible surface area (SASA) and a constant offset [40]. This free
energy calculation method has been successfully applied by various
studies to investigate the binding affinity and selectivity of different
ligands against different targets [55,56]. Furthermore, the dissocia-
tion constant (KD) for the top hits was computationally predicted by
using PRODIGY-LIGAND web servers. This server was previously
used to predict the KD of different molecules used against different
diseases [53].
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Lipinski’s rule, and pharmacokinetics analysis

Lipinski’s Rule of Five serves as a fundamental guideline in drug
design, emphasizing that successful orally administered drugs tend to
have molecular properties within specific ranges: molecular weight
< 500, hydrogen bond donors <5, hydrogen bond acceptors <10, oc-
tanol-water partition coefficient (logP) < 5. This rule aids in predicting a
compound’s oral bioavailability and permeability, optimizing drug-like
characteristics for effective pharmaceutical development [57]. To analyze
Lipinski’s rule of five, we used the online server SwissADME (http://
www.swissadme.ch/) [58]. ADMET, encompassing Absorption, Distribu-
tion, Metabolism, Excretion, and Toxicity, constitutes crucial pharmaco-
logical traits evaluated for each drug candidate. The success of drug
development heavily relies on these characteristics, with approximately
50% of drugs failing due to non-compliance with these fundamental
pharmacokinetic principles [59]. To assess these attributes, in silico
ADMET studies were conducted utilizing an online web tool server
named pkCSM (https://biosig.lab.ug.edu.au/pkesm/) [60]. Various phar-
macokinetic parameters such as water solubility, coca-2 permeability,
human intestinal absorption, blood-brain barrier (BBB) penetration, cy-
tochrome P450 inhibition and substrate, AMES toxicity, skin sensitiza-
tion, and hepatotoxicity levels were computed for the selected top hits
natural compounds.

Results and discussion

The ability of the influenza A virus non-structural protein 1 (NS1) to
interact with the coiled-coil domain of TRIM25 interrupts its association
with RIG-I. This interference hampers RIG-I ubiquitination, impeding the
subsequent immune system activation signaling [24]. To prevent NS1
from binding with TRIM25, we explored natural product databases for
inhibitors targeting NS1-ED interaction. The TCM database covers 499
Chinese herbs with 29,384 ingredients, 3311 targets and 837 associated
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diseases, some of which became drugs like artemisinin [61]. ANPDB has
1012 compounds from African plants and marine life, some of which
showed activity against microbes, cancer, diabetes, and neurological
disorders [62]. SANCDB has 600 compounds from South African flora
and fauna, some of which showed activity against HIV, tuberculosis,
malaria, and cancer [62]. We focused on the residues Leu95, Ser99,
Asn133, Tyr89, Thr91, Met93, and Asp92 of NS1-ED, which are involved
in the interaction with TRIM25. We selected the top 10 compounds with
the lowest docking scores and analyzed their interactions with NS1-ED
summarized in Table:1. The most common functional groups that form
hydrogen bonds are the hydroxyl groups (OH) of the phenolic com-
pounds, such as catechol, pyrogallol, carboxylic acid, and chromene. The
most common amino acids that form hydrogen bonds are Leu95, Ser99,
Asn133, and Tyr89 of NS1-ED, which are key residues for the inhibition
of NS1-TRIM25 binding. The distances of the hydrogen bonds range from
1.67 to 2.67 A, which indicates strong and stable interactions. The unique
functional group that forms a m-m interaction is the benzene ring of the
anthraquinone compound alizarin, which interacts with Tyr89 of
NS1-ED.

Top hits from East Africa natural product database

In East African natural database, we found two compounds,
(-)-mesquitol and 5,7,3',4'-tetrahydroxyflavanol, that showed binding
affinity to NS1-ED, with docking scores of -5.946 kcal/mol and
-5.689 kcal/mol, respectively. (-)-Mesquitol is a phenolic compound
isolated from the bark of Prosopis juliflora, a plant with anti-in-
flammatory and antioxidant properties [63]. 5,7,3',4'-tetrahydroxy-
flavanol is a flavonoid compound found in the leaves of Erythrina
abyssinica, a plant with antimalarial and antimicrobial activity[64]. The
hydroxyl groups (OH) of the catechol and chromene rings of these
compounds acted as hydrogen bond donors or acceptors, and the dis-
tances of the hydrogen bonds ranged from 167 to 2.67A (Fig. 1).
(-)-mesquitol formed five hydrogen bonds via hydroxyl group of
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Fig. 1. Interaction pattern of top two hits from EANPD database with NS1 (a) showing the 2D and 3D interaction of top hit 1-NS1 complex (b) showing the 2D and 3D interaction

of top hit 2-NS1 complex.
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Fig. 2. Interaction pattern of top two hits from NANPDB database with NS1 (a) showing the 2D and 3D interaction of top hit 1-NS1 complex (b) showing the 2D and 3D interaction

of top hit 2-NS1 complex.

chroman and catechol with Met93, Ser99 and Leu95 of NS1-ED (Fig. 1a).
While second top hit, 5,7,3',4'-tetrahydroxyflavanol formed three hy-
drogen bonds with Tyr89, Thr91, and Asp92 through hydroxyl groups of
respective oxane/resorcinol/catechol ring with NS1-ED (Fig. 2a). These
hydrogen bonds could affect the structural integrity and flexibility of
NS1-ED, its binding with the TRIM25 which involve in the host immune
evasion mechanism.

Top hits from North Africa natural product database

Haemanthamine and protocatechuic acid compounds were short-
listed from NANPDB, with a docking score of -6.730 kcal/mol and
-5.71 kcal/mol, respectively. Haemanthamine is an alkaloid compound
derived from the bulbs of Haemanthus multiflorus, a plant whose ex-
tracts have been already reported to possess some anticancer and an-
tiviral activity [65]. Protocatechuic acid is a phenolic compound obtained
from the fruits of Ziziphus lotus, a plant with antioxidant and anti-in-
flammatory activity [66]. The carboxylate (COOH), hydroxyl (OH) and
ammonium (NH) group of these compounds acted as hydrogen bond
donors or acceptors, hence extending hydrogen bonds ranging from 1.67
to 2.67 A (Fig. 2). The hydroxyl group of Azabicyclooctanium of Hae-
manthamine and protocatechuic acid formed hydrogen bonds with
Tyr89 of NS1-ED, which is a critical residue for the NS1-TRIM25 binding.
Moreover, haemanthamine also formed a hydrogen bonds from azabi-
cyclooctanium with Asn133, while protocatechuic acid formed two hy-
drogen bonds with Met93 of NS1-ED from hydroxyl groups of
carboxylate functional group (Fig. 2a & b). These interactions indicate
that these compounds could disrupt the NS1-TRIM25 binding interface.

Top hit from the South Africa natural product database
Screening of SANPDB identified two top-scoring compounds

(-)-epicatechin and isoeugenitol, showing docking scores of
-6.356 kcal/mol and -5.96 kcal/mol. (-)-Epicatechin is a flavonoid

compound found in the bark of Acacia mearnsii, a plant with anti-
diabetic and antioxidant activity [67]. Isoeugenitol is a phenolic
compound derived from the leaves of Eugenia uniflora, a plant with
antiviral and antibacterial activity [68]. The functionalities chro-
mene, tetrahydropyran, catechol and pyranone group present in
both compounds act as hydrogen bond donors or acceptors forming
hydrogen bonds ranging from 1.67 to 2.67 A (Table 1). Both com-
pounds formed hydrogen bonds from resorcinol hydroxyl group with
Ser99 and Leu95 of NS1-ED, which are essential residues for the
NS1-TRIM25 binding. Furthermore, (-)-epicatechin formed hydrogen
bonds with Tyr89 and Asn133 also from Oxane ring while iso-
eugenitol form hydrogen bonding from carbonyl oxygen of pyranone
ring. The hydroxyl group of catechol ring also engaged Thr91 (Fig. 3a
& b). These interactions suggest that these compounds could inhibit
the NS1-TRIM25 binding interface.

Top hit From the North East Africa natural product database

On the basis of specific bonding network and high docking scores
we selected two top hits compounds from NENPDB, gallic acid and
5,7-dihydroxy-2-methylchromone, that displayed a docking score of
-5.099 kcal/mol and -6.042 kcal/mol respectively. Gallic acid is a
phenolic compound isolated from the leaves of Terminalia chebula, a
plant with antiviral and immunomodulatory activity [69]. 5,7-dihy-
droxy-2-methylchromone is a chromone compound extracted from
the roots of Oroxylum indicum, a plant with anticancer and anti-
inflammatory activity [70]. Both compounds formed hydrogen bonds
with key residue, Leu95 of NS1-ED, which is a vital residue for the
NS1-TRIM25 binding. Additionally, gallic acid formed two hydrogen
bonds with Thr94 and Thr91 through pyrogallol hydroxyl group,
while 5,7-dihydroxy-2-methylchromone formed a hydrogen bond
via carbonyl group of chromone ring with Thr89 of NS1-ED (Fig. 4a &
b). These interactions imply that these compounds could block the
NS1-TRIM25 binding interface.
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Fig. 3. Interaction pattern of top two hits from SANPDB database with NS1 (a) showing the 2D and 3D interaction of top hit 1-NS1 complex (b) showing the 2D and 3D interaction

of top hit 2-NS1 complex.

Top hits from the traditional Chinese medicine database

In screening of TCM database, we identified two compounds,
lathodoratin and alizarin, that exhibited docking scores of
-6.001 kcal/mol and - 6.615 kcal/mol, respectively. Lathodoratin is a
phenolic compound isolated from the roots of Lathyrus odoratus, a
plant with antitumor and anti-inflammatory activity [71]. Alizarin is
an anthraquinone compound obtained from the roots of Rubia cor-
difolia, a plant with antiviral and antioxidant activity [72]. Latho-
doratin is a phenolic compound with a catechol group that can act as
a hydrogen bond donor or acceptor, while alizarin is an anthraqui-
none compound with carbonyl group acting hydrogen bond acceptor
and benzene ring as a 1- interaction partner. The distances of the
hydrogen bonds ranged from 1.73 to 2.20 A, while the distance of the
-1 interaction was 5.19 A (Table 1). The Tyr89 was targeted by hy-
drogen bond by resorcinol hydroxyl group of lathodoratin and Qui-
none carbonyl oxygen of alizarin. Moreover, lathodoratin formed
hydrogen bonds with Met93 and Asn133, while alizarin with Ser99
of NS1-ED via hydroxyl groups of their respective resorcinol or ca-
techol ring. Additionally, alizarin also extended a m-m interaction
with Tyr89 of NS1-ED from benzene ring, which could enhance its
binding affinity (Fig. 5a & b). These interactions indicate that these
compounds could interfere with the NS1-ED binding interface.

Notably, our molecular docking studies reveals the potential of
natural compounds from different databases as inhibitors of the
influenza NS1-ED protein. The diverse functional groups, including
catechol, pyrrolidiniumol, pyrogallol, and chromene, contribute to
the binding affinity through specific interactions with key residues.
Among all compounds, alizarin, (-)-epicatechin, and haemanthamine
showed the lowest docking scores and the most interactions with
NS1-ED. These compounds could be promising candidates for the
development of novel antiviral agents against influenza A virus.
Certainly, we recognize that additional experimental validation is

essential, and further optimization is required to substantiate the
efficacy and safety of the findings.

Dynamic stability analysis of top hits and NS1 complexes

Evaluating the dynamic stability of a protein when bound to a
ligand is crucial in showcasing the pharmacological effectiveness of
that compound. For example, a ligand’s firm binding to the protein’s
active site often correlates with higher pharmacological promise
compared to less stable interactions [73]. Demonstrating the stabi-
lity of these interactions during simulations involves utilizing the
RMSD (Root Mean Square Deviation) function within simulation
analysis. Therefore, to ascertain the stability of these compounds
throughout the simulation, we computed the RMSD for their tra-
jectories over time, as depicted in Figs. Ga-6h. All complexes de-
monstrated stable dynamics with consistently lower RMSD values.
Specifically, the top two compounds sourced from the East Africa
(EA) database exhibited notably stable dynamic behaviour. EA-
8411902, for instance, rapidly stabilized at 1.3 A shortly after the 2 ns
mark, maintaining high convergence over the entire 200 ns simu-
lation duration with an average RMSD value of 1.4 A (Fig. 6a). Si-
milarly, the EA-19951545-NS1 complex demonstrated a comparable
RMSD value to the previously mentioned compound. This system
equilibrated at 2ns with an RMSD value of 1.3 A and exhibited
consistent stability throughout the simulation, displaying high
convergence. The average RMSD for this complex was recorded at 1.3
A (Fig. 6b). In summary, these top compounds from the EA database
displayed remarkable stability and convergence throughout the en-
tire MD simulation period, suggesting their heightened pharmaco-
logical activity against the NS1 protein of the influenza virus.

Molecular simulations were conducted on the top hits identified
from the North Africa (NA) database, revealing a stable dynamic
behaviour. The leading hit, NA-390261, exhibited behaviour similar



M. Suleman, A.M. Sayaf, A. Khan et al. Journal of Infection and Public Health 17 (2024) 102448

A)
GLU
8
B)

ChemSpider ID: 4524784

Fig. 4. Interaction pattern of top two hits from NENPDB database with NS1 (a) showing the 2D and 3D interaction of top hit 1-NS1 complex (b) showing the 2D and 3D interaction
of top hit 2-NS1 complex.

A)
%)

SER
= »
COE

ChemSpider 1D:4444713
B)

/\Tm
ol
&) @

LEU
%)

ChemSpider ID:6056

Fig. 5. Interaction pattern of top two hits from TCM database with NS1 (a) showing the 2D and 3D interaction of top hit 1-NS1 complex (b) showing the 2D and 3D interaction of
top hit 2-NS1 complex.



M. Suleman, A.M. Sayaf, A. Khan et al.

Journal of Infection and Public Health 17 (2024) 102448

a 20 T T T 22‘0 22.5 T T
< 15 <15 <20
a 10 12 1.0 215 -
g 0.5 1s 05 S 1.0 3
Z 00 ) EA- 84119021 = 0.0 i , EA-19951545] = 0.5 . . NA-3902614
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (ns) Time (ns) Time (ns)
d 20 T T T Je2o T T T f ) T T T 2
<15 F 1 =15 < 3 ]
a 10 =~ a10 418 3 E
s 05+ 1205 Jgigt -
= 00 ¢ | L ) . NA-714 200 X | . SA-65230] = g L . SA-4477104 7
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (ns) Time (ns) ) Time (ns)
,g_Z.O v T T T T B h 20 T x T T T L 20 T T T
<15 <15 =< 18
S10F 4 a10 42 1.
So05¢ 1 205 12 05
=00 ¢ | L NEA- 361 =00 X | , NEA-4524784 1 = 0.0 | , TCM-4444713
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (ns) Time (ns) Time (ns)
J 20 T T T T T
=15
210
205
€00 L L TCM-6056
0 50 100 150 200

Time (ns)
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to EA compounds but with a slightly higher RMSD value. Initially
stabilizing at 1 A, the complex’s RMSD gradually increased, reaching
2 A at 50ns. Subsequently, the complex displayed a consistently
steady RMSD graph, indicating its stability throughout the simula-
tion. The average RMSD calculated for this complex was 2 A (Fig. 6¢).
On the other hand, the second top hit, NA-71, showcased an overall
stable behaviour, albeit experiencing minor deviations between
25-50ns. This complex demonstrated high convergence with
minimal perturbation in its RMSD value. The average RMSD com-
puted for NA-71 was 1.5 A (Fig. 6d). Comparatively, the second top
hit from the NA database displayed a more stable behaviour in terms
of RMSD value than the first top hit. The assessment of dynamic
stability for these complexes indicates their stable pharmacological
behaviour, suggesting potential for improved pharmacological effi-
cacy in in-vitro settings.

Additionally, the stability of the binding of the top hits retrieved
from the South Africa (SA) database, namely SA-65230 and SA-
4477104, was confirmed through simulation trajectories. As illu-
strated in Fig. 6e, the SA-65230-NS1 complex exhibited consistent
and stable dynamic behaviour without significant structural altera-
tions. Despite stabilizing at 1A, the Root Mean Square Deviation
(RMSD) gradually increased over time, peaking at 1.7 A, yet main-
taining a consistent and linear RMSD pattern, indicating stability
throughout the simulation. On the other hand, SA-4477104 dis-
played minor structural perturbations at various time points. While
the system reached equilibrium at 1A, the RMSD continued to in-
crease until 50 ns, after which it remained relatively stable with
slight fluctuations observed between 100ns and 150ns (Fig. 6f).
Moreover, these compounds demonstrated stable pharmacological
properties against NS1 in the all-atoms simulation setup, suggesting
their potential efficacy in inhibiting influenza pathogenesis by tar-
geting the NS1 protein.

Moreover, the top hits from the North East Africa (NEA) database,
including NEA-361 and NEA-4524784, was assess for their molecular
stability. The NEA-361-NS1 complex exhibited a consistent RMSD
pattern akin to the previously mentioned complexes. Initially, the
system equilibrated within 2 nanoseconds with an RMSD of 1.3 A,
maintaining this stability throughout the simulation period and
averaging at 1.3 A (Fig. 6g). Notably, this system displayed a higher
level of convergence over the 200 ns simulation duration. Similarly,

NEA-4524784 showed a similar behaviour, demonstrating no sig-
nificant perturbations during simulation and stabilizing at 1.6 A. The
average RMSD value for this compound was recorded at 1.7 A, in-
dicating significant convergence throughout the simulation time-
frame (Fig. 6h). Moreover, TCM-4444713 and TCM6056, the primary
compounds identified from Traditional Chinese Medicine (TCM),
demonstrated sustained dynamic affinity with the NS1 target. Both
of these top-hit compounds formed complexes with NS1 that ex-
hibited a similar pattern, showcasing an average RMSD value of 1.5
A. These complexes displayed a high level of convergence, showing
minimal deviation in the RMSD values (Fig. 6i & j). It's evident that
all the complexes exhibited lower RMSD values, indicating more
stable dynamics when interacting with NS1 due to these novel
compounds. Overall, these findings underscore the potential of these
compounds as therapeutic options for combating influenza viral
pathogenesis, specifically through the inhibition of NS1-TRIM25 in-
terface residues.

Residual fluctuation analysis of top hits and NS1 complexes

The calculation of Root Mean Square Fluctuation (RMSF) stands
as a crucial technique in studying protein-drug interactions. It offers
valuable insights into protein dynamics, aids in identifying binding
sites, validates computational predictions, comprehends drug me-
chanisms, and supports the process of drug design and refinement
[74,75]. By combining RMSF analysis with other computational and
experimental methods, our comprehension of protein-drug inter-
actions is amplified, enabling a more rational approach to drug de-
sign [76,77]. Hence, in this investigation, we performed RMSF
calculations for all the top hits and NS1 complexes to evaluate the
fluctuations of individual residues. In the EA database, both EA-
8411902 and EA-19951545 exhibited a nearly identical pattern of
residue flexibility. Throughout the simulation duration, these com-
pounds displayed lower fluctuation overall, except for a region be-
tween 80-90, which showed heightened flexibility. The average
RMSF for these complexes was measured at 0.8 A (Fig. 7a). On the
other hand, when examining the compound NA-390261-NS1 com-
plex, there was a notable increase in residue flexibility observed in
the regions 50-60 and 80-90. In contrast, compound NA-71
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displayed comparatively minor fluctuations in the mentioned re-
gions compared to NA-390261. The average RMSF for the NA data-
base compounds was determined to be 0.7 A (Fig. 7b). The
complexes formed by SA database compounds (SA-65230 and SA-
4477104) displayed a similar RMSF pattern to that reported in the EA
and NA database compounds complexes. However, these SA com-
pounds showed a higher degree of fluctuation in the ranges of 50-60
and 80-90. The average RMSF value for these complexes was ap-
proximately 1 A (Fig. 7c). Conversely, the NEA database compounds
(NEA-361 and NEA-4524784) exhibited a more stable conformation
throughout the simulation period, displaying minimal fluctuation
and an average RMSF value of 1 A (Fig. 7d). A comparable outcome
was observed for compounds (TCM-4444713 and TCM6056) com-
plexes from the TCM database, with minor variations in the 50-60
and 80-90 range (Fig. 7e). This indicates that the interaction of each
ligand has a distinct impact on the internal dynamics. Notably, the
80-90 regions encompass the active site residues, suggesting that
the movement of this loop plays a role in optimizing the drug’s
placement within the cavity by expanding the pocket’s volume.
These specific regions align with loop areas.

Solvent Accessible Surface Area Analysis of top hits and NS1 complexes

SASA analysis, which stands for Solvent Accessible Surface Area
analysis, is a computational method extensively utilized in the
realms of computational biology and structural bioinformatics. Its
primary purpose is to determine the surface area of a molecule that
is readily accessible to solvent molecules. This analytical approach
finds significant application in studying proteins, DNA, RNA, and
various biological macromolecules. It holds immense value in com-
prehending molecular interactions, identifying ligand binding sites,
exploring protein-protein interactions, and predicting the potential
behaviour of a molecule concerning its interactions with other mo-
lecules or its surrounding environment | 78]. Consequently, our study
involved calculating the solvent-accessible surface area (SASA) for
the top hits and NS1 complexes. Our data revealed minimal fluc-
tuation in SASA across all systems during the simulation period.

Specifically, the EA-8411902 and EA-19951545 compounds exhibited
an average SASA value of approximately 6900A (Fig. 8a & b).

10

Conversely, the NA-390261 and NA-71 compounds displayed slightly
higher average SASA values of 7200A and 7000A, respectively,
compared to the EA compounds (Fig. 8c & d). Additionally, SASA
values of 6900 A and 7300 A were observed for the SA-65230 and
SA-4477104 compounds, respectively (Fig. 8e & f). Similarly, the
NEA-361, NEA-4524784, and TCM-4444713 compound-NS1 com-
plexes all showed a recorded SASA value of 6900A, while the
TCM6056-NS1 complexes resulted in a SASA value of 6800 A (Fig. 8g-
j). Overall, the SASA calculations demonstrated relatively consistent
values among the EA compounds, with slight variations observed in
other compound groups. The NA and SA compounds tended to ex-
hibit slightly higher SASA values, while the NEA and TCM com-
pounds showed comparable SASA values, with minor deviations. The
TCM6056-NS1 complexes displayed the lowest SASA among the
compounds studied. These findings collectively suggest specific
structural and solvent accessibility characteristics among the dif-
ferent compound-NS1 complexes, indicating potential implications
for their functional behaviour.

Bonding network analysis of top hits-NS1 complexes in dynamic
environment

Hydrogen bonding plays a crucial role in biological systems, fa-
cilitating strong intermolecular connections that aid molecular re-
cognition and essential biological processes [72]. Analysis of
hydrogen bonds was carried out for all complexes during molecular
dynamics (MD) simulations to determine the quantity of hydrogen
bonds formed in each frame. As illustrated in Fig. 9, the targeted
complexes display a resilient network of hydrogen bonds, high-
lighting the robust stability of the compounds bound to the protein.
Specifically, within the EA database, the average number of hydrogen
bonds in each complex was calculated as 60 in EA-8411902 and 63 in
EA-19951545 (Fig. 9a & b). Furthermore, in the NA database com-
pounds, the average count of hydrogen bonds was computed to be
65 in the NA-390261-NS1 complex and 60 in the NA-71-NS1 com-
plex (Fig. 9c & d). Additionally, the average hydrogen bond counts
were 56 in the SA-65230-NS1 complex, whereas in the SA-4477104-
NS1 complex, they were found to be 55 (Fig. 9e & f). Interestingly, a
similar hydrogen bond pattern emerged in the NEA-361, NEA-
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Fig. 8. Surface area analysis of top hits compounds and NS1 protein.

4524784, TCM-4444713, and TCM-6056 compounds-NS1 complexes,
averaging 60 hydrogen bonds (Fig. 9g-j). The substantial stability
observed, as indicated by the earlier discussed RMSD and RMSF data,
can be credited to the extensive formation of hydrogen bonds within
these systems. This phenomenon might potentially lead to the in-
hibition of the target protein, consequently reducing the infectivity
of the influenza virus.

Dissociation constant analysis

We employed the PRODIGY method to compute the KD values for
the complexes formed between the top-hit compounds and NS1.
PRODIGY, a specialized web server for forecasting binding affinity in
protein-protein and protein-ligand complexes, utilizes fundamental
structural characteristics, including interface residue interactions. Its
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predictive capabilities exceed those of current predictors, and the
PRODIGY-LIG extension, optimized for small ligands, now in-
corporates atomic contacts for enhanced accuracy [79]. PRODIGY
analysis revealed the binding scores of -5.31kcal/mol for EA-
8411902, NEA-4524784, NA-71, TCM-6056, - 5.29 kcal/mol for EA-
19951545, SA-65230, TCM-4444713, -5.28 kcal/mol for NEA-361,
SA-4477104, and - 5.10 kcal/mol for NA-390261. The scores demon-
strate a robust binding affinity between these compounds and the
NS1 protein target. Our results align with several other studies that
have also noted a similar range of scores, indicating a notably strong
binding affinity within the protein-ligand complexes [53,54].

Lipinski’s rule of five analysis for the selected top hits

Assessing drug-like properties involves a qualitative approach
used in the development of drugs or drug-like substances, con-
sidering various parameters including bioavailability. Furthermore,
within the field of pharmacokinetics lies the study of the processes
undergone by a chemical after its absorption by a living organism.
Predicting pharmacokinetic parameters based on a compound’s
structure is facilitated by methods such as drug-likeness evaluation
and Lipinski’s rule of five [80]. As shown in Table 2 all the selected
drugs follow Lipinski’s rule of five. All the selected drugs have mo-
lecular weights less the 500 and the hydrogen bonds acceptors and
donors are less than 10 and 5 respectively. The bioavailability score
of 0.56 (56%) was recorded for the drugs SA- 4477104 and NEA- 361
however for the rest of the drugs the value of bioavailability was
recorded to be 0.55 (55%). The bioavailability score of a drug quan-
tifies the fraction or percentage of the administered dose that
reaches systemic circulation in an unchanged form, allowing it to
have an active effect on the body. Furthermore, the selected drugs
have the log P values less then 5. To sum up, the drugs selected from
different databases not only align with the rule of five but also de-
monstrate pharmacological activity against NS1. This implies that
these compounds possess desirable characteristics in terms of mo-
lecular weight, bioavailability, and log P values, which could be a
significant factor in potential therapeutic applications or drug de-
velopment efforts.

Analysis of ADMET properties of top hits

The selected compounds’ pharmacokinetic properties are out-
lined in Table 4. In our analysis of absorption attributes, we con-
sidered factors like water solubility, Caco-2 permeability, and human
intestinal absorption. The extent of drug absorption hinges on water
solubility, with higher solubility indicating improved absorption
characteristics and greater bioavailability [81]. Compounds EA-
8411902, EA-19951545, SA-65230, and TCM-6056 (-3.119, -3.09,
-3.124, -3.152) demonstrated significantly greater water solubility
compared to other drugs. Caco-2, a human colorectal adenocarci-
noma cell line, has been immortalized and is commonly used as a
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model for studying the intestinal barrier [82]. Among the top hits
compounds, NA-390261 (1.002) and TCM-6056 (1.1) exhibited sub-
stantial Caco-2 permeability, whereas EA-8411902 (-0.219) dis-
played lower permeability. Determining the human intestinal
absorption (HIA) rate is crucial for assessing a drug’s oral absorption
efficacy [83]. Among the chosen candidates, all displayed high rates
of intestinal absorption, with TCM-6056 ranking highest at 95.18%,
while NEA-361 had the lowest rate at 43.374% for HIA. Additionally,
we conducted an analysis on drug distribution characteristics, in-
cluding the blood-brain barrier and volume of distribution (VD). A
VD score below - 0.15 suggests a drug is more evenly distributed in
plasma rather than in tissues, while a score above 0.45 indicates
greater uniformity in tissue distribution. Among the top hits, SA-
65230 (-1.298) and NEA-361 (-1.855) have the lowest VD values,
indicating a more plasma-oriented distribution. However, SA-65230
(1.346), exhibits the highest VD value, indicating more uniform
tissue distribution. Furthermore, regarding the blood-brain barrier
(BBB), which restricts substances from entering the central nervous
system, five of the selected compounds (NA-390261, SA-4477104,
NEA-4524784, TCM-4444713, TCM-6056) can penetrate the BBB
(Table 3).

It is widely known that the liver plays a crucial role in breaking
down compounds post-drug distribution, employing various enzy-
matic processes. Among these, cytochrome P450 is an important
isoenzyme responsible for the biotransformation and metabolism of
drugs [84]. The significance of drug metabolism facilitated by cyto-
chrome P450 stems from concerns regarding both medication toxi-
city and pharmacological effects [85]. In our analysis, the top hit
compounds including SA-4477104, NEA-4524784, TCM-4444713,
and TCM-6056 were identified as inhibitors of CYP4501A2. Drug
molecules can exit the body through various routes including liver,
bile, and kidneys, with the total clearance rate providing crucial
information on drug excretion by both liver and kidneys [86]. The
organic cation transporter two (OCT2) substrate is pivotal for en-
hancing renal clearance, yet none of the compounds were found to
function as OCT2 substrates. Failure in medication development
often stems from toxicity issues, but none of our compounds ex-
hibited toxicities such as skin sensitivity, AMES toxicity, or hepato-
toxicity. However, the leading candidate, NA-390261, displayed
hepatotoxicity (Table 3).

Binding free energy of top hits compounds and NS1 complexes

Utilizing the MM/GBSA approach, known for its precision in re-
evaluating specific binding conformations and energies, we assessed
the binding affinities of top-hit compounds with NS1. This method,
favored for re-ranking potent inhibitors against their receptors
[87,88], revealed total binding free energies of —31.63 kcal/mol and
-32.46 kcal/mol for the EA-8411902 and EA-19951545 complexes,
respectively. Similarly, the complexes NA-390261, NA-71, SA-65230,
and SA-4477104 exhibited recorded values of -32.70kcal/mol,

Table 2

Lipinski’s rule five analysis for all selected top hits.
Drugs Molecular Hydrogen Hydrogen Consensus Log P Lipinski’s rule Bioavailability
ID Weight Acceptors Donors Results Violation
EA- 8411902 290.271 6 5 1.5461 Yes 0 0.55
EA-19951545 290.271 6 5 1.6793 Yes 0 0.55
NA-390261 301.342 5 1 11867 Yes 0 0.55
NA-71 154121 3 3 0.796 Yes 0 0.55
SA-65230 290.271 6 5 1.5461 Yes 0 0.55
SA- 4477104 206.197 4 2 1.82104 Yes 0 0.56
NEA- 361 170.12 4 4 0.5016 Yes 0 0.56
NEA- 4524784 192.17 4 2 1.51262 Yes 0 0.55
TCM-4444713 206.197 4 2 1.7666 Yes 0 0.55
TCM-6056 240.214 4 2 1.8732 Yes 0 0.55
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Table 3

ADME properties of all selected top hits.
Drugs Water Caco-2 Human Intestinal VDss BBB CYP450  Renal AMES Skin Hepato
ID solubility permeability absorption (%) (human) permeability 1A2 0CT2 toxicity sensitization toxicity

Log S x10-6 inhibitor substrate

EA- 8411902 -3.119 -0.219 66.728 1116 No No No No No No
EA-19951545  -3.09 -0.188 72.864 1.232 No No No No No No
NA-390261 -2.035 1.164 87.86 0.733 Yes No No No No Yes
NA-71 -2.069 0.49 71.174 -1.298 No No No No No No
SA-65230 -3.124 -0.17 69.21 1.346 No No No No No No
SA- 4477104 -2.725 1.002 93.126 0.443 Yes Yes No No No No
NEA- 361 -2.56 -0.081 43.374 -1.855 No No No No No No
NEA- 4524784 -2.697 0.299 93.217 0.649 Yes Yes No No No No
TCM-4444713  -2.812 0.917 93.411 0.268 Yes Yes No No No No
TCM-6056 -3.152 11 95.18 0.192 Yes Yes No No No No

Table 4

The binding free energy calculation by MM/GBSA.
MM/GBSA
Complexes AEvdw AEele EGB ESURF Delta G Gas Delta G Solv AG total
EA-8411902 -27.72 -6.04 6.20 -4.08 -15.67 4.12 -31.63
EA-19951545 -28.78 -8.45 7.21 -2.44 -18.33 3.77 -32.46
NA-390261 -32.59 -4.54 8.16 -3.73 -25.13 5.43 -32.70
NA-71 -21.60 -9.74 7.00 -4.06 6.14 -16.06 -28.40
SA-65230 -29.82 -3.82 442 -3.20 41.00 -45.62 -32.42
SA- 4477104 -28.15 -10.36 8.31 -5.67 -5.51 1.64 -35.87
NEA- 361 -27.63 -10.10 4.70 -4.37 -17.72 4.32 -37.40
NEA-4524784 -23.16 -11.84 7.49 -143 -15.00 4.06 -28.94
TCM-4444713 -24.45 -6.64 7.08 -1.88 -17.09 5.21 -25.88
TCM-6056 -23.22 -6.07 4.76 -2.05 -16.15 2.72 -26.57

-28.40 kcal/mol, -32.42 kcal/mol, and -35.87 kcal/mol. Further-
more, the binding free energies for the NEA-361, NEA-4524784,
TCM-4444713, and TCM-6056 complexes were determined as
- 37.40 kcal/mol, - 28.94 kcal/mol, - 25.88 kcal/mol, and - 26.57 kcal/
mol, respectively. Table 4 provides a detailed breakdown of the total
binding free energies, van der Waals, and electrostatic energies
Table 4.

Conclusion

In conclusion, our in-silico study investigated potential inhibitors
targeting the interaction between the influenza A virus non-struc-
tural protein 1 (NS1) and the host TRIM25. Utilizing molecular
docking and interaction analyses, we focused on compounds sourced
from diverse natural product databases, including Traditional
Chinese Medicine, African Natural Product Database, South African
Natural Product Database, and East African Natural Product
Database. Compounds such as (-)-mesquitol, 5,7,3",4’-tetrahydroxy-
flavanol, haemanthamine, protocatechuic acid, (-)-epicatechin, iso-
eugenitol, gallic acid, 5,7-dihydroxy-2-methylchromone,
lathodoratin, and alizarin exhibited strong binding affinity to NS1-
ED, forming crucial hydrogen bonds that inhibit NS1-TRIM25
binding. Dynamic Stability Analysis indicates stable dynamics (low
RMSD), Residual Fluctuation Analysis shows minor conformational
fluctuations, SASA Analysis reveals consistent values in structural
characteristics, and Hydrogen Bonding Analysis demonstrates a re-
silient network, collectively suggesting potential pharmacological
activity in NS1-bound compounds. Dissociation Constant and
binding free energies calculation reinforces the compounds’ poten-
tial as antiviral agents by indicating strong binding affinity. Lipinski’s
Rule of Five Analysis confirms the compounds’ adherence to desir-
able drug-like properties, including molecular weight, bioavail-
ability, and log P values. ADMET Properties Analysis further supports
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the potential application of these compounds, revealing favourable
pharmacokinetic properties such as water solubility, permeability,
and intestinal absorption. Some compounds also exhibit inhibitory
effects on CYP4501A2, a key enzyme in drug metabolism. These
compounds demonstrate stability, favourable characteristics re-
sembling drug properties, and minimal toxicity, indicating their
appropriateness for in-depth exploration (in-vitro and in-vivo vali-
dation) and potential development as therapeutic agents against
influenza A.
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