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ABSTRACT

Background: Presently, there is no vaccine for hepatitis C virus (HCV) and available drugs present
with adverse effects that have prompted the search for newer and safer alternatives. The present
study evaluated the anti-HCV potential of selected bioactive compounds from Jatropha tanjorensis
and Solanum nigrum against HCV non-structural (NS2-3) protein. Method: The selected bioactive



compounds (3-methoxy-4-methylaniline, 2,2'-Azoxybis[3-methylpyridine], isopropyl
thiophosphondiamide, and squalene) were screened for compliance with Lipinski’s role five (LRF)
and toxicity profiling using the MCULE tool. Furthermore, the ligands were docked against the
NS2-3 (2hd0) protein with ledipasvir, and co-crystal as controls using the Autodock Vina tool.
Docking scores were generated using the London dG scoring function. Following docking, a 200
nanosecond (nsec) simulation run was performed using the Schrodinger Desmond module. In
addition, density functional theory (DFT) was utilised to evaluate their reactivity. Result: The
selected compounds were not toxic and obeyed the LRF. Molecular docking scores for ledipasvir
and the co-crystal were -8.8 and -6.3 kcal/mol, respectively while of the ligands ranged from -3.5 to
-7.3 kcal/mol, implying favourable bindings. The amino acid residues involved in the binding were
those within the active site of the target protein. RMSD values indicated that isopropyl
thiophosphondiamide was the most stable ligand. PSA, MolSA and SASA values suggest stability
and availability for water contact. DFT calculations indicate that the compounds were moderately
stable and highly reactive, with energy gaps that ranged from 0.5810 to 1.0621 eV. Conclusion: The
favourable pharmacokinetics and docking outputs observed in this study needs to be further
validated using in vitro and in vivo studies.

Keywords: HCYV, bioactive compounds, DFT, molecular docking, Jatropha tanjorensis and
Solanum nigrum,; Simulation

Background

Globally, infection with hepatitis C virus (HCV) is one of the leading causes of liver diseases and
hepatocellular carcinoma, with an estimated 71.1 millioni individuals chronically infected
worldwide [1]. The HCV genome is single-stranded, positive-sense RNA of approximately 9.6 kb
in length. Its genome is highly structured, comprising a single open reading frame (ORF) that
encodes a polypeptide that is processed by cellular and viral proteases to generate 10-polypeptides.
The HCV genome also contains an overlapping reading frame that may lead to the synthesis of an
additional protein [1,2]. The virus exhibits a high degree of genetic heterogeneity, and it has been
classified into seven major genotypes (HCV 1-7), including 67 confirmed and 20 provisional
subtypes, on the basis of phylogenctic analysis of its genome sequences [3]. There is also a
significant variation in its circulating genotypes across the globe [3,4]. HCV genotype 1 has a
global prevalence of 49.1%, followed by genotypes 3 (17.9%), 4 (16.8%), and 2 (11.0%) and
continues to spread globally [3].

Vertical transmission and contacts with contaminated body fluids, tissues, and equipment constitute
its main transmission routes [5]. In many developing countries where intravenous drug abuse and
male-to-male sex are not too common, transmission of HCV is predominantly through the
transfusion of unscreened blood and unprotected sex [5, 6]. Increasing incidences of infection with
the virus have become a global norm since it was first isolated in 1989 [6,7]. With no HCV vaccine,
the management of its infection is presently limited to the use of antiviral drugs, with most targeting
non-structural proteins (NS) (proteases) essential for viral replication [8, 9]. The HCV NS2-3
protein complex in HCV has pivotal roles in the virus's life cycle. It is involved in HCV polyprotein
processing, RNA replication, and viral particle assembly [10]. Studies have revealed that during
proteolytic processing, NS3, a serine protease, along with the NS4A co-factor, cleaves the HCV
polyprotein at the NS2-3 junction, generating mature viral proteins [11, 12]. Similarly, the NS2
component of the complex regulates NS3 protease activity, ensuring precise cleavage and
functional protein production [13]. Furthermore, both NS2 and NS3 interact with intracellular
membranes, including the endoplasmic reticulum, enhancing their roles in viral replication and
assembly. As an RNA helicase, NS3 unwinds RNA during replication, while the entire NS2-3
complex contributes to the assembly and release of infectious viral particles, facilitating the



formation of its replication complex and enhancing viral pathogenesis [13, 14]. Thus, its importance
in the HCV life cycle makes it an potent drug target [15, 16, 17].

Despite the availability of HCV drugs, majority of them are only effective in approximately 50% of
infected individuals, with most associated with undesirable side effects, toxicities, complications,
and are being incapable of preventing re-infection [14]. These challenges have prompted the search
for newer, better and safer antiviral agents. Put together, the management of HCV in the absence of
a vaccine and safer drugs that do not present with side effects poses a significant global public
health problem [19]. Furthermore, available drugs such as the pan-genotypic direct-acting antivirals
(DAAs) for adults with chronic hepatitis C comes with a number of issues. First, many countries
especially those in resource poor settings possess limited health infrastructures [19]. Other issues
include their lack of specificity and stability, unpleasant side effects, toxicities, formation of escape
mutants, and poor accessibility [19].

Thus, there is a heightened search for newer, more potent, and safer alternatives targeting the
various viral proteins [14, 19, 20]. Several studies have revealed that ethno-medicinal plants possess
potent bioactive compounds with excellent properties that could be employed in the management of
several ailments, including HCV [21, 22, 23, 24, 25, 26]. The present aimed to evaluate using in
silico approaches (toxicity profiling, LRF, DFT, molecular docking and simulation), the potential of
selected compound from two medicinal plants (Jatropha tanjorensis and Solanum nigrum)
reportedly utilised to manage HCV locally and other viral hepatitis in Nigeria. In addition, the study
also sought to understand the potential mode of action of these selected compounds.

Methods

Retrieval of ligands and target protcin

The ligands were recovered from an carlier study that profiled a total of 35 bioactive compounds
recovered from Jatropha tanjorensis (n = 7) and Solanum nigrum berries (n = 28) following GC-
MS [4]. From each of the bioactive compounds, two bioactive compounds were selected based on
their peak concentrations (highest peaks). The selected bioactive compounds, which included
squalene and 3-Methoxy-4-methylaniline from J. fanjorensis leaves, and 2,2'-Azoxybis[3-
methylpyridine], and isopropyl thiophosphondiamide from S. nigrum. In addition to their
favourable chromatogram results, the compounds were further selected based on their chemical
diversity in terms of their functional groups and their potential to bind to the NS2-3 protease active
site to allow for the exploration of a wide range of binding interactions such as hydrophobic,
hydrogen bonding, and covalent bonds. On the other hand , the 3-dimensional structure of the NS2-
3 protein, was retrieved from the Research Collaboratory for Structural Bioinformatics (RCSC)
(http://www.rcsb.org/pdb/home/home.do) and the protein database (pdb). Details of the retrieved
proteins, such as the source, name of the protein, PDB ID, Uniprot name, Uniprot accession ID,
Uniprot taxonomic ID, and organism were sc-PDB, Protease NS2-3, 2hd0, POLG_HCVH, P27958,
11108, and Hepatitis C virus genotype la, respectively.

Toxicity/biological profiling of selected bioactive compounds

The SMILES strings of the selected bioactive compounds were obtained using PUBCHEM and
utilised in the prediction of the toxicity and biological properties of the ligands. This was done as
previously reported [27, 28]. All four ligands showed no potential toxic functional groups and were
utilised for analysis



Molecular docking analysis
Ligands and target protein preparation

The selected ligands and the target protein were prepared for docking analysis as reported [32, 33,
34]. First, using ChemDraw software, the structures of the ligands were sketched, their energies
minimised and the resulting stable structures saved in MDL SD format [32]. The utilised target
protein, a NS2-3 protease (2hd0) was prepared as reported earlier [34] In preparing the protein, the
native ligand was revealed, the docking coordinates defined, incomplete charges removed and the
resulting protein saved for docking [34]. The resolution of the protein was 2.280, and the default
binding sites of the NS2-3 protein (2hd0) were X ( 95.9848), Y (22.0656) and Z (57.1135).

Molecular docking (MD) and simulation (MDS)

The molecular docking was performed as reported earlier using the allosite tool hosted at
https://mdl.shsmu.edu.cn/AST/ [33, 34]. In performing the docking, the active site was identified in
the allosteric tool, and this was followed by the MD using the aid of the Autodock Vina tool. Using
the London dG scoring function, the binding scores for the various ligands as they interacted with
the target protein were generated [33, 34]. Docking outputs were visualised in two and three
dimensions using Pymol [35] and Biovia Discovery Studio. Following MD, a 200 nsec MDS was
carried for the various complexes formed and this was done using the Schrodinger Desmond
module. To ensure the presence of water in the MDS environmeiit, TIP3P model was selected while
isosmotic condition was achieved via the addition of G.15 M NaCl, and the boundary of the
boundary of the simulation box as set at 10 A. Furthermore, the system was allowed to reached
equilibrium with temperature and pressure set 310K and 1.013 bar, respectively [33, 34].

Density Functional Theory (DFT)

Geometric structures of the bicactive compounds were optimized using DFT at the wB97XD,
M062X, B3LYP, and HSE with 6-311++G (d,p) method of theory using the Gaussian 16 and Gauss
View 6.0.16 software [30]. The Highest Occupied and Lowest Unoccupied Molecular Orbitals
(HOMO-LUMO) were carried out at B3LYP/6-311++G(d,p).

Results and Discussion
Drug-likeness properties of the selected ligands

Table 1 shows the result of the toxicity and basic profiles of the selected bioactive compounds. The
result indicate that the selected compounds were non-toxic. This implies that the selected
compounds squalene, 3-Methoxy-4-methylaniline, 2,2'-Azoxybis[3-methylpyridine], and isopropyl
thiophosphondiamide will not be toxic to the liver and other cellular organs in vivo [36]. The
selected compounds further obeyed the LROF further indicate that the selected compounds did not
violate the LROF as they had 0 to 1 violations only. As posited by Lipinski et al. [37] and Pires et
al. [38], for a compound to be classified as a potential drug, it must obey the LRF, one of the most
utilised approaches in the initial stages of drug development and improvement [36, 38].

Table 1: Toxicity/basic properties of selected non-toxic bioactive compounds

Properties A B c d
Toxicity profiling None None None None
Mass 328.4872 396.6902 396.6471 137.1788



LogP 6.5489 8.8300 7.3308 2.1670
H-bond acceptors 2 0 1 2
H-bond donors 1 0 1 1
Rotatable bonds 14 6 4 1

PSA 37.3000 0 20.2300 35.2500
ROS5 violations 1 1 1 0

RO3 violations 3 3 3 0
Refractivity 106.7958 131.5930 127.4738 42.3044
Atoms 56 77 73 21
Rings 0 4 4 1
Heavy atoms 24 29 29 10
Hydrogen atoms 32 48 44 11
Heteroatoms 2 0 1 2

N/O atoms 2 0 1 2
Inorganic atoms 0 0 0 0
Halogen atoms 0 0 0 0
Chiral centers 0 8 8 0

R/S chiral centers 0 8 8 0
Unknown chiral centers 0 0 0 0
Undefined chiral centers 0 0 0 0
Stereo double bonds 6 0 1 0
Cis/trans stereo double 0 0 0 0
bonds

Unknown stereo double 6 0 | 0
bonds

Undefined stereo double 0 0 0 0

bonds

Key: a= Squalene; b=2,2'-Azoxybis’_§-rrﬁy_lpyridine]; c= Isopropylthiophosphondiamide; d=3-
Methoxy-4-methylaniline.

HOMO-LUMO propertics of the ligands

In addition to the LRF and toxicity profiling of the ligands, the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) of the bioactive compounds were
also evaluated. The HOMO depicts the ability of a compound to donate electrons within the
molecule, the LUMO reveals the capacity of a compound to accept electrons [39, 40]. Collectively
called quantum descriptor, these parameters have become relevant in drug discovery as they
describe chemical stability and reactivity [24]. These parameter include chemical hardness (1),
ionization potential (IP), electronegativity (), chemical softness ([]), electrophilicity index ([)), EA
and chemical potential ([) of the studied complex and are reported in table 2 and figure 1,
respectively. Their energy gaps ranged from 0.5810 to 1.0621eV Specifically, squalene and
isopropyl thiophosphondiamide had higher energy gaps of 1.0229 and 1.0621eV compared to other
compounds (2,2'-azoxybis [3-methylpyridine and 3-methoxy-4-methylaniline that ranged from
0.5810 to 0.7611¢eV, respectively. As noted by Zara et al. [41] low energy gap values emanate from
loose electrons readily available in a system, enhancing the rapid electronic transition and thus,
informing the reactivity of the molecules.

The ionization potential (IP) values which indicate the energies required to remove electrons from
the HOMO was least (4.2074eV) in 2,2'-azoxybis[3-methylpyridine] and highest (8.1716eV) in 3-
methoxy-4-methylaniline. As stated by Rizwana et al. [46], the measure of the biological activity of



the study compounds is evaluated by their ionisation potential and electron affinity, among other
indicators. 3-Methoxy-4-methylaniline had the highest chemical hardness (4.0858¢V) while 2,2'-
azoxybis[3-methylpyridine] presented the highest chemical softness (0.2377eV). According to
Benjamin et al. [42,43] the electrophilicity index (o) is a measure of the affinity for electrons, and
during the evaluation of a molecule’s biological activity, the electrophilicity index confirms the
pathway for the molecular interactions between the study molecules and proteins of interest. Our
compounds showed electrophilicity index () that ranged from 1.7130 to 2.9264 eV. (Table 2).

Table 2: HOMO-LUMUO energies and their corresponding quantum chemical parameters

System | HOMO | LUMO | IP EA Eg nev) | oeV) | OEV) | ueV) | oeV)

(V) [(eV) [(eV) [(eV) |(eV)
A - - 7.384 0.158 -

7.3844 | 1.0621 | 6.3223 | 4 1.0621 | 3.1612 | 2 4.2232 | 42232 | 2.8211
B - - 8.932 0.122 -

8.9326 | 0.7611 | 8.1716 | 7 0.7611 | 4.0858 | 4 4.8469 | 4.8469 | 2.8749
C - - 4.788 0.237 -

4.7884 | 0.5810 | 4.2074 | 4 0.5810 | 2.1037 | 7 2.6847 | 2.6847 | 1.7130
D - - 8.040 0.142 -

8.0407 | 1.0229 | 7.0178 | 7 1.0229 | 3.5089 | 5 4.5318 | 4.5318 | 2.9264

Key: a = Squalene; b =2,2'-Azoxybis[3-methylpyridine]; ¢ = Isopropyl thiophosphondiamide; d = 3-
Methoxy-4-methylaniline.

HOMO LUMO

A-Alethoxy-4-methylaniline

2.2"-Azroxybiz[3-methylpyridine]

Figure 1: HOMO-LUMO and energy gap calculated for the study compounds.




Molecular docking Analysis

Molecular docking, as demonstrated by Issa et al. [50], is a technique employed to predict the
binding of a ligand to a target, forming a stable complex and thereby determining the optimal
spatial arrangement of its molecules. They also emphasized that comprehending this preferred
alignment is essential for assessing the strength of the interaction, typically through scoring
functions. Studies have further highlighted the significance of amino acid residues engaged in
conventional hydrogen bond interactions for understanding various biochemical activities and
biological processes [42].

Figures 2 and 3, and Table 3 show the molecular docking results between the ligands and the
protein. Figure 2 shows the binding interaction between the target protein and the various ligands
employed in the study. Figure 2 A denote binding pose for the control crystal while 2B-IF represent
binding poses for the ligands -Methoxy-4-methylaniline, squalene, 2,2'-Azopyridine, Isopropyl
thiophosphondiamide and ledipasvir respectively. Similarly, among the reacting molecules, the
most common types of interactions were polar, greasy and basic. In addition, in the interaction
between the ledipasvir with the protein, acidic bonds were formed. Furthermore, various interacting
amino acids were 14 (Control co-crystal), 10 (3-Methoxy-4-methylaniline)), 18(squalene and
ledipasvir), 11 (2,2'-Azopyridine ) and 8 (Isopropyl thiophosphondiamide). In all these poses, the
dominant bond type was hydrogen. Hydrogen is an important bond that is involved in numerous
cellular activities in cells [51]. It has been shown to also mediate protein-ligand binding affinity
[53]. This implies that all the ligands are capable of interacting strongly with the target protein.

= P e
fug, Ala &9 @

81z =

04

Control(co-crystal) PubChem ID 27882 PuiaChém ID 638072
D E F @& &
ﬁ@ O Val @ E .

NH s
) H P—8 '
= i i Leu H R

Gly Leu
A
[

A104, pd

PubChem ID 5930299 PubChem ID 6420975 PubChem ID 67505836

O polar > sidechain acceptor 8 solvent residue @ arene-arene PDBID 2HDO
acidic < sidechain donor metal complex H arene-H HH H

O basic > backbone acceptor - solvent contact ©+ arene-cation Hepatltls C virus NS2

O greasy ¢ backbone donor - metal/ion contact

g proximity ligand —, receptor

- contour exposure L exposure

Figure 2: 2D binding poses of the CO-crystal and the ligands to target protein (2HDO)



Key: PubChem CID 27882 (3-Methoxy-4-methylaniline); PubChem CID 638072 (squalene);
PubChem CID 5930299 (2,2'-Azopyridine); PubChem CID 6420975 (Isopropyl
thiophosphondiamide) and PubChem CID 67505836 (Ledipasvir)
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Figure 3: 3D binding poses of the ligands and co-crystal with the target protein (2HDO) Key:
PubChem CID 27882 (3-Methoxy-4-imethylaniline); PubChem CID 638072 (Squalene); PubChem
CID 5930299 (2,2'-Azopyridine); PubChem CID 6420975 (Isopropyl thiophosphondiamide) and
PubChem CID 67505836 (Ledipasvir)

Table 3: Binding energies of the ligands and control co-crystal

Ligands Binding energy (kcal/mol)

2hd0 Control(co-crystal) -6.3

27882 -4.6

638072 -7.3

5930299 -6.3

6420975 -3.5

67505836 -8.8
Key: PubChem CID 27882 (3-Methoxy-4-methylaniline); PubChem CID 638072 (squalene);
PubChem CID 5930299 (2,2'-Azopyridine); PubChem CID 6420975  (Isopropyl

thiophosphondiamide) and PubChem CID 67505836 (Ledipasvir)

Figure 3 shows the binding poses of the studied ligands and target protein in 3D. The figure
revealed the presence of different bonds and amino acids involved in the interactions. In the
interaction involving ligand A (Control co-crystal), the amino acids Tyr124, His123 and Glyl21
were involved while in ligand B, Tyr124 and Gly121 were the only amino acids involved. Similarly,



for ligand C, no amino acid was observed in the pose. For ligand D, the amino acids were Tyr124
and Argl05 for ligand E, Argl05 was involved in the interaction. Furthermore, for ligand F
(ledipasvir), the amino acids were His123, Tyr124, Vall25, Glyl21 and Vall04. Amino acid
Tyr124 was overlapping in the various interactions. The various binding energies of the ligands and
the 2HDO control (co-crystal) is presented in Table 3. Overall, the docking scores indicate that the
ligands can bind and interact with the target protein. Interestingly, all the amino acids involved in
the docking were those involved in the catalytic site of the protease which have been identified to
include amino acids residues 94-217 [52], implying that these ligands are capable of interfering
with the activity of the protease by binding to various resides of its catalytic domain of the NS3
protein. Thus, they can function as anti-HCV agents.

Molecular simulation results

In addition to the MD, MDS was also conducted (Figures 4 to 8). RMSD was done elucidate the
thermodynamics and stability of the formed complexes during the docking due to the inability of
docking to reveal this [33, 34]. The MDS results are presented in figures 4 to 8. Figure 4 illustrates
the RMSD fluctuations during the simulation run for all the complexes. MSD as a parameter is used
to evaluate the stability of a protein. An RMSD value that is close to zero indicates perfect
resemblance to a control complex. In practical terms, it is impossible for a value of zero to be
attained [34]. In practice, RMSD values less than or equals to 2.5 A and less indicate stability. On
the other hand, values greater than 2.5 A indicate instability. All the formed complexes returned
RMSD values that were generally higher than 2 A, indicating instability. However, the complex
between isopropyl thiophosphondiamide and protein revealed RMSD for the ligand that went below
2 A at various intervals during the simulation runs. The regions that returned stable RMSD values
correspond to the amino acid residues that dominate the catalytic region of the target protein.

On the other hand, RMSF as a parameter measures the flexibility and motion of the amino acid
residues during the simulation duration. Iike RMSD, RMSF values less than 2 A for a protein
indicate resemblance to one another. Figure 5 shows the RMSF fluctuations for the various ligands
during the 200 nsec simulationi runs. The result indicates fluctuations at various amino acid
residues; however, the RMSF values were between 1 to 6 A. For the control co-crystal, the RMSF
values for the ligand was generally below 4.0A at residues 0-110 and 150-210 but spikes above
4.0A were observed at residues 25-50 and 125-130. For 3-Methoxy-4-methylaniline, spikes above
6A, were observed at residues 0-40, 80 and 250, while for squalene, spikes above 6A were also
observed at residues 30, 100-135 and 200-250. For 2,2'-Azopyridine, spike above 6A were observed
at residue positions 80-120 and 210. For isopropyl thiophosphondiamide, the RMSF values were
stable but spikes above 6A were observed at residues 80 and 120, while for ledipasvir , the RMSF
values were all below 4.8A, making it the most stable. Overall, squalene and 2,2'-Azopyridine were
most unstable as their RMSF values were above 2 A [33. 34].
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Figure 5: RMSF values of the various ligands and the control co-crystals.
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thiophosphondiamide) and PubChem CID 67505836 (Ledipasvir)

Figure 6 depicts the various protein-ligand contacts using bar chart plots of the interactions residues
revealing the various bond types involved in the protein-ligand interactions. The amino acid
residues involved in the various interactions varied among the ligands. The number of the amino
acid residues were 32, 88, 26, 64, 68 and 28, respectively for the control co-crystal, 3-Methoxy-4-
methylaniline, squalene, 2,2'-Azopyridine, isopropyl thiophosphondiamide and ledipasvir. The
various bonds were hydrogen, hydrophobic, water bridges and ionic bonds and these varied
according to the various ligands. Hydrophobic bonds was dominant in squalene while the rest of the
ligands had hydrogen, hydrophobic, and water bridges as the dominant interactions. The presence of
water bridges is important as they can act as donors as well as acceptors of electrons, and may also
aid maintain stability in the vicinity of the active site [54]. The presence of hydrophobic bonds have
been shown to facilitate the stability of the ligands when bound to the active site of the protein [55].
The combination of hydrophobic and hydrogen bonds contributes to the overall stability of the
ligand-target protein complex that is formed [56].
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Figure 6: A graphlcal 111ustrati0n of the various protein-ligand contacts.

Key: PubChem CID 27882 (3-Methoxy-4-methylaniline); PubChem CID 638072 (squalene);
PubChem CID 5930299 (2,2'-Azopyridine); PubChem CID 6420975  (Isopropyl
thiophosphondiamide) and PubChem CID 67505836 (Ledipasvir).

Figure 7 shows the frequency of contacts made by the various resides during the simulation runs for
the various ligands. The different color bands on each of the contact plot for each ligand indicates
the number of contacts made by the various ligands. The result indicates that the control co-crystal
had the higher number of amino acids that made contacts (1 to 3) with the ligand throughout the
simulation (Tyr124, Ala120, GIn104, GInl7, Lys99, Leu98, and Leu 97) while ligands 3-Methoxy-
4-methylaniline and Isopropyl thiophosphondiamide had the least contract (0-1). The ligand
squalene had as many contacts as the control co-crystal but the contacts were less strong compared
to the control co-crystal. Similarly, the control drug had as many contacts as squalene and the
control co-crystal with Gly 190 and Ala 120 making contacts almost throughout the simulation
duration. The ligand 2,2'-Azopyridine made a few contacts with Asp 106 made the strongest contact
around 50 to 125 nsec compared to the rest of the amino acids.
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To further reveal the stability of the ligands and their drug-likeness properties, ligand properties
were evaluated and these includes RMSD, rGyr, MolSA, SASA and PSA. For ligand Isopropyl
thiophosphondiamide , its RMSD value was stable throughout the duration of the simulation with
values that ranged from 0.15 to 0.90 A. Ligand 638073 gave unstable RMSD value throughout the
200nsec. On the other hand, 2,2'-Azopyridine and 3-Methoxy-4-methylaniline gave stable RMSD
value throughout the simulation run. The control co-crystal gave RMSD values that were only
stable during the first 60 nsec but slight unstable afterwards. The radius of gyrations values varied
for the various ligands. The ranges of the values were 5.6 to 6.0, 2.22 to 2.28, 4.5 to 7.5, 2.6 to 3.2,
1.84 to 2.00 and 8.5 to 9.5 A for the control (co-crystal), ligands 3-Methoxy-4-methylaniline,
squalene 2,2'-Azopyridine), isopropyl thiophosphondiamide and ledipasvir , respectively. The
closeness of the values of the radii of gyration of the test ligands indicates the compactness of the
complexes formed [56]. The MolSA, SASA and PSA values also varied according to the various



ligands. The larger the values of these parameters (MolSA, SASA and PSA), the more of the
complex that is available for contact with water and also indicates stability [57].

Put together, all the test compounds utilised in this study show favourable docking, and simulation
properties. However, it is important to have an understanding of their chemistry. Squalene is a
natural triterpene whose chemistry is well known, as well as its wide range of antimicrobial
(antiviral and anticancer) activities [58]. Its mode of action includes its ability to target squalene
synthase, a key enzyme in cholesterol biosynthesis, and in the process reduce HCV replication and
assembly [59, 60]. As indicated by the highest docking scores by squalene and the abundance of
diverse bonds (hydrogen, ionic, and hydrophobic) formed with various amino acids with the active
site of the HCV protease. Thus, it is possible that squalene may interfere with the activity of the
target via its interference with polyprotein cleavage and replication. As a compound, 2,2'-Azoxybis
[3-methylpyridine] contains an azoxy functional group and pyridine rings that have the potential to
interact with the target via the formation of hydrogen bonds or n-m stacking interactions with key
residues in the active site [61]. This aligns with the docking scores obtained in our study and the
diverse interactions of this compound with the amino acid residues in the active site of the protease.
Furthermore, a study revealed pyridine, one of the key components of 2,2'-Azoxybis [3-
methylpyridine], to have antimicrobial and antiviral properties but not against HCV. By interacting
with diverse amino acids within the active site of the protein, 2,2'-Azoxybis [3-methylpyridine] can
interfere with the assembly and release function of the protease complex [13, 14].

On the other hand, isopropyl thiophosphonodiamide is an organophcsphorus compound that is well
known for its ability to act as an inhibitor of proteases,, forming covalent or non-covalent
interactions with catalytic residues [62]. Our docking scores indicate that isopropyl
thiophosphonodiamide was able to bind to the target protein via diverse bond types. There is no
reported activity for isopropyl thiophosphonodiamide. However, it has been reported that
thiophosphonates can mimic natural protecase substrates and, the process, potentially bind
irreversibly to the active protease [62]. Furthermore, it has been shown that synthesised
phosphonate and thiophosphonate peptide analogues could be potential peptide inhibitors of
proteases [63]. It has also been reported that a phosphonate inhibitor inhibited the NS2B/NS3
protease of the West Nile virus [64]. Thus, it is possible that isopropyl thiophosphonodiamide could
interfere with the function of the protease in this study by acting as a pseudo substrate for the
protease. Aromatic amines like 3-methoxy-4-methylaniline possess methoxy and methyl groups
whose medicinal chemistry properties are well known [65]. Furthermore, it has been shown that the
methoxy and methyl groups have the capacity to enhance lipophilicity and allow better penetration
into the protease binding pocket and increase bioavailability [66]. However, these have not been
reported for HCV. In this study, 3-methoxy-4-methylaniline interacted with the protease using
diverse bond types even though it returned the least docking score. Thus, it is possible that it could
exert its effect by interfering with the protease by increasing its assembly and release function
following enhanced bioavailability.

Conclusion

The ligands 3-methoxy-4-methylaniline, 2,2'-azoxybis[3-methylpyridine], isopropyl
thiophosphondiamide, and squalene identified in J. tanjorensis and S. nigrum plant species showed
not toxicity. The compounds further showed drug-like properties by obeying the Lipinski rule. The
HOMO-LUMO and global reactivity descriptors showed mobility of electrons between the frontier



molecular orbitals and the entire compounds, dictating the compounds to be moderately stable and
highly reactive. Docking scores of the ligands ranged from -3.5 to -7.3 kcal/mol and was slightly
lower than the standard drug, ledispasvir (-8.8 kcal/mol). Various bond types were utilised in the
docking against the target protein further affirming their ability to potentially interfere with the
activity of the target protease. The amino acid residues involved in the docking were all those
within the active site of the target protein. Radius if gyration values suggest that the ligands can
form complexes that are compact. The RMSD and RMSF values suggested the ligands were slightly
stable while the MolSA, SASA and PSA indicate that they have adequate surface areas for water
contact and are stable. The selected compounds offer a ray of optimism for addressing hepatitis C
virus-related infections and diseases via diverse mechanisms; however, further in vitro and in vivo
studies are required to validate these favourable properties observed in this study.

Limitation of the study

Our finding indicates that bioactive compounds from medicinal plants used by locals to manage
HCYV infection possess anti-HCV properties. However, some limitations abound. First, our study
design was based on an in-silico approach. Hence the findings have to be validated using in vivo
and in vitro studies. Secondly, our simulation, though kept at 200 nscc, was still able to capture the
stability of the formed complexes. Thirdly, we did not evaluate all the bioactive compounds from

both plants but only utilised those with the highest abundance in terms of peaks.

Data availability
Data is provided within the manuscript.

Funding

This work was funded by a grant from the 2020 National Fund Research (NRF) GRANT, 6™ Batch
(TETF/DR & D/CE/NRE/STI/40/VOL.1). In the same vein, the authors extend their appreciation to
the Deanship of Scientific Research at Northern Border University, Arar, KSA, for funding this
research work through the project number “NBU-FPEJ-2025-337-03.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests

Authors’ contributions

ENM, UOE, UEG, and CIM took up the conceptualization and study design. MA, ENM, 1UB,
UJCMI, WON, EEE, SIU, HOE, UOE, and UEG handled the various aspects of the investigation,
methodology, project administration and resources. UOE, ENM, MHES, SFAB and MA handled
software and molecular docking/simulations. ENM and UOE wrote the initial draft. All the authors
read and approved the final draft.

References



[13]

Roudot-Thoraval, F. (2021). Epidemiology of hepatitis C virus infection. Clinics and
research in hepatology and gastroenterology, 45(3), 101596.

Dubuisson, J. (2007). Hepatitis C virus proteins. World journal of gastroenterology:
WJG, 13(17), 2406.

Chen, Y., Yu, C., Yin, X., Guo, X., Wu, S., & Hou, J. (2017). Hepatitis C virus genotypes
and subtypes circulating in Mainland China. Emerging microbes & infections, 6(1), 1-7.

Mboto, C. 1., Edet, U. O., Mbim, E. N., Ndifon, W. O., Ebenso, E. E., Egharevba, H. O., ...
& Udo, S. 1. (2023). In-silico evaluation of bioactive compounds from selected medicinal
plants from Southern Nigeria against hepatitis C virus genotype 1 RNA-directed RNA
polymerase. Scientific African, €01919.

Okoye, H. C., Nna, E. O., Onuka, S., Afolabi, B. M., Onwusulu, D., Nnamani, A. O., ... &
Okeke, U. (2021). Prevalence of Hepatitis C Virus in Nigeria: a Protocol for Systematic
Review and Meta-analysis.

Mboto, C. 1., Fielder, M., Davies-Russell, A., & Jewell, A. P. (2010). Hepatitis C virus
prevalence and serotypes associated with HIV in The Gambia. British journal of biomedical
science, 67(3), 140-144.

Cooke, G. S., Andrieux-Meyer, I., Applegate, T. L., Atun, K., Burry, J. R., Cheinquer, H., ...
& Yau, J. (2019). Accelerating the elimination of viral hicpatitis: a Lancet Gastroenterology
& Hepatology Commission. The lancet Gastroenterology & hepatology, 4(2), 135-184.

Jacobson IM, Dore GJ, Foster GR, Fried MW, Radu M, Rafalsky VV, Moroz L, Craxi A,
Peeters M, Lenz O, Ouwerkerk-Mahadevan S, De La Rosa G, Kalmeijer R, Scott J, Sinha R,
Beumont-Mauviel M. (2014). Simeprevir with pegylated interferon alfa 2a plus ribavirin in
treatment-naive patients with chronic hepatitis C virus genotype 1 infection (QUEST-1): a
phase 3, randomised, double-blind, placebo-controlled trial. Lancet. 384(9941):403-13. doi:
10.1016/S0140-6736(14)60494-3

Xue W, Yang Y, Wang X, Liu H, Yao X (2014) Computational Study on the Inhibitor
Binding Mode and Allosteric Regulation Mechanism in Hepatitis C Virus NS3/4A Protein.
PLoS ONE 9(2): €87077. doi:10.1371/journal.pone.0087077.

Lohmann, V., Komer, F., Koch, J. O., Herian, U., Theilmann, L., & Bartenschlager, R.
(1999). Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell
line. Science, 285(5424), 110-113

Penin, F., Dubuisson, J., Rey, F. A., Moradpour, D., & Pawlotsky, J. M. (2004). Structural
biology of hepatitis C virus. Hepatology, 39(1), 5-19.

Grakoui, A. R. A. S. H., Wychowski, C., Lin, C., Feinstone, S. M., & Rice, C. M. (1993).
Expression and identification of hepatitis C virus polyprotein cleavage products. Journal of
virology, 67(3), 1385-1395.

Jones, C. T., Murray, C. L., Eastman, D. K., Tassello, J., & Rice, C. M. (2007). Hepatitis C
virus p7 and NS2 proteins are essential for production of infectious virus. Journal of
virology, 81(16), 8374-8383.



[16]

[21]

[22]

[23]

Duncan, J. D., Urbanowicz, R. A., Tarr, A. W., & Ball, J. K. (2020). Hepatitis C Virus
Vaccine: Challenges and Prospects. Vaccines, 8(1), 90.
https://doi.org/10.3390/vaccines8010090

Chang, K. O., Kim, Y., Lovell, S., Rathnayake, A. D., and Groutas, W. C. (2019). Antiviral
drug discovery: norovirus proteases and development of inhibitors. Viruses 11:197. doi:
10.3390/v11020197

Freedman, H., Logan, M. R., Law, J. L. M., & Houghton, M. (2016). Structure and function
of the hepatitis C virus envelope glycoproteins E1 and E2: antiviral and vaccine targets. ACS
Infectious Diseases, 2(11), 749-762.

Vincent, S., Arokiyaraj,S., Saravanan, M. and Dhanraj, M. (2020).Molecular Docking
Studies on the Anti-viral Effects of Compounds From Kabasura Kudineer on SARS-CoV-2
3CLpro. Front. Mol. Biosci., 7, 2020.] https://doi.org/10.3389/fmo1b.2020.613401

Shunmugam, L. (2019). In silico investigation of hepatitis ¢ virus: a novel perspective into
targeted viral inhibition of NS3 helicase, NS 3/4a protease and NS5b RNA dependent RNA
polymerase.

Yen, H. H., Chen, Y. Y., Lai, J. H., Chen, H. M., Yao, C. T, Huang, S. P, ... & Su, P. Y.
(2022). Pan-genotypic direct-acting antiviral agents for undetermined or mixed-genotype

hepatitis C infection: a real-world multi-center effcctiveness analysis. Journal of Clinical
Medicine, 11(7), 1853. Adedotun, I. O., Abdul-Hammed, M., Hamzat, B. A., Adepoju, A. J.,

Lorenz, I1.C. (2010) The Hepatitis C Virus Nonstructural Protein 2 (NS2): An Up-and-
Coming Antiviral Drug Target. Viruses, 2(8), 1635-
1646; https://doi.org/10.3390/v2081635

Calland, N., Dubuisson, J., Rouillé, Y., & Séron, K. (2012). Hepatitis C virus and natural
compounds: a new antiviral approach?. Viruses, 4(10), 2197-2217.
https://doi.org/10.3390/v4102197

Ebana RUB, Andy IE, Edet UO, Benjamin AU, Mbim EN & Anosike IK. (2019). Nutritional
Studies and Antimicrobial Activities of Jatropha tanjorensis Leaves Extracts against
Escherichia coli isolates. International Journal Innovation Science and Research
technology.; 4(8):945-955.

Jo, S., Kim, S., Shin, D. H., and Kim, M. S. (2020). Inhibition of SARS-CoV 3CL protease
by flavonoids.J.  Enzyme  Inhib. Med. Chem. 35, 145-151. https://doi:
10.1080/14756366.2019.1690480

Kitazato K., Wang Y., Kobayashi N. Viral infectious disease and natural products with
antiviral activity. Drug Discov. Ther. 2007;1:14-22.

Nirmaladevi, R., llango, S., & Jayachandran, P. (2021). In-Vitro Antioxidant Activity Of
Annona muricata Leaves. Journal of Advanced Scientific Research, 12(01 Suppl 1), 32-41.
https://doi.org/4




[28]

[30]

[31]

[32]

[33]

[37]

World Health Organization. (2021). Interim guidance for country validation of viral hepatitis
elimination.

Edet, U. O., Mbim, E. N., Ezeani, E., Henshaw, O. U., Ibor, O. R., Bassey, I. U., Asanga, E.
E., Antai, E. E., Nwaokorie, F. O., Edet, B. O., Bebia, G. P., Tega, C., Mboto, C. 1., Nkang,
A., & Nneoyi-Egbe, A. F. (2023). Antimicrobial analysis of honey against Staphylococcus
aureus isolates from wound, ADMET properties of its bioactive compounds and in-silico

evaluation against dihydropteroate synthase. BMC complementary medicine and therapies,
23(1), 39. https://doi.org/10.1186/s12906-023-03841-z

Edet, U. O., Nwaokorie, F. O., Mbim, E. N., Asanga, E. E., Agbor, Y. O., Okoroiwu, H. U.,
Edet, B. O., Umoafia, N., & Nkang, A. (2022). Evaluation of Annona muricata extract
against Staphylococcus aureus isolate and in-silico activity of bioactive compounds against
Capsular protein (Cap50). BMC complementary medicine and therapies, 22(1), 192.
https://doi.org/10.1186/s12906-022-03672-4

Jejurikar, B. L., & Rohane, S. H. (2021). Drug designing in discovery studio. 4Asian J Res
Chem, 14(2), 135-138. Pawar, S. S., & Rohane, S. H. (2021). Review on discovery studio:
an important tool for molecular docking. Asian J. Res. Chem, 14, 86-88.

Zhurko, G. A., & Zhurko, D. A. (2009). ChemCraft, version 1.6. URL: http://www.
chemcrafitprog. com.

Huang, N., Kalyanaraman, C., Bernacki, K., & Jacobson, M. P. (2006). Molecular
mechanics methods for predicting protein-ligand binding. Physical Chemistry Chemical
Physics, 8(44), 5166-5177.

Abdalla, M., Abdelkhalig, S. M., Edet, U. O., Zothantluanga, J. H., Umoh, E. A., Moglad,
E., ... & Al-Shouli, S. (2024). Molecular dynamics-based computational investigations on
the influence of tumor suppressor p53 binding protein against other proteins/peptides.
Scientific Reports, 14(1), 29871. https://doi.org/10.1038/s41598-024-81499-4

Kubra, B., Badshah, S. L., Faisal, S., Sharaf, M., Emwas, A. H., Jaremko, M., & Abdalla, M.
(2023). Inhibition of the predicted allosteric site of the SARS-CoV-2 main protease through
flavonoids. Journal of biomolecular structure & dynamics, 41(18), 9103-9120.
https://doi.org/10.1080/07391102.2022.2140201

DeLano, W. L. (2002). Pymol: An open-source molecular graphics tool. CCP4 Newsl.
Protein Crystallogr, 40(1), 82-92.

Ejeh, S., Uzairu, A., Shallangwa, G. A., Abechi, S. E., & Ibrahim, M. T. (2022). In silico
design and pharmacokinetics investigation of some novel hepatitis C virus NS5B inhibitors:
pharmacoinformatics approach. Bulletin of the National Research Centre, 46(1), 1-11.

Lipinski, C. A., Lombardo, F., Dominy, B. W., & Feeney, P. J. (2001). Experimental and
computational approaches to estimate solubility and permeability in drug discovery and
development  settings.  Advanced  drug  delivery  reviews,  46(1-3), 3-26.
https://doi.org/10.1016/s0169-409x(00)00129-0




[40]

[48]

[49]

Pires, D. E., Blundell, T. L., & Ascher, D. B. (2015). pkCSM: predicting small-molecule
pharmacokinetic and toxicity properties using graph-based signatures. Journal of medicinal
chemistry, 58(9), 4066-4072.

Agwamba, E. C., Udoikono, A. D., Louis, H., Udoh, E. U., Benjamin, I., Igbalagh, A. T,
Edet, H. O., Ejiofor, E. U., & Ushaka, U. B. (2022). Synthesis, characterization, DFT
studies, and molecular modeling of azo dye derivatives as potential candidate for
trypanosomiasis treatment. Chemical Physics Impact, 4, 100076.
https://doi.org/10.1016/j.chphi.2022.100076

Benjamin, ., Udoikono, A. D., Louis, H., Agwamba, E. C., Unimuke, T. O., Owen, A. E., &
Adeyinka, A. S. (2022). Antimalarial potential of naphthalene-sulfonic acid derivatives:
Molecular electronic properties, vibrational assignments, and in-silico molecular docking
studies. Journal of Molecular Structure, 133298.
https://doi.org/10.1016/j.molstruc.2022.133298.

Zara, 7., Igbal, J., Ayub, K., Irfan, M., Mahmood, A., Khera, R. A., & Eliasson, B. (2017). A
comparative study of DFT calculated and experimental UV/Visible spectra for thirty
carboline and carbazole based compounds. Journal of Molecular Structure, 1149, 282-298.

Benjamin, I., Louis, H., Udoikono, A. D., Agwamba, E. C., Uniimuke, T. O., & Ahuekwe, E.
F. (2023). Hydrazineylidene-3-oxopropanal derivatives as antiviral agents for treatment of

HBV and HCV: experimental, DFT, and molecular docking studies. Vietnam Journal of
Chemistry, 61(1), 109-125.

Rizwana, B. F., Prasana, J. C., Abraham, C. S., & Muthu, S. (2018). Spectroscopic
investigation, hirshfeld surface analysis and molecular docking studies on anti-viral drug
entecavir. Journal of Molecular Structure, 1164, 447-458.

Ulian, G, Moro, D., & Vaidre, G (2021). Thermodynamic, elastic, and vibrational
(IR/Raman) behavior of mixed type-AB carbonated hydroxylapatite by density functional
theory. American Mineralogist, 106(12), 1928-1939.

Eno, E. A., Louis, H., Ekoja, P., Benjamin, 1., Adalikwu, S. S., Orosun, M. M., Unimuke, T.
0., Asogwa, F. C., & Agwamba, E. C. (2022). Experimental and computational modeling of
the biological activity of benzaldehyde sulphur trioxide as a potential drug for the treatment
of Alzheimer disease. Journal of the Indian Chemical Society, 100532.
https://doi.org/10.1016/].jics.2022.100532

Louis, H., Amodu, 1. O., Unimuke, T. O., Gber, T. E., Isang, B. B., & Adeyinka, A. S.
(2022). Modeling of Cal2012, Mgl12012, and Al12N12 nanostructured materials as sensors
for phosgene (C12CO). Materials Today Communications, 32, 103946.

Issa, Y. M., Abdel-Latif, S. A., El-Ansary, A. L., & Hassib, H. B. (2021). The synthesis,
spectroscopic characterization, DFT/TD-DFT/PCM calculations of the molecular structure
and NBO of the novel charge-transfer complexes of pyrazine Schiff base derivatives with
aromatic nitro compounds. New Journal of Chemistry, 45(3), 1482-1499.

Wade, R. C., & Goodford, P. J. (1993). Further development of hydrogen bond functions for
use in determining energetically favorable binding sites on molecules of known structure. 2.



[52]

[57]

[61]

Ligand probe groups with the ability to form more than two hydrogen bonds. Journal of
medicinal chemistry, 36(1), 148—156. https://doi.org/10.1021/jm00053a019

Lorenz, I. C., Marcotrigiano, J., Dentzer, T. G., & Rice, C. M. (2006). Structure of the
catalytic domain of the hepatitis C virus NS2-3 protease. Nature, 442(7104), 831-
835.https://doi.org/10.1038/nature04975

Chen, D., Oezguen, N., Urvil, P., Ferguson, C., Dann, S. M., & Savidge, T. C. (2016).
Regulation of protein-ligand binding affinity by hydrogen bond pairing. Science
advances, 2(3), €1501240.

Zhu, C., Li, G., Xiao, K., Shao, X., Cheng, J., & Li, Z. (2019). Water bridges are essential to
neonicotinoids: Insights from synthesis, bioassay and molecular modelling studies. Chinese
Chemical Letters, 30(1), 255-258.

Patil, R., Das, S., Stanley, A., Yadav, L., Sudhakar, A., & Varma, A. K. (2010). Optimized
hydrophobic interactions and hydrogen bonding at the target-ligand interface leads the
pathways of drug-designing. PloS one, 5(8), €12029.

Rampogu, S., Lee, G., Park, J. S., Lee, K. W., & Kim, M. O. (2022). Molecular Docking
and Molecular Dynamics Simulations Discover Curcumin Analogue as a Plausible Dual
Inhibitor for SARS-CoV-2. International journal of molecular sciences, 23(3), 1771.
https://doi.org/10.3390/ijms23031771

Savojardo, C., Manfredi, M., Martelli, P. L., & Casadio, R. (2021). Solvent accessibility of
residues undergoing pathogenic variations in humians: from protein structures to protein
sequences. Frontiers in molecular biosciences, 7, 626363.

Renda, G., Gokkaya, 1. & Sohretoglu, D. immunomodulatory properties of triterpenes.
Phytochem Rev 21, 537-563 (2022). hitps://doi.org/10.1007/s11101-021-09785-x

Saito, K., Shirasago, Y., Suzuki, T., Aizaki, H., Hanada, K., Wakita, T., Nishijima, M., &
Fukasawa, M. (2015a). Targeting cellular squalene synthase, an enzyme essential for
cholesterol biosynthesis, is a potential antiviral strategy against hepatitis C virus. Journal of
virology, 89(4), 2220--2232. https://doi.org/10.1128/JV1.03385-14

Saito, K., Shirasago, Y., Suzuki, T., Aizaki, H., Hanada, K., Wakita, T., Nishijima, M., &
Fukasawa, M. (2015). Targeting cellular squalene synthase, an enzyme essential for
cholesterol biosynthesis, is a potential antiviral strategy against hepatitis C virus. Journal of
virology, 89(4), 2220-2232. https://doi.org/10.1128/JVI.03385-14

Marinescu, M., & Popa, C. V. (2022). Pyridine Compounds with Antimicrobial and Antiviral
Activities.  International  journal — of  molecular  sciences,  23(10),  5659.
https://doi.org/10.3390/ijms23105659

Corrigan, T. S. (2017). Synthetic Efforts Towards Small Molecule Solutions for
Organophosphorus Nerve Agent Poisoning and Protease Inhibition (Doctoral dissertation,
The Ohio State University).

Fan, H. (2000). Synthesis of phosphonate and thiophosphonate peptide analogs as
inhibitors of carboxypeptidase A. Louisiana State University and Agricultural & Mechanical
College.



[64]

Skorenski, M., Milewska, A., Pyr¢, K., Sienczyk, M., & Oleksyszyn, J. (2019). Phosphonate
inhibitors of West Nile virus NS2B/NS3 protease. Journal of enzyme inhibition and
medicinal chemistry, 34(1), 8—14. https://doi.org/10.1080/14756366.2018.1506772

[65] Barreiro, E. J., Kiimmerle, A. E., & Fraga, C. A. (2011). The methylation effect in medicinal

[66]

[o BV, N PNV B e)

chemistry. Chemical reviews, 111(9), 5215-5246.

Jozkowiak, M., Kobylarek, D., Bryja, A., Gogola-Mruk, J., Czajkowski, M., Skupin-
Mrugalska, P., Kempisty, B., Spaczynski, R. Z., & Piotrowska-Kempisty, H. (2023).
Steroidogenic  activity of liposomal methylated resveratrol analog 3,4,5,4'-

tetramethoxystilbene (DMU-212) in human luteinized granulosa cells in a primary three-
dimensional in vitro model. Endocrine, 82(3), 681-694. https://doi.org/10.1007/s12020-023-



