
molecules

Article

Identification of Potential HCV Inhibitors Based on the
Interaction of Epigallocatechin-3-Gallate with Viral
Envelope Proteins

Fareena Shahid 1, Noreen 1,2, Roshan Ali 1, Syed Lal Badshah 2 , Syed Babar Jamal 3, Riaz Ullah 4,* ,
Ahmed Bari 5 , Hafiz Majid Mahmood 6, Muhammad Sohaib 7 and Siddique Akber Ansari 5

����������
�������

Citation: Shahid, F.; Noreen; Ali, R.;

Badshah, S.L.; Jamal, S.B.; Ullah, R.;

Bari, A.; Majid Mahmood, H.; Sohaib,

M.; Akber Ansari, S. Identification of

Potential HCV Inhibitors Based on

the Interaction of Epigallocatechin-3-

Gallate with Viral Envelope Proteins.

Molecules 2021, 26, 1257.

https://doi.org/10.3390/

molecules26051257

Academic Editors: Filip Jagodzinski

and Kevin Molloy

Received: 14 January 2021

Accepted: 20 February 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Basic Medical Sciences, Khyber Medical University, Peshawar 25000, Pakistan;
fareenashahid1@gmail.com (F.S.); noreenkhattak777@gmail.com (N.); Roshanali.ibms@kmu.edu.pk (R.A.)

2 Department of Chemistry, Islamia College University, Peshawar 25120, Pakistan; shahbiochemist@gmail.com
3 Department of Biological Sciences, National University of Medical Sceinces, Rawalpindi 46000, Pakistan;

babar.jamal@numspak.edu.pk
4 Department of Pharmacognosy (MAPPRC), College of Pharmacy, King Saud University,

Riyadh 11451, Saudi Arabia
5 Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,

Riyadh 11451, Saudi Arabia; abari@ksu.edu.sa (A.B.); sansari@ksu.edu.sa (S.A.A.)
6 Department of Pharmacology, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia;

harshad@ksu.edu.sa
7 Department of Soil Science, College of Food and Agriculture Sciences, King Saud University, P.O. Box 2460,

Riyadh 11451, Saudi Arabia; msohaib@ksu.edu.sa
* Correspondence: rullah@ksu.edu.sa

Abstract: Hepatitis C is affecting millions of people around the globe annually, which leads to death
in very high numbers. After many years of research, hepatitis C virus (HCV) remains a serious threat
to the human population and needs proper management. The in silico approach in the drug discovery
process is an efficient method in identifying inhibitors for various diseases. In our study, the interac-
tion between Epigallocatechin-3-gallate, a component of green tea, and envelope glycoprotein E2 of
HCV is evaluated. Epigallocatechin-3-gallate is the most promising polyphenol approved through
cell culture analysis that can inhibit the entry of HCV. Therefore, various in silico techniques have
been employed to find out other potential inhibitors that can behave as EGCG. Thus, the homology
modelling of E2 protein was performed. The potential lead molecules were predicted using ligand-
based as well as structure-based virtual screening methods. The compounds obtained were then
screened through PyRx. The drugs obtained were ranked based on their binding affinities. Further-
more, the docking of the topmost drugs was performed by AutoDock Vina, while its 2D interactions
were plotted in LigPlot+. The lead compound mms02387687 (2-[[5-[(4-ethylphenoxy) methyl]-4-prop-
2-enyl-1,2,4-triazol-3-yl] sulfanyl]-N-[3(trifluoromethyl) phenyl] acetamide) was ranked on top, and
we believe it can serve as a drug against HCV in the future, owing to experimental validation.

Keywords: hepatitis C virus; E2 protein; homology modeling; epigallocatechin-3-gallate; vir-
tual screening

1. Introduction

E2 protein is usually considered as the site for HCV entrance because it contains highly
conserved regions [1]. Generally, it has a role in target cell recognition and its attachment
with the virus. The major variations in E2 protein are highly observed in hypervariable
regions. Three different hypervariable regions have been reported recently. Hypervariable
region 1 has a role in target cell recognition and its attachment. Hypervariable region 2
usually helps in binding with the receptors of the cell surface [2,3]. Therefore, the diverse
nature of the virus and certain drawbacks present in the available treatment compelled
scientists to identify a drug that is cost-effective and pan-genotypic in nature.
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Epigallocatechin-3-gallate is a component of green tea. It contains some other catechins
too, such as epigallocatechin-gallate 46.8%, epicatechin gallate 13.54%, epigallocatechin
2.28%, epicatechin 8.07%, and gallocatechin 7.24%. Certain flavanols are also present in
small amounts [4]. It is capable of inhibiting the HCV as approved by means of cell culture
analysis [5–7]. They also showed that it can specifically target the virus entry into the cell, as
well as its attachment and transmission from one cell to another. Therefore, the procedure
of de novo drug synthesis was used to evaluate its effects on HCV envelope proteins.

The application of computational techniques in the field of biological sciences helped
provide new approaches in drug development and designing. Computer-aided drug design-
ing can assist in accelerating the process of therapeutic drug synthesis, which requires a wet
lab and screening process that are costly and time-consuming. The advent of revolutionary
drug development, such as virtual screening, homology modeling, genomics, proteomics,
and de novo synthesis drastically increased the process of drug development [8–10]. The
two databases named ZINC and PubChem contain millions of purchasable “drug-like”
compounds, effectively all organic molecules that are for sale, a quarter of which are
available for immediate delivery. They connect purchasable compounds to high-value
ones, such as metabolites, drugs, natural products, and annotated compounds from lit-
erature. They also offer new analysis tools that are easy for non-specialists yet with few
limitations for experts. These databases retain their original 3D roots, and all molecules are
available in biologically relevant, ready-to-dock formats. Thus, these databases are useful
sources of ligand screening [11,12]. Calculation of logP, polar surface area (PSA), molecular
weight, number of hydrogen-bond donors and acceptors, and number of rotatable bonds
are the criteria for selection of drug-like molecules obtained from these databases [13]. The
molecules in these databases are applied in virtual screening for identification of their
inhibitory action against target structures [14].

Globally, 170 million people are infected with hepatitis C virus. Approximately 15–
20% of the population progress to chronic liver infection in 15 to 20 years [15]. Hepatitis
C virus is an RNA virus that belongs to the family of Flaviviridae having a genus of
hepacivirus. The enveloped genome of HCV is positive-sense having 3010 amino acids and
9600 nucleotide bases. The HCV structure contains Open Reading Frame, 5′ non-coding
region and 3′ untranslated region. ORF region encodes 11 proteins commonly known
as structural and non-structural proteins. Structural proteins are E1, E2, and p7, while
non-structural proteins are NS2, NS3, NS4A, NS4B, NS5A, and NS5B [16].

The aim of the present study is to identify potential HCV inhibitors based on their
interaction with Epigallocatechin-3-gallate by using ligand-based virtual screening as well
as target-based virtual screening. Virtual screening helps in evaluating various scaffolds of
the molecule such as its interaction energy and binding energies, etc. Conventional drug
development can cause toxicity in the host, while the in-silico approach abrogates the toxic
effect on host cells.

2. Materials and Methods
2.1. Homology Modeling

The E2 model of HCV was designed by homology modelling. A representative se-
quence for each genotype was retrieved from the UniProt database [17]. The homology
modelling of these retrieved sequences produced 164 models that were built via online
homology modelling servers, i.e., SWISS-MODEL [18], I-TASSER [19], LOMETS [20], CPH
models [21], as well as MODELLER [22]. The template used for this purpose was 4MWF.
The models obtained were further evaluated on ProCheck [23] and ProSa [24] to analyze
the stereochemical properties of protein structures. The selected models were energy-
minimized and refined with ModRefiner [25] to ensure that the confirmations obtained
were stable in nature. The finest possible model obtained was selected for further analysis.
The examination of the models was done on Discovery Studio Visualizer [26].
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2.2. Binding Site Prediction

The binding sites of the model were predicted through different sites such as COACH [27],
TM-SITE, S-SITE [28], CO-FACTOR [29], FIND-SITE, and CON-CAVITY [30]. The pockets
having the highest C-Score were then further compared with binding sites predicted in
literature. The pockets that were predicted by both the literature and online tools were
further selected for virtual screening.

2.3. Ligand-Based Virtual Screening

The screening of ligands was done on three commercially available online servers such
as ZINC [11], PubChem [12], and DrugBank [31]. The screening of the structurally-similar
ligands with the known inhibitor, EGCG, was done by following 70% similarity index for
ZINC, 3D similarity search for Pubchem, and 50% cutoff value for Drug Bank. The ligands
identified twice were considered only once. The drug-like properties of the ligands were
evaluated using Lipinski’s Rule of Five, while the toxicity filters were employed with the
help of server Swiss ADME [32].

2.4. Structure-Based Virtual Screening

Dockblaster [33], pep mms mimic [34], and MTiOpenScreen [35] were used for drug
mining against the E2 protein of HCV to find its potential inhibitors. The residues bind
within the specific binding cavities. The drug’s likeliness of the ligand was evaluated
while the toxicity filters were applied. The ligands fulfilling all the properties were further
selected for docking.

2.5. Library Designing

The library of the lead molecule was designed with CLEVER [36], which helps in
analyzing chemical compounds as well as the conversion of the lead molecule’s chemi-
cal format.

2.6. Virtual Screening and Docking on PyRX

PyRx [37] is a graphical interface for users to execute virtual screening. It can evaluate
the binding affinity as well as the RMSD scores of each ligand. The library of the ligands
was subjected to virtual screening against the E2 protein of HCV. Docking of the selected
ligands was carried out on an automated docking tool AutoDock Vina [38]. It performed
ligand docking with protein in a specific grid. The tool helped in protein and ligand
preparation, optimization, and grid generation near the active sites and then docking.

2.7. Docking

The interaction of the obtained ligands with the protein was analyzed with AutoDock
Vina using PyRX. The docking was done on the specific pockets that were predicted by
literature and databases.

2.8. Analysis of Interaction

To analyze the interaction between docked ligands and protein, LigPlot+ [39] was
used. This helped us to clearly observe the type of bonding between the ligands and protein.

3. Results and Discussion
3.1. Sequences Obtained after Alignment

The template structure used for multiple alignment is 4MWF. ClustalW was used for
the purpose of alignment. The alignment obtained is shown in Figure 1. The obtained
alignments showed that close similarity exists between template 4MWF and query model.
The residues are in comparable positions as shown above. Therefore, they can be expected
to have the same function as the template structure. Hence it can be further used for
homology modelling.
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Figure 1. Aligned sequence after multiple alignments.



Molecules 2021, 26, 1257 5 of 16

3.2. Model Selection

Different models were obtained after ProCheck analysis. The selected models were
listed based on their quality and stereochemical property as shown in Table 1. The tool
gave us an insight of the structure, while it can also highlight the portion of the protein
that needs to be highlighted. After ProCheck analysis, 23 models were selected on the basis
of Ramachandran plot. Computational models were developed in previous studies [2,40]
prior to the experimentally determined structures of the E2 glycoprotein. The structures
of flavivirus and alphavirus class II fusion proteins were used as modeling templates by
investigators. A crystal structure of the E2 glycoprotein of tick-borne encephalitis virus
(PDB code 1SVB) [41] presented as the key template for the first of these modeling studies.

Table 1. Features of models after ProCheck analysis.

S. no.s Core Disallowed
Region

Maximum
Deviation Bad Contacts Generously

Allowed Region

1. 83.2% 0.0% 4.2 2 1.1%

2. 87.8% 0.0% 8.5 2 2.2%

3. 87.8% 0.0% 8.5 2 2.2%

4. 82.1% 0.0% 3.8 0 2.6%

5. 76.7% 0.0% 5.0 0 6.7%

6. 83.2% 0.0% 4.2 2 1.1%

7. 77.4% 0.0% 4.8 0 6.5%

8. 76.7% 0.0% 4.8 0 6.7%

9. 82.1% 0.0% 4.8 0 3.6%

10. 78.0% 0.0% 4.0 0 2.0%

11. 76.7% 0.0% 4.8 0 6.7%

12. 91.2% 0.0% 8.2 6 1.0%

13. 89.6% 0.3% 4.5 8 1.0%

14. 87.3% 0.3% 8.4 11 0.3%

15. 88.9% 0.7% 4.7 11 0.3%

16. 69.1% 1.0% 5.3 1 5.2%

17. 89.6% 1.3% 4.0 6 1.3%

18. 77.9% 1.5% 4.7 1 3.8%

19. 87.3% 1.6 10.3 6 2.3%

20. 66.5% 2.7% 5.3 1 6.4%

21. 77.8% 0.0% 7.3 0 3.7%

22. 80.0% 0.0% 7.4 0 3.3%

23. 75.7% 0.0% 8.4 4 2.2%

The model, having a core value 91.2%, disallowed region 0.0%, maximum deviation
value 8.2, bad contacts 6, and generously allowed region 1.0%, was selected for further
analysis.

Further Analysis by ProSa

The selected models were then subjected to further evaluation by ProSa [24]. The tool
helped in determining the most suitable model on the basis of energy; therefore, the models
having the lowest preference line, as shown in Figure 2, were selected. In the previous
investigation [42], scientists predicted that the sequence of the E2 model of HCV would be
compared to and conserved as an epitope for vaccine development using in silico approach.
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During the study, ProSA selected the best model for evaluation. Therefore, the current
study shows the importance of these computational tools for studying the best structure.
The models obtained through LOMETS [43] were rejected, as they gave no results when
they were analyzed with ProSa.

Figure 2. Results of ProSa for selected models.

Different colors were given to the models. The overall comparison of the models
suggests that MOD29 showed the lowest energy level and is, hence, the most stable
confirmation among all other selected models. Therefore, it can be further used as a
homology model. The graphical representation suggests that MOD29 has the lowest
preference line.

The ProCheck generated Ramachandran plot of the model is shown in Figure 3. The
core region contains 91.2% residues, while no residues reside in the disallowed region.

The Ramachandran plot of the model shows that almost 91.2% of residues were
present in the most favored region, while no residue was observed in the disallowed region.
The number of proline residues was 28. Proline has a specific role in protein splicing, while
32 glycine residues were observed in the model. The 3D model of HCV core protein was
designed in a study. The Ramachandran plot of the study reveals that only 87.1% amino
acids are present in the favorable region while 12.6% and 0% in allowed and disallowed
regions [44]. It can also be predicted from the plot that the high density of amino acids
is present in the form of anti-parallel beta sheets, while some of them are in the form of
collagen triple helix. Whereas some density of the protein can also be observed in the
negative Psi region; therefore, it can be concluded that some of the amino acids can be in
the form of right-handed alpha helix.

3.3. Model Topology

A model of the E2 protein of HCV is shown in Figure 4. The sequence contains
240 amino acids. The 3D model of protein reveals that it contains 11 beta pleated sheets,
while 9 alpha helixes were examined during the analysis. The analysis of disulfide bridges
was done on a tool (clavius.bc.edu/~clotelab/DiANNA/), which shows that the model has
eight disulfide bonds. The protocol used for building disulfide bonds in the model is shown
in model patch_ss_template (4MWF). In a study [45], the topology adopted by the specific
transmembrane region of HCV envelope proteins has given rise to major controversy,
as the model showed less than 30 amino acids. Therefore, current investigations show
advancement in model designing of HCV envelope proteins.
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Figure 3. Ramachandran plot of the selected model.

Figure 4. Model of the E2 protein of HCV.

3.4. Binding Site Analysis

The analysis of the binding site was done by COACH [27]. The web server helps
in predicting the binding site with the help of five different tools. Results were based
on C-Score value. The residues having the highest C-scores were selected for further
analysis. The binding site of HCV envelope protein is also mentioned in the study [46],
which can be considered a target site for drug designing. Therefore, the residues observed
in the E2 protein by COACH were compared with the whole HCV genome as shown
in literature, and only those that were found similar in COACH and the literature were
selected. Residues are shown in Table 2. Thus, current findings show the most suitable
binding pocket for drug designing.
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Table 2. Residues observed in the E2 model of HCV via COACH server and literature.

Number Residues

1. 412, 413, 414, 415, 416, 417, 418, 419, 420, 421, 422, 423, 524, 525, 526, 527,
528, 529, 530, 535,

3.5. Virtual Screening on the Basis of Ligands

Three databases were screened using EGCG as a priority model. Obtained ligands
were similar to EGCG. Table 3 shows the total ligands during ligand-based virtual screening.
Several studies [47–50] reported virtual screening methods for identification of potential
inhibitors for targeting envelope proteins of the flaviviridae family. Thus, current study
shows advancement in the virtual screening approach for drug designing against HCV
envelope proteins.

Table 3. Ligands obtained from different databases during ligand-based virtual screening.

Database No. of Ligands Obtained

ZINC 100 ligands

PubChem 70 ligands

DrugBank 44 ligands

3.6. Virtual Screening on the Basis of Macromolecule

The protein obtained via homology modeling was used as a model in structure-based
virtual screening. Table 4 shows the total ligands during structure-based virtual screening.
In a study [51], HCV envelope protein was targeted to inhibit HCV infection and cell to
cell transmission by identifying novel drugs through virtual screening.

Table 4. Number of ligands obtained in structure-based virtual screening.

Databases No. of Ligands Obtained

DockBlaster 500

MTI open screen 3000

Pep mms mimic 200

3.7. PyRx Based Virtual Screening

Ligands obtained from structure-based or ligands-based virtual screening were further
assessed via docking by PyRx [37]. The docked ligand-macromolecule complexes were
ranked on basis of binding affinity with lowest energy to be at the top. In one of the current
studies, computational docking reveals the set of 23 drugs that block the viral infection on
CD-81 binding site, but after experimental analysis only one ligand was capable of binding
to inhibit the infection of Huh-7 cells. While the binding energy of the drugs ranges from
−8.64 to −6.36 [52], the binding energy of the drugs obtained from our virtual screening
ranges from −13.2 to −11.

A grid was generated near the binding pockets as predicted by the COACH server.
The X, Y, and Z coordinates are characterized in Table 5.

Table 5. Grid data for binding site during docking study.

Target
Protein

Center Grid Box Spacing
Angstrom

No. of Points in
Dimensions Total Grid

Points
X Y Z X Y Z

E2
Protein 40.038 5.348 53.075 1.00 30 30 32 64,000
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The results obtained through PyRx were further evaluated through LigPlot+ to obtain
their interaction with ligand molecules. The 2D models were predicted through LigPlot+.

3.8. Analysis of 2D and 3D Interactions of Docked Complexes

The 3D interactions of the top five molecular docked complexes were analyzed by
Discovery Studio Visualizer and the 2D plots for complexes were obtained from LigPlot+,
shown in Figures 5–14, respectively.

Figure 5. (A) 3D interaction of 2-[[5-[(4-ethylphenoxy)methyl]-4-prop-2-enyl-1,2,4-triazol-3-yl]sulfanyl]-N-[3-(trifluoromethyl)
phenyl]acetamide and HCV E2 protein having binding affinity −13.2. (B) Surface representation of interaction.

Figure 6. 2D interaction of 2-[[5-[(4-ethylphenoxy)methyl]-4-prop-2-enyl-1,2,4-triazol-3-yl]sulfanyl]-
N-[3-(trifluoromethyl)phenyl]acetamide and HCV E2 protein.
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Figure 7. (A) 3D interaction of [(5Z)-5-[(4-ethoxy-3-methoxyphenyl)methylidene]-2,4-dioxo-1,3-thiazolidin-3-yl]ethylazanium
and HCV E2 protein having binding affinity −12.4; (B) Surface representation of interaction.

Figure 8. 2D interaction of [(5Z)-5-[(4-ethoxy-3-methoxyphenyl)methylidene]-2,4-dioxo-1,3. thiazolidin-3-yl]ethylazanium and
HCV E2 protein.



Molecules 2021, 26, 1257 11 of 16

Figure 9. (A) 3D interaction of ethyl N-[2,4,6-trioxo-1-(2-phenylethyl)-5-(trifluoromethyl)-7H-pyrrolo[2,3-d]pyrimidin-5-
yl]carbamate and HCV E2 protein having binding affinity −12. (B) Surface representation of interaction.

Figure 10. 2D interaction of ethyl N-[2,4,6-trioxo-1-(2-phenylethyl)-5-(trifluoromethyl)-7H-pyrrolo[2,3-d]pyrimidin-5-
yl]carbamate and HCV E2 protein.
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Figure 11. (A) 3D interactions of [(2R,3R)-2-[2-[6-[(2R,3R)-5,7-dihydroxy-3-(3,4,5-trihydroxybenzoyl)oxy-3,4-dihydro-
2H-chromen-2-yl]-2,3,4-trihydroxyphenyl]-3,4,5-trihydroxyphenyl]-5,7-dihydroxy-3,4-dihydro-2H-chromen-3-yl] 3,4,5-
trihydroxybenzoate and HCV E2 protein having binding affinity −12. (B) Surface representation of interaction.

Figure 12. 2D interaction of [(2R,3R)-2-[2-[6-[(2R,3R)-5,7-dihydroxy-3-(3,4,5-trihydroxybenzoyl)oxy-
3,4-dihydro-2H-chromen-2-yl]-2,3,4-trihydroxyphenyl]-3,4,5-trihydroxyphenyl]-5,7-dihydroxy-3,4-
dihydro-2H-chromen-3-yl] 3,4,5-trihydroxybenzoate and HCV E2 protein.
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Figure 13. (A) 3D interaction of [(2R,3R)-8-[(2R,3R,4R)-5,7-dihydroxy-3-(3,4,5- trihydroxybenzoyl)oxy-2-(3,4,5-trihydroxyphenyl)-
3,4-dihydro-2H-chromen-4-yl]-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromen-3-yl] 3,4,5-trihydroxybenzoate
and HCV E2 protein having binding affinity−11.8. (B) Surface representation of interaction.

Figure 14. 2D interaction of [(2R,3R)-8-[(2R,3R,4R)-5,7-dihydroxy-3-(3,4,5-trihydroxybenzoyl)oxy-2-
(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromen-4-yl]-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-
3,4-dihydro-2H-chromen-3-yl]3,4,5-trihydroxybenzoate and HCV E2 protein.

The 2D interaction of mms02387687 ligand and macromolecule suggests that the
interaction lacks hydrogen bonding and non-ligand bond interaction, while it represents
hydrophobic interactions with some non-ligand residues. The docking scores are 6312.
The PyRx results suggest that it has the highest affinity to bind with the macromolecule,
i.e., −13.2. Similarly, the 2D interpretation shows that the mms02384293 ligand and non-
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ligand forms bond with macromolecule residue Pro102 and Ala222, but lack hydrogen
bonding. The docking score for the macromolecule is 6332. It has the second-highest
binding affinity with the macromolecule after mms02387687, thus having −12.4 binding
affinity. The 2D interaction of mms02962350 ligand suggests that it forms the non-ligand
bonding interaction with residue Phe64. The docking score is 6676. The results of PyRx
suggest that it has −12 binding affinity with the macromolecule. Ligand zinc000150338804
shows two types of bonding such as hydrogen bonding and non-ligand bonding interaction.
The hydrogen bonding is present on two sites: Tyr241, which is 3.30cm apart, and Thr52,
which is 3.04cm apart from the macromolecule. The non-ligand bonding interaction is also
present at two sites, which are Gly177 and Ile94. It is also known as theaflavindigallate.
The docking scores are 7982. The PyRx results show that the binding affinity is−12. Ligand
zinc000230090738 and macromolecule display non-ligand bonding interaction at two
different residues, which are Leu89 and Asp100. Both Leu89 and Asp100 form hydrogen
bonding at only one site. The docking score of the ligand is 7342, while the affinity of its
binding with the macromolecule is −11.8. Some previous studies [51] show hydrogen and
other interactions of sofosbuvir and ribavirin with HCV envelope protein during docking
studies. Similarly, in other studies [52], the envelope protein is targeted for identification of
various inhibitory molecules. In total, ZINC11882026, ZINC19741044, ZINC00653293, and
ZINC15000762 are identified as potential candidates and recognized as appreciable drugs
for viral envelope protein. Therefore, current findings suggest there is progress in docking
methods for further identification of drugs against HCV envelope protein.

4. Conclusions

To reduce the cost of drugs and to limit the amount of time it takes to discover drugs,
virtual screening methods are widely used. In this project, E2 protein is modeled through
homology modeling. The cell culture analysis of EGCG reveals its affectivity by blocking
its path during the inoculation stage. As such, EGCG is used as a standard for screening of
potential inhibitors. Structure-based screening approach is successful in obtaining the in-
hibitors that may behave as a potent target against HCV. Structure-based virtual screening
revealed 3700 drugs, while ligand-based virtual screening revealed only 214 drugs. The lig-
ands obtained were finally screened through PyRx and selected on the basis of their binding
affinities. Among these ligands, mms02387687 (2-[[5-[(4-ethylphenoxy) methyl]-4-prop-2-
enyl-1,2,4-triazol-3-yl]sulfanyl]-N-[3(trifluoromethyl)phenyl] acetamide) was ranked top
because of its high binding affinity. The top 5 ligands were further docked with E2 protein.
The interaction between the ligands and the protein was analyzed on LigPlot+. We pro-
vided valuable information for possible drug-like compounds against HCV and concluded
that in-silico dataset might help guide the scientific community toward having a better
understanding of ligand molecule interaction with HCV E2 protein.

Author Contributions: Conceptualization, R.A.; Formal analysis, N.; Funding acquisition, R.U. and
A.B.; Investigation, F.S. and M.S.; Resources, S.L.B. and S.A.A.; Software, S.B.J.; Writing–original draft,
H.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research, King Saud University,
Riyadh, Saudi Arabia via RG 1440-100.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All authors wish to thank the Deanship of Scientific Research, King Saud
University, Riyadh, Saudi Arabia via RG 1440-100.

Conflicts of Interest: Authors have declared no conflicts of interest.



Molecules 2021, 26, 1257 15 of 16

References
1. Kong, L.; Giang, E.; Nieusma, T.; Robbins, J.B.; Deller, M.C.; Stanfield, R.L.; Wilson, I.A.; Law, M. Structure of Hepatitis C Virus

Envelope Glycoprotein E2 Antigenic Site 412 to 423 in Complex with Antibody AP33. J. Virol. 2012, 86, 13085–13088. [CrossRef]
[PubMed]

2. Yagnik, A.T.; Lahm, A.; Meola, A.; Roccasecca, R.M.; Ercole, B.B.; Nicosia, A.; Tramontano, A. A model for the hepatitis C virus
envelope glycoprotein E2. Proteins: Struct. Funct. Bioinform. 2000, 40, 355–366. [CrossRef]

3. Kaul, T.N.; Middleton Jr, E.; Ogra, P.L. Antiviral Effect of Flavonoids on Human Viruses. J. Med. Virol. 1985, 15, 71–79. [CrossRef]
[PubMed]

4. Elsayed, A.S.I. Green Tea Antioxidants Effects and Its Ameliorative Role against Many Diseases. Int. J. Appl. Biol. Pharm. Technol.
2016, 7, 73–94.

5. Ciesek, S.; Von Hahn, T.; Colpitts, C.C.; Schang, L.M.; Friesland, M.; Steinmann, J.; Manns, M.P.; Ott, M.; Wedemeyer, H.;
Meuleman, P.; et al. The green tea polyphenol, epigallocatechin-3-gallate, inhibits hepatitis C virus entry. Hepatology 2011, 54,
1947–1955. [CrossRef]

6. Calland, N.; Albecka, A.; Belouzard, S.; Wychowski, C.; Duverlie, G.; Descamps, V.; Hober, D.; Dubuisson, J.; Rouillé, Y.; Séron, K.
(−)-Epigallocatechin-3-gallate is a new inhibitor of hepatitis C virus entry. Hepatology 2012, 55, 720–729. [CrossRef]

7. Chen, C.; Qiu, H.; Gong, J.; Liu, Q.; Xiao, H.; Chen, X.-W.; Sun, B.-L.; Yang, R.-G. (−)-Epigallocatechin-3-gallate inhibits the
replication cycle of hepatitis C virus. Arch. Virol. 2012, 157, 1301–1312. [CrossRef]

8. Mannhold, R.; Kubinyi, H.; Folkers, G. Protein-Ligand Interactions: From Molecular Recognition to Drug Design; John Wiley & Sons:
Hoboken, NJ, USA, 2006; Volume 19.

9. Schneider, G.; Böhm, H.-J. Virtual Screening and Fast Automated Docking Methods. Drug Discov. Today 2002, 7, 64–70. [CrossRef]
10. Waszkowycz, B.; Perkins, T.D.J.; Sykes, R.A.; Li, J. Large-scale virtual screening for discovering leads in the postgenomic era. IBM

Syst. J. 2001, 40, 360–376. [CrossRef]
11. Irwin, J.J.; Shoichet, B.K. ZINC—A Free Database of Commercially Available Compounds for Virtual Screening. J. Chem. Inf.

Model. 2005, 45, 177–182. [CrossRef]
12. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; A Shoemaker, B.; A Thiessen, P.; Yu, B.; et al. PubChem 2019

update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102–D1109. [CrossRef]
13. Irwin, J.J.; Sterling, T.; Mysinger, M.M.; Bolstad, E.S.; Coleman, R.G. ZINC: A Free Tool to Discover Chemistry for Biology. J.

Chem. Inf. Model. 2012, 52, 1757–1768. [CrossRef]
14. Shoichet, B.K. Virtual screening of chemical libraries. Nat. Cell Biol. 2004, 432, 862–865. [CrossRef] [PubMed]
15. Simmonds, P. Genetic diversity and evolution of hepatitis C virus—15 years on. J. Gen. Virol. 2004, 85, 3173–3188. [CrossRef]
16. You, S.; Stump, D.D.; Branch, A.D.; Rice, C.M. A cis-Acting Replication Element in the Sequence Encoding the NS5B RNA-

Dependent RNA Polymerase Is Required for Hepatitis C Virus RNA Replication. J. Virol. 2004, 78, 1352–1366. [CrossRef]
[PubMed]

17. Consortium, U. UniProt: A Worldwide Hub of Protein Knowledge. Nucleic Acids Res. 2019, 47, D506–D515. [CrossRef] [PubMed]
18. Schwede, T.; Kopp, J.; Guex, N.; Peitsch, M.C. SWISS-MODEL: An automated protein homology-modeling server. Nucleic Acids

Res. 2003, 31, 3381–3385. [CrossRef] [PubMed]
19. Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods

2015, 12, 7–8. [CrossRef] [PubMed]
20. Wu, S.; Zhang, Y. LOMETS: A local meta-threading-server for protein structure prediction. Nucleic Acids Res. 2007, 35, 3375–3382.

[CrossRef]
21. Nielsen, M.; Lundegaard, C.; Lund, O.; Petersen, T.N. CPHmodels-3.0—remote homology modeling using structure-guided

sequence profiles. Nucleic Acids Res. 2010, 38, W576–W581. [CrossRef]
22. Webb, B.; Sali, A. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc. Bioinform. 2016, 54, 5–6. [CrossRef]
23. Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. PROCHECK: A program to check the stereochemical quality of

protein structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]
24. Wiederstein, M.; Sippl, M.J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures of

proteins. Nucleic Acids Res. 2007, 35, W407–W410. [CrossRef] [PubMed]
25. Xu, D.; Zhang, Y. Improving the Physical Realism and Structural Accuracy of Protein Models by a Two-Step Atomic-Level Energy

Minimization. Biophys. J. 2011, 101, 2525–2534. [CrossRef] [PubMed]
26. Ali, R.; Badshah, S.L.; Faheem, M.; Abbasi, S.W.; Ullah, R.; Bari, A.; Jamal, S.B.; Mahmood, H.M.; Haider, A.; Haider, S.

Identification of potential inhibitors of Zika virus NS5 RNA-dependent RNA polymerase through virtual screening and molecular
dynamic simulations. Saudi. Pharm. J. 2020, 28, 1580–1591.

27. Wu, Q.; Peng, Z.; Zhang, Y.; Yang, J. COACH-D: Improved Protein–Ligand Binding Sites Prediction with Refined Lig-and-Binding
Poses through Molecular Docking. Nucleic Acids Res. 2018, 46, W438–W442. [CrossRef]

28. Yang, J.; Roy, A.; Zhang, Y. Protein–ligand binding site recognition using complementary binding-specific substructure comparison
and sequence profile alignment. Bioinformatics 2013, 29, 2588–2595. [CrossRef]

29. Zhang, C.; Freddolino, P.L.; Zhang, Y. COFACTOR: Improved protein function prediction by combining structure, sequence and
protein–protein interaction information. Nucleic Acids Res. 2017, 45, W291–W299. [CrossRef]

http://doi.org/10.1128/JVI.01939-12
http://www.ncbi.nlm.nih.gov/pubmed/22973046
http://doi.org/10.1002/1097-0134(20000815)40:3&lt;355::AID-PROT20&gt;3.0.CO;2-K
http://doi.org/10.1002/jmv.1890150110
http://www.ncbi.nlm.nih.gov/pubmed/2981979
http://doi.org/10.1002/hep.24610
http://doi.org/10.1002/hep.24803
http://doi.org/10.1007/s00705-012-1304-0
http://doi.org/10.1016/S1359-6446(01)02091-8
http://doi.org/10.1147/sj.402.0360
http://doi.org/10.1021/ci049714+
http://doi.org/10.1093/nar/gky1033
http://doi.org/10.1021/ci3001277
http://doi.org/10.1038/nature03197
http://www.ncbi.nlm.nih.gov/pubmed/15602552
http://doi.org/10.1099/vir.0.80401-0
http://doi.org/10.1128/JVI.78.3.1352-1366.2004
http://www.ncbi.nlm.nih.gov/pubmed/14722290
http://doi.org/10.1093/nar/gky1049
http://www.ncbi.nlm.nih.gov/pubmed/30395287
http://doi.org/10.1093/nar/gkg520
http://www.ncbi.nlm.nih.gov/pubmed/12824332
http://doi.org/10.1038/nmeth.3213
http://www.ncbi.nlm.nih.gov/pubmed/25549265
http://doi.org/10.1093/nar/gkm251
http://doi.org/10.1093/nar/gkq535
http://doi.org/10.1002/cpbi.3
http://doi.org/10.1107/S0021889892009944
http://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
http://doi.org/10.1016/j.bpj.2011.10.024
http://www.ncbi.nlm.nih.gov/pubmed/22098752
http://doi.org/10.1093/nar/gky439
http://doi.org/10.1093/bioinformatics/btt447
http://doi.org/10.1093/nar/gkx366


Molecules 2021, 26, 1257 16 of 16

30. Zhou, H.; Skolnick, J. FINDSITEcomb: A Threading/Structure-Based, Proteomic-Scale Virtual Ligand Screening Approach. J.
Chem. Inf. Model. 2012, 53, 230–240. [CrossRef]

31. Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Assempour, N. DrugBank 50: A major update to the
DrugBank database for 2018. Nucleic Acids Res. 2018, 46, D1074–D1082. [CrossRef]

32. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef] [PubMed]

33. Irwin, J.J.; Shoichet, B.K.; Mysinger, M.M.; Huang, N.; Colizzi, F.; Wassam, P.; Cao, Y. Automated Docking Screens: A Fea-sibility
Study. J. Med. Chem. 2009, 52, 5712–5720. [CrossRef] [PubMed]

34. Floris, M.; Masciocchi, J.; Fanton, M.; Moro, S. Swimming into peptidomimetic chemical space using pepMMsMIMIC. Nucleic
Acids Res. 2011, 39, W261–W269. [CrossRef] [PubMed]

35. Labbé, C.M.; Rey, J.; Lagorce, D.; Vavruša, M.; Becot, J.; Sperandio, O.; Villoutreix, B.O.; Tufféry, P.; Miteva, M.A. MTi-OpenScreen:
A Web Server for Structure-Based Virtual Screening. Nucleic Acids Res. 2015, 43, W448–W454. [CrossRef]

36. Song, C.M.; Bernardo, P.H.; Chai, C.L.; Tong, J.C. CLEVER: Pipeline for designing in silico chemical libraries. J. Mol. Graph. Model.
2009, 27, 578–583. [CrossRef]

37. Dallakyan, S.; Olson, A.J. Small-Molecule Library Screening by Docking with PyRx. In Methods in Molecular Biology; Springer
Science and Business Media LLC: Berlin/Heidelberg, Germany, 2015; Volume 1263, pp. 243–250.

38. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

39. Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand-protein interaction diagrams for drug discovery. J. Chem. Inf. Model.
2011, 51, 2778–2786. [CrossRef]

40. Krey, T.; D’Alayer, J.; Kikuti, C.M.; Saulnier, A.; Damier-Piolle, L.; Petitpas, I.; Johansson, D.X.; Tawar, R.G.; Baron, B.; Robert, B.;
et al. The Disulfide Bonds in Glycoprotein E2 of Hepatitis C Virus Reveal the Tertiary Organization of the Molecule. PLoS Pathog.
2010, 6, e1000762. [CrossRef] [PubMed]

41. Rey, F.A.; Heinz, F.X.; Mandl, C.; Kunz, C.; Stephen, C. Harrison The Envelope Glycoprotein from Tick-Borne Encephalitis at 2
\AA Resolution. Nature 1995, 375, 291–298. [CrossRef]

42. Idrees, M.; Lal, A.; Naseem, M.; Khalid, M. High prevalence of hepatitis C virus infection in the largest province of Pakistan. J.
Dig. Dis. 2008, 9, 95–103. [CrossRef]

43. Jethra, G.; Mishra, A.K.; Pandey, P.S.; Chandrasekharan, H. Structure and Function Prediction of Unknown Wheat Protein Using
LOMETS and I-TASSER. Indian J. Agric. Sci. 2012, 82, 867.

44. Mathew, S.; Faheem, M.; Archunan, G.; Ilyas, M.; Begum, N.; Jahangir, S.; Qadri, I.; Qahtani, M.A.; Mathew, S. In Silico Studies
of Medicinal Compounds against Hepatitis C Capsid Protein from North India. Bioinform. Biol. Insights 2014, 8, BBI–S15211.
[CrossRef] [PubMed]

45. De Beeck, A.O.; Dubuisson, J. Topology of hepatitis C virus envelope glycoproteins. Rev. Med Virol. 2003, 13, 233–241. [CrossRef]
46. Kong, L.; Giang, E.; Nieusma, T.; Kadam, R.U.; Cogburn, K.E.; Hua, Y.; Dai, X.; Stanfield, R.L.; Burton, D.R.; Ward, A.B.; et al.

Hepatitis C Virus E2 Envelope Glycoprotein Core Structure. Science 2013, 342, 1090–1094. [CrossRef]
47. Umamaheswari, A.; Kumar, M.M.; Pradhan, D.; Marisetty, H. Docking studies towards exploring antiviral compounds against

envelope protein of yellow fever virus. Interdiscip. Sci. Comput. Life Sci. 2011, 3, 64–77. [CrossRef] [PubMed]
48. Yennamalli, R.; Subbarao, N.; Kampmann, T.; McGeary, R.P.; Young, P.R.; Kobe, B. Identification of novel target sites and an

inhibitor of the dengue virus E protein. J. Comput. Mol. Des. 2009, 23, 333–341. [CrossRef]
49. Kampmann, T.; Yennamalli, R.; Campbell, P.; Stoermer, M.J.; Fairlie, D.P.; Kobe, B.; Young, P.R. In silico screening of small

molecule libraries using the dengue virus envelope E protein has identified compounds with antiviral activity against multiple
flaviviruses. Antivir. Res. 2009, 84, 234–241. [CrossRef] [PubMed]

50. Al Olaby, R.R.; Cocquerel, L.; Zemla, A.; Saas, L.; Dubuisson, J.; Vielmetter, J.; Marcotrigiano, J.; Khan, A.G.; Catalan, F.V.;
Perryman, A.L.; et al. Identification of a Novel Drug Lead That Inhibits HCV Infection and Cell-to-Cell Transmission by Targeting
the HCV E2 Glycoprotein. PLoS ONE 2014, 9, e111333. [CrossRef] [PubMed]

51. Rj, M.; Am, D.; Rn, G. In Silico Modeling and Drug Interaction Analysis of Molecular Structure of Ecto-Domain of E1 Gly-coprotein
of HCV. Int. J. Proteomics 2018, 3, 6.

52. Mehmankhah, M.; Bhat, R.; Anvar, M.S.; Ali, S.; Alam, A.; Farooqui, A.; Amir, F.; Anwer, A.; Khan, S.; Azmi, I. Structure-Guided
Approach to Identify Potential Inhibitors of Large Envelope Protein to Prevent Hepatitis B Virus Infection. Oxid. Med. Cell.
Longev. 2019, 2019. [CrossRef] [PubMed]

http://doi.org/10.1021/ci300510n
http://doi.org/10.1093/nar/gkx1037
http://doi.org/10.1038/srep42717
http://www.ncbi.nlm.nih.gov/pubmed/28256516
http://doi.org/10.1021/jm9006966
http://www.ncbi.nlm.nih.gov/pubmed/19719084
http://doi.org/10.1093/nar/gkr287
http://www.ncbi.nlm.nih.gov/pubmed/21622954
http://doi.org/10.1093/nar/gkv306
http://doi.org/10.1016/j.jmgm.2008.09.009
http://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://doi.org/10.1021/ci200227u
http://doi.org/10.1371/journal.ppat.1000762
http://www.ncbi.nlm.nih.gov/pubmed/20174556
http://doi.org/10.1038/375291a0
http://doi.org/10.1111/j.1751-2980.2008.00329.x
http://doi.org/10.4137/BBI.S15211
http://www.ncbi.nlm.nih.gov/pubmed/25002815
http://doi.org/10.1002/rmv.391
http://doi.org/10.1126/science.1243876
http://doi.org/10.1007/s12539-011-0064-y
http://www.ncbi.nlm.nih.gov/pubmed/21369890
http://doi.org/10.1007/s10822-009-9263-6
http://doi.org/10.1016/j.antiviral.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19781577
http://doi.org/10.1371/journal.pone.0111333
http://www.ncbi.nlm.nih.gov/pubmed/25357246
http://doi.org/10.1155/2019/1297484
http://www.ncbi.nlm.nih.gov/pubmed/31772697

	Introduction 
	Materials and Methods 
	Homology Modeling 
	Binding Site Prediction 
	Ligand-Based Virtual Screening 
	Structure-Based Virtual Screening 
	Library Designing 
	Virtual Screening and Docking on PyRX 
	Docking 
	Analysis of Interaction 

	Results and Discussion 
	Sequences Obtained after Alignment 
	Model Selection 
	Model Topology 
	Binding Site Analysis 
	Virtual Screening on the Basis of Ligands 
	Virtual Screening on the Basis of Macromolecule 
	PyRx Based Virtual Screening 
	Analysis of 2D and 3D Interactions of Docked Complexes 

	Conclusions 
	References

