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Hepatitis C virus infection is the leading cause of chronic liver disease and hepatocellular carcinoma. There 
is no effective vaccine for hepatitis C virus prevention despite the fact that several vaccines are under 
development. Currently, the Unites States Food and drug administration approved combination drugs for 
all genotypes that would help to cure the infection more quickly and efficiently than ever before. However, 
the high costs, development of various side effects and emergence of drug resistant strains demand the 
need for new anti-viral to treat different stages of the hepatitis C virus life cycle.  Focussing drug candidate 
from herbal ingredients is the novel approach of pharmaceutical science over the past few decades. In this 
perspective, the present study aimed to investigate the phytochemicals present in Acacia nilotica (L.) Delile 
against hepatitis C virus non-structural protein3-4A serine protease. The N-terminal Protease domain 
of non-structural protein3 along with non-structural protein4A protein is responsible for the cleavage 
of four polypeptide junctions’ viz., non-structural protein3-4A, non-structural protein4A-non-structural 
protein4B, non-structural protein4B-non-structural protein5A and non-structural protein5A-5B that are 
essential for viral genome replication. Hence targeting non-structural protein3-4A blocks the replication 
process. Here, in silico molecular docking study was executed to estimate the efficacy of phytochemicals 
along with the two Food and drug administration approved hepatitis C virus non-structural protein3-
4A inhibitors-Grazoprevir and simeprevir as reference compounds against the selected target. Docking 
results revealed that about six phytochemicals (+)-Catechin 5-Gallate, Acacetin, (+)-Mollisacacidin, 
Catechin, Acalinol A and Chlorogenic acid are better than the reference compounds and hence selected as 
hits. Further, the hit molecules were filtered through analysing druglikeness properties, pharmacokinetics, 
medicinal chemistry friendliness including pan assay interference compounds and Brenk structural alerts, 
leadlikeness and finally prediction of potential toxicity and toxic substructure to ascertain a lead molecule. 
The results obtained in the current study propose Acacetin as the lead molecule for further in vitro and  
in vivo study.
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Hepatitis C virus (HCV) is a member of the 
family Flaviviridae and the genus Flavivirus. It has a 
9.6 kb positive-strand Ribonucleic acid (RNA) genome 
that encodes a polyprotein precursor of approximately 
3000 amino acids which is proteolytically processed 
into four structural proteins viz. Capsid, Envelope 
proteins (E1, E2) and p7 with the aid of host proteases 
and six non-structural proteins (NS) namely NS2, NS3, 
NS4A, NS4B, NS5A and NS5B with the help of viral 
serine proteases namely NS2-NS3 and NS3-4A[1]. 
Among all the ten HCV proteins, the serine proteases 
(NS3-4A) and the RNA-dependent RNA polymerases 
(NS5B-RdRp) were considered as the most important 
target for anti-HCV drug development.

NS3-4A is a heterodimeric serine protease that belongs 
to the chymotrypsin family. The NS3 is a 631 amino 
acid residue multi-functional protein with N-terminal 
protease domain and C- terminal helicase domain. 
The C-terminal helicase domain is responsible for the 
unwinding of duplex RNA that is formed when the 
single-stranded RNA genome is copied. Also, it cleans 
out RNA binding proteins from viral RNA, assist 
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translation and polyprotein processing[2]. The N-terminal 
protease domain (181aa) with the help of NS4A which 
acts as a cofactor is responsible for the cleavage of four 
polypeptide junctions namely NS3-4A, NS4A-NS4B, 
NS4B-NS5A and NS5A-5B. In the absence of NS4A, 
NS3 could only partially cleave at NS5A-5B but not the 
other sites (NS3-4A, NS4A-5A and NS5A-5B). NS4A 
is a 54 amino acid residue protein with residue 1-20 
is hydrophobic and forms a transmembrane α helix, 
21-34 is also hydrophobic and forms β strands and the 
remaining 20 residues are hydrophilic and forms helical 
conformation. The residues 21-34 are essential to fully 
activate the NS3 serine protease[1].

Currently, only few drugs were approved for HCV 
treatment and most of them were given in the form of 
combination therapy to treat various HCV disorders. 
Specific direct acting antivirals (DAAs) targeting the 
NS3-4A protease, NS5B polymerase and NS5A protein 
are also available in the market. However, resistance-
associated substitutions induce amino acid changes that 
can reduce the susceptibility to one or more antiviral 
drugs and hence leads to treatment failure. Hence 
the limitations provided by the existing treatment 
demonstrate the need for the development of more 
efficient new antivirals against HCV.

Over the past decades, there have been worthwhile 
studies on compounds extracted from plants that have 
shown activity against a range of microorganisms that 
cause human diseases. A variety of natural compounds 
have manifested antiviral activity worldwide, including 
anti-HCV activity[3] or hepatoprotective effect as 
described for Naringenin, (-)-Epigallocatechin gallate 
(EGCG), silymarin and caffeine[4-7]

. In this connection, 
plant-derived compounds can provide an alternative 
approach to new antivirals. It has been estimated that 
almost 50 % of drugs approved since 1994 are based on 
natural products[8]. 

Therefore, in the present investigation, we have 
conducted a computer-based drug design strategy to 
investigate the efficiency of phytochemicals present in 
the plant Acacia nilotica (L.,) Delile (reported to be anti-
HCV)[9] against HCV NS3-4A serine protease to identify 
a series of hit molecules through molecular interaction 
study and thereafter subjected to druglikeness profiling, 
pharmacokinetics analysis, medicinal chemistry 
friendliness as well as prediction of toxicity and toxic 
substructure to identify an appropriate lead candidate.

MATERIALS AND METHODS

Retrieval and preparation of target Protein:

The 3D structure of the target protein NS3-4A was 
retrieved from protein data bank (PDB id: 2OC0). The 
protein structure was prepared using protein preparation 
wizard (pre-processed, optimized and minimized) in the 
Schrodinger software graphical user interface Maestro 
v11.9. The pre-processing stage exploits the options 
such as assign bond orders, add hydrogens, create 
disulphide bonds and delete water molecules beyond 5 
A0 from any of the het groups including ions. The next 
stage is optimization of hydrogen-bonding network by 
reorienting hydroxyl and thiol groups, water molecules, 
amide groups of Asn and Gln and the imidazole ring 
in His and predicting protonation states of His, Asp 
and Glu and tautomeric states of histidine. These 
optimizations are necessary because the orientation 
of hydroxyl groups, the terminal amide groups in 
asparagine and glutamine and the ring of histidine 
cannot be determined from the X-ray structure. Finally a 
minimization was carried out in which the heavy atoms 
kept restrained.  Hydrogen atoms are not restrained, 
which allows the optimized H-bond network to be 
refined. The minimization is done with a Root mean 
square deviation (RMSD) cut-off of 0.30 Ǻ[10].

Selection and preparation of ligand:

A total of 51 ligands were chosen here for the molecular 
docking study, out of which 49 are phytochemicals 
reported from the plant Acacia nilotica and the 
remaining two are Food and drug administration (FDA) 
approved drugs specifically used against NS3-4A target 
to treat HCV. Among 49 phytochemicals, the structure 
of 47 phytochemicals was retrieved from PubChem 
and the remaining 2 compounds were drawn using 
Chemsketch and their canonical smiles were generated. 
The canonical smiles were submitted to an online file 
format converter (Open Babel) to get the 2D structures 
in Spatial Data File (SDF) format. The 2D structures 
of two anti-HCV drugs were retrieved from Drugbank 
2.0. The ligands were subjected to ligand preparation 
by LigPrep module of the Maestro v11.9. The process 
of ligand preparation includes addition of hydrogen 
molecules, conversion of 2D structures to low energy 
3D structures, correction of bond lengths and bond 
angles. Protonation states of ligands were generated 
by Epik[11] and pH was set to neutral pH 7.0. Finally 
various ligand conformers were generated as output in 
Maestro format.
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Generation of receptor grid:

Receptor Grid Generation module was used to generate 
grid around the active site already occupied by the 
co-crystallized ligand of the receptor. Amino acid 
residues in the active site include His57, Asp81,Ile132, 
Leu135, Lys136, Ser139, Phe154, Arg155, Ala156, 
Cys159, Ala157, Gly137whereas His57, Asp81 and 
Ser139 forms the catalytic triad[1]. Vanderwaals scaling 
factor 1.00 and partial charge cut off 0.25 were default 
parameters used for grid generation.

Validation of docking procedure:

The most suitable method of evaluating the accuracy of 
a docking procedure is to determine how intimately the 
lowest energy pose predicted by the scoring function 
resembles an experimental binding mode as determined 
by X-ray crystallography. In the present study, the 
extra precision Glide docking procedure was validated 
by removing the natural ligand, Ketoamide Inhibitor 
SCH491762 from the binding site and re-docking it to 
the HCV NS3-4A Protein (PDB ID: 2OC0). The Root 
means square deviation (RMSD) between the predicted 
conformation and the observed X-ray crystallographic 
conformation of Ketoamide Inhibitor SCH491762 was 
found to be 1.0589.This indicates the reliability of the 
docking method in reproducing the experimentally 
observed binding mode.

Molecular docking studies:

All the conformers obtained from the LigPrep-output 
were docked into the receptor active site residues 
enclosed in a grid box.  Flexible ligand docking was 
employed for the current study and the best molecular 
docked complexes were evaluated using extra precision 
Glide score (XPG Score). The XPG score optimizes 
ligand binding energy based on force field parameters 
and docking penalties that had significant influences 
over the receptor-ligand binding[12].

Assessment of druglikeness, pharmacokinetics and 
toxicity:

The concept of druglikeness and pharmacokinetics 
has been widely used in Pharmaceutical industry to 
ward off side effects caused by the drug like small 
molecules. In the current study, the best hit molecules 
procured through molecular interaction studies 
were further filtered to determine a lead candidate 
by evaluating physiochemical parameters using 
Molinspiration. Pharmacokinetics as well as medicinal 
chemistry friendliness parameters were studied using 

SwissADME[13]. Detection of Carcinogenicity through 
admetSAR 2.0[14] and ProTox-II[15].  Hepatotoxicity 
through admetSAR and pkCSM[16]. Detection of HERG 
(Human Ether-a-go-go-Related Gene) inhibition or 
non-inhibition through pkCSM and ADMETlab[17]. 
Cytotoxicity through ProTox-II and finally to identify 
potential toxic substructure in the selected molecules, 
‘mcule-Toxicity checker’ has been used.

RESULTS AND DISCUSSION

Molecular docking studies were carried out to identify 
potential hit molecules from Acacia nilotica against 
NS3-4A serine protease through GLIDE (Schrodinger 
suite). A total of 49 phytochemicals were subjected to 
molecular docking along with two FDA approved drugs 
for HCV–Grazoprevir (DB11575) and Simeprevir 
(DB06290) as reference molecules. Among the 
phytochemicals six compounds viz. (+)-Catechin5-
Gallate, Acacetin, (+)-Mollisacacidin, Catechin, 
Acalinol A and chlorogenic acid were selected as top 
hits (fig.1) since they showed least XP-glide score as 
compared with the reference drugs (Table 1). Further 
upon analysing the interaction of the hits with NS3-
4A, it was observed that all the hit compounds except 
(+)-Mollisacacidin specifically bound with the catalytic 
triad residues. Catechin, AcalinolA, (+)-Catechin-5-
Gallate and Chlorogenic acid interact with one of the 
catalytic triad residues SER139. Besides that, Catechin, 
Acacetin and Acalinol A showed pi-pi stacking 
interaction with another residue, HIS57 in the catalytic 
triad.  So it is evident from the analysis that interaction 
of the above hits with the catalytic triad residues would 
lead to the stronger inhibition of the NS3-4A protease. In 
contrast with the phytochemicals, none of the reference 
drugs interact with any of the residues in the catalytic 
triad. Moreover both the hits and reference molecules 
interact with active site residues and also displayed 
acceptable range of Hydrogen–Acceptor distance (1.5-
2.5 Å), Donor-acceptor distance (2.4-3.5 Å) and Donor-
H-acceptor angle (Θ: 120º–180º)[18]. The 2D structure 
of the selected hits and reference drugs were shown in 
fig. 2.

Properties such as log P, Molecular weight, Topological 
polar surface area (TPSA), number of Hydrogen 
bond donors (HBD), number of Hydrogen bond 
Acceptors(HBA) and number of rotatable bonds 
(Table 2) were considered here for calculating 
druglikeness of the hits. According to Lipinski’s rule 
of Five (RO5), a drug molecule tends to show good 
oral bioavailability, smooth membrane permeability and 
high gastrointestinal absorption in human gut when 
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its log P≤5; MW≤500 Da; HBAs≤10 and HBDs≤5[19]. 
Veber’s rule proposes that a compound possess high 
oral bioavailability when its TPSA≤140 Å and number 
of rotatable bonds ≤10[20]. ‘GSK 4/400 rule’ suggests 
that the propensity of a drug tends to be toxic when its 
log P>4 and MW>400 Da[21]. Physiochemical properties 
of the four hit molecules Catechin, (+)-Mollisacacidin, 
Acalinol A and Acacetin were found perfect conformity 
with RO5 and Veber’s rule which signifies their 
considerable drug like properties and also with GSK 
4/400 rule indicating their nontoxic nature.

Majority of the drug failure in pharmaceutical industries 
is mainly due to lack of proper ADME analysis. Some 
important pharmacokinetic properties such as water 
solubility, gastrointestinal (GI) absorption, blood 
brain barrier (BBB) permeation, P-gp (P-glycoprotein) 
substrate and CYP450 enzymes inhibition were 
computed and depicted in Table 3. Estimation of water 
solubility revealed that all the concerned hit molecules 
except Acalinol A were soluble. In case of GI absorption 
the compounds except (+)-Catechin 5-Gallate and 
Chlorogenic acid showed high absorption.  Recent 
research findings suggested that, in common with 
HIV infection, HCV may cross the blood brain barrier 
leading to neuro-inflammation[22].  None of the selected 
hits except Acalinol A cross the BBB. Assessment of 
P-gp substrate indicates that all the selected hits except 
Catechin act as non-substrates. P-gp plays a major role in 
limiting cellular uptake of drugs resulting in therapeutic 
failure because the drug concentration would be lower 
than expected[23,24]. The interaction of small molecules 

 

Fig. 1: View of 3D (a.) and 2D (b.) images of interaction of 
the target NS3-4A with the hit compounds, 1. Catechin-5-
gallate, 2. Acacetin, 3. Mollisacacidin, 4.Catechin, 5.AcalinolA, 
6.Chlorogenicacid

Fig. 2:  2D structure of reference drugs and selected hits
Simeprevir,  (b) Grazoprevir, (c)Chlorogenic acid,  (d) (+)-Catechin 5-Gallate, (e) (+)-Mollisacacidin, (f)  Acacetin,  (g) Acalinol A 
and  (h) Catechin
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Name of  
Compound

XP
GS

H- bond
interaction HAD DAD DHAA Hydrophobic

interaction
pi-pi

interaction (Å)

Grazoprevir* -4.69 Gly137:N-H--O:Lig
Ala157:N-H--O:Lig

1.93
2.46

2.92
3.31

167.5
141.3

Phe43,Phe154,
Ile132, Leu135, Ala156,Ala157, 

Val158, Cys159
-

Simeprevir * -2.36 Ala157:N-H--O:Lig 2.30 3.17 143.4 Phe154, Ala156, Ala157, Ile132, 
Cys159, Val78, Tyr56, Val158 -

(+)-Catechin5-
Gallate -7.193

Gly137:N-H--O:Lig
Arg155:N-H--O:Lig
Arg123:N-H--O:Lig
Lig:O-H--O: ASP168
Lig:O-H--O: Ser139
Lig:O-H--O: GLN41
Lig:O-H--O:ARG155

1.97
2.21
2.09
1.90
2.05
1.97
2.16

2.87
2.92
3.01
2.92
3.00
2.90
2.87

146.7
126.6
149.7
164.2
153.3
164.5
130.6

Phe43, Ala156,
Ala157,Val158,

Cys159
-

Acacetin -7.092

Lys136:N-H--O:Lig
Gly137:N-H--O:Lig
Ala157:N-H--O:Lig
Lig:O-H--O: Leu135

2.15
1.85
1.82
2.01

3.50
2.72
2.70
2.95

146.5
132.6
143.5
158.0

Phe43, Phe154, Leu135, Ala157,
Ala156. His57(5.02)

(+)-Mollisaca- 
cidin -6.472

Lig:O-H --O:Ile132
Lig:O-H--O:Ile132
Lig:O-H--O: Gln41

2.58
1.83
1.88

2.74
3.43
2.82

149.8
159.0
171.0

Leu135,Ile132,
Ala156, Ala157,

Phe154

Catechin -6.289

Lig:O-H--O:Ser139
Lig:O-H--O:Gln41
Lig:O-H --O:Ile132
Lig:O-H --O:Ile132

2.43
1.83
2.65
1.79

3.34
2.72
3.33
2.74

161.1
153.7
130.2
170.1

Phe43, Leu135,
Ile132,Ala156,
Ala157,Phe154.

His57(4.78)

AcalinolA -5.216 Ser139:O-H--O:Lig
Gly137:N-H--O:Lig

1.95
2.04 2.82

2.95
134.6
148.5

Phe43, Leu135,
Ile132,Ala157,

Phe154
His57(4.77)

Chlorogenic 
acid -4.973

Lig:O-H--- O:Thr40
Lig:O-H--O:Ser139
Gly137:N-H--O:Lig
Ala157:N-H--O:Lig

1.74
1.92
2.13
2.50

2.91
2.82
2.76
3.49

163.7
154.0
172.7
165.1

Ala156,Ala157,
Phe154,Ile132,

Leu135

TABLE 1: INTERACTION DETAILS OF HITS AND REFERENCE MOLECULES WITH NS3-4A 

(*=reference drugs; XPGS=Extra precision Glide Score; HAD=Hydrogen-Acceptor distance; DAD= Donor-Acceptor distance; DHAA=Donor-H-
Acceptor Angle).

Compound name Mol.wt. (Da) Log P TPSA H-bond donors H-bond acceptors Rotatable bonds

(+)-Catechin 5-Gallate 442.38 1.99 177.13 7 10 4
Acacetin 284.27 3.00 79.90 2 5 2
 (+)-Mollisacacidin 290.27 0.46 110.37 5 6 1
Catechin 290.27 1.37 110.37 5 6 1

AcalinolA 340.33 3.26 78.14 1 6 2
Chlorogenic Acid 354.31 -0.45 164.74 6 9 5

TABLE 2: PHYSIOCHEMICAL PROPERTIES OF THE HITS 

(TPSA=Topological polar surface area; Logp=Logarithm of partial coefficient; Mol.wt=Molecular weight)

Hits
Pharmacokinetics Analysis Medicinal Chemistry 

FriendlinessWater 
solubility GIAb BBBp P-gps

CYP450 inhibition
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 PAINS Brenk LL

(+)-Catechin5-
Gallate soluble low NP NS no no no no no 1 alert 2 alerts no

Acacetin soluble high NP NS yes no yes yes no no alert no alert yes
 (+)-Mollisacacidin soluble high NP NS no no no no no 1 alert 1 alert yes
Catechin soluble high NP S no no no no no 1 alert 1 alert yes
Acalinol A moderate high P NS yes no yes yes yes no alert no alert yes
chlorogenic acid soluble low NP NS no no no no no 1 alert 2 alert no

TABLE 3: DETAILS OF PHARMACOKINETIC PROPERTIES AND MEDICINAL CHEMISTRY FRIENDLINESS 
OF THE HITS

(GIAb=Gastro Intestinal absorption; BBBP=Blood Brain Barrier Permeation; P-gps=P-glycoprotein substrate; PAINS=Pan Assay Interference 
Compounds; LL=Leadlikeness; NP=Non permeable; P=Permeable; NS=Non-substrate, S=Substrate)
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with various Cytochrome P450 isoforms CYP1A2, 
CYP2C19, CYP2C9, CYP2D6 and CYP3A4 is a 
significant factor in drug elimination through metabolic 
biotransformation[25]. Inhibition of these isoenzymes 
is an important cause of pharmacokinetics-related 
drug-drug interactions due to the accumulation of 
metabolites/drugs[26]. The compounds (+)-Catechin5-
Gallate, (+)-Mollisacacidin, Catechin and Chlorogenic 
acid are non-inhibitors of all the five Cytochrome P450 
isoforms whereas Acalinol A inhibits four and Acacetin 
inhibits 3 isoforms. Further, medicinal chemistry 
friendliness parameters-structural alerts (PAINS and 
Brenk) and leadlikeness were predicted.  Identification 
of compounds with structural alerts is an imperative 
screening step of drug development. PAINS (Pan Assay 
Interference Compounds) are commonly referred 
to as toxicophores with alarming chemical groups 
that have been reported to interfere with biological 
assays, interact and damage DNA/proteins[27]. Brenkis 
another structural alert which warns about allegedly 
toxic, metabolically unstable and chemically reactive 
fragments present in the structure[28].  Here Acalinol 
A and Acacetin were not found to possess PAINS and 
Brenkalerts. Regarding leadlikeness criteria proposed 
by Teague[29] all the compounds except Chlorogenic 
acid and (+)-Catechin5-Gallate conceded leadlikeness 
and hence they were suitable for initiating further 
optimization.

Forecasting the toxicity of a small molecule is one of 
the most crucial aspects in effective drug development. 
Drug toxicity is one of the major causes of rejection 
of a large number of therapeutic components at a 
later stage of drug development.  In the present study, 
in silico assessment of mutagenicity in correlation 
with Ames mutagenicity through pkCSM and 
admetSAR revealed that (+)-Mollisacacidin exhibited 
mutagenicity. Hepatotoxic effects of the compounds 
were investigated through pkCSM and ProTox-II 
web servers. None of the compounds were predicted 

to be hepatotoxic. Carcinogenicity detection of the 
phytochemicals through admetSAR and ProTox-II 
revealed the carcinogenic effect of (+)-Mollisacacidin. 
Regarding the inhibitory effect of selected hits 
towards HERG (Human Ether-a-go-go-Related Gene) 
through pkCSM and ADMETlab server admit them 
as non-HERG blockers. Subsequently prediction of 
cytotoxicity through ProTox-II revealed that none of 
the compounds exhibit cytotoxic effect. Additionally 
they have also been subjected to mcule-Toxicity 
checker and found that among the hits, Acacetin does 
not possess any potential toxic substructure. Details of 
the predicted results were depicted in Table 4.

The current study resulted that Acacetin, a naturally 
occurring flavonoid was the lead molecule among the 
six hit compounds as it strongly binds with active site 
residues (GLY137, ALA157, LYS136 and LEU136) 
including the catalytic triad residue HIS57. Binding 
mode of Acacetin with NS3-4A serine protease was 
shown in fig. 3. Acacetin also satisfied Druglikeness 
properties, not exhibited any structural alerts and 
act as non-inhibitor of CYP3A4 which is the most 
abundant and significant isoform of CYP450 enzymes 
that contributes to metabolise 30.2 % of drugs[30]. 
Considering Toxicity prediction, Acacetin does 
not possess toxicity and toxic substructure. An in 
vitro study by Chien et al. indicated that Acacetin 
did not exert cytotoxicity[31]. Moreover, the result 
substantiates the Hepatoprotective effect of Acacetin 
which is experimentally proved by Cho et al.[32]. It 
also possess various other pharmacological activities 
including neuroprotective, cardioprotective, anticancer, 
anti-inflammatory, antidiabetic, anti-arthritic, anti-
alzheimer’s, Antipyretic, Anti-ageing, Anti-oxidant, 
Antimicrobial, Anti-allergic and immunomodulatory 
activities[33]. However, further in vitro and in vivo 
studies are essential to propose Acacetin as a potential 
drug candidate against HCV.

Compound name
Ames 

mutagenicity Hepatotoxicity Carcinogenicity HERG inhibition Cytotoxicity Toxic 
substructure

pkCSM ADMETlab pkCSM Protox-II admetSAR ProTox-II pkCSM ADMETlab ProTox-II
(+)-Catechin 
5-Gallate no no no no no no no no no Present

Acacetin no no no no no no no no no Absent
 
(+)-Mollisacacidin yes yes no no yes yes no no no Present

Catechin no no no no no no no no no Present
Acalinol A no no no no no no no no no Present
Chlorogenic acid no no no no no no no no no Present

TABLE 4: IN SILICO ASSESSMENT OF POTENTIAL TOXICITY AND TOXIC SUBSTRUCTURE OF THE HITS 
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