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ome benzoquinazoline and
quinazoline derivatives as novel inhibitors of HCV-
NS3/4A protease: biological, molecular docking
and QSAR studies†

Hatem A. Abuelizz, a Mohamed Marzouk,b Ahmed H. Bakheitac and Rashad Al-
Salahi *a

Morbidity and mortality due to hepatitis C virus (HCV) is a globe health concern. Hence, there is a persistent

demand to design and optimize current HCV therapy and develop novel agents. HCVNS3/A4 protease plays

an essential role in HCV life cycle and replication. Thus, HCV NS3/A4 protease inhibitors are one of the best

therapeutic targets for the identification of novel candidate drugs. Recent studies have shown some

benzoquinazolines as potent antiviral agents and promising HAV-3C protease inhibitors. In the present

study, a series of benzo[g]quinazolines (1–13) and their quinazoline analogues (14–17) were evaluated for

their HCV-NS3/4A inhibitory activities using in vitro assay. Our results revealed that the target

compounds inhibited the activity of the NS3/4A enzyme, (IC50 ¼ 6.41 � 0.12 to 78.80 � 1.70 mM) in

comparison to telaprevir (IC50 ¼ 1.72 � 0.03 mM) as a reference drug. Compounds 1, 2, 3, 9, 10 and 13

showed the highest activity (IC50 ¼ 11.02 � 0.25, 6.41 � 0.12, 9.35 � 0.19, 9.08 � 0.20, 16.03 � 0.34 and

7.21 � 0.15 mM, respectively). Molecular docking was performed to study the binding modes of the

docked-chosen benzo[g]quinazolines, hydrogen bonding, and amino acid residues at the catalytic triad

of the NS3/4A enzyme of HCV. The QSAR was determined to explore the relationships between the

molecular structures of the targets and their biological activities by developing prediction models among

the known HCV NS3/A4 inhibitors and then to predict the inhibitory activity of the target molecules

synthesized.
Introduction

Hepatitis C virus (HCV), a positive-stranded RNA (enveloped)
belonging to the Flaviviridae family, was discovered in 1989 and
identied as the causative agent for “non-A, non-B hepatitis”.1,2

HCV causes chronic liver disease (hepatitis C) and is the major
cause of liver cirrhosis and hepatocellular carcinoma.3 Annu-
ally, almost 3 million people are infected by HCV, and 350 000–
500 000 die from liver disease related to HCV.3 Unfortunately,
the development of an HCV vaccine is hindered by viral genetic
heterogeneity due to immune elusion and the lack of a relevant
animal model.4 HCV-RNA is translated by host ribosomes into
a polyprotein that is subsequently processed into 10 proteins
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35830
(four structural and six non-structural) by host and viral prote-
ases. The structural proteins (core, E1, E2, and p7) display an
effective role in assembly of new virus particles and non-
structural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B) participate in viral genome replication (Fig. 1).5

The NS3/4A is a multifunctional protein comprising two
domains: a helicase and a protease (Fig. 2).6,7 The proteolytic
cleavage process of the viral polyprotein into NS4A, NS4B, NS5A,
and NS5B is catalysed by NS3/4A protease. Therefore, it is
important for viral replication and production of infectious viral
particles.4 Thus, inhibiting NS3/4A protease serves a dual
Fig. 1 Schematic of the HCV polyprotein with cleavage sites of the
two proteases, NS2 and NS3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Structure of the NS3/4A serine protease, with the NS3 protease
domain coloured in cyan, helicase domain coloured in brown and
allosteric pocket coloured in green, the active site residues, Ser139,
His57 and Asp81, sit on the protein–protein interaction surface and are
shown as stick figures in black.
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View Article Online
purpose by inhibiting viral maturation and is considered to be
a valid drug target for anti-HCV treatment. Different NS3/4A
protease inhibitors (PIs) have been explored and based on
their modes of action and structures, they can be classied into
covalent (reversible) and non-covalent inhibitors. Boceprevir
and telaprevir are linear and binds covalently with the catalytic
serine (Ser139) of NS3/4A protease. Whereas, simeprevir, cil-
uprevir, and paritaprevir are macrocyclic noncovalent binding
PIs (Fig. 3).4,8,9 Also, allosteric inhibitors for NS3/4A protease
have been identied and their location is very close to the
catalytic triad (His, Asp, and Ser), but their modes of action and
structures are different compared to the active site binding
inhibitors.10 Although protease inhibitors have been very effi-
cient, long term effects may be restricted due to a prompt
appearance of drug resistance.11,12 In majority of cases, resis-
tance substitutions develop in close proximity to the NS3/4A
catalytic triad, slightly outside the natural substrate.13 Such
changes in the protease domain reduce the affinity for drugs,
but permit the recognition and cleavage of substrates, usually
with a lower catalytic rate.14 Fig. 3 shows that the structures of
NS3/4A PIs are similar, but their biological activities are
different. Many potent NS3/4A PIs have been identied by
various research laboratories worldwide. However, most of
these PIs are poorly tolerated and accompanied with constant
viral resistance. Furthermore, the X-ray structure of NS3/NS4A
protease shows that the S1 and S3 subsites (Fig. 4A) are in
close proximity and characterized as hydrophobic pockets,
which are lined with the hydrophobic residues of Val132,
Leu135, Phe154, Ala156 and Ala157. To explore further mech-
anism of inhibition, docking studies were also presented to
disclose the interactions binding between HCV protease and
ligand, which could supply the molecular basis for further lead
optimization and SAR analysis.7

Benzoquinazoline, a drug of immense research interest, has
found a conspicuous place in medicinal chemistry owing to its
This journal is © The Royal Society of Chemistry 2020
diverse pharmacological properties.15–20 Many benzoquinazo-
lines were reported to show anti-HSV, -CVB4, viral activity and
demonstrated promising 3C protease inhibition activity against
HAV with IC50 values of 3.30, 5.92, and 22.38 mM, respec-
tively.15,18 The results encouraged us to extend our research on
benzoquinazolines chemistry to investigate their activity
against HCV. The present study aims at the investigation of the
inhibitory effects for seventeen benzoquinazolines and quina-
zolines against NS3/4A protease. The SAR rationalization of the
investigated molecules was explained on the basis of a molec-
ular docking study to analyse the binding modes between the
docked-selected compounds and amino acid residues in the
active site of the NS3/4A protease enzyme. In addition, QSAR
was performed to explore relationships between the molecular
structures of the targets and their biological activities. It is
designed also to develop prediction models with robust accu-
racy among the known inhibitors, and then to predict the bio-
logical activities for unknown or novel probable compounds.

Results and discussion
HCV-NS3/4A protease inhibition

In our literature,17,19,21 the convenient alkyl isothiocyanates were
treated with 3-aminonaphthaoic acid to afford the corre-
sponding benzo[g]quinazolines 1–6, that in turn transformed
into 7–13 by hydrazinolysis. Similarly, 14–17 were synthesized
by hydrazinolysis of their thioxoquinazolines (Scheme 1 and
Table 1).

The targets 1–17 were investigated in an enzymatic inhibi-
tory activity against the puried HCV-NS3/4A protease by an in
vitro assay system and their potency, expressed as IC50 values in
comparison with telaprevir as a reference drug (Table 2). The
active compounds showed inhibitory effects against HCV-NS3/
4A protease giving IC50 values in the range of 6.41 � 0.12 to
36.81 � 0.79 mMwith respect to telaprevir as a potent HCV-NS3/
4A inhibitor (IC50 ¼ 1.72 � 0.03 mM). To examine the inhibitory
effects of the new molecules, the activity of the parent benzo[g]
quinazolines 1–6 was rstly determined in terms of IC50 values
(Table 2).

All parent compounds exhibited good activity, particularly
compounds 1, 2, and 3 showed potent inhibitory activity in
comparison to telaprevir. Our previous antiviral activity
results,15,18 revealed that incorporation of hydrazine moiety into
benzo[g]quinazoline core resulted in a promising compound of
high activity against HSV, CVB4, and HAV (3C proteinase). In
this study, suchmodication enhanced positively the inhibition
of HCV-NS3/4A, as it was demonstrated by compounds 9, 10 and
13, as well. This indicates the insertion of the hydrazine group
increased the interactions with the active site of the enzyme.
Thus, compounds 7, 9, 10, 11 and 13 showed good inhibitory
activity against HCV-NS3/4A, however compounds 8 and 12
showed lower activity than their parent compounds 2 and 5.
Furthermore, the replacement of the benzo[g]quinazoline core,
by the quinazoline scaffold, has led to a series of structurally
related products (14–17) that were evaluated for their HCV-NS3/
4A inhibitory activities (Table 2). It was noticed that compound
14 exhibited almost the same behaviour as its related
RSC Adv., 2020, 10, 35820–35830 | 35821
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Fig. 3 The reported and designed HCV-NS3/4A inhibitors.
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compound 7. However, 17 showed sharply higher activity (IC50

¼ 29.64 � 0.64 mM) than its analogue 12 (IC50 ¼ 2222.80 � 4.87
mM), and vice versa was observed for compound 15 that
exhibited a sharply lower activity (IC50¼ 177.94� 3.90 mM) than
8 (IC50 ¼ 78.80� 1.70 mM). Modications at positions 2 and 3 of
the benzo[g]quinazoline structure led to the following conclu-
sions: the replacement of methyl group in 1 (IC50¼ 11.02� 0.25
mM) with the ethyl and butyl groups in 2 and 3 signicantly
increased HCV-NS3/4A inhibitory activity (IC50 ¼ 6.41 � 0.12 &
9.35 � 0.19 mM). This could be attributed to the increase of the
hydrophobic character. Whereas, the insertion of an aromatic
group (benzyl/phenethyl) in compounds 5 and 6 led to sharp
decreasing of the inhibition potency in comparison with cor-
responding targets of aliphatic chain (1, 2, and 3). Moreover,
exploring the effect of the nitrogen in thiocarbamide group
35822 | RSC Adv., 2020, 10, 35820–35830
could be used to engage the enzyme in further adequate inter-
actions with possibly positive effects on its activity.
Docking study

In molecular docking study, the structure of the HCV NS3/4A
serine protease substrate with 10 residues is given in Fig. 4A
with NS4A/NS4B as the representative peptide. In this study,
a molecular modelling model was applied using the molecular
operating environment (MOE), to clarify the activity of the
targets (1–17) and determine their probably bioactive confor-
mations. We found important subsites for the HCV NS3/4A
inhibition by three-dimensional telaprevir-complexed struc-
ture (PDB: 3SV6, resolution 1.4 Å),22 which was obtained from
the PDB database, and the validation of the molecular docking
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic routes for the target benzoquinazolines and
quinazolines 1–17.

Fig. 4 (A) 3D structural representation of NS3/4A complexed with telaprevir and binding site divided at S10 (green; Gln1041, Thr1042, Phe1043
and Gly1137), S1 (yellow; Leu1135, Lys1136, Ser1139 and Phe1154), S2 (brown; His1057, Arg1155, Ala1156 and Asp1168), S3 (Pink; Ile1132 and
Ala1157), S4 (red; Arg1123 and Val1158) and S5 (blue; Ser1159) subsites. (B) 3D structural representation of NS3/4A complexed with superposing
selected synthesized compounds (1–10), with binding site divided at S10, S1, S2, S3, S4 and S5.
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protocol done by molecular redocking, with a position structure
of RMSD lower than 2 Å (Fig. 4A and 5). Generally, stronger
interactions with the catalytic triad would provide a good
inhibition, therefore the NS3 of 3SV6 was docked with all
synthesized compounds, and the results were compared. The
interaction of telaprevir with active site of the HCV NS3/4A
enzyme showed four hydrogen bonds with His1057, Gly1137,
Ser1139, Arg1155, Ala1157, and Ser1159 (Table 3, Fig. 5), and
demonstrated the ability to bind with two catalytic triad resi-
dues (His1057 and Ser1139) and Gly1137 in the oxyanion hole
(Fig. 4A and 5).

Initially, the molecular docking of benzo[g]quinazolines 1–6
in hydrophobic pocket of the HCV NS3/4A enzyme was studied.
Where, the strongest binding affinity (about �6 kcal mol�1),
lower binding energy (about �30 kcal mol�1) and good docking
score (about �9) were observed. Furthermore, it was found that
all six benzo[g]quinazolines formed hydrogen bonds with
Gly1137 in the S10 subsites with distance less than 3 Å (in the
oxyanion hole), and with Gln1041 in the S10 subsites. In addi-
tion two p-bonds with Lys1136 in the S1 subsites. Moreover,
these compounds made one or more hydrophobic binding
contacts in the hydrophobic pocket with His1057 in S2 subsites
(catalytic triad residue); Val1055; Phe1043; Ile1132; Lys1136;
and Ala1157. The orientation of that compounds 1–6 were
occupied in S10 and S1 subsites at the active site of the HCV NS3/
4A enzyme (Table 3; Fig. 4B and 6).

By docking, a good binding affinity was observed with the
HCV NS3/4A enzyme and the targets 1–6. In other hand, 1, 2, 3,
This journal is © The Royal Society of Chemistry 2020
and 4 showed high potent inhibitory activities, this could be
attributed to their good binding affinity due to the aliphatic
substituents (methyl, ethyl, butyl and allyl, respectively).
Moreover, these alkyl substitutions are electron donors (+I
effect), thus increasing the strength of the hydrogen bond
(increasing the electron density on the molecule). The presence
of the alkyl group in the molecule enhances its movement
towards the hydrophobic pocket, thus the molecule comes
closer to the catalytic triad and forms hydrophobic binding
contacts with His1057 in addition to Val1055; Phe1043; Ile1132;
Lys1136; and Ala1157. Because of their aromatic substituents, 5
and 6 didn't form hydrophobic forces with His1057, thus, they
were less active than the aliphatic substituted derivatives 1–4
(Table 2).

The binding mode of benzo[g]quinazolines 7–10 within the
HCV NS3/4A enzyme shows that the quinazoline moiety was
oriented closer to the catalytic site and stacked against Gly1137
(distance < 5 Å), hydrogen bond in the oxyanion hole, (Table 3,
Fig. 7) and Lys1136 (cation binding site). All these compounds
showed good binding affinity, in particular compounds 8–10,
which was in good agreement with the biological results.
Compound 13 formed hydrogen bond with Gly1137 (distance <
3 Å) and two p-H bonds with Lys1136 (distance < 5 Å), which
gave good binding affinity (Table 3, Fig. 8). Therefore, such
bonds play a fundamental role in the enzyme activity and are
strictly related to the biological inhibition process of the target.
In the other hand, benzo[g]quinazolines 11 and 12 made weak
hydrogen bonds. The conformation predicted that compounds
14–17 were oriented perpendicular to the plane of quinazoline
and was closer to the catalytic triad residual as His1057.
Therefore, compounds 16 and 17 showed good inhibitory
activity (Table 2) and this result was in accordance with the
molecular docking outputs.

As shown in Table 3, compounds 3, 8, 9, 13 and 16 have lower
binding energy than telaprevir and formed two hydrogen bonds
or more with active site of HCV NS3/4A protease enzyme. While
other targets appeared to have good binding affinity with active
site of HCV NS3/4A, but lower than 3, 8, 9, 13 and 16.
RSC Adv., 2020, 10, 35820–35830 | 35823
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Table 1 Synthesized benzoquinazolines 1–17

Cp Structure Cp Structure

1 10

2 11

3 12

4 13

5 14

6 15

7 16

35824 | RSC Adv., 2020, 10, 35820–35830 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

8:
20

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05604a


Table 1 (Contd. )

Cp Structure Cp Structure

8

17

9

Table 2 Inhibitory activity of the targets 1–17 towards HCV-NS3/4A
protease

Cp
HCV-NS3 protease,
IC50 mM Cp HCV-NS3 protease, IC50 mM

1 11.02 � 0.25 10 16.03 � 0.34
2 6.41 � 0.12 11 33.98 � 073
3 9.35 � 0.19 12 222.80 � 4.87
4 20.36 � 0.42 13 7.21 � 0.15
5 36.81 � 0.79 14 25.52 � 0.55
6 31.95 � 0.69 15 177.94 � 3.90
7 22.31 � 0.46 16 23.40 � 0.54
8 78.80 � 1.70 17 29.64 � 0.64
9 9.08 � 0.20 Telaprevir 1.72 � 0.03

Fig. 5 3D Interaction of reference compound (telaprevir) with active site
Ser1159, Ala1157, Arg1155, His1057, Ser1159, Gly1137 and Ser1139 of the

This journal is © The Royal Society of Chemistry 2020
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As illustrated in the Fig. 5–8, formation the hydrogen bonds
with Gly1137 and Gln1041 in the S10 subsites; two p-bonds with
Lys1136 in the S1 subsites by the target benzo[g]quinazolines.
Moreover, hydrophobic binding contacts in the hydrophobic
pocket with His1057 in S2 subsites; Val1055; Phe1043; Ile1132;
Lys1136; and Ala1157. This orientation in S10 and S1 subsites at
the active site of the HCV NS3/4A enzyme indicated that the
target benzo[g]quinazolines behave as competitive inhibitors
against HCV NS3/A4 protease.
QSAR analysis

By Hansch analysis, a multiple linear regression analysis was
performed, using a set of 2D physicochemical descriptors to
identify the most important physicochemical features of the
targets 1–17 towards HCV NS3/4A serine protease. The following
of HCV NS3/4A enzyme. Telaprevir shows four hydrogen bonds with
target protein active site residue.

RSC Adv., 2020, 10, 35820–35830 | 35825
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Table 3 Analysis of the interaction between HCV NS3/4A protease enzyme and synthesized compounds or telaprevir

Cp Ligand Receptor Interaction
Distance
(Å)

Binding affinity
(kcal mol�1)

Docking score
(S) Binding energy kcal mol�1

1 O 14 N/Gly 1137 H-acceptor 2.31 �5.22 �8.0175 �26.74
S 19 NE2/Gln1041 H-acceptor 2.65
6-Ring CE/Lys1136 pi-H 3.43
6-Ring NZ/Lys1136 pi-cation 2.83

2 S22 NE2/Gln1041 H-acceptor 2.73 �5.71 �8.701 �28.26
O14 HN/Gly1137 H-acceptor 2.13
6-Ring CD/Lys1136 pi-H 3.40
6-Ring CD/Lys1136 pi-H 2.81
6-Ring CE/Lys1136 pi-H 2.80

3 S 28 NE2/Gln1041 H-acceptor 2.57 �6.23 �8.798 �29.997
O14 HN/Gly1137 H-acceptor 2.17
6-Ring CD/Lys1136 pi-H 3.38
6-Ring CD/Lys1136 pi-H 3.82
6-Ring CE/Lys1136 pi-H 2.88

4 S23 NE2/Gln1041 H-acceptor 2.55 �5.911 �8.422 �28.876
O14 HN/Gly1137 H-acceptor 2.22
6-Ring CE/Lys1136 pi-H 2.84
6-Ring NZ/Lys1136 pi-cation 3.40

5 S29 NE2/Gln1041 H-acceptor 2.71 �5.943 �9.0854 �32.601
O14 HN/Gly1137 H-acceptor 2.25
6-Ring CE/Lys1136 pi-H 2.84
6-Ring NZ/Lys1136 pi-cation 3.43

6 S32 NE2/Gln1041 H-acceptor 2.07 �6.024 �8.71 �31.179
O14 HN/Gly1137 H-acceptor 3.04
6-Ring HZ2/Lys1136 pi-cation 3.73
6-Ring HZ2/Lys1136 pi-cation 4.0
6-Ring HE3/Lys1136 pi-H 2.81

7 O22 HN/Gly1137 H-acceptor 2.3 �5.3285 �7.758 �27.88
6-Ring HZ2/Lys1136 pi-cation 3.73
6-Ring HE3/Lys1136 pi-H 2.81

8 O22 HN/Gly1137 H-acceptor 2.32 �5.7982 �9.21 �30.39
6-Ring HZ2/Lys1136 pi-cation 3.39
6-Ring HE3 Lys 1136 pi-H 2.83

9 O22 HN/Gly1137 H-acceptor 2.06 �6.014 �9.657 �30.975
6-Ring HZ2/Lys1136 pi-cation 3.38
6-Ring HE3/Lys1136 pi-H 2.77

10 O22 HN/Gly1137 H-acceptor 2.17 �5.7693 �9.209 �30.931
6-Ring HZ2/Lys 1136 pi-cation 3.44
6-Ring CE/Lys1136 pi-H 3.77
6-Ring CD/Lys1136 pi-H 3.82

11 N 24 O/Leu1135 H-donor 2.15 �5.0924 �8.1919 �24.4278
N 23 N/Gly 1137 H-acceptor 2.68
6-Ring 5-Ring His1057 pi-pi 4.06
6-Ring 5-Ring His1057 pi-pi 3.38

12 O22 HN/Gly1137 H-acceptor 2.58 �5.327 �10.359 �25.736
6-Ring CE/Lys1136 pi-H 4.64

13 O22 N/Gly1137 H-acceptor 2.01 �6.0885 �9.8605 �33.0523
6-Ring HZ2/Lys1136 pi-cation 3.40
6-Ring CE/Lys1136 pi-H 3.82

14 HN10 NE2/His1057 H-donor 2.13 �4.905 �7.474 �21.144
O15 HN/Gly1137 H-acceptor 2.09

15 HN10 NE2/His1057 H-donor 2.09 �5.237 �7.265 �24.615
O15 HN/Gly1137 H-acceptor 2.16

16 HN30 OE1/Gln1041 H-donor 1.93 �5.8285 �8.969 �30.375
O14 HN/Gly1137 H-acceptor 2.08
6-Ring CD/Lys1136 pi-H 3.79
6-Ring HZ2/Lys1136 pi-cation 3.56

17 O 15 HN/Gly1137 H-acceptor 1.99 �5.506 �9.385 �30.062
HN10 NE2/His1057 H-donor 2.10

Telaprevir HAF10 O/Ser1159 H-donor 2.18 �7.3906 �9.408 �40.347
HAY16 O/Ala1157 H-donor 2.34
HAC37 O/Ala1157 H-donor 1.9

35826 | RSC Adv., 2020, 10, 35820–35830 This journal is © The Royal Society of Chemistry 2020
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Table 3 (Contd. )

Cp Ligand Receptor Interaction
Distance
(Å)

Binding affinity
(kcal mol�1)

Docking score
(S) Binding energy kcal mol�1

HAE79 O/Arg1155 H-donor 2.02
OBR103 NE2/His1057 H-donor 1.75
OBW9 HG/Ser1159 H-acceptor 2.04
OBW9 HN/Ser1159 H-acceptor 2.03
OBT55 HN/Ala1157 H-acceptor 2.03
OBS105 N/Gly1137 H-acceptor 1.98
OBS105 HN/Ser1139 H-acceptor 2.01

Fig. 7 3D Interaction of compound 9 with active site of HCV NS3/4A enzyme. Compound 9 shows four hydrogen bonds with Gly1137 and two
p-bonds with Lys1136 of the target protein active site residue.

Fig. 6 3D Interaction of compound 3 with active site of HCV NS3/4A enzyme. Compound 3 shows four hydrogen bonds with Gln1041 and
Gly1137 and two p-bonds with Lys1136 of the target protein active site residue.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 35820–35830 | 35827
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Fig. 8 3D interaction of compound 13with active site of HCV NS3/4A enzyme. Compound 13 shows four hydrogen bonds with Gly1137 and two
p-bonds with Lys1136 of the target protein active site residue.
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equation is solely based on molar refractory (MR) and was
derived (using the contingency analysis tool in MOE) to identify
the most important descriptors (eqn (1)):

pIC50 ¼ 0.390 � MR + 1.235 where r2 ¼ 0.83155; q(LOO)
2

¼ 0.87462; RMSE ¼ 0.60071 (1)

From the eqn (1), it is evident that MR is positively correlated
with the inhibitory potency of training set against the HCV NS3/
4A serine protease. The graph of the experimental and predicted
inhibitory potency (pIC50) values of the training and test set
Fig. 9 Experimental versus predicted (LOO) inhibitory potency pIC50

values of the HCVNS3/4A serine protease inhibitors. The data points in
red circle and blue square represent training and test set compounds,
respectively.

35828 | RSC Adv., 2020, 10, 35820–35830
compounds was provided in Fig. 9. No outliers were observed in
the training data (square), and the prediction of all compounds
were perfect with a value of residual of less than one log unit
and q2 and r2 values of 0.87107 and 0.83155, respectively.

Also the external test set was utilized to additional conrm
the nal model, and the prediction of all test set compounds
(circle) was studied with variance of lower than one log unit
among the experimental and predicted inhibitory potency pIC50

for the HCV NS3/4A serine protease (Fig. 9).
Z-score was predicted to training set including synthesized

compounds 1–17 for the HCV NS3/4A serine protease. All the
Fig. 10 PCA plots of training set compounds for data obtained for the
HCV NS3/4A serine protease. The 3D graphical plot was constructed
with three eigenvectors PCA1, PCA2 and PCA3 in the range of +3 to�3
and coordinate value for each compound has represented with
colored spots.

This journal is © The Royal Society of Chemistry 2020
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compounds have shown good Z-score value except compound
12. It has shown Z-score value beyond the limit (1.91275704)
with 3.5. The compounds 13, 8, 17, and 11 have shown more
signicant Z-scores with 0.23, 0.14, 0.17 and 0.04, respectively
for the HCV NS3/4A serine protease (Table S1†). Using the three
eigenvectors, PCA1, PCA2 and PCA3, the principal component
analysis was carried out and the 3D graphical plots were
generated involved 98% of variance. In the plot, all the values
were appeared to lie in the range of �3 to +3 and found with
different colored spots and each color spot represents one
compound (Fig. 10). The good predictive efficiency of the
selected QSAR model was demonstrated far enough.
Conclusions

In conclusion, the ndings of this study show that compounds
1, 2, 3, 9 and 13 exhibited the highest inhibitory activity towards
HCV-NS3/4A enzyme. Their inhibition activities represented in
terms of average IC50 values in the range 6.41 � 0.12 and 11.02
� 0.25 mM. In light of the molecular docking analysis, this result
suggests that the aliphatic functionality group of the active
compounds could impart better binding and make closer to the
catalytic triad and form hydrophobic binding contacts with
His1057 in addition to Val1055; Phe1043; Ile1132; Lys1136; and
Ala1157 of the enzyme. Moreover, QSAR and molecular docking
studies conrmed these observations. HCV-NS3/4A was still an
essential target for anti-HCV agents design. Considering the
current anti-HCV situation, it remains necessary to discover
novel and potential NS3/4A inhibitors. Our ndings provide
a rationale for further exploring useful proposals to design and
develop more active and potent HCV-NS3/4A inhibitory agents.
Materials and methods
The synthesized targets 1–17

All compounds were previously synthesized and fully charac-
terized.17,19,21,23 The general procedures for preparation of
compounds 7, 8, 14 and 15 were reported,17,19 however, their
characterization data are reported herein for the rst time as
following:

3-Methyl-2-hydrazinylbenzo[g]quinazolin-4(3H)-one (7).
Yield 70%; mp 284–286 �C; 1H NMR (700 MHz, DMSO-d6):
d 10.04 (s, 1H, –NH), 8.84 (s, 1H), 8.60 (s, 1H), 8.21 (br d, J ¼
8.2 Hz, 1H), 8.00 (br d, J¼ 8.2 Hz, 1H), 7.90 (br t, J¼ 7.5 Hz, 1H),
7.68 (br t, J ¼ 7.5 Hz, 1H), 6.23 (s, 2H), 3.6 (s, 3H); 13C NMR (175
MHz, DMSO-d6): d 167.7, 157.8, 144.45, 135.6, 130.5, 130.1,
127.6, 127.3, 113.21, 29.28; ESI-MS (m/z): 239.10 [M � H]�

(negative mode) for MW ¼ 240.26.
3-Ethyl-2-hydrazinyl-benzo[g]quinazolin-4(3H)-one (8). Yield

71%; mp 245–247 �C; 1H NMR (700 MHz, DMSO-d6): d 9.60 (s,
1H, –NH), 8.68 (s, 1H), 8.43 (s, 1H), 8.26 (br s, 1H), 8.04 (br s,
1H), 7.79 (br t, J ¼ 8 Hz, 1H), 7.68 (br s, 1H), 6.25 (s, 2H, –NH2),
4.08 (q, J ¼ 7 Hz, 2H), 1.28 (t, J ¼ 7 Hz, 3H); 13C NMR (175 MHz,
DMSO-d6): d 159.3, 148.3, 144.4, 136.8, 135.5, 131.1, 130.2,
130.0, 127.5, 127.2, 116.1, 113.1, 40.9, 13.7; ESI-MS (m/z): 253.2
[M � H]� (negative mode) for MW ¼ 254.29.
This journal is © The Royal Society of Chemistry 2020
3-Methyl-2-hydrazinyl-6-methyl-3H-quinazolin-4-one (14).
Yield: 55%; mp: 269–270 �C; 1H NMR (DMSO-d6): d 7.74 (br s,
1H), 7.44 (br d, J¼ 7 Hz, 1H), 7.25 (d, J¼ 8 Hz, 1H), 3.5 (s, 3H, N–
CH3), 2.35 (s, 3H, Ar–CH3);

13C NMR (175 MHz, DMSO-d6):
d 155.1, 146.8, 138.2, 136.7, 131.9, 128.3, 116.9, 115.3, 32.0 (N–
CH3), 21.3 (Ar–CH3); ESI-MS (m/z): 203.1 [M � H]- (negative
mode) for MW ¼ 204.23.

3-Ethyl-2-hydrazinyl-6-methyl-3H-quinazolin-4-one (15).
Yield: 58%; mp: 198–200 �C; 1H NMR (DMSO-d6): d 7.69 (br s,
1H), 7.41 (br d, J¼ 7 Hz, 1H), 7.21 (d, J¼ 8.0 Hz, 1H), 4,01 (q, J¼
7.0 Hz, 2H), 2.33 (s, 3H, Ar–CH3), 1.14 (t, J ¼ 7.0 Hz, 3H); 13C
NMR (175 MHz, DMSO-d6): d 157.2, 147.3, 136.8, 131.7, 130.5,
129.0, 116.1, 115.7, 41.4 (N–CH2CH3), 21.0 (Ar–CH3), 12.9 (N–
CH2CH3); ESI-MS (m/z): 217.10 [M � H]� (negative mode) for
MW ¼ 218.26.
NS3/4A protease inhibition protocol

The SensoLyte® 490 HCV protease kit was optimized to detect
the activity of hepatitis C virus NS3/4A protease using an
EDANS/DABCYL FRET peptide substrate, with its uorescence
monitored at Ex/Em ¼ 340 nm/490 nm upon proteolytic
cleavage. NS3-containing cellular membrane fractions were
prepared using a previously published protocol.24,25 The 96-well
or 384-well microplate can provide better signal-to-noise ratio.
The uorescence microplate reader was capable of detecting
emissions at 490 � nm with excitation at 340 � 30 nm. HCV
NS3/4A protease can be produced using Escherichia coli. AnaS-
pec provided highly active recombinant HCV NS3/4A protease.
Molecular docking

Molecular operating environment (MOE) soware was
employed.26 To study the binding modes between the docked-
selected compounds and amino acid residues at the active
site of the NS3/4A protease, the 3SV6 22 (telaprevir) crystal
structures of HCV NS3/4A serine protease were used. HCV NS3/
4A protease was obtained from Protein Data Bank [PDB code
3SV6]. The detailed methodology was reported in accordance to
the literature.22,26,27
QSAR analysis

From the literature,28,29 a series of active inhibitors against the
HCV NS3/4A serine protease was extracted. The dataset is
illustrated in Tables S1 and S2,† and contains 42 compounds
which include of synthesized compounds 1–17, ethyl pyrroli-
dine-5,5-trans-lactams28 and benzofuran-3-carboxamide29

derivatives. For the current QSAR study, the described inhibi-
tory potencies (pIC50) of the inhibitors range from 4 mM to 8.52.
A various subset selection method30 was applied to divide the
compounds into a training (80%) and test set (20%). Briey,
about 300 2D and 3D descriptors available in the MOE version
2015.0802 soware31 were employed for the distance calculation
of each database entry. The test set comprised 20% of the data
structures (8 compounds) that had greater distance values from
each other and the remaining 34 compounds (80%) were taken
as the training set.
RSC Adv., 2020, 10, 35820–35830 | 35829
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The QSAR 2D was carried out with the QuaSARmodule in the
MOE soware for training set and test set and their detailed
processes were reported in accordance to the literature.31–33
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