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ABSTRACT This study elucidates the binding mode of non nucleoside and nucleoside analogue inhibitors to the crystal 
structure of HCV NS5b, 2HAI, by means of molecular docking. Receptor based approaches were applied to 

novel ten HCV NS5b inhibitors. Docking protocol with both Restricted Electrostatic Potential (RESP) charge and Gasteiger 
charges were performed. The docking study confirmed that non-polar hydrophobic (Leu419), polar hydrophilic (Ser 476) and 
positively charged polar (Arg501) residues are important interaction sites in Thumb domain of the polymerase. These novel 
compounds show high activity toward allosteric sites and active site, when applying RESP charges for non nucleoside inhibi-
tors and bad influence for nucleoside analogue inhibitors. 
Summary
The deprotonated form after applying RESP charges were improved the docking results for compounds 1-5, while worsened 
for inhibitors 6-10. Compounds 4, 5, 9 are considered as the most active compounds for Thumb pocket-II.

Introduction
Ribavirin, a nucleoside analogue inhibitor, has a wide-rang-
ing antiviral activity (Gilbert  & McLeay, 2008; Koren, King, 
Knowles, & Phillips, 2003; Véronique et al., 2011); this is rep-
resenting in inhibition of  Inosine-5’-monophosphate dehy-
drogenase (IMP dehydrogenase), which lowers cellular GTP 
(Chung et al., 2007) with many proposed mechanisms to ex-
plain this activity (Bougie & Martin, 2003; Moriyama et al., 
2008). Ribavirin targets the polymerase HCV NS5b (Corouge 
& Pol, 2011; Miles, Miles, Redington, & Eyring, 1976; Yong, 
2003), which is responsible for HCV replication (Lee, 2004). 
It enhances early sustained virological response (SVR)  rates 
during interferon-based antiviral HCV therapy (Hofmann, 
Herrmann, Sarrazin, & Zeuzem, 2008).

Carboxylic acids such as malic and citric have anticoagulant 
property and prevent kidney calculi (Moreno-Cid, Yebra, & 
Santos, 2004).  Malic, citric and tartaric are involved in Kerbs 
cycle for energy production in human cell (Shaw, 2008). Inad-
dition, such acids or their derivatives introduce potent natural 
analogue drugs (El Bialy, Holger, & Lutz, 2005; Tietze et al., 
2007). Malate derivatives are engaged in inhibition of viral 
, neoplastic diseases as HBV and HIV (Zhou, Jahansson, & 
Wahling, 2005).

This study aims at developing novel HCV NS5b for both non-
nucleoside and nucleoside analogue inhibitors. They docked 
into different potential sites with Autodock (Cosconati et al., 
2010). Autodock fails to predict the partial charges on  both 
the protein and the ligand, as a consequence it might under-
estimate the binding energy with about 2-3 Kcal/mol (Cosco-
nati et al., 2010). In an attempt to further improve binding 
energy prediction, RESP charges were calculated before 
docking (Wang, Cieplak, & Kollman, 2000). 

Methodology
All inhibitors as seen in Fig.1, were optimized by Gaussian03 
(Frisch et al.) at B3LYP/6-31G* , ESP charge was calculated at 
B3LYP/cc-pVTZ and followed by RESP calculations by Ante-
chamber (Case et al., 2010).  

Docking was carried out by MGLTools v.1.5.4 (Sanner, 1999) 
which is an interface for Autodock. Before docking process, 
for receptor: ligand and water molecules were removed, po-
lar hydrogen atoms and charges were added. Finally, atom 

types were assigned on both ligand and receptor. The dock-
ing sites were applied as following: Thumb pocket-I ( Pro495, 
Pro496,Val499), Thumb pocket-II (Leu419, Met423), Palm 
pocket-I (Asn411, Met414, Tyr448) and the active site (Ser 
282)(Betzi et al., 2009) with dimensions 126x126x126 Å and 
also 0.2 Å for grid spacing; the Lamarckian genetic algorithm 
(LGA) was applied with 100 runs to broaden the search as 
possible for the most likely conformations and finally dock-
ing calculations were performed using Autodock4 (Li et al., 
2006). The minimized receptor “2HAI”, was redocked to the 
co-crystal ligand with RMSD =0.9 Å (Li et al., 2006). Docking 
was applied twice; one for the neutral and the other for the 
deprotonated structures due to the activity of the deproto-
nated forms compared to the neutral ones (Zapata-Torres et 
al., 2012).

All docking computations were automated by Raccoon, which 
is a valid tool for virtual screening (Forli, 2010); dockres tool 
(Mezei & Zhou, 2010) used to extract the best poses for each 
one of three receptor sites (Thumb pocket-I, II, Palm pocket-I)  
and the active site. LPC package (Sobolev, Sorokine, Prilusky, 
Abola, & Edelman, 1999) demonstrated all types of interac-
tions between ligand and receptor with graphic representa-
tion by Chimera (Pettersen et al., 2004) and Molegro molecu-
lar view (Thomsen & Christensen, 2006) .

Results and Discussion
RNA dependent RNA polymerases (RdRP) structure is a right 
hand conformation, it composed of “fingers”, “palm,” and 
“thumb” sub-domains as any DNA-dependent RNA poly-
merases (Brautigam & Steitz, 1998) as in Fig.2. “The fingers 
domain is characterized by two regions: an inner region that 
consists primarily of a bundle of α-helices, surrounding and 
packed against the palm sub-domain, and an outer region 
projecting away from the palm”. In this region, the nucleotide 
binding site exists near to the active site. The palm domain 
is composed of a catalytic active site with highly conserved 
regions in all RdRP and also among all known template-
dependent polynucleotide polymerases (Gorbalenya et al., 
2002; O’Reilly & Kao, 1998); the palm domain includes palm 
I, II, III (Lesburg, Radfar, & Weber, 2000) (Beaulieu, 2009); Be-
cause of overlapping of palm I:III (Beaulieu, 2009), we inves-
tigated it as one site. The thumb domain is an allosteric bind-
ing sites adjacent to GTP with 30 Å away from the catalytic 
center (Lesburg et al., 2000). 
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Thumb pocket-I investigations of deprotonated non nu-
cleoside analogues 1-5 showed that the phenol group is di-
rected toward the hydrophobic residues Val494, Leu489 and 
Ala486, Fig.3. Most of hydroxyl or carbonyl groups exist at 
the terminal of these structures form hydrogen bonds with 
different residues: O4 with hydrophobic residues Val 494 as 
in case of compounds 1-3, O5 with Arg501 for inhibitors 1-3 
or with Arg498 for 4-5; O7 with Arg498 for 1-5 and O11 only 
in compound 5 with Leu497. Also, there is a change in the 
structure orientation in 4 which might decrease hydrophobic-
ity and binding energy as displayed in Fig. 4.

For nucleoside analogue 6-8, the sugar ring and 1, 2, 4 
triazole ring (hydrophobic part) are directed to the hydro-
phobic residues Val494, Leu489 and Leu497, respectively. 
The other part of structure is directed toward Arg498 and 
Arg501 except in 9, 10 where tetrahydrofurane ring is shifted 
up to Asn28, Ser29 and shifting of 1, 2, 4 triazole to Arg32. 
Compounds 6-10 form more hydrogen bonds than 1-5. This 
may due to the sugar ring which increase hydrogen bonds 
in these compounds and lower binding affinity to be more 
potent as shown in Fig.4.

For Thumb pocket-II analysis of compounds 1-5, phenol 
group is pointed to hydrophobic residues Thr418, Leu419 or 
Arg422 , Tyr477 and also form three HB, O3 with Thr418, 
Leu419, Tyr477 and O4 with Ser476 except compound 5. 
Compound 4 is considered as the most active inhibitor with 
binding energy of -10.7 kcal/mol and the highest hydropho-
bicity with 24 hydrophobic interactions as depicted in Fig.4. 

From Palm pocket-I analysis, there is a parallel π-π stack-
ing between Tyr415 and phenol group of inhibitors 1-3. For 
inhibitors1-5, there are electrostatic interactions of O7-10 
with the surrounding residues Arg386, Thr390, Pro391 and 
Arg394. For inhibitors 6-10, there are electrostatic interac-
tions between carbonyl groups of O7-10 and Arg390, Pro391 
and Arg386. 

As displayed in Fig. 4 and Table 1, there is a strong relation 
between hydrophobicity and binding energy which indicates 
tendency of compounds 1-5 to bind to allosteric sites and ac-
tive site as follows: Palm pocket-I >Thumb pocket-II >Thumb 
pocket-I >Active site. However, from Table 1, we can deduce 
the following: non nucleoside inhibitors 1-5 are binds weakly 
to both sites Thumb pocket-I and the active site by R2=0.43, 
0.41 while binds strongly to both Thumb pocket-II and Palm 
pocket-I by R2=0.77 and 0.85 as in case of neutral form. In 
case of deprotonated form it is strongly bind to Palm pocket-
I, Thumb pocket-II and I than the active site. This phenomena 
can be ascribed to charge improvement over the atoms as 
found in the literature (Hou, Zhang, & Xu, 2002). In case of 
nucleoside inhibitors 6-10, using RESP charges worsen the 
docking results as reported previously (Ryška, 2011) 

For compounds 6-10, there is an electrostatic interaction 
between carbonyl group of O7, O8, O9, O10 and Lys533, 
Val530, Arg501 as shown in Fig. 3. Compound 9 is the most 
potent inhibitor as seen in Fig. 4.

Figure 1: The novel ten HCVNS5B inhibitors of the current 
study.

Figure 2: Represents Compound 1 docked to allosteric sites 
(Thumb pocket-I, II, Palm pocket-I) and the active site.

Figure 3: schematic representation for Thumb pocket- I,II and 
Palm pocket-I poses for inhibitor 1-10, while 8 colored white 
to differentiate between 6,8. Amino acid residues appear as 
thin sticks while ligand atoms are represented as bold sticks. 
The hydrophobic parts appear in green while the hydrophilic 
moieties in orange and gray colors. Hydrophilic residues 
have a red color, while hydrophobic residues have blue color. 
Atoms of residues are colored according to the hydropathy 
index proposed by Kyte and Doolittle in 1982 (Kyte & Doolit-

tle, 1982), The blue dashed line represents the hydrogen 
bond, b. Electrostatic interactions between carbonyl groups 
and residues surrounding it. The compounds colored accord-
ing to their atoms, red circles refer to negative charge while 
blue for positive charge while the inhibitors colored accord-
ing to their atom types. 

Figure 4: Types of intermolecular interactions: hydrogen 
bond (HB), hydrophobicity (ph), Aromatic-Aromatic (Ar-Ar), 
and Acceptor-Acceptor (AA) of the investigated compounds 
for Thumb pocket-I(site A), II(siteB), Palm pocket-I(site C) and 
the active site(AS) versus binding energy before and after 
adding RESP charge.
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Fig.3: continued

Figure 4

Fig. 4: Continued

Table 1: Correlation coefftient (R2) for hydrophobicity (ph), 
hydrogen bond (HB) versus predicted free energy (Fe). Dock-
ing calculations done by Autodock before and after adding 
RESP charge.

Correlation 
type

Thumb
pocket-I

Active 
Site

Thumb
pocket-II

Palm 
pocket-I

Non nucleoside inhibitors : 1-5

Neutral_ Ph 0.43 0.41 0.77 0.85

Deprotonated_Ph 0.68 0.63 0.7 0.88

Neutral_HB 0.33 0.73 0.73 0.25

Deprotonated_HB 0.21 0.13 0.51 0.45

Nucleoside inhibitors: 6-10

Neutral_ Ph 0.89 0.86 0.91 0.90

Deprotonated_Ph 0.78 0.70 0.70 0.87

Neutral_HB 0.38 0.09 0.06 0.003

Deprotonated_HB 0.54 0.14 0.46 0.04
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