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A B S T R A C T

Aim: To work on Hepatitis C Virus (HCV), one of the major causes of liver cirrhosis and hepatocellular carci-
noma, polymerase of genotype 4a that have no solved structures deposited in the protein data bank (PDB) yet.
Understanding the dynamics and testing some novel inhibitors are also covered.
Materials and methods: Molecular Dynamics Simulation (MDS) is performed for a period of 1 μs on comparatively
modeled then validated NS5b of subtype 4a. Following MDS analysis, molecular docking is performed to test the
inhibitory performance of eight novels suggested guanosine derivatives using 181 different conformations of the
protein model gathered during the MDS run after the equilibration period.
Key findings: The results yield that the eight modified, at position 2’, GTP derivatives (fluorine, Hydroxyl, and
sulphonyl oxydanyl) have binding energies comparable to the parent molecule, GTP. Besides, the eight suggested
compounds have lower binding energies (and hence better in binding) compared to sofosbuvir (a drug approved
by FDA in 2013 against HCV) and ribavirin (a wide range acting antiviral drug used before against HCV).
Significance: Combined molecular dynamics and molecular docking are able to test the hypothesis of HCV
polymerase dynamics doesn't affect the nucleotides (or nucleotide inhibitors) binding to its active site. Despite
the reported highly dynamic subtype 4a of HCV; all the nucleotide inhibitors under the study are able to, tightly,
bind to NS5b of genotype 4a. This behavior is reported before for the Zika virus polymerase, as well.

1. Introduction

Hepatitis C Virus identified for the first time 30 years ago [1]. HCV
is one of the confirmed reasons for liver complications such as cirrhosis
and loss of liver function. Besides, hepatocellular carcinoma may de-
velop in chronically infected patients [2–7].

HCV is an RNA virus and characterized by massive mutations that
result in the differentiation of many quasi-species inside the individual
patient. World Health Organization (WHO) classified HCV to seven
genotypes with about 70% sequence identity. Egypt has a vast number
of infections that reach more than 14% of the population while the
dominant genotype (∼90%) is 4, subtype a [8–10].

The primary therapeutic regimen was interferon and ribavirin until
eight years ago [11–13]. In the year 2011 and the following years, the
Food and Drug Administration (FDA) approved different drugs, called
Direct Acting Antivirals (DAAs). These drugs inhibit specific viral pro-
teins, mainly NS3 serine protease, NS5b RNA dependent RNA poly-
merase (RdRp) and NS5a [3,5–7,11,14].

IDX-184 is a guanosine derivative that proved excellent inhibitory
performance against HCV NS5b. It gave better results compared to

Ribavirin [2,10,15]. Due to complications associated with the regimen
in which IDX-184 was involved, the clinical trials were halted in March
2013. On the other hand, the precursor of this drug (Guanosine nu-
cleotide) may be used as a seed for other modified compounds that
could be safe and give better inhibitory performance against NS5b.

Eight novel modified compounds generated, in this study, from the
physiological guanosine, in its triphosphate form, (GTP). Molecular
docking technique was utilized to test protein/ligand binding, at dif-
ferent dynamics states, and to score the binding free energies for the
different ligands to the protein active site at different conformations
(every 5 ns) [13,16–18]. Besides, some docked structures were in-
vestigated to analyze the resulting complexes.

No solved protein structures for genotype 4a are deposited in the
protein data bank (PDB) yet [9,19–21]. For this reason, comparative
protein modeling was performed to obtain a 3D model that equilibrated
for a period of 1 μs using Molecular Dynamics Simulation (MDS). The
equilibrated protein system is analyzed and discussed in detail in the
next sections.

The results revealed high potency of the suggested compounds
against HCV polymerase. Besides, the most movable secondary
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structure element (β-hairpin 1) doesn't affect nucleotide-binding even
at the movement events. N-terminal is less stable compared to C-
terminal; in addition, it involved in the nucleotide-binding (through H-
bonds (D1) and salt bridges (R3) with D99 and D100) suggesting a role
of nucleotide-binding on the degradation rate of the polymerase
through the N-degron pathway.

2. Materials and methods

2.1. Model building

Genotype 4a HCV NS5b RdRp sequence (GB: AET98770.1) was re-
trieved from the National Center for Biotechnology Information (NCBI)
protein database. The downloaded sequence was used to construct the
all atoms 3D model using comparative protein modeling server PHYRE
2 [20] using HCV RdRp of genotype 1a (HC-J4 strain PDB code: 1NB4)
as a template. The protein model was validated using Structure Analysis
and Verification Server (SAVES webserver). Three software used in the
validation of the model; PROCHECK, PROVE, and ERRAT. These soft-
ware test stereo-chemical properties, atomic volumes, and overall error
factor of the generated protein model, respectively [22–26].

2.2. Molecular Dynamics Simulation

Genotype 4a HCV NS5b all atoms 3D model was solvated with
12,759 water molecules. The default solvate function of VMD is used to
generate a water box of size 81.6×77.2×67.5 Å3 centered at 59.5,
61.5, 62.4 Å such that the protein coordinates lie in the center of the
box. The padding is set to be between 10 and 25 Å in the 3 directions to
ensure that the protein is confined in the cell without interacting with
other images. The density of the water in the system is guaranteed to be
1 gm/cm3 using an in-home script. The total polymerase charge was
−3, so three sodium ions (Na+) are added to the system to neutralize
the charges. The solvent was minimized for 100 ps using NAMD soft-
ware and utilizing CHARMM27 force field. After that, Normal Pressure
and Temperature (NPT) ensemble is used to relax the protein for a total
period of 5 ns. The protein volume was fluctuating around 396100 Å3

that used to generate a box size of (73.43×73.43× 73.43) Å for the
periodic boundary condition. A production run for 1 μs was performed
using Normal Volume and Temperature (NVT) ensemble. Explicit sol-
vation scheme is maintained for all the simulations using the TIP3P
water model. The protein coordinates were retrieved every 5 ns for the
next step of our work, the docking study. All MDS were conducted on
Cy-Tera supercomputer facility of Cyprus Institute of Science under the
project number “pro15b114s1”.

2.3. Molecular docking

SCIGRESS 3.0 software was used to conduct the docking calcula-
tions [13,17,27,28]. Ligands structure optimization was performed in
three steps; using molecular mechanics force field MM3 [29] then semi-
empirical quantum mechanical parameterization method 6 (PM6) [30]
and finally using density functional theory (DFT) B3LYP functional
[15,17,31]. The calculations were performed using SCIGRESS 3.0
software installed on Dell precession T3600 workstation.

After the removal of all water molecules from the protein model, the
optimized ligands were docked into the active site of NS5b (D99 and
D100, conserved active site amino acids) using the default setting of
SCIGRESS [17]. The potential of mean force (PMF) scoring function is
used with 0.25 grid spacing. A genetic algorithm is utilized with 50
population size, 3000 maximum generation, 0.8 cross rate, and 0.3
mutation rate. The maximum iteration for local search is set to 20 with
a 0.06 rate. The active site was treated as flexible during the docking
experiment. The selection of the consecutive aspartates (D99 and D100)
for docking is based on the literature and the solved structures of NS5b
from other genotypes. Docking scores were retrieved, and the docking

Fig. 1. The structures of active guanosine nucleotide (GTP) and The modified
compounds (2′ carbon of the ribose ring where the OH group is replaced by the
R group. The structures are sketched by the freeware version 2012 of
ChemSketch.
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poses examined for established interactions using Protein-Ligand In-
teraction Profiler (PLIP), PyMOL, and Maestro software [32–34].

3. Results and discussion

3.1. Generation of the inhibitor molecules

Fig. 1 shows the structures of GTP and the suggested modifications.
The modifications are introduced in the 2′ carbon of the ribose ring of
GTP in which we replace the hydroxyl group with different aromatic
substitutions. These aromatic substitutions could make steric hindrance
once it has attached to the newly formed RNA strand, the primer, and
blocking the polymerization process. In this study, a total of 8 suggested
compounds are tested; four hydroxyl-substituted oxidanyl (mono- and
di- ortho/meta), two sulfanyl-substituted oxidanyl (mono- and di-meta)
and two fluorine-substituted oxidanyl (mono-meta/para) compounds.
These modifications are based on other nucleotide inhibitors in the
market and under clinical trials in which bulky group or halide sub-
stitutions are introduced in the 2’ carbon of the ribose ring of nucleo-
tides [2,3,10,11,19]. All the docking calculations are done for real
compounds (no transition states) after optimizing its 3D structures
quantum-mechanically as mentioned in the materials and methods
section.

3.2. HCV RdRp of genotype 4a model building

Figure S1 A presents the sequence alignment between the query
model for genotype 4a and the sequence of template solved protein
structure (PDB ID: 1NB4) from which PHYRE 2 built the 108-residues
model. The sequence identity was 79%, and the confidence of the built
model was 100%. The all atoms root mean square (RMS) deviation of
the superimposed model to the template structure is 0.36 Å (figure S1
B). Besides, the model was valid according to SAVES software outputs.
Ramachandran plot gives (93.4% in the preferred region, 3.8% in the
allowed area and only 2.8% in the disallowed region). ERRAT (overall
quality factor is 79.798%) and PROVE software (Total number of buried
outlier protein atoms was 3.1% of the scored atoms) outputs are sui-
table for the protein model.

Secondary structures of the model are in good agreement with that
of the solved structure, the template. NS5b RdRp of genotype 4a model
consists of three α-helices (α1, α2, and α3) and two β-hairpins (β-
hairpin 1 and 2), one of these hairpins (β-hairpin 1) located between α2
and α3 while the other one (β-hairpin 2) lies after α3 just before the C-
terminal (see figure S1 B). The conserved active site amino acids (D99
and D100) are in the beta-turn structure of the β-hairpin 2. These two
amino acids are very conservatives and are exposed to the solvent (see
figure S1 B).

3.3. HCV RdRp of genotype 4a model dynamics

Molecular Dynamics Simulation for 1 μs was performed on the HCV
RdRp Genotype 4a model to equilibrate it and explore the different
possible conformations it possesses to test these conformations against
anti-polymerase drugs. Fig. 2 A through C show snapshot structures of
NS5b RdRp of HCV genotype 4a model in three different conformations.
The first snapshot (A) is taken after 150 ns (just after equilibration of
the protein-solvent system) while the second (B) and third (C) snap-
shots are taken in the middle (500 ns) and near the end of the simu-
lation (890 ns). From the figures, the most mobile secondary structural
element of the model is the β-hairpin 1. It rotates about 1800 during the
MD run. It moves from a plane in the z-axis, perpendicular to the plane
of the α3 helix (see Fig. 2A), to near the x-axis plane (still perpendicular
to α3) at 500 ns, while finally, at 890 ns it reaches the same plane of α3
(y-axis plane). Interestingly, it is noticed that the β-hairpin 1 motif loses
its secondary structure and become a loop from the beginning of the
MDS (see Fig. 2 A and S1 B), while near the end of the simulation

(Fig. 2C and E), part of this motif is folded back but into a small α-helix
(5-residues only). β-hairpin 2 also unfold into a loop but stepwise
during the simulation while the overall shape of it remains as the
hairpin due to some maintained H-bonds as we will show later (see
Fig. 2A-C and F).

Consequently, the Root Mean Square Deviation (RMSD) versus si-
mulation time (Fig. 2D) exhibit dramatic changes during the 1 μs MD
run. Both backbone (blue line) and all heavy atoms (orange line)
RMSDs are shown in Fig. 2D. The protein system is equilibrated in
about 70 ns followed by about 0.5 μs of fluctuations around 4 Å. A small
increase in the RMSDs (up to∼ 6 Å) is found in the period 260–390 ns.
On the other hand, a rapid jump in the RMSDs that reach 10 Å char-
acterize the period starting from 640 ns and until 870 ns when it re-
duced to ∼8 Å until the end of the simulation run. This jump in the
RMSD is suggested to be due to the rotation of the β-hairpin 1 motif (see
Fig. 2A–C).

Fig. 2 D also shows the surface accessible surface area (SASA)
(yellow line) and the radius of gyration (RoG) (gray line) calculated for
each frame of the simulation time. SASA values are stable during the
MD run with an average value of ∼8000 Å2, which reduced to
∼7000 Å2 after the big jump (after 720 ns and until the end of the
simulation). This illustrates a conformational change that resulted in
more backing of the protein, which will be discussed when talking
about H-bonds and distances later. Consequently, when the protein
backing is enhanced the protein radius is reduced, and that behavior
can be deduced from the values of the calculated RoG for our protein
model (RoG values reduced from ∼16 Å to∼ 14.5 Å after the big jump
at 720 ns and ongoing).

This unusual behavior of the model encourages us to follow some
distances that may explain such jump in the RMSD and increasing the
packing revealed from both SASA and RoG. Three distances are re-
corded during the MD simulation. These distances are calculated be-
tween the αcarbon of the residues to check its pattern during the simu-
lation, especially at the big jump appeared in the RMSD (Fig. 2D). D6-
D53, D6-D99, and V20–K79 distances are shown in Fig. 2E, where it
represented in blue, red, and brown lines, respectively. An enlarged
panel is showing the big jump region reported in the RMSD
(600–800 ns), for further illustration, on the top center of Fig. 2E. We
have two events (dashed green ovals 1 and 2 at 650 and 720 ns, re-
spectively) of dramatic changes in distances. These quick changes are
due to massive conformational changes of the underlying secondary
structural elements. Snapshots are taken before and after the big jump
at 560 and 750 ns, respectively (Fig. 2E, top corners).

D6-D53 (blue line) represents the distance between the D6 residue,
at the beginning of the α1-helix, and the D53 residue, near the center of
the β-hairpin 1 element. D53 residue lies in the center of the formed
small α-helix after the big jump. The changes in this distance are related
to the movement of the β-hairpin 1 element relative to the α1-helix. D6-
D53 exhibits a reduction in both 1 and 2 events, as shown in the two
green dashed ovals of Fig. 2E enlarged panel. The decrease of D6-D53 is
accompanied by an increase of the D6-D99 distance (red line) at 650 ns
(event 1) and also an expansion of the V20–K79 distance (brown line)
at 720 ns (event 2). D6-D99 represents the distance between the active
site aspartic acid residue D99 to the beginning of the α1-helix element.
It increases from ∼5 up to ∼30 Å at 650 ns (event 1). On the other
hand, V20–K79 distance represents the distance between the centers of
α1 and α3 helices. It increased from ∼7 up to ∼9 Å at the second event
(at 720 ns) and persisted until the end of the simulation. From the
observed changes in these three distances, we conclude that at event 1
the α1 helix is moved apart from the β-hairpin 2 (carrying the active
residues D99 and D100) and gets close to the β-hairpin 1. While during
event 2 again α1 helix is moved toward the β-hairpin by making a
conformational unfolding as the α1-α3 distance increased. This is ac-
companying the formation of small α-helix in the unfolded β-hairpin 1
element that could help in maintaining the conformational stability of
the protein by getting much more amino acids in contact through H-
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Fig. 2. Structures of HCV NS5b RdRp of genotype 4a modeled by PHYRE 2 web server and equilibrated by MDS for 150 ns (A), 500 ns (B) and 890 ns (C) in NVT
ensemble using the TIP3P water model shown in colored cartoon representation. Structural elements are labeled (D) Backbone (blue) and heavy atoms (orange) Root
Mean Square Deviation (RMSD), Radius of Gyration (RoG) (gray), and Surface Accessible Surface Area (SASA) (yellow) versus time of the 1μs MDS run. (E) D6-D53
(blue), D6-D99 (red), and V20–K79 (brown) distances versus time. The big jump is shown in the enlarged panel showing the two events 1 and 2 (green dashed ovals).
Two snapshots at 560ns and 750 ns are prepared like (A). (F) Per residue Root Mean Square Fluctuations (RMSF). The mobile elements are contained between two
dashed blue or green lines. Two snapshots are taken at the beginning and the end of the simulation and prepared like (A). (G) H-bonds number versus time (top) and
some of the salt bridges that established in the protein model versus time (bottom). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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bonding. N-terminal movement can play a significant role in these re-
arrangements due to its very high mobility.

To get much understanding of what happened during the simula-
tion, especially at the big jump region, we performed per residue Root
Mean Square Fluctuation (RMSF) analysis (Fig. 2F). As expected, the
two terminals of the protein model (N and C termini) are flexible.
Noticeable that the N-terminal is more flexible (RMSF of 12 Å) com-
pared to the C-terminal (RMSF of 8 Å). For the core part of the protein,

β-hairpin 1 shows the most flexible region (RMSF of 9 Å). β-hairpin 2
region (between the two green dashed lines) shows moderate fluctua-
tions during the MDS (RMSF of 6 Å) while other parts of the core
protein model are stable during the simulation. Two snapshots are
taken (Fig. 2F top) at the beginning and the end of the simulation
showing the changes that happened upon simulating the protein dy-
namics. The most noticeable changes are in the terminals (N and C),
and β-hairpins 1 and 2 unfolded into loops. Besides, β-hairpins 1

Fig. 2. (continued)
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changed its direction dramatically, and small α-helix centered at D53 is
formed after the big jump events, while β-hairpin 2 has little changes.

Fig. 2 G (top) shows the number of H-bonds that are formed in the
protein model against time. As can be noticed, the number of H-bonds
before the big jump region is∼150, but upon the jump (after 750 ns), it
rises a little bit to∼ 170. This is consistent with both SASA and RoG,
which shows an increase in the protein backing after 750 ns. Table 1
lists some of the H-bonds and its % occupancy during the MDS run.
From the table, we can conclude that α-helices (especially α3 helix that
have>90% occupancies) are the most stable secondary structural
elements in the model. On the other hand, β-hairpin 1 is the most un-
stable element in terms of the occupancies of its H-bonds. C-terminal
(29.4%) is more stable than N-terminal (12%) as reflected from the %
occupancies.

Besides, Fig. 2G (bottom) shows some of the salt bridges that pre-
sent in the protein model versus time. We have here four salt bridges
(D6-R61, D6-K79, D99-R3, and D100-R3) that were stable until 650 ns

when it starts to dissociate. On the other hand, D1-R58, D1-R59, D6-
R59, and D53-R15 show the reverse behavior as it formed after 650 ns.
This means that a conformational change occurred in the protein model
with increasing protein backing. From the salt bridges, we can see that
the most movable parts are the N-terminal residues (D1, R3, and D6)
and the β-hairpin 1 region and its preceding residues (R53, R58, R59,
and R61). The N-terminal residue D1 makes salt bridges with the region
just after the β-hairpin 1 (R58 and R59) only at the jump region
(650–700 ns).

Interestingly, The N-terminal of the protein (R3) interacted with the
active site residues (D99 and D100) between 450 and 650 ns of the
simulation. This causes a question to arises here; Is the change of the
structural elements relative to the active site has an effect on the
binding of nucleotides or its derivative inhibitor? In the next section,
we will answer this question by performing molecular docking at dif-
ferent conformations of the protein during the MDS run and see how is
the binding energy during the entire MDS. Also, does N-terminal flex-
ibility and its involvement in the GTP binding, as we will see later,
affect the recognition of the polymerase by its recognin E3 ligase for
proteasome degradation?

Nucleotide inhibitors against HCV RdRp of genotype 4a:
Fig. 3 shows the relative average binding energies (docking scores

relative to GTP score, where the error bars represent the standard de-
viation) for the docking of the eight suggested compounds (blue) along
with the parent compound, GTP (green) and the drugs, sofosbuvir
(orange), which approved by FDA in December 2013, ribavirin
(brown), a wide-range acting antiviral, and IDX-184 (yellow), which
was under clinical trials. Docking study was performed using 181 dif-
ferent conformations represent the protein every five ns of MDS starting
from 100 ns. From the figure, we can conclude that the binding energies
for all of the suggested compounds are comparable with that of the
parent compound and hence competitive binding, against GTP, for the
protein active site is suggested for the compounds and thus polymerase
inhibition.

As a comparison between the relative binding energies of the sug-
gested compounds and IDX-184, sofosbuvir and ribavirin to NS5b active
site; the proposed compounds have better values compared to so-
fosbuvir and for less extent to that of ribavirin. On the other hand, no
significant difference between the relative binding energies of the
suggested compounds and IDX-184 is reported. Fig. 4 shows the relative
average binding energies represented in dot plots as a function of time
for IDX-184 (A), sofosbuvir (B), ribavirin (C), and modification 3 (D),
which is the best-suggested compound based on its relative average
docking score. A comparison between GTP and each compound illus-
trates the effectiveness of using these compounds against the NS5b of
genotype 4a (see Figure S2). Sofosbuvir and to less extent ribavirin are
less in their relative binding energies compared to GTP during the MDS
run. On the other hand, IDX-184 has more or less relative binding en-
ergies as GTP. These results are in good agreement with our previous in
silico study made on different HCV genotypes 1a, 2b, and 3b.

3.4. Sofosbuvir versus suggested modified nucleotide inhibitors

We noticed some relative docking score values that deviate from the
average values. To quantify the binding mode of these cases, we further
analyzed the binding patterns utilizing Protein-Ligand Interaction
Profiler (PLIP) for GTP and Sofosbuvir. The best ten and the worst ten
values are used in this analysis, and the results are tabulated in Tables 2
and 3 for GTP and Sofosbuvir, respectively. Two significant interactions
are established between the ligands and the protein binding site upon
docking, which are H-bonds and salt bridges. Other interactions still
occur but less frequently, such as hydrophobic interactions and π-cation
interaction.

As shown from Table 2, the number of H-bonds and salt bridges
formed between GTP and the protein is higher in the best scores com-
plexes compared to the lowest scored complexes. This pattern is also

Table 1
H-bonds formed between the residues of the RdRp model over the simulation
period of 1 μs

Donor Acceptor Occupancy % Structural element

ARG59-Side GLU11-Side 91.53% α1 - β-hairpin 1
VAL16-Main LYS12-Main 95.06% α1
LEU41-Main LEU37-Main 97.58% α2
ARG40-Main ALA36-Main 93.75% α2
GLY18-Main ILE14-Main 95.56% α1
ARG61-Side GLU17-Side 90.83% α1 - β-hairpin 1
LYS79-Side GLU17-Side 61.90% α1- α3
GLU17-Main ASP13-Main 93.65% α1
THR38-Main ILE34-Main 98.19% α2
THR38-Side ILE34-Main 92.64% α2
ALA80-Main CYS76-Main 97.58% α3
ALA83-Main LYS79-Main 96.37% α3
ALA86-Main ALA82-Main 96.27% α3
GLN81-Main TYR77-Main 96.67% α3
ARG85-Main GLN81-Main 92.24% α3
VAL102-Main LEU95-Main 71.37% β-hairpin 2
MET94-Main VAL102-Main 53.23% β-hairpin 2
LEU95-Main VAL102-Main 97.88% β-hairpin 2
ILE104-Main THR93-Main 90.42% β-hairpin 2
CYS92-Main ILE104-Main 23.89% β-hairpin 2
THR93-Main ILE104-Main 45.46% β-hairpin 2
SER107-Main ASP91-Main 14.72% β-hairpin 2
LEU37-Main VAL33-Main 98.29% α2
THR75-Main GLY71-Main 94.05% α3
THR75-Side GLY71-Main 93.25% α3
LYS79-Main THR75-Main 98.39% α3
CYS76-Main ASN72-Main 94.86% α3
TYR77-Main THR73-Main 93.95% α3
ALA82-Main LEU78-Main 97.48% α3
LEU78-Main LEU74-Main 98.39% α3
LYS79-Side ASP13-Side 51.21% α1- α3
ARG61-Side ASP13-Side 41.43% α1 - β-hairpin 1
ARG58-Side GLY44-Main 17.14% β-hairpin 1
ARG58-Side ARG40-Main 29.03% β-hairpin 1 – α2
ARG90-Side GLU106-Side 29.44% C-terminal
ARG85-Side ASP91-Side 41.53% α3- β-hairpin 2
ARG90-Side ASP108-Main 28.53% β-hairpin 2
ALA105-Main THR93-Main 14.11% β-hairpin 2
CYS55-Main LYS51-Main 25.30% β-hairpin 1
LEU54-Main LYS51-Main 23.99% β-hairpin 1
ASP1-Main ASP99-Side 12.00% N-terminal - β-hairpin 2
THR93-Main ALA105-Main 18.45% β-hairpin 2
TYR66-Side THR38-Side 42.44% α2- α2′
TYR42-Side ILE14-Main 14.92% α1- α2
THR38-Main TYR66-Side 11.19% α2- α2′
LEU54-Side LYS51-Main 11.49% β-hairpin 1
CYS55-Side LYS51-Main 10.69% β-hairpin 1
ARG15-Side ASP53-Side 21.77% α1- β-hairpin 1
ARG90-Main GLU106-Main 18.45% β-hairpin 2
GLU106-Main ARG90-Main 20.46% β-hairpin 2
LYS51-Main MET47-Main 17.54% β-hairpin 1
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Fig. 3. Bar graph representing the relative average docking scores for GTP (green), IDX-184 (yellow), Sofosbuvir (orange), Ribavirin (brown), and the suggested
modifications (blue) into NS5b of HCV subtype 4a. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 4. Relative docking scores as a function of time (ns). GTP values are compared to a) IDX-184, b) Sofosbuvir, c) Ribavirin, and d) suggested compound 3 with
(3,5-dihydroxyphenyl)oxidanyl as R group instead of the hydroxyl group in the parent compound. The time course is from 100 ns to 1000 ns.
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concluded from Table 3, but the situation is somehow different. So-
fosbuvir form a fewer number of H-bonds and salt bridges with the
protein compared to GTP, and this is reflected in its relative docking
scores values (see Figs. 3 and 4). The primary interacting amino acids in
the best GTP complexes are D1, R3, D99, and D100, while for the worst
complexes, the interactions mainly occur through the active site as-
partates only (D99 and D100). This means that the best interaction of
GTP to the polymerase is when the N-terminal residues D1 and R3 are
in close vicinity of the active site aspartates. For Sofosbuvir, the number
of interactions is less in the worst complexes, but no constant pattern of

amino acids could be concluded. This could be due to the chemistry of
Sofosbuvir (a uridine derivative) that differ from that of GTP.

As an example, Fig. 5 A shows the docked structure of (3,5-dihy-
droxyphenyl)oxidanyl guanosine triphosphate (compound 3 in Table 1)
to the NS5b RdRp of HCV genotype 4a model. The relative docking
score to GTP is 1.18. This docking study was performed after 150 ns of
the MDS run. During ligand docking, different polar contacts estab-
lished, from which one H-bond is formed (Fig. 5 B) between the amino
acid D1 and the hydroxyl group of guanine heterocycles. The same
occurred with other modified compounds (1, 2, 4–8) but with different

Table 2
Analysis of the best and worst docking score values obtained at different time steps of the MDS for GTP utilizing PLIP web server.

GTP best 10 docking values

MDS time at which docking performed H-bonds Salt bridges π-cation interaction Hydrophobic interaction

No. Amino acids involved No. Amino acids involved No. Amino acids involved No. Amino acids involved

250 2 D1 and D100 1 D99
420 5 T2, D99 (3) and D100 1 D99
560 6 D1, R3 (3) and D100 (2) 4 D1, R3, D99 and D100 1 R3
575 3 R3 (2) and D99 3 R3 (2) and D100
600 3 R3, D99 and D100 2 R3 and D100
610 6 D1, R3, D99 (3) and D100 3 R3 (2) and D100
625 5 R3 (2), D99 and D100 (2) 3 D1, R3 and D99
630 2 R3 (2) 2 R3 and D100
680 1 R3 3 R3 (2) and D100 1 R3
805 4 K79, D99 and D100 (2) 2 K79 and D99

GTP worst 10 docking values

285 3 D1, R3 and D99 1 D100
290 1 D100
345 1 D99
365 2 D99 and D100 1 D99
385 2 D1 and D100 1 D99
450 1 D99 1 D100
545 1 D100
595 5 D1, R3, D99 (2) and D100 1 R3
845 4 D99 (3) and D100 1 D100
900 2 D99 and D100 1 D99

Table 3
Analysis of the best and worst docking score values obtained at different time steps of the MDS for Sofosbuvir utilizing PLIP web server.

Sofosbuvir best 10 docking values

MDS time at which docking performed H-bonds Salt bridges π-cation interaction Hydrophobic interaction

No. Amino acids involved No. Amino acids involved No. Amino acids involved No. Amino acids involved

250 3 D1, D99 and D100
315 3 D99 (2) and D100
320 2 D100 (2)
600 3 D99 and D100 (2)
615 1 R3 1 R3
620 4 R3, D99 and D100 (2) 1 R3
665 6 R3 (3) and D100 (3)
670 3 R3, G98 and D99 1 R3 1 R3
735 4 T2, K79 and D99 (2) 2 R3 (2)
805 2 R61 and N72 2 K79 (2)

Sofosbuvir worst 10 docking values

485 1 D99
565 2 D1 and R3
570 2 R3 and N72
595 5 D1, R3 (2), C97 and D99 1 D100
635 3 R3, D99 and D100 1 R3
640 5 N72 (3), T73 and D99
645 2 G98 and D99 1 K79
650 4 R3, D99 and L101 (2) 1 D100
655 3 R3, D100 and L101
975
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number of H-bonds and various amino acids involved.
Figure S3 shows the 2D representation for all compounds docked

into the NS5b active site at 150 ns of the MDS. It shows how H-bonds
were formed and the polarity of the amino acids around the ligands
after 150 ns of MDS run. Besides; gray smudges represent water ac-
cessible atoms or groups. At least one H-bond is formed between the

suggested compounds and the binding site. Compound 4 is an exception
which interacts with the hydrophobic residues C97 and V102 through
its modified substitution.

A comparison between IDX-184 and other drugs used against HCV
NS5b is made using our model representing genotype 4a. The relative
average docking scores in the course of 1 μs of MDS is 0.98 ± 0.09 for

Fig. 5. (A) Structure of (3,5-dihydroxyphenyl)
oxidanyl guanosine triphosphate (compound 3
in Fig. 1) docked into NS5b model showing some
polar contacts (dashed yellow lines) between the
ligand and D1 and D100 of the protein. A re-
presentation made by PyMOL software. (B) 2D
representation for the same docked compound
to the protein active site showing the residues
surround the ligands and only one H-bond
formed between D1 and the hydroxyl group of
the heterocycle of the nucleotide inhibitor. Gray
smudges represent water accessible atoms or
groups. Active site pocket amino acids are re-
presented in one letter code and by different
colors according to the scheme in the figure
bottom. (For interpretation of the references to
color in this figure legend, the reader is referred
to the Web version of this article.)
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IDX-184. This is better than that of the approved drug, sofosbuvir
(0.77 ± 0.11), the drug R7128, which is under clinical trials,
(0.69 ± 0.20), and ribavirin (0.84 ± 0.11). All the suggested com-
pounds can bind effectively to RdRp of HCV genotype 4a model without
any effect of conformational flexibility. Besides, the binding energies
are as good as the physiological molecule GTP; hence, a competitive
inhibition is suggested.

4. Conclusion

Finding a potent drug is the primary goal of drug designers.
Understanding the dynamical behavior of a target protein is an im-
portant task that should be tackled in drug design. The most mobile
elements of the polymerase model we introduce here don't affect nu-
cleotide inhibitor binding. In this study, we present eight novel gua-
nosine-derivative compounds as potent as IDX-184 in inhibiting geno-
type 4a HCV and more efficiently than sofosbuvir and ribavirin. In a
previous study, IDX-184 proved to be a successful candidate against all
HCV genotypes. Further experimental validation is suggested as a next
step for developing, novel, potent nucleotide inhibitors against the
Egypt prevalent subtype of HCV.
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