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Background: Identification and characterization of developed antiviral drug resistance
mutations are key to the success of antiviral therapies against hepatitis C virus (HCV),
which remains a worldwide highly prevalent pathogenic disease. Although most studies
focus on HCV genotypes 1, 2 or 3, the investigation of drug resistance in HCV genotype
4, predominant in North Africa, is especially significant in Egypt.

Methods: We performed mutational and genotypic analysis of the untranslated region
(UTR) and nonstructural protein SB (NS5B) drug resistance-associated regions of HCV for
patients in the surrounding villages of Mansoura city, who were not responding to different
antiviral treatments (sofosbuvir (SOF), ribavirin, and interferon). Furthermore, molecular
modelling approaches (homology modelling and docking studies) were used to investigate
the significance of the identified NS5B mutations for SOF and ribavirin binding in the HCV
genotype 4a NS5B active site.

Results: Genotypic analysis confirmed all samples to have genotype 4 with sub-genotype 4a
predominant. Partial sequencing of the UTR and NS5B resistance-associated regions identi-
fied D258E, T282S and A307G mutations in all isolates of NS5B. The UTR mutation site at
position 243 was associated with interferon resistance, whereas the NS5B T282S mutation
was considered as significant for SOF and ribavirin resistance. Docking studies in the HCV
genotype 4a homology model predict SOF and ribavirin to accommodate a nucleotide-like
binding mode, in which the T282 residue does interfere with the binding as it would in HCV
genotypes 1 and 2. Mutation energy calculations predict T282S to moderately destabilize the
binding of SOF and ribavirin by 0.57 and 0.47 kcal/mol, respectively.

Conclusion: The performed study identified and characterized several antiviral drug resis-
tance mutations of HCV genotype 4a and proposed a mechanism by which the T282S
mutation may contribute to SOF and ribavirin resistance.

Keywords: hepatitis C virus, drug resistance, T282S mutation, direct-acting antivirals,
molecular docking

Introduction
Chronic infection with hepatitis C virus (HCV) is considered a major cause of
serious liver diseases, such as liver cirrhosis and liver cancer. It is widely distrib-
uted worldwide, but Egypt still has the highest prevalence among all countries
affected by HCV infection.'

A high degree of nucleotide sequence variability is found in the HCV coding
region. This variability is attributed to errors occurring during replication. As
a result, 7 different HCV genotypes have emerged with 31% to 33% nucleotide
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sequence variation. These genotypes have been further
grouped into subtypes that differ by 10-30% in nucleotide
sequence.” Moreover, variation by 5-15% in nucleotide
sequence can be detected in isolates of the same
subtype.® These genotypes and corresponding subtypes of
HCV have different geographical distributions. Genotype
1 is the most prevalent genotype in North America, South
America and Europe, while genotypes 2 and 3 are widely
distributed in Asia, Europe and Latin America. Genotype 4
is the predominant genotype in North Africa and the
Middle East, chiefly Egypt. Other genotypes® ' were
detected in South Africa, Southeast Asia and Congo,
respectively.

Determination of HCV genotype is highly important
prior to treatment, as the response to medications and
duration of therapy will depend basically on the infecting
genotype. For example, genotypes 1 and 4 exhibited more
resistance than genotypes 2, 3, and 6 when treated with
pegylated interferon-o. and ribavirin.* In Egypt, where
genotype 4a is the predominant subtype, effective treat-
ment is directed now to the use of sofosbuvir (SOF) plus
ribavirin for a period of 12 to 24 weeks for both untreated
and previously treated patients.’

Different techniques have been developed for geno-
typing HCV. Most of these techniques are based on
amplification of specific HCV RNA regions and sub-
sequent analysis of the amplified part through line
probe assay, restriction fragment length polymorphism
or sequence analysis. The target RNA regions of HCV
are the core/EI/NS5B or 5'UTR because they provide
accurate identification of the circulating subtype of
HCV.°

The aim of this study was to classify and investigate
the sequence variation in HCV strains from antiviral drug-
treated individuals in regions targeted by different antiviral
drugs. Molecular modelling was performed to characterize

significance for the binding of nucleotide inhibitors such
as SOF and ribavirin.

Materials and Methods

Collection of Samples

Blood samples were collected from 48 individuals, includ-
ing 47 HCV-infected individuals who were treated with
sofosbuvir, ribavirin, and interferon in addition to one
control (HCV-negative). Samples were obtained from
patients in the surrounding villages of Mansoura city. In
this study, 5 mL blood samples were collected from the
patients, consisting of 26 females and 22 males. After
blood clotting, to separate the serum from the blood
cells, each sample was centrifuged at 1500 rpm for
10 min. Serum samples were then collected and stored at
—80°C in aliquots for genotypic analysis.

Viral RNA Extraction and cDNA

Synthesis

RNA extraction was performed by using a GeneJET Viral
DNA/RNA Purification Kit (Qiagen) according to the
manufacturer’s instructions. Purified RNAs were frozen
at —80°C. For further analysis, the concentration of pur-
ified RNA was determined using a NanoDrop instrument
(OPTIZEN NanoQ, Mecasys). First-strand ¢cDNA synth-
esis was performed using a Revert Aid First-Strand cDNA
Synthesis Kit (Thermo Scientific) according to the manu-
facturer’s instructions. The synthesized first-strand cDNAs
were stored at —80°C until use.

PCR Amplification of HCV-NS5B

The NS5Bgene was amplified by nested PCR using the
primers shown in Table 1, as previously indicated. The
first round of each PCR was carried out in a 25 pL
volume containing 6 pL. of cDNA from each sample,
0.5 pM each NS5BOS1 and NS5BOAS2 primer

the identified sequence variations and assess their (Willowfort.UK), 12.5 pL of master mix (Thermo
Table | Different Primers Used in This Work
Primer Name Sequence Tm Reference
NS5B F 5-TATGAYACCCGCTGYTTTGAC-3’ 54 [
NS5BOSI F 5-TGGGGTTCTCGTATGATACCC-3’ 54 [12]
NS5BOAS2 R 5-CCTGGTCATAGCCTCCGTGAA-3
NS5BIS| F 5-GATACCCGCTGCTTTGACTC-3’ 54 [12]
NS5BIAS2 R 5-CCTCCGTGAAGGCTCTCAG-3’
UTR | F 5-GTGAGGAACTACTGTCTTCACGCAG-3 60 [10]
UTR 2 F 5-TGCTCATGGTGCACGGTCTACGAGA-3’
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Scientific) and water to 25 pL. Reactions were performed
in a Cycler 003 PCR Machine (A & E Lab, UK). PCRs
began with 5 min of primary denaturation at 94°C, fol-
lowed by 35 cycles of 94°C for 30 s, annealing temp (as
listed in Table 1) for 30 s, and 72°C for 1 min, and a final
extension at 72°C for 10 min. NS5B gene first-round gene
amplification was repeated by usual PCR using the NS5B
primer as a forward primer and NS5BOAS?2 as a reverse
primer. All reactions were performed as indicated in one-
step PCR amplification. Samples in the first round of
amplification producing negative PCR products were sub-
jected to nested PCR using the NS5BIS1 and NS5BIAS2
primers. The second round of amplification was per-
formed in a total volume of 25 mL, as previously
indicated.

PCR Amplification of HCV-UTR

UTR gene amplification was performed in a 25 pL volume
as previously indicated for the NS5B region. PCRs began
with 5 min of primary denaturation at 94°C, followed by
35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1
min, and a final extension at 72°C for 10 min (Table 1).

DNA Sequencing

Amplified 17 NS5B and 23 UTR fragments were purified
using GeneJET PCR Purification Kit (K0691, Thermo
Scientific, USA). Purified amplicons were sequenced on
both strands using an ABI PRISM® BigDye Terminator
(Applied
Biosystems, Foster City, USA). The reaction mixtures were
analysed on an ABI 3730 DNA analyser (Applied
Biosystems, Foster City, USA). DNA sequences were ana-
lysed by the online BLAST software of the NCBI website
http://www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic trees

Cycle Sequencing Ready Reaction Kit

were reconstructed by using the neighbour-joining method
with 1000 bootstrap values in the MEGA 4.1 package.
Sequences of this study were deposited under the following
accession numbers: MN596306-MN596345.

Homology Modelling

The HCV genotype 4a NS5B amino acid sequence was
retrieved from the UniProtKB database entry 039929
validated
Homology modeling was performed based on a template

(reviewed, experimentally sequence).
crystal structure of HCV genotype 2a NS5B synthetic
construct (a 5-point mutant with deleted delta8 hairpin
loop region) in complex with UDP, Mn?" and

a symmetrical primer (PDB ID: 4WTA). This template

best represents the nucleotide-binding mode as it is
a ternary complex stalled during the elongation process
of HCV RNA replication, and also has a satisfactory reso-
lution of 2.8 A.

Template protein structure preparation included insert-
ing missing atoms in incomplete residues, deleting alter-
(disorder),
molecules, standardizing atom names, and protonating
titratable residues using pKa predicted by PROPKA.’
Restrained minimization under the OPLS3 forcefield®

nate conformations removing all water

within 0.3 A heavy atom displacement was used to fully
optimize and relax the protein structure. Homology mod-
eling was performed using the MODELER program’
incorporated into the Discovery Studio software package
(Accelrys, San Diego).'® The homology modeling protocol
included copying the coordinates of the RNA primer and
the co-crystallized UDP molecule from the template struc-
ture and constructing the model loop regions using the
DOPE method (Discrete Optimized Protein Energy)."'

Out of 10 prepared models, the first 3 with the lowest
PDF (probability density function) total energy were
examined. The model with the lowest heavy atom RMSD
(root-mean-square deviation) value between the model and
the template active site residues was chosen as the final
homology model. Energy minimization of the final model
was performed using the same protein preparation protocol
described previously. The 3D structure of the final refined
model was validated by its Ramachandran plot, Profiles-
3D score and the Maestro Protein Reliability Report,'
which checks such metrics as the average B-factors, steric
clashes, protein packing, and peptide planarity, bond angle
and length deviations, improper torsions, etc.

Docking Protocol

Molecular docking studies were conducted to predict the
binding mode of UDP, SOF, ribavirin, and other known
nucleotide inhibitors in the active sites of HCV genotypes
4a. In the absence of a published crystal structure for HCV
genotype 4a, docking was performed in the prepared
homology model. The appropriate di-phosphate nucleotide
form of UDP and the nucleotide inhibitors were first
in ChemDraw. Afterward, the ligand 3D
conformations were created using Catalyst and fully

drawn

energy-minimized using the general-purpose all-atom for-
cefield - CHARMM. Ligands were docked into an 8.05 A
grid using the CDOCKER docking algorithm.'® The crys-
tal structures of HCV genotype 2a with co-crystallized
UDP and SOF ligands and an RNA primer (PDB ID:
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4WTA and 4WTG, respectfully) were used to estimate the
correctness of the dock poses. Heavy atom RMSD
between the HCV genotype 2a co-crystal poses and HCV
genotype 4a dock poses was calculated as the initial vali-
dation parameter. Full validation of the docking protocol’s
pose prediction ability was done by assessing the correla-
tion between known nucleotide inhibitor activity and the
predicted -CDOCKER Score.

Mutation Energy Calculation

The mutation energy calculations quantify the effect of
a specific point mutation on the binding affinity of
molecular partners in a protein-ligand complex. This
energy effect is equal to the difference between the
binding free energy in the mutated structure and wild-
type protein. In this case, the binding free energy of
each complex is calculated as an empirical weighted
sum of van der Waals interactions, electrostatic interac-
tions, an entropy contribution, related to the changes in
sidechain mobility, and a non-polar, surface dependent,
contribution to solvation energy. The energy terms of
this sum were calculated by the CHARMM forcefield
and the electrostatic energy — by a Generalized Born
implicit solvent model.

The mutation energy was calculated both for the ligand
crystal structure poses in HCV genotype 2a NS5B crystal
structures (PDB ID: 4WTA and 4WTG) and for the ligand
docking poses in the prepared HCV genotype 4a NS5B
homology model. For the crystal structure ligand poses,
a single mutation energy calculation was performed. For
the dock poses, the mean mutation energy value for the top
3 docking poses is reported.

Results
Amplification of the HCV-NS5B Region

Using Nested PCR

Amplification of the HCV-NS5B region using PCR and
nested RT-PCR confirmed the presence of NS5B in 17
(36%) of the 47 disecase samples by using the NS5B
primer. However, the NS5BOS1 primer amplified only 6
samples. The remaining 30 samples (64.5%) did not show
the presence of NS5B even after a second round of PCR
amplification with nested PCR using the NS5BIS1 and
NS5BIAS2 primers. All the positive PCR products were
of the expected size of approximately 381 bp, which
included almost the partial NS5B genomic region.

Amplification of the HCV-UTR Region
Using PCR

Amplification of the HCV 5'UTR region using PCR con-
firmed the presence of the 5'UTR in 23 (49%) of the 47
disease samples. The remaining 24 samples (51%) did not
show the presence of the UTR. All the positive PCR
products were of the expected size of approximately 302
bp, which included almost the partial UTR genomic
region.

Variability of UTR and NS5B Sequences
Identification of HCV Genotypes Based on the Partial
Nucleotide Sequence of the NS5B Gene

For the identification of different genotypes using the
NSS5B partial gene sequence, a phylogenetic tree was con-
structed based on the 351-bp NS5B partial gene from 17
different samples (Figure 1A). DNA sequences in this
study were compared to sequences downloaded from
GenBank representing NS5B gene sequences from differ-
ent areas in the world. These reference HCV strains
revealed 4 distinct clusters representing the most related
HCV genotype 4 subtypes. As a result, 17 NS5B-positive
samples were clustered in one branch and seemed to be
more closely related to HCV genotype 4 and subtype
a. Similarly, after construction of the phylogenetic tree
based on UTR DNA sequences identified in this study, in
addition to 21 reference recorded sequences, all 23 sam-
ples were found with the highest identities to HCV geno-
type 4 and subtype a (Figure 1B).

Amino Acid Sequence Analysis of NS5B and 5'UTR
Regions

Amino acid sequence studies of the NS5B region (Table
2) indicated the predominance of E instead of D at
position 258, S instead of T at position 282 and
G instead of A at position 307, while a wide variation
at position 235 could be detected, where V was substi-
tuted with A or T. In addition, some mutations were
found in the region 303-327, which is close to the
region (317-319) targeted by some antiviral drugs such
as SOF. Moreover, R309K mutation was detected in
only 4 samples. However, D244N and N333R were
detected, each in one isolate. Analysis of nucleotide
variance in the 5"UTR gene indicated two predominant
mutations at the sites T150G and C284T, in addition to
one less frequent G nucleotide substitution detected at
position 243 in only 11 samples.
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Figure | Phylogenetic analysis of NS5B (A) and 5'UTR (B) sequences illustrating the molecular epidemiology and evolution of HCV genotypes. The phylogenetic tree was
constructed in Mega 4 program using the neighbour-joining method and the phylogeny test was 1000 times bootstrapped.

Homology Model Preparation and
Validation

High sequence similarity between HCV NS5B genotype
2a and 4a proteins allowed to perform manual sequence

alignment, illustrated in Supplementary Figure 1. The

sequence similarity was 83.4% and sequence identity -
72.2%. The active site, defined as a sphere with 8 A radius

around the co-crystallized ligand, was highly conserved

between the model sequence and the template with only
three sequence differences: the template had S instead of
a T at position 282, M instead of F at position 289, and
H instead of C in position 223.

The best-prepared homology model had a PDF (prob-
ability density function) total energy equal to —15,418.8,
and the RMSD to the template was 0.243 A, indicating
close amino acid positions in respect to the model. All of
the 3D structure validation methods showed the model to
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Table 2 Amino Acid Sequence Variation Analysis of NS5B Region of 17 Isolates Compared to a Standard Strain

Y11604 36 44 16 3 4 5 6

9

20 43 32 27 25 23 22

231
235
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267
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272
282
285
293
303
307
309
322
327
330
333
336

> - A0 H

FrZmo<®PpP " Fr<-H40FRIO0OARUDS<MK
m

be of high quality and comparable in 3D structure quality

to the initial template structure (Supplementary Figure 2).

The Ramachandran plotting of non-glycine and non-
proline residues showed that the backbone dihedral angles
of 97.9% of residues were in the energetically allowed
region, 1.7% in the marginal region and only 0.4% in the
disallowed region. The Profiles-3D verification score was
used to validate whether each residue is in the correct 3D
environment, for example, is each residue compatible with
its local secondary structure, the occurring polar environ-
ment, the fraction of buried area, etc. The homology model
showed a total verification score equal to 221.54 out of an
expected high score of 247.80 with 96.5% of residues
scoring as valid. Invalid residues were more than 15 A
away from the active site and had little effect on the
overall model quality. Lastly, the Maestro Protein
Reliability Report showed that the homology model was
valid by most structural elements: the bond length and
bond angle deviations, the average B-factors, the binding
site packing, and sidechain dihedrals and planarity. All
occurring structural deviations were comparable to and
most likely inherited from the initial template crystal
which be

Supplementary Figures 2 and 3.

structure, can seen when comparing

Docking Study Results

The binding poses of UDP and known nucleotide inhibi-
tors in the HCV genotype 4a NS5B homology model were
predicted using the small molecule docking method. The
CDOCKER method predicts the most favorable binding
pose based on CHARMM force field calculations of the
ligand interaction energy and ligand strain. A more nega-
tive docking score implies a more favorable binding pose.

Although it is known that HCV NS5B polymerase
binds tri-phosphate nucleotides, the ligands for docking
were prepared in a di-phosphate nucleotide form, which
corresponds to the co-crystallized ligand of the published
crystal structures 4WTA and 4WTG.

The docking protocol proved to be efficient in reprodu-
cing the crystal structure poses for UDF and SOF. The
average RMSD between the top 3 ligand docking poses
and the crystal structure pose was less than 1 A (0.855 and
0.967 A for UDF and SOF, respectively), indicating
a correct choice of grid size and protein preparation.
Furthermore, the —-CDOCKER Score and —-CDOCKER
Interaction Energy for five different HCV nucleotide inhi-
bitors (Figure 2) were shown to correlate with the drug
potency with an R? equal to 0.93 and 0.90, respectively
(Figure 3). Such a correlation implies that the non-bonded

submit your manuscript

4240

Dove

Infection and Drug Resistance 2020:13


https://www.dovepress.com/get_supplementary_file.php?f=267809.pdf
https://www.dovepress.com/get_supplementary_file.php?f=267809.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove

El-Sokkary et al

2'-C-methylcytidine

—0

2'-C-methylcytidine

Figure 2 Diphosphate forms of the HCV nucleotide inhibitors chosen for model validation.

170

160

150

140

Score

130

120

110

100
5.0 5.5

Figure 3 Correlation between docking scores and nucleotide inhibitor activity.

6.0

®-CDOCKER SCORE

R?=0.9029

pIC50
-CDOCKER INTERACTION ENERGY

2 o—
T X
=
7 N © ¢ \0'

beta-D-2'-deoxy-2'-fluoro-

6.5

4'-azidocytidine

R?=0.9339

7.0 7.5

Infection and Drug Resistance 2020:13

submit your manuscript 4241

Dove


http://www.dovepress.com
http://www.dovepress.com

El-Sokkary et al

Dove

interactions occurring in the top docking poses correctly
estimate the binding affinity of the inhibitors to the drug
target and have a high probability of representing the
correct binding pose.

Nucleotides and Nucleotide Inhibitors
Binding Mode

Docking studies using the prepared HCV genotype 4a
NS5B model confirm a binding mode of nucleotides and
nucleotide inhibitors consistent with the HCV genotype 2a
crystal structure pose and previously reported structural
basis of HCV ribonucleotide substrate binding.'*

For ease of description, the common HCV NS5B ligand
binding mode can be divided into interactions of the nitro-
genous base, pentose sugar, and phosphate group. The
nitrogenous base or its analog is involved in nucleoside
Watson-Crick pairing interactions with the adjunct RNA
template nucleoside and pi-pi stacking interactions with the
growing nucleotide chain, as well as H-bonding with K141.
The pentose sugar of the nucleoside is oriented by H-bonding
with the growing 3'-RNA strand 2'-hydroxyl group, as well
as H-bonds with T282 and N291. The phosphate group is
mainly coordinated by Mn”" ions and the catalytic triad
(D220, D318, and D319) and additionally by basic R48 and
R158 residues on one side of the binding pocket and back-
bone interactions with C223 and F224 on the other side.

Despite being different in their ribose 2’ substitution,
according to docking studies, UDP and SOF share
a common docking mode. As shown in Figure 4, the 2'-
hydroxyl of UDP creates an internal H-bond and acts as an
H-bond acceptor for N291. The 2'-hydroxyl of UDP is also
in close proximity to form an H-bond with Y282. SOF 2'-
fluoro group forms an H-bond with T282, as well as the
same internal H-bond and N291 interaction. Ribavirin
shares the same common binding pose with the main key
interactions: Watson-Crick nucleoside pairing, Mn*" and
group

Arg-facilitated diphosphate coordination and

H-bonding with T282.

Structural Analysis of NS5B Amino Acid

Variations

At first, to determine the signification of the reported
NS5B amino acid variations, their structural mapping
was performed and illustrated in Figure 5. All of the
detected amino acid variations of NS5B were located in
the palm region. The only amino acid variation within 8 A
of the nucleotide-binding site was T282S, for hence it is

the only amino acid variation that could affect the SOF or
Ribavirin binding affinity. However, the Y285F amino
acid variation, located adjunct to the active site (9.2 A
away from SOF), is interestingly close to the RNA strand
and, as seen from Figure 6, can be displaced by
a nucleoside 2'-substitution when the RNA strand is elon-
gated. All other detected amino acid variations are located
in the solvent-exposed outer surface of the palm region
further than 15 A away from the active site.

Mutation Energy Calculation Results

To quantify the significance of the detected amino acid
variations, we performed mutation energy calculations,
which estimate the difference in the free binding energy
of the ligands in the wild-type protein and the mutant
structure. Firstly, we validated our mutation energy calcu-
lation method by estimating the change in binding affinity
for the well-known S282T resistance mutation in the HCV
genotype 2a NS5B protein. The calculation results suffi-
ciently correlate with experimental and crystal structure
data. According to our calculations, performed for the
crystal structure poses of UDP and SOF inside the pre-
pared 4WTA crystal structure, the S282T mutation results
in a favorable mutation effect for UDP binding by —0.71
kcal/mol, whereas for SOF the mutation effect is destabi-
lizing by 1.55 kcal/mol. For SOF, this could result in
a 13.7 fold loss in potency, which is in agreement with
20.2-fold  shift.””
Interestingly, even for calculations performed in the
4WTG crystal structure, where the S282 side chain is
facing the opposite direction, away from the nucleoside

the  experimentally evaluated

binding pocket, the mutation energy calculations resulted
in a destabilizing binding effect by 1.00 kcal/mol.

The same binding mutation energy calculations were
performed in the HCV genotype 4a NS5B homology
model for the top 3 docking poses of UDP, SOF, and
Ribavirin, but with the opposite mutation: T282S. The
results of the calculations are presented in Table 3. For
all three ligands, T282S causes a neutral or moderately
destabilizing effect equal to 0.57 kcal/mol for SOF and
0.47 kcal/mol for ribavirin. Given the relationship between
the binding affinity and the protein-ligand binding con-
stant, such changes in binding energy could result in only
a ~2.3-fold shift in activity.

Discussion
Chronic hepatitis C virus (HCV) infection is considered
one of the main health problems in Africa, especially in
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Figure 4 3D and 2D interaction patterns for SOF (A), UDP (B) and ribavirin (C). Dock poses (purple) and crystal structure poses (green) shown in stick form, interacting
residues (light green) and RNA nucleotides (orange) shown as lines. Mn* ions shown as light blue stars. Image prepared in BIOVIA Discovery Studio.

Egypt. Hepatitis C virus (HCV), a blood-borne member of
the viral Flaviviridae family, is an enveloped single-
stranded RNA virus that can cause a variety of liver-
associated diseases, starting from chronic hepatitis and
progressing to liver cirrhosis to hepatocellular carcinoma.

In Egypt, different antiviral therapeutic regimens have
been prescribed for treating HCV patients. However, not
all therapeutic strategies have succeeded in viral elimina-
tion. It was concluded that genotype 4, the most predomi-
nant genotype in Egypt, was unresponsive to some
antiviral agents.

Recently, sequencing analysis has become the most
powerful tool for identification and genotyping. Genomic
regions of HCV can be classified according to their
sequence diversity. Three different regions were resolved,
including the highly conserved regions, such as the 5’
UTR;'® the relatively variable non-structural regions
NS2, 3, and 5b; the 3'UTR; and finally the envelope
regions E1 and E2 and NS4 and NS5A, with the maximum
sequence diversity. HCV genotyping is usually performed
through phylogenetic sequence analysis of the NS5B

region, a more variable and more informative region, in
addition to the HCVS5'UTR carrying a highly reduced
number of mutations.

To distinguish the genotypic variation, in our study,
47 samples containing both diseased and recovered
HCV samples were examined for the presence of dif-
ferent genotypes. Phylogenetic analysis was performed
on the sequences of both the NS5B and 5'UTR regions.
In 17 different resistant samples, subtype 4a was the
most prevalent subtype. The predominance of genotype
4a in our study is supported by the results obtained
in different

in many previous studies

17-19

Egyptian
governorates.

One of the recently approved new treatments for HCV
in Egypt is SOF, which can be used alone or in addition to
other antiviral drugs, such as ribavirin. Sofosbuvir
(Sovaldi, SOF), a newly discovered antiviral drug, is
a nucleotide analogue prodrug targeting the NS5B poly-
merase and inhibiting viral replication. The NS5B poly-
merase is composed of three major domains: fingers, palm

and thumb.?® For efficient therapeutic activity, the
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Figure 5 Positions of detected amino acid variations in the created homology model.
HCV NS5B structure colored according to its domains: fingers — purple, palm — sky
blue, thumb — green, C-terminal — orange. Nucleoside binding pocket represented as
a red circle (8 A radius). Occurring amino acid variations represented as spheres;
orange — occurring in all of the sequenced isolates; green — occurring in some of the
sequenced isolates. Image prepared in BIOVIA Discovery Studio.

nucleotide sequence of the HCV genome can be utilized as
an important predictor of each individual response to any
antiviral therapeutic agent.

ILE179

LYs172

GLU171

The NS5B variation in antiviral drug-resistant patients
targeted by newly approved antiviral drugs was investigated
in this study. In the NS5B region, analysis of the amino acid
variance revealed the predominance of D258E, T282S and
A307G amino acid variants in the 17 sequenced isolates.
NS5B mutations at different sites conferring resistance to
newly developed nucleoside analogues, such as SOF, have
been previously documented in previous studies. These single
point mutational changes at C316 and V321 were identified,
with possible alteration of the active site*’ inhibiting SOF
interaction.”” In addition, other single point mutational sites,
V3211, L320F and C316N,*' in addition to D220, D318, and
D319 have also been previously described.?' Moreover, the
NS5B C316N resistance mutation has been reported in patients
who failed treatment with tegobuvir.>> Recently, most studies
have focused on one catalytic site, which can be inactivated by
mutations targeting the 282 amino acid position, in which S is
substituted by T or sometimes by C, usually detected in geno-
types 1 and 2.2'**2° However, in this study, a NS5B T282S
mutation affecting genotype 4a, was also detected and its
association with resistance to SOF was thoroughly investigated
using molecular modelling methods.

Concerning Ribavirin, NS5B-associated resistance muta-
tions, previously analysed at different positions (D244N,
Q309R, and A333E), located in the mutational active region

v

Figure 6 3D interaction pattern of F285 (shown as purple stick). Interacting residues colored in light green, RNA strand shown in orange, UDP shown as green stick.
Hydrogen atoms and other protein residues hidden for clarity. Image prepared in BIOVIA Discovery Studio.
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Table 3 Results of Mutation Energy of Binding Calculations

Structure Mutation | Bound Molecule | Mutation Energy (Binding), kcal/mole | Effect
Crystal structure 4WTA | S282T UDP —0.71 Stabilizing
Crystal structure 4WTA | S282T SOF 1.55 Destabilizing
Crystal structure 4WTG | S282T SOF 1.00 Destabilizing
NS5B Homology model T282S UDP 0.64+0.03 Destabilizing
NS5B Homology model T282S SOF 0.57+0.03 Destabilizing
NS5B Homology model T282S Ribavirin 0.47+0.10 Neutral

of genotypes 1 and 2 were usually detected in cases with a high
sustained virologic response (SVR).?” Similarly, in this study,
R309K was detected in only 4 samples. This mutation site has
been previously documented in ribavirin resistance.*® In addi-

8 was

tion, D244N, which confers resistance to ribavirin,
found in only one isolate. Moreover, at the A333 site, which
was previously found to confer resistance to ribavirin,’
N333R substitution was detected in only one isolate.

In the case of interferon resistance, some nucleotide sub-
stitutions in the HCV 5'UTR may also affect viral translation
and viral sensitivity.>* Mutations in NS5B did not correlate
with the response to interferon therapy.*' One mutation,
G160A, in the 5S'UTR acts as a unique mutation among
nonresponders.*® Unfortunately, in the current study, this
mutation site was detected at position 243 in 11 isolates,
which indicates decreased interferon efficiency as the main
drug for the treatment of Egyptian HCV patients.

In order to assess the significance of the identified novel
NS5B single point mutations for SOF or Ribavirin binding,
structure-based molecular modeling methods were applied.
Molecular modelling methods utilize available crystallo-
graphic data by mapping the detected amino acid variations
onto the structural units of the protein and assessing their
relation to structurally significant protein regions. Such
methods have been widely applied to investigate the sig-
SOF

nificance of resistance-related

potential

mutations,>'**>> hence we applied them in our studies for
the NS5B mutations detected in HCV genotype 4a.

In the RCSB Protein Data Bank, the HCV NS5B crystal
structures are available only for virus genotypes 1 and 2.
Sequence comparison of genotypes 1, 2, and 4 (Figure 7)
shows that within 8 A of the nucleotide-binding site, there are
two amino acid differences for genotype 4a: a T instead of
S in 282 position and F instead of C or M in 289 position. For
genotypes 1 and 2, the S282T mutation is a well-known,
infrequently occurring cause of SOF resistance. Previous
publications,'**¢ have illustrated how the additional methyl
group within threonine is capable of causing a steric clash
between the T282 side chain and the 2"-methyl group of SOF,
as well as possibly changing the orientation of the uracil
group, thereby leading to drug resistance (Figure 8).

However, it appears that in the case of HCV geno-
type 4a the wild-type T282 residue does not conflict
with SOF binding as it would in HCV genotypes 1
and 2. SOF is an FDA approved drug for HCV genotype
4 and has been shown effective in combinational ther-
apy to treat patients in Egypt.” Together this suggests
that the binding pocket of NS5B genotype 4a is large
enough to accommodate a T282 residue so that UDP,
SOF,
a common binding mode, in which T282 would not

and other nucleotide inhibitors could share

adversely affect the ligand binding.

NSSB_GT1a
NSSB_GT2a
NSS5B_GT4a

NSSB_GT1a
NSSB_GT2a
NSSB_GT4a

NSSB_GT1a
NSSB_GT2a
NSSB_GT4a

NSSB_GT1a
NSSB_GT2a
NSSB_GT4a

NS5B_GT1a
NSSB_GT2a
NSSB_GT4a

NSSB_GT1a
NSSB_GT2a
NSSB_GT4a

Figure 7 Sequence alignment of HCV NS5B sequences for genotypes |, 2, and 4. Amino acids colored based on similarity. Residues within 8 A of the nucleotide binding site

are highlighted in black. Image prepared using BIOVIA Discovery Studio.
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Figure 8 Structural basis of $282T SOF resistance mutation in HCV genotype 2a. Image
prepared on the basis of 4WTA crystal structure in BIOVIA Discovery Studio.

To investigate this theory, we used the HCV genotype 2a
NS5B protein, with co-crystallized UDP and RNA template
strand as a template to build the HCV genotype 4a homology
model. Several different 3D structure validation methods
showed that the structural quality of the prepared model is

L ARG280
NNy

VAL161

high and comparable to that of the template crystal structure.
Docking studies were performed to generate the energetically
favorable binding poses for UDP and several HCV nucleo-
tide inhibitors inside the HCV genotype 4a homology model
binding pocket. All docked compounds shared a common
interaction pattern: Watson-Crick nucleoside pairing of the
nitrogenous base, H-bonding with Y282 or N291 by the 2'-
substitution in the pentose sugar sub-structure and Mn?" and
Arg-facilitated diphosphate group coordination. The binding
modes of UDP and SOF were very similar to those observed
in crystal structures of HCV genotype 2a (heavy atom
RMSD less than 1 A), which was in line with the initial
assumption that in the HCV genotype 4a binding pocket
T282 does not have an unfavorable effect on SOF binding.
Additional certainty in the quality of the generated docking
poses was obtained by comparing the known nucleotide
inhibitor activity with their calculated docking scores. The
high correlation indicates that the dock poses account for all
of the important protein—ligand interactions.

Most nucleotide inhibitors differ from RNA nucleotides
only in the 2’ and 3’ ribose substitutions. If the cause of drug
resistance is associated directly with the drug binding mode,
then it would be because of the inability of the drugs’ 2" and
3’ ribose groups to reproduce the network of non-bound
interactions of natural nucleotides. In the prepared homology

ARG280

N
v N

VAL161

Figure 9 Comparison of SOF hydrogen bonding in HCV genotype 4a model (A) and in T282S mutant structure (B). Image prepared using BIOVIA Discovery Studio.
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model, these sub-structural elements form H-bonds with
residues of the palm region, located in the B5 and oJ subunits
of NS5B, as well as the loop in between them (aa 271-304).
This region was fully covered in the performed NS5B protein
sequencing. So it can be concluded that in this study we
investigated the point mutations that can cause drug resis-
tance by interfering with SOF binding to the catalytic site.

Calculation of the mutation binding energy showed that
the T282S mutation could reduce the binding energy of SOF
and ribavirin by 0.57 and 0.47 kcal/mol, respectively. This
absolute value is probably not significant enough to be the
sole cause of drug resistance; however, it could contribute to
effects caused by other substitutions occurring in the active
site, which were not covered in the current study.

Figure 9 illustrates the mechanism of how the substitu-
tion of T by S could weaken the hydrogen bonding net-
work of SOF. To be a potent inhibitor, SOF needs to
compete with other nucleotides (like UDP), by forming
the same H-bonding network. It is known that the H-bond
formed by an oxygen atom is generally stronger than that
of a fluorine acceptor atom.’” So, the additional methyl
group of T could be responsible for favorable positioning
of the side chain hydroxyl group to form the correct
H-bond with SOF and Ribavirin. The T282S substitution
may make the H-bond weaker, which is predicted by the
binding mutation energy calculations.

Also, it should be noted that the T282S substitution can
result in SOF binding to an NS5B conformation where
S282 is facing outside of the binding pocket, as was
previously reported for HCV genotype 2a.'* In this case,
there would be no hydrogen binding between nucleoside
inhibitors and the mutated S282 side chain. Given all of
the above, molecular modeling shows that a T282S muta-
tion could contribute to drug resistance for nucleotide
inhibitors in HCV genotype 4a patients.

Conclusion

Our results showed that among Egyptian patients the most
commonly occurring HCV genotype was 4a. In addition, we
detected several mutations in the HCV NS5B polymerase
and 243 site point mutation in the 5S'UTR associated with
resistance to different antiviral agents (SOF, Ribavirin and
interferon), which may affect their therapeutic activities in
the future. Molecular modeling shows that a T282S mutation
could contribute to drug resistance for nucleotide inhibitors
in HCV genotype 4a patients by interfering with inhibitor
binding in the NS5B active site. However, further studies,
including full sequencing of NS5B genotype 4 samples and

their analysis is required to fully assess HCV genotype 4
antiviral agent resistance-related mutations.
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