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ARTICLE INFO ABSTRACT

Keywords: Hepatitis C Virus is a blood borne pathogen responsible for chronic hepatitis in more than 71 million people.

HCV Wide variations across strains and genotypes are one of the major hurdles in therapeutic development. While

Envelope glycoprotein E2 genotype 1 remains the most extensively studied and abundant strain, genotype 3 is more virulent and second

CDSI. . most prevalent. This study aimed to compare differences in the glycoprotein E2 across HCV genotypes at nu-

Protein docking cleotide, protein and structural levels. Nucleotide sequences of E2 from 29 strains across genotypes la, 1b, 3a
and 3b revealed a stark preference for C-richness which was attributed to a distinct bias for C-rich codons in
genotype 1. Genotype 3 exhibited a similar preference to a lesser extent. Amino acid level comparison revealed
majority of the changes at the C-terminal half of the proteins leaving the N-terminal region conspicuously
conserved apart from the two hyper variable regions. Amino acid changes across genotypes were mostly polar-
nonpolar alterations. In silico models of E2 glycoproteins and docking analysis with the energy minimized PDB-
CD81 model revealed unique interacting residues in both E2 and CD81. While several CD81 binding residues
were common for all four genotypes, number and composition of interacting residues varied. The interacting
residues of E2 were however unique for each genotype. E2 of genotype 3a and CD81 had the strongest inter-
action. In conclusion this is the first comprehensive study comparing E2 sequences across genotypes 1a, 1b, 3a
and 3b revealing stark genotype-specific differences which requires more extensive investigation.

1. Introduction are type I transmembrane proteins with an N terminal ectodomain and

C- terminal transmembrane domain (TMD). The exact role of E1 in viral

Hepatitis C virus (HCV), a member of the Flaviviridae family, is one
of the leading causes of chronic hepatitis, liver cirrhosis, and hepato-
cellular carcinoma worldwide. HCV, an enveloped virus with an ap-
proximately 9.6kb long, positive stranded RNA genome, encodes a
single polyprotein of about 3010 amino acids. Post-translationally, this
polyprotein is cleaved (Fields et al., 2013) to generate at least 11
structural and non-structural proteins. Structural proteins include two
viral glycoproteins, E1 and E2 (Yagnik et al., 2000) located at the N
terminus of the polyprotein (Moradpour and Penin, 2013). HCV het-
erodimer E1/E2, the complex responsible for viral entry and tropism,

entry is poorly understood, but is believed to be related to the fusion
process (Boo et al., 2012; Callens et al., 2005). E2, however, is currently
the better characterized subunit where it plays pivotal roles in HCV
entry, i.e. interaction with entry factors like scavenger receptor BI (SR-
B1) (Scarselli et al., 2002), tetraspanin CD81 (Pileri et al., 1998) along
with several tight junction proteins, Claudin-1 (Evans et al., 2007) and
occludin receptors (Ciesek et al., 2011). E2 is also one of the most di-
verse HCV proteins characterized by two hypervariable regions (HVR),
HVR1 and HVR2. Previous reports have shown that both HVR1 and
HVR2 are important for the interaction with the cellular receptor
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protein CD81 (Callens et al., 2005; McCaffrey et al., 2011; Roccasecca
et al., 2003), a 26 kDa integral membrane protein (Pileri et al., 1998).
The receptor is essential for HCV glycoprotein mediated entry for all
genotypes (Roccasecca et al., 2003). The CD81 binding site in E2 has
been investigated in many studies primarily using genotype 1a (strain
H77) and 2a (using JFH-1) (Callens et al., 2005; Roccasecca et al.,
2003).

Like other RNA viruses HCV also exhibits a high degree of genetic
diversity, creating a major challenge for the development of both HCV
vaccines and pan-genotypic therapeutics (Timm and Roggendorf,
2007). The virus has a total of seven genotypes, with > 50 subtypes and
millions of quasispecies (Cuypers et al., 2015). Among the seven gen-
otypes of HCV, genotype 1 is the most prevalent worldwide, mainly
present in Europe and America followed by genotype 3 (Messina et al.,
2015).

The seven genotypes of HCV have been reported to differ by as
much as 33%, with variations distributed throughout the genome
(Okamoto et al., 1992). Most diversity however lies in the HVRs of E2
(Okamoto et al., 1991). Majority of our knowledge on HCV biology is
based on genotypes 1 and 2 as reagents such as the subgenomic replicon
system, HCVcc (cell culture adaptable HCV) and HCVpp (HCV pseu-
doparticles) have been prepared from these strains (Catanese and
Dorner, 2015). However, clinical information on other strains are quite
well documented and it is widely accepted that the pathogenesis and
prognosis of infection by various genotypes vary widely (Alonso et al.,
2016; Bochud et al., 2009; Zein, 2000), with genotype 3 being more
virulent and pathogenic compared to the others (Chayama and Hayes,
2011). Genotype 3 has therefore been the focus of this study in com-
parison to genotype 1.

In this study, we compared E2 sequences between genotypes 1 and 3
at the nucleotide level and then extended our quest to the amino acid
and structural level. As nucleotide differences must be translated into
differences at the amino acid as well, codon usage bias (CUB) where
preference is given to one or two codons over the other synonymous
ones was investigated. CUB stems from translational pressure governed
by the conditions present in the host as well as mutational pressure
(Chen, 2013). Such CUB has also been reported in HCV, this present
study aimed to explore how such codon bias is maintained in spite of
the wide differences at nucleotide and protein level. Furthermore using
the protein modelling tools, E2 models were generated for genotypes 1
and 3 and their binding affinity to CD81 was calculated. This study
brings to light an important aspect of E2-CD81 interaction; differences
between genotypes 1 and 3 which once validated experimentally could
be a major step towards design of better genotype specific therapeutics.

2. Method
2.1. HCV sequence selection and analyses

Sequences and annotations of CD81 and envelope glycoprotein E2
of Hepatitis C Virus (HCV) strains 1a, 1b, 3a and 3b were downloaded
from UniProt (http://www.uniprot.org) (UniProt ID P60033) and NCBI
(http://www.ncbi.nlm.nih.gov/) Protein databases. The corresponding
nucleotide sequences were retrieved by tblastn sequence similarity
search. The serial number, GenBank accession numbers and other in-
formation are listed in Supplementary Table S1. For analysis of the C
content of the entire HCV genome, glycoprotein E1 and RNA dependent
RNA polymerase (RdRp), the same sequences were used which are also
listed. However as the sequences used for analysis of glycoprotein E1
from genotype 3a were partial coding sequences, a few of the sequences
used for other analyses were from other strains (also listed).

Nucleotide composition of the 29 HCV E2 sequences and 27 se-
quences of HCV whole genome, E1 and RdRp were determined by using
CAlcal server (http://genomes.urv.es/CAlcal). Compositional proper-
ties such as frequency of Adenine, Thymine, Guanine and Cytosine at
the 1st, 2nd and 3rd position of a codon of HCV E2 were analysed using
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mega7 software (version MEGA 7.0.26) (Kumar et al., 2016). Analysis
of the whole genome of HCV, glycoprotein E1 and the RNA dependent
RNA polymerase (RdRp) were conducted similarly. Percentage occur-
rence was calculated manually.

2.2. Codon usage and cluster codon analysis

Frequency, number, and fraction of each amino acid in the 29 se-
quences were evaluated by web server Gene Infinity (2016 Gene Infinity
LLC) (http://www.geneinfinity.org/sms/sms_codonusage.html). Amino
acid changes, Intragenic, intergenic changes within the same nucleotide
position were analysed manually.

2.3. Inssilico characterisation of proteins

HCV and CD81 sequences were characterized by Expasy-ProtParam
tool (Gasteiger et al., 2005), XtalPred server (Slabinski et al., 2007),
Discovery Studio (DS) 2.5 and predicted for intrinsic disordered regions
through top CASP performers MetaDisorder (Kozlowski and Bujnicki,
2012) and DISOPRED3 (Jones and Cozzetto, 2015). MetaDisorder
combines weighted consensus of thirteen different primary disorder
prediction server results, with fold recognition based disorder predic-
tion components, through genetic algorithm optimization. DISOPRED3
on the other hand, identifies the long, intrinsic, disordered regions and
different sequence patterns associated with terminal and internal dis-
ordered regions. It also predicts the protein binding sites within dis-
ordered regions using a neural network and a nearest neighbour clas-
sifier. Furthermore, the transmembrane regions of HCV E2s were
predicted using TMHMM 2.0 (Sonnichsen et al., 2000) and Phobius
(Kall et al., 2007) servers, subjected to at least ten residue overlap
between the server results.

2.4. Protein modelling

Due to unavailability of template structures with suitable identity
and query coverage in Protein Data Bank (PDB) at www.rcsb.org
(Berman et al., 2000), the three-dimensional structure of receptor
protein CD81 and E2 from all four HCV strains were modelled by
template-based modelling, using remote template, fold recognition, and
ab initio approaches through I-TASSER (Yang et al.,, 2015), Phyre?
(Kelley et al., 2015) and RaptorX (Killberg et al., 2012) modelling
servers. The best models of each server were protonated at physiolo-
gical pH and ionic strength, subjected to loop refinement and mini-
mization in smart minimizer of DS 2.5 to satisfy a RMS (Root Mean
Square) gradient of 0.1 kcal/mol A. The secondary structure assignment
of the best models of each server and the corresponding minimized ones
were compared with existing truncated E2 structures (PDB ID 4MWEF,
chain C, D & 4WEB, chain E) by structural superposition and all the
models were further validated for stereochemistry, three dimensional
structural propensity, non-bonded interactions, atomic volumes check
against curated databases of refined structures through RAMPAGE
(Lovell et al., 2003), WHAT_CHECK (Hooft et al., 1996), Verify3D
(Bowie et al., 1991; Liithy et al., 1992), ERRAT (Colovos and Yeates,
1993) and PROtein Volume Evaluation (PROVE) (Pontius et al., 1996)
in Structural Analysis and Verification Server v5.0 (SAVES) at http://
services.mbi.ucla.edu/SAVES/. To compare our models with published
literature, relative solvent accessibility (RSA) which is percentage of
residue accessible to solvent was measured. This was achieved using a
scale of pre-calculated fully exposed solvent accessibility of a particular
residue using Discovery Studio 4.0 with 960 grid points per atom and
probe radius of 1.4 A. Residues with RSA =16% was taken as exposed
residues as per (Rost and Sander, 1994).

2.5. Protein-protein interaction

In order to determine the binding site of HCV envelope
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glycoproteins, structure and sequence based prediction servers such as
BSpred (Mukherjee and Zhang, 2011), ConSurf 3.0 (Ashkenazy et al.,
2010), meta-PPISP (Qin and Zhou, 2007), PRISM 2.0, (Baspinar et al.,
2014) were utilized. Moreover, considering the wide variance in
binding site prediction of glycoproteins, ZDOCK rigid body docking
algorithm in DS 2.5 was employed to reassert the binding site residues
of all four E2, from different HCV strains, by docking them against the
known binding residues of CD81 (Leul62, Thr163, Ilel181, Ile182,
Ser183, Asnl84, Leul85, Phel86, Lys187) (Kitadokoro et al., 2001;
Pierce et al., 2011; Rajesh et al., 2012) without defining the binding site
of E2 glycoprotein. The possible transmembrane part at the C-terminal
segment was excluded. ZDOCK performed a six-dimensional grid based
search in translational and rotational orientational space of the two
molecules by rotating the ligand through uniformly distributed Euler
angles (6° or 15°) while keeping the receptor fixed. For each rotation,
the translational space was scanned with a step size of 1.2 A and only
the best geometric match between the two proteins was retained. All
predicted poses were scored by shape complementarity, electrostatics,
desolvation energy in ZDOCK and subsequently reranked by ZRANK
using a more detailed weighted energy function involving van der Waal
(VDW), electrostatics and desolvation terms (Pierce and Weng, 2007).
The ranked poses were further refined with RDOCK through a three step
optimization procedure by keeping the ionic residues at neutral state in
the first two, i.e., while removing the steric clashes by minimizing the
VDW and internal (bond & angle) energies and optimizing the polar
interaction. The final stage dealt with charge interaction minimization
without any constraints (Li et al., 2003; Pierce and Weng, 2008). The
binding interface residues of top 100 RDOCK poses were considered to
select the binding site residues of E2 according to their frequency of
appearance in binding interface. Afterwards in order to determine the
final binding conformations of all four E2-CD81 complexes both the
proteins were docked through ZDOCK with defined binding site re-
sidues, reranked in ZRANK and refined by RDOCK as detailed above.
The best poses of each complex were chosen and analysed by RDOCK
score, interaction energy (IE), solvent accessible surface area (SASA),
hydrogen bond (HB) and binding free energy in DS 2.5.

2.6. Statistical analyses

All statistical analyses were performed using Microsoft Excel and
SPSS 20.0.

3. Results

3.1. Nucleotide base composition analyses of HCV strains reveal a Cytosine-
bias

To determine nucleotide base composition variation among dif-
ferent E2 sequences of genotypes 1 and 3, protein sequences were
downloaded from NCBI (Supplementary Table S1), translated using
tblastn and corresponding nucleotide sequences obtained. Only the
available complete sequences were taken and hence the numbers of
sequences compared varied among the four different genotypes. The
nucleotide positions of E2 were marked as indicated.

Nucleotide composition and diversity compared using CAlcal server
are tabulated in Supplementary Table S2 and summarized in Table 1.
One way analysis of variance (ANOVA) was applied and comparison
was made through Bonferroni's test with least significant difference of
p < .05.

The results clearly indicate a marked abundance of cytosine (C)
across all genotypes and an almost similar, but lower abundance of
Guanosine. Genotype 1a exhibited the highest average base percentage
of Cytosine followed by Genotype 1b, 3b and 3a (Table 1). For each
genotype, C content was significantly more (p < 0.001) than the other
nucleotides. Furthermore, although C content within a genotype didn't
vary significantly (p > 0.001), but genotypes 1 and 3, it varied
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significantly (p < 0.001). The least frequent nucleotide base was
Adenine (A) among all genotypes. To test whether the preference for
cytosine exhibited by glycoprotein E2 extended to the entire genome
and other proteins such as the glycoprotein E1 and the more conserved
RNA dependent RNA polymerase (RdRp), similar analyses were con-
ducted using the specific sequences from each of the regions (Supple-
mentary Tables S3-S5). The accession numbers and regions analysed
are all detailed in Supplementary Table S1. It was observed that the
entire genome (Supplementary Table S3) and RdRp (Supplementary
table S5) from all strains revealed a distinct preference (significant
difference from other nucleotides in a genotype, p < 0.05) for Cytosine,
similar to that seen in glycoprotein E2, but Glycoprotein E1 differed
slightly. Glycoprotein E1 (Supplementary Table S4) however, exhibited
almost similar preference for both Cytosine and Guanosine in all strains.
Avoidance of Adenine was however consistent among all proteins and
strains analysed with significant differences between cytosine/ guano-
sine content (p < .05). The variations in the nucleotide content in the
entire genome varied significantly (p < .05) across genotypes but re-
mained more conserved within a genotype. These results are in agree-
ment with previous reports on GC-richness among RNA viruses (van
Hemert et al., 2016).

3.2. Compositional property analysis reveals a preference for C at the third
position of a codon

Our earlier results led us to further investigate whether the con-
served C-richness of E2 is translated into C-preference in the 3rd nu-
cleotide position. In this study, summarized in Table 2, the nucleotide
sequences (detailed in supplementary table S6) were analysed by
mega?7 software (Kumar et al., 2016) to assess the percentage of each
nucleotide in the first, second and third position of a codon. Genotype 1
had a greater preference for C (~40% occurrence) in the 3rd position,
compared to genotype 3 (~30% occurrence). One-way ANOVA fol-
lowed by Bonferonni post hoc analysis showed that in all genotypes
except for 1b, the C content both in the 1st and 2nd position, didn't vary
significantly (p > 0.001, SD = 1.65-2.88, Table 2) from the other nu-
cleotides. In contrast, C content for all genotypes varied significantly
(p < 0.001, standard deviation of percentage distributions of nucleo-
tide ranged from a minimum of 4.14 in 3a to a maximum of 12.55 in 1a,
Table 2) at the 3rd position. The least preferred terminal nucleotide for
all the amino acids however were A and T. Similar analyses were
conducted using the entire genome of the virus, glycoprotein E1 and the
RdRp. While the trend resembled that observed in glycoprotein E1
(Supplementary Table S8) and RdRp (Supplementary Table S9), a dif-
ferent result was observed when the entire genome was used (Supple-
mentary Table S7). Sequences of the entire genome revealed a pre-
ference for Guanosine in the 3rd position instead of Cytosine in
genotype 1a, although the other genotypes (1b, 3a and 3b) reflected a
significantly (p < 0.01) greater preference for Cytosine, similar to that
observed in the individual proteins. In spite of lower preference for
Cytosine in the 3rd position, the entire C content of genotype 1a is high
due to preference for C in the 2nd and 1st position of a codon. This
highlights and subsequently proves that maintaining C and sometimes
G in the third position of a codon has a biological significance in the
viral life cycle. This analysis also revealed that major differences occur
also within a genotype.

3.3. Cluster codon analyses reveal differential preference for C-rich codons
across genotypes

In order to further investigate the apparent preference for C or G by
HCV, cluster codon analysis was conducted. In this study, we assessed
the percentage usage of each codon by calculating each time a parti-
cular codon has been used in the coding sequence of E2. This exercise
was repeated for each strain and an average usage with standard de-
viation is presented in Table 3. Consistent with our earlier result
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Table 1

Nucleotide composition analysis (Mean + SD) of HCV glycoprotein E2 from genotypes 1 and 3.

Genotype %A %C %T %G SD within a genotype
1a 20.2 + 0.71 30.5 = 0.39""¢ 21.8 + 0.84 27.5 + 0.18 4.28
1b 20.3 * 0.59 30.0 * 0.83*"¢ 21.5 + 0.53 28.2 + 0.37 4.28
3a 21.3 * 0.31 27.9 + 0.68*>¢ 24.6 + 0.85 26.3 * 0.0.54 2.55
3b 21.8 + 1.01 27.9 + 0.65""¢ 24.2 + 1.31 26.1 * 1.42 2.52

@ Significant difference between Cytosine and other nucleotides within a strain, p < 0.01.

Significant differences between Cytosine content of genotype 1 and 3, p < 0.01.
Insignificant differences between Cytosine content within genotype 1, p > 0.01.
4 Insignificant differences between Cytosine content within genotype 3, p > 0.01.

b

c

(Table 2), it was observed that there was a preference for those codons
that had a C in the 3rd position (eg. out of two codons of Cys, TGT and
TGC, all genotypes had a marked preference for TGC). Similar pre-
ference was observed for Phe, Asn, Pro, Thr and Tyr. Exceptions to this
were seen in Gln, Ser and Asp where genotype 1 preferred a C-rich
codon, but genotype 3 didn't. This explains the lower C preference in
genotype 3 compared to 1 (Table 2). Amino acids with four or more
codons were observed to preferably use those with either a Guanosine
or a Cytosine in the 3rd position of nucleotide with a remarkable
avoidance for those with an Adenine or a Thymine. Such a pattern was
seen in the codon usage of Gly and Leu. Arg and Val codons ending with
Guanosine were preferred over those ending with cytosine in all gen-
otypes. Few amino acids, Ala, Asp, Glu, His, Ile, Lys, Gln and Ser, de-
viated from any clear preference. Met (ATG) and Trp (TGG) had only
one codon. Our results also showed that most GC rich codon among all
amino acids was Gly (GGC), Pro (CCC), Arg (CGG) and Val (GTG). As a
whole, this study clearly showed, the most preferred terminal nucleo-
tides in codon usage of E2 for all the amino acids were G and C whereas
the least preferred terminal nucleotides were T and A. While genotype-
specific differences became apparent, few, such as Val (GTG), Cys
(TGC), Pro (CCC), Asn (AAC), Tyr (TAC), had similar frequencies in
both 1 and 3 genotypes.

In our analysis so far, it was evident that while the basic theme of
nucleotide usage remain the same, there were strain specific differ-
ences. Hence we decided to extend our analysis to the amino acid level
as nucleotide differences don't always translate to functional differ-
ences. In this analysis, the amino acid sequence was paired between
strains la, 1b, 3a and 3b. As it was tedious to compare all 29 sequences
with which we were working so far, we decided to take a representative
strain, randomly chosen, from each genotype. Using t-test we analysed
whether there were any significant differences at the nucleotide content
between the chosen strain and all other strains that were being analysed
so far. t-test results showed that all differences were insignificant
(p > 0.05) except for T and G content with the strain used of genotype
1b (CH/BID-V294/2002, Accession No. EU155366.2). However BLAST
alignment revealed that all strains shared 93% identity with the chosen
strain and hence we decided to choose CH/BID-V294/2002 for further
studies as it has been shown earlier (Rost, 1999) that despite of se-
quence dissimilarity by about 30%, structural conservation is still
maintained. Hence for structural analysis, random choice of strain was
justified. For further analysis, the four strains that were used are de-
tailed in supplementary table S10.

3.4. Genotype 1 is more conserved than genotype 3 at the individual amino
acid level

Simple BLAST analysis of E2 amino acids for strains 1a, 1b, 3a and
3b yield 81% identity between 1a and 1b; 71% between 1la and 3b;
80%, 3a and 3b and between 3b and 1b, 70%. These results suggested
the need for a more detailed comprehensive study to determine the
exact nature of differences in E2 between each of the genotypes.
Individual amino acid comparison of the above mentioned strains is
detailed in supplementary Table S11. In this analysis, the amino acid
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sequences for all strains were paired. Individually any change in amino
acid between strains and genotypes, were given a colour code as in-
dicated in Fig. 1. In this way categorization was made which is sum-
marized in Fig. 1B and C. As observed in Fig. 1A, it was evident that E2
pairing between genotypes 1 and 3 could be broken into three portions.
The N-terminal region of the protein, exhibited comparatively little
variation between genotypes 1 and 3 (primarily red-13%, Fig. 1A and
B), the middle portion of the protein had conserved amino acids within
a genotype but differed between genotypes (primarily green-19%,
Fig. 1A and B) while the C-terminal region of the protein had conserved
amino acids in genotype 1 only while the amino acids differed between
strains of genotype 3 (primarily blue- 48%, Fig. 1A and B). Most pro-
found changes (48%) were those amino acids that were conserved in
genotype 1 but differed between strains in genotype 3 (indicated as
blue, Fig. 1A and B). This indicated a greater variation in genotype 3.
There were only a few that were conserved in genotype 3 but differed in
genotype 1 (peach- 10%, Fig. 1A and B).

This marked distinctive partitioning of the protein called for a more
comprehensive study to understand how the variations of amino acids
affect the biology of the protein, especially in genotype 3 compared to
genotype 1. Such differences between genotypes were also apparent
when individual strain comparison was done, (Supplementary Fig. S2,
Figl). Biologically significant ones were scored which included 29%
change from a polar to a non-polar amino acid and vice-versa (indicated
as blue, Fig. 1A and C). Few (10%) changes were from a polar-aromatic
to a non-polar aliphatic amino acid (indicated as yellow, Fig. 1A and C)
and 8% change from an aromatic to an aliphatic amino acid (indicated
as grey, Fig. 1A and C). These changes spanned almost the entire length
of the protein but a region spanning from amino acid 406 to 441 re-
mained conspicuously conserved among all strains. The biological sig-
nificance of such conservation however, still remains to be determined
although it has been reported that residues 412-423 represent the most
conserved antigenic site (Barone et al., 2016). Between genotypes 1 and
3 however, 29% changes were seen to be from a polar to a non-polar
amino acid or vice versa. Only a few were seen to be acidic-basic
changes. Purple indicated either unchanged amino acids or those
changes that are not typically considered to be biologically significant.
The genotype 1 strains remained primarily purple (93%) indicating few
biologically significant changes. Most of the changes were concentrated
in the C-terminal half of the protein rather than the N-terminus.

Corresponding with amino acid changes, we analysed the position
of nucleotide alterations that differed between strains and genotypes for
each codon (Supplementary table S12). This analysis revealed that
maximum changes (12% in genotype 1 and 7% in genotype 3) were
tolerated in the 3rd nucleotide position. While genotype 1 allowed
maximum changes in the 3rd nucleotide position, it tolerated less
changes in other positions compared to genotype 3. This was in
agreement with our amino acid analysis where genotype 1 maintained
conserved amino acid within its genotype which was less in genotype 3.

3.5. Computational modelling of glycoprotein E2 and docking with CD81

In our analysis so far, it was evident that between genotypes and
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even within genotype 3, large variations are present at the amino acid
level. Such variation might consequently lead to alterations in the
structure and modify their function. Due to unavailability of complete
structures for E2, we decided to use the tools of bioinformatics to model
E2 from each strain. For this work we used the four representative
strains from each genotype which had been subjected to amino acid
analysis earlier. To analyse any functional changes in E2, we decided to
look at the interaction between E2 and the receptor CD81, as this is one
of the major interactions between the virus and host for entry via cla-
thrin-mediated endocytosis (Blanchard et al., 2006).

Initially, all the proteins were -characterized using Expasy-
ProtParam and XtalPred servers and found to be stable and hydrophilic
along with two exceptions, E2 of 3a was recognised as unstable and the
receptor protein CD81 was indicated to be a hydrophobic protein. This
was expected given CD81's sub-cellular localization on the cell mem-
brane. All disorder prediction servers unanimously identified the N-
terminal part of the envelope glycoprotein E2 as ‘disordered region’
along with random coil regions at residues 660-670 of HCV 3a and 3b.
Both terminal regions of the receptor protein CD81 also appeared to be
regions of high flexibility. Modelling programs like Phyre® and I-
TASSER produced complete, globular models for envelope glycopro-
teins, whereas CD81 was modelled successfully by three servers (in-
cluding Raptor X which however failed to produce a complete model of
E2). Each model was further subjected to energy minimisation and the
best model was chosen. As detailed in the methods section, each model
was further validated via numerous software such as RAMPAGE and
WHAT CHECK. The energy minimized models with better
Ramachandran plot appearances and backbone conformations, were
chosen as representative models of the glycoproteins and receptor as
detailed in Supplementary Table S13. Phyre® produced the best model
for 1a, 1b and 3b, whereas the optimum model of 3a was produced by I-
TASSER server.

The HCV E2 models exhibited a globular compact core region
flanked between the N-terminal disordered region, including HVR1 &
HVR2, and C-terminal transmembrane region (Fig. 2). The core region
of E2 consisted of a immunoglobulin B-sandwich fold (residues
497-571, 492-566, 493-567, 493-567 for HCV 1la, 1b, 3a, 3b respec-
tively), similar to that reported by Kong et al., 2013 (Kong et al., 2013),
along with two helices and random coil regions. Both terminal regions
were characterized by multiple short helices and coil regions. While the
first ten residues of amino terminal were detected as disordered region,
the last twenty-five amino acids of carboxyl terminus were predicted to
be anchored in membrane, by Phobius server, although confirmation
from TMHMM was not obtained. In all models, despite presence of eight
disulphide bonds, 53-60% of the residues were in random coil con-
formation, similar to that reported by several studies (Barone et al.,
2016; Khan et al.,, 2014; Kong et al., 2013). Further, the modelled
structures showed good threading with the known structures, demon-
strating more resemblance with HCV E2 of genotype 1a (PDB ID 4MWF
(Kong et al., 2013) (RMSD, root mean square deviation varied between
0.65 and 2.00 A, for C-a atoms) than that of genotype 2a (PDB ID
4WEBKhan et al., 2014), RMSD ranged between 3.37 and 6.08 A).
Greater variation of the terminal and hypervariable regions and lower
at the core region of E2 among the different genotypes of HCV
(Okamoto et al.,, 1991), were also reflected in the corresponding
structures, as illustrated from the differences in secondary structure
assignment and the spatial arrangement of these regions in all four
models (Fig. 2). To further compare our models with structural in-
formation and presence of antigenic sites as revealed by binding sites of
monoclonal antibodies, comparisons were performed as detailed in
Table 4. Two regions, spanning amino acids 412-423 and again
427-446 have been reported to be antigenic sites to generate neu-
tralizing antibodies by several studies (Barone et al., 2016; Deng et al.,
2014; Deng et al., 2013; Kong et al., 2012a; Kong et al., 2012a; Li et al.,
2015; Meola et al., 2015; Pantua et al., 2013). It was observed that all
residues known to be serving as antigenic sites were exposed in the E2

319 = 091
24.2 = 0.83
2.0

G
11.1 + 0.63 26.7 = 0.82
26.7 =

10.2 + 1.31
19 + 0.98
17 + 1.25

29.8 + 0.92%°

44.1 + 0.94*"
403 + 2.31%°

3rd position (%)
18 = 0.88

12.55
18 + 1.62

12.11

21.8 = 0.68 21.8 = 0.68 27 % 0.93
4.14

22.4 + 05.b 254 + 1.06 283 = 1.66 20.2 * 3.0 363 * 1.98*"
7.86

247 = 0.47

G
232 = 1.06 269 = 0.71

24 + 0.33

25.3 = 0.43.
27.1 + 0.67 °

2nd position (%)
24.4 + 1.42

1.65

26.6 = 0.85 27.9 = 0.49 24 = 0.00
1.38

2.84

25.4 = 1.07 283 *= 1.66 23.8 = 0.96
2.5

26.1 = 1.48 28.8 = 0.2
23.1 = 1.25 27 = 1.05,,b 21.8 = 0.68 282 * 0.84 23.12 = 1.24 27 = 1.06..

C
22.8 = 1.48 222 = 0.46..
2.84

2.88
23.8 £ 0.96 22.4 *= 0.51.

22.8 = 0.90 22.6 = 0.72;
2.51

1st position (%)
2.44

Percentage occurrence of nucleotide at indicated positions in codons

Number of sequences analysed T

10

7
8
4
: Significant difference between Cytosine and other nucleotides within a strain, p < 0.01.

b Significant differences between Cytosine content of other genotypes, p < 0.01.

* Not significant against all other nucleotides within a genotype.

la Average

SD
3b Average

3a Average
SD

1b Average
SD

Genotype
SD

a

Nucleotide content at different codon positions in HCV E2.
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Table 3
Codon usage analysis of E2 across HCV Genotypes. Values in bold indicate the most abundant codon, those in red are abundant codons that are not GC rich.
1a 1b 3a 3b

Amino acid Codon Average = SD Average * SD Average = SD Average * SD

Ala GCG 24.915.94 34.949.87 16.845.54 17.1+3.76
Ala GCA 20.2+3.91 18.3+9.27 27.9+7.51 14.6+2.42
Ala GCT 7.243.83 15.146.19 34.8+3.04 26.4+7.60
Ala GCC 47.7%7.07 31.846.74 20.5+6.46 41.946.39
Cys TGT 44.9+3.43 31.0+7.07 33.8+3.47 32.1+9.38
Cys TGC 55.1+3.43 69.0+7.07 66.213.47 67.949.38
Asp GAT 36.616.94 27.5+12.20 51.7+8.44 57.5+6.38
Asp GAC 63.4+6.94 72.5+12.20 48.3+8.44 42.5+6.38
Glu GAG 46.9+7.11 96.0%5.03 86.917.76 70.5+2.88
Glu GAA 53.1+7.11 4.0+5.03 13.1+7.76 29.5+2.88
Phe TTT 12.9+5.16 24.0+3.53 35.8+8.19 37.8+6.93
Phe TTC 87.1%#5.16 76.0%+3.53 64.248.19 62.246.93
Gly GGG 19.3+2.58 43.0+1.62 31.1+5.21 39.0+6.55
Gly GGA 22.6+3.40 8.9+1.60 13.8+4.36 18.6+4.93
Gly GGT 14.7+1.66 19.6+4.95 24.745.97 15.7+£3.14
Gly GGC 43.4%1.33 28.5+3.88 30.4+4.89 26.8+1.98
His CAT 16.5+7.85 25.0£13.65 50.9+11.44 34.4+3.59
His CAC 83.5%7.85 75.0+13.65 49.1+11.44 65.6+3.59
lle ATA 10.4+8.05 21.2+6.99 32.8+5.47 47.3+3.45
lle ATT 28.5+6.30 12.1£7.27 7.418.62 13.7£10.30
lle ATC 61.1+12.67 66.716.52 59.8+7.76 39.1£10.52
Lys AAG 43.317.56 68.1+13.13 60.3+5.60 72.5+10.02
Lys AAA 56.7+7.56 31.9+13.13 39.745.60 27.5+10.02
Leu TTG 18.2+1.10 20.6+3.80 15.9+5.08 21.1+7.53
Leu TTA 2.9+1.81 3.0£1.49 4.1+2.47 3.0+2.17
Leu CTG 29.0+4.60 26.0+10.16 31.2+7.37 19.8+3.59
Leu CTA 0.3+1.05 7.5+4.18 8.2+5.26 14.7+6.45
Leu CTT 25.2+2.47 16.4+4.10 17.0+3.58 16.4+2.96
Leu CTC 24.3+4.05 26.4+6.39 23.6+3.84 24.9+2.64
Met ATG 100.0+0.00 100.0+0.00 100.0+0.00 100.0+0.00
Asn AAT 27.3+5.15 25.6+5.85 36.8+8.31 30.1+3.87
Asn AAC 72.7%5.15 74.4+5.85 63.2+8.31 69.9+3.87
Pro CCG 22.6+2.08 27.9+4.11 8.943.92 14.0+£2.10
Pro CCA 15.8+2.63 15.144.32 20.1+1.77 29.4+3.70
Pro CCT 26.24+3.32 24.0+4.69 32.4+5.82 14.9+3.23
Pro CcccC 35.5+4.11 33.0+7.85 38.6+7.04 41.7%4.50
GIn CAG 82.0+8.44 78.6+10.39 41.8+7.58 38.1+20.14
Gln CAA 18.0+8.44 21.4+10.39 58.2+7.58 61.94+20.14
Arg AGG 50.0+1.91 39.1+5.27 27.8+4.93 25.9+4.35
Arg AGA 4.4+2.35 9.5+4.07 16.9+6.54 16.3+7.24
Arg CGG 12.4+3.92 13.4+3.78 23.4+3.69 13.846.21
Arg CGA 5.6+0.20 11.1+4.49 4.7+3.59 11.5+8.68
Arg CGT 2.9+5.00 9.6+4.31 15.2+4.16 7.243.90
Arg CGC 24.5+6.42 17.316.46 12.0+6.05 25.3+3.31
Ser AGT 10.945.33 6.5+5.62 19.8+8.12 10.3+6.90
Ser AGC 34.3+4.97 28.0%+7.98 15.9+4.51 16.8+10.23
Ser TCG 4.1+1.77 17.146.53 11.1+3.81 11.946.12
Ser TCA 13.2+1.90 11.0+5.51 18.314.72 25.5%7.36
Ser TCT 12.3+2.80 7.5+2.63 17.5+4.60 14.7+3.37
Ser TCC 25.245.45 29.9+4.52 17.5+3.49 20.847.79
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Thr ACG 22.2+2.92 21.246.26 15.6+£2.90 23.7+7.32
Thr ACA 11.4+3.45 18.0+3.18 26.3+4.81 22.146.97
Thr ACT 12.2+3.10 21.5+4.17 24.846.53 20.4+7.95
Thr ACC 54.1£2.37 39.317.48 33.315.95 33.94£7.51
Val GTG 46.8+3.32 48.614.43 38.9+3.92 49.816.05
Val GTA 8.0+2.87 9.9+3.84 7.6+3.62 12.6+4.53
Val GTT 6.8+2.22 18.544.61 15.6+7.48 8.5+5.61
Val GTC 38.4+1.67 22.9+5.17 37.9+8.23 29.2+6.00
Trp TGG 100.0+0.00 100.0+0.00 100.0+0.00 100.0+0.00
Tyr TAT 38.3x16.12 24.1+10.90 34.9+7.36 36.1+19.42
Tyr TAC 61.7%16.12 75.9%£10.90 65.1%£7.36 63.9119.42

Wi

-
e

386 736
(B) Colour Code [Change Indicated Percentage
Same amino acid in 1a and 1b but different in 3a and 3b 47% (165)
Same amino acid in both genotypes 1 and 3 13% (45)
Same amino acids in 3a and 3b but differentin 1a and 1b 10% (36)
Same amino acids in 3a and 3b, 1a and 1b but genotype1 different from 3 19% (66)
Uncategorized 11% (38)
TOTAL LENGTH 350
gz:’e"' Amino acid change 3A-3B |1A-1B |1A-3A |3B-1B |3A-1B |1A-3B
Polar vs non polar 18% (64) |5% (19)  [29% (100) |29% (100)[29% (100) |29% (100)
Aromatic - aliphatic 8% (28) [1%(2) [9%(32) (9% (30) [10% (33) [8% (27)
:I‘i’:;';tai?mat'c mronpolar oo ny 1w  [sws) (9% @ 8% @) |10%@33)
I Uncategorized 68% (239) [93% (320) [54% (183) [53% (181)|53% (183) [53% (182)
Total length 350 344 344 343 344 343
-Acidic-Basic 0.02% (7) [0% (1) [0.01% (3) [0.01% (5) [0.01% (4) [0.02% (6)
Acidic/Basic-uncharged polar/|0.15% (54) |0.03% 0.21% 0.22%  10.23% (79) 10.2% (68)

Fig. 1. Amino acid changes between genotypes 1a, 1b, 3a and 3b.

Amino acid sequences along with their codons were aligned for comparison as indicated (Supplementary Fig. S3). The individual amino acid changes were compared
and colour coded as indicated. (A) Compressed pictorial representation of Table S3 to indicate the overall changes. (B) Colour codes along with percentages of
changes scored between genotypes. (C) Percentage changes and colour codes of strain-wise amino acid changes.

model of genotype 1la, further validating our model. However when
similar comparisons were made with the models generated from E2 of
other genotypes, it was observed that while majority of the antigenic
sites were exposed, genotype-specific differences were apparent
(Table 4).

In spite of the modelling results, the available theoretical model of
CD81 (PDB ID: 2AVZ) gave the best validation server result. As the
putative interaction site of CD81 is already known, this sequence was
used for docking studies with the four selected E2 models as detailed in
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materials and methods. From the numerous ranked poses and further
analysis, the best poses were chosen and the predicted binding sites of
the envelope glycoproteins with CD81 were determined which is
summarized in supplementary table S14.

It was observed that the binding region of each E2 from the four
strains with CD81 were unique. Although the binding region spanned
from 420 to 700 in general, only few residues was common among the
different strains. Despite 1a and 1b remaining fairly conserved upon
amino acid alignment, only three amino acids (Pro484, Trp487, and
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Fig. 2. Predicted models of E2 from genotypes 1a, 1b, 3a and 3b as indicated.

Table 4

Relative Solvent Accessibility of E2 residues of genotypes la, 1b, 3a and 3b
known to be antigenic determinants. Amino acids are denoted by their standard
single letter code.

Position la 1b 3a 3b

412 Q exposed Q exposed Q exposed H exposed
413 L exposed L buried L exposed L buried
414 I exposed 1 buried A buried A buried
415 N exposed N buried N exposed N buried
416 T exposed T buried T exposed T buried
417 N exposed N exposed N exposed N exposed
418 G exposed G buried G exposed G exposed
419 S exposed S buried S buried S exposed
420 w exposed W exposed W buried w exposed
421 H exposed H exposed H exposed H exposed
422 I exposed 1 exposed I exposed I exposed
423 N exposed N exposed N exposed N exposed
427 L exposed L exposed L exposed L exposed
428 N exposed N exposed N exposed S exposed
429 C exposed C exposed C exposed C exposed
430 N exposed N exposed N exposed N exposed
431 E exposed D exposed E exposed D exposed
432 S exposed S exposed S exposed S exposed
433 L exposed L exposed I exposed L exposed
434 N exposed Q exposed N exposed N exposed
435 T exposed T buried T exposed T exposed
436 G exposed G buried G exposed G exposed
437 w buried F buried F buried F buried
438 L exposed I exposed I buried I exposed
439 A exposed A buried A exposed A exposed
440 G buried A exposed G buried G buried
441 L exposed L exposed L buried L buried
442 F exposed F exposed F exposed I exposed
443 Y exposed Y exposed Y exposed Y exposed
444 Q exposed v exposed Y exposed Y exposed
445 H exposed R exposed H buried H buried
446 K exposed N exposed K exposed K exposed
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Tyr489) remained conserved between them. Genotype 3 strains did not
have any common binding residues. With the putative interacting re-
sidues of E2, a further round of docking and analysis was performed
with the entire model of CD81. Fig. 3 exhibits a representative image of
the CD81- E2 interaction region from each of the genotypes. Inset is the
representation of each of the individual complexes. The residues shown
are restricted to the viewing angle and space available for labelling. In
each interaction, the type of bond involved is depicted via specific
colour codes.

The fresh docking analysis revealed a revised set of interacting re-
sidues of both CD81 and E2 (Table 5). This list included some of the
earlier identified residues along with some new ones. Furthermore, we
observed that even the residues of the host protein CD81 did not remain
conserved while interacting with E2 from different strains. Residues
such as Thr163 and Asp196 were the only residues that were common
among all four strains while Asp117, Ser160, Alal164, Leul65, Thrl67,
Glu188, Aspl89 and Aspl195 remained conserved across three strains.
E2 residues predicted to be participating in CD81 interaction was found
to vary widely between genotypes. Apart from 1b, none of the residues
were believed to be part of the HVR-1 although three genotypes, 1a, 1b
and 3a revealed residues that were from HVR-2. None of the CD81
binding region was contiguous which was expected given the predicted
structure of E2 and the predicted CD81 binding sites from other studies
involving genotype 1a glycoprotein E2. The length of the CD81 region
varied with 3a exhibiting the largest and 1b the shortest binding region.
When genotype comparisons were made, only three residues (Arg483,
Trp487 and Tyr489) were found to be common between genotypes 1a
and 1b. There weren't any common residues between the E2 glyco-
proteins of genotypes 3a and 3b between each other or between the
other genotypes.

3.6. Interaction profile of CD81 — HCV E2 Complexes is unique for each
genotype

Binding affinity was determined between E2 of the four genotypes
with the corresponding CD81 binding residues. It was observed that the
receptor-glycoprotein interaction interface was mostly dominated by
electrostatic interactions, numerous hydrogen bonds, hydrophobic in-
teractions, and solvent accessible surface area, SASA > 2000 A? for
each complex with considerable binding free energy (Table 6, Fig. 3) -
typical for stable non-obligatory complexes (Nooren and Thornton,
2003). E2 of HCV subtypes 3a and 3b illustrated distinctly higher
binding affinity towards the receptor compared to others. The greater
number of interactive residues with high interaction energy (IE) in the
binding interface of subtypes 3a & 3b (Tables 5 and 6), larger SASA and
higher number of non-bonded interactions (Tables 5 and 6) compared
to other two complexes further explained the variation in binding af-
finity.

The receptor protein CD81 depicted four distinct interaction patches
that contributed heavily in the interaction, namely: residues Aspl117;
Ser160, Thr163, Alal64, Leul65, Thr167; Glu188, Asp189 and Asp195,
Asp196. All these residues were mostly involved in electrostatic inter-
action. Ala164 actively made both electrostatic and hydrophobic con-
tacts. Thr163 appeared to be a hydrogen bond (HB) centre while
Asp196 reported high IE (Table 6).

Electrostatic interaction held the major share (63-72%) of IE in all
four complexes, while Van der Waals (VDW) contacts contributed most
in E2-CD81 complex for genotype 3a. In 1a_E2-CD81 complex, receptor
residues Aspl55, Glul88, Asp189, Aspl195, Aspl96 and E2 residues
Arg483, Arg587, Lys588 reported high electrostatic IE (> 50 kcal/mol);
while amino acids Phe186 of CD81 & E2 residues Lys588, Ser686 came
up as multiple non-bonded interaction centre (Tables 5 and 6, Fig. 3A).
Residues Asp189, Asp195 of CD81 & Lys410 of 1b_E2 recorded mark-
edly high electrostatic IE (> 50 kcal/mol) and amino acids Lys410,
Arg483 and Tyr485 of 1b_E2 & Ser160, Alal64, Thr167 of CD81 acted
as a hub for non-bonded interaction in 1b_E2-CD81 complex (Tables 5
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Fig. 3. CD81 - HCV E2 interaction profile.

CD81 interaction with HCV E2 protein of (A) genotype 1a, (B) 1b (C) 3a and (D) 3b. Only the amino acids that participated in non-bonded interaction are shown.
Inset: Whole complex. CD81 is represented in cyan, E2 in green, receptor protein amino acids in stick and E2 in solid line. Non-bonded interactions are shown by
broken lines, classical hydrogen bonds in green, ionized carbon & s-donor hydrogen bonds in sky blue, salt bridge & electrostatic contacts in orange and hydrophobic
interactions in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and 6, Fig. 3B). In 3a_E2-CD81 complex, IE is rather evenly distributed
among the residues in binding interface as only Lys124 of CD81 por-
trayed high electrostatic IE (> 50 kcal/mol) but multiple amino acids
such as GIn467, Asp590, Ser684 of E2 & Thr161, Thrl63, Alal64,
Lys171, I1e181 of CD81 emerged as non-bonded interaction site (Tables
5 and 6, Fig. 3C). The 3b_E2-CD81 complex was again populated with
residues of high electrostatic IE (> 50 kcal/mol), viz. Asp117, Glul88,
Asp195, Asp196 of CD81 & Arg621, Lys635, Arg646 of envelope gly-
coprotein 3b_E2 (Tables 5 and 6, Fig. 3D) and multiple non-bonded
interaction contacts were observed in amino acids Ser160, Alal64,
Thr167, Ser168, Glu188 Of CD81 & Tyr620 of E2.

4. Conclusion and discussion

In this study, we compared E2 glycoprotein sequences of 29 HCV
strains belonging to genotypes la, 1b, 3a and 3b in an attempt to
characterise and thereby predict how the variation among these strains
could be affecting biology of the virus. Nucleotide content of each of the
strains revealed a preference of the strains to be C rich which was more
profound in genotype 1 compared to genotype 3. Codon usage analysis
revealed a preference of C-rich codons in the genotype 1 strains, spe-
cifically those with a C in the 3rd position. Genotype 3 pattern was
similar although the strength of preference was less. When comparison
was made at the amino acid level, fewer changes (polar-non polar,
aromatic-aliphatic, acidic-basic) were observed within the genotype 1
strains compared to genotype 3. Alignment also revealed that the var-
iations were abundant at the C-terminus of the protein while an N-
terminal region (from amino acid 415-427) was conspicuously con-
served in all four strains. This region thus represents a conserved an-
tigenic site for all genotypes. In silico modelling analysis of E2 revealed
globular shaped models for each of the genotypes. Docking analysis of
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E2 models with CD81 revealed several conserved amino acids in the
receptor across genotypes along with many that were unique to every
genotype. The binding sequence prediction of E2 from all four strains
were however distinct. Binding energy analysis revealed that the
strength of interaction of genotype 3a was the highest among the four
strains studied.

Previous reports analysing HCV whole genome has also revealed a
bias to be GC rich (van Hemert et al., 2016) in accordance with our
results. That particular study compared 29 animal RNA viruses of which
one was HCV. We have confirmed these results using 34 sequences of
HCV across four genotypes. We have reported a distinct GC bias in the
entire genome as well as in the glycoproteins E1, E2 and RNA depen-
dent RNA polymerase (RdRp). While the exact reason for a preference
for G and C remains speculative, few reports suggest that GC richness
helps in immune evasion as AU rich regions elicit strong innate immune
response (Vabret et al., 2012). Codon usage of HCV has been reported
to be in the early 50s in a study investigating many RNA viruses
(Belalov and Lukashev, 2013). Unicellular organisms such as E. coli
(Botzman and Margalit, 2011; Pan et al., 1998) also exhibit such bias as
use of rare codons was hypothesized to slow down the translation rate
to ensure optimum protein expression and folding (Gouy and Gautier,
1982; Thanaraj and Argos, 1996). Synonymous substitutions may result
in an altered structure and thereby often helps in innate immune re-
sponse evasion (Kondili et al., 2016; Simmonds et al., 2004). As RNA
viruses create random mutations driven by the poor proof reading ac-
tivity of most RdRp, translational pressure that stems from the avail-
ability of tRNAs in the host required for the viral protein translation
becomes important. The liver however has been reported to be quite
abundant in its content of tRNAs compared to other tissues such as the
brain (Dittmar et al.,, 2006). Interestingly, tRNAs for hydrophobic
amino acids are more pronounced in the liver (Dittmar et al., 2006) and
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Table 5
Key E2-CD81 residues of Interaction.
13 - CD 81 1b-CD81 Complex | 3a-CD81 Complex | 3b-CD81 Complex
omplex
CD81 1a CD81 1b CcD81 3a CcD81 3b
ASP117 ARG455 | ASP128 GLN409 | ASP117 PRO461 | ASP117 SER419
ASP155 JLE472 | GLN132 LYS410 | LYS121 ILE462 | CYS157 LEU441
THR163 LEU480 | ASP137 ARG483 | LYS124 PHE465 | SER160 TYR443
ILE182 ARG483 | SER160 PRO484 | GLN132 GLN467 | THR163 SER513
LEU185 TRP487 | THR161 TYR485 | SER159 GLY468 | ALA164 VAL516
PHE186 HIS488 | THR163 TRP487 | SER160 GLY574 | LEU165 VAL616
GLU188 TYR489 | ALA164 TYR489 | THR161 HIS580 | THR167 TYR618
ASP189 ARG587 | LEU165 PRO545 | LEU162 SER583 | SER168 PRO619
GLN192 LYS588 | THR167 THR163 PRO588 | ILE181 TYR620
ASP195 TYR594 | ASN184 ALA164 ASP590 | ASN184 ARG621
ASP196 SERG686 | LEU185 LEU165 PRO596 | PHE186 ILE633
TYR203 GLY688 | GLU188 THR166 GLU597 | GLU188 LYS635
ASP189 THR167 PRO682 | ASP189 ARG646
ASP195 SER168 CYS683 | ASP195
ASP196 LYS171 SER684 | ASP196
ASN173 PHE685 | TYR203
ILE181 THRG686
ASP196  HIS699
GLN700

Note: Residues with Interaction Energy (IE) = 10 kcal/mol were reported here, residues with
IE = 25kcal/mol are in Bold, a. a. involved in HB underlined, residues participating in hydro-
phobic contacts italicized, residues common in all four complexes are shown in red and in three in

blue.

Table 6
Binding affinity of HCV protein E2-CD81 Complexes.

CD81 Non-bonded interactions ASASA (;\2) Binding Free
Complex Energy (kcal/
with E SB HB H mol)

la_E2 - 17 9 2247.0 —-92.97

1b_E2 - 1 24 11 2135.2 —106.53
3a_E2 - - 34 10 3521.1 —238.96
3b_E2 1 27 9 2776.3 —153.79

Note: E - Electrostatic, SB - Salt Bridge, HB - Hydrogen Bond, H — Hydrophobic.

almost all strains of HCV maintain a similar preference for hydrophobic
amino acids (data not shown). Few codons which have been shown to
be preferred in the liver (Dittmar et al., 2006) were also seen to be
preferred by all genotypes of HCV. These included Arg, Gly, Leu, Ser,
Thr and Val. Transfer RNAs (tRNA) with a C or G in their 1st nucleotide
for anticodon, obviously undergoes a stronger codon-anti codon inter-
action resulting in a more efficient translation. In fact binding energy of
mRNA with tRNA in HCV is stronger than that in the human host
(Allnér and Nilsson, 2011). Furthermore, viral infection may also reg-
ulate the activity of RNA polymerase III, thereby affecting tRNA
synthesis (Fradkin et al., 1987; Hoeffler and Roeder, 1985). However in
spite of many advantages of GC richness, it was intriguing to note that
genotype 3 strains had a less preference for C richness compared to
genotypel. Furthermore as it is well established that genotype 3 is more
pathogenic than genotypel (Chayama and Hayes, 2011), the implica-
tion of such reduced preference remains to be investigated. This codon
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usage can also contribute to understanding the interaction between
virus and the host immune system (Kondili et al., 2016).

Crystal structures from soluble E2 constructs (Khan et al., 2014;
Kong et al., 2013) have revealed globular protein with no regular
structure in spite of having eight disulphide bonds (Kong et al., 2013).
Although 62% of the protein exists in loops or disordered structures,
overall it was well-defined with a central 3-sheet flanked by loops, short
helices and B-sheets at the front and back. Our predicted models of all
four strains conform to similar structural organisation as reported in
these studies (Balasco et al., 2017; Khan et al., 2014; Kong et al., 2013).
Our model is also supported by E2 models as proposed by computer
algorithms using class II fusion protein folds supported by FTIR spec-
troscopy and circular dichroism (Krey et al., 2010). Furthermore, ana-
lysis of antigenic residues as predicted to be exposed by several studies
(Barone et al., 2016; Deng et al., 2014; Kong et al., 2012b; Leopold
Kong et al., 2012b; Li et al., 2015; Meola et al., 2015; Pantua et al.,
2013) reporting neutralizing antibodies against the conserved region
(412-423 and 427-446) revealed that our model generated from gen-
otype la also has the same residues exposed. However it was interesting
to note that while the majority of these residues were also exposed in
the models from the other genotypes, strain specific differences re-
mained. This explains the lack of pan-genotypic effect of most anti-
bodies. It is also interesting to note that although this region remains
mostly conserved across genotypes, subtle structural differences do
occur.

The E2 binding sites for CD81 interaction have been extensively
studied and have been neatly summarized in a review article by
Feneant et al. (Fénéant et al., 2014). Researchers have used multiple
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tools to identify the E2 binding site which include the use of blocking
monoclonal antibodies, E2 deletion mutants, as well as in silico mod-
elling similar to what we have done (Callens et al., 2005; Drummer
et al., 2006; Roccasecca et al., 2003; Rothwangl et al., 2008). Surpris-
ingly all the papers report different E2 binding sites. This could be due
to a predicted flexible conformation of E2 that varies during interac-
tions with receptors (Owsianka et al., 2001). It has also been suggested
that interactions and conformations may vary from cell type to cell type
(Roccasecca et al., 2003). Our predicted sites have been supported by
quite a few of these studies. Our prediction of the CD81 binding sites on
E2 follows the same theme as suggested by Krey et al. (Krey et al.,
2010) who predicted CD81 binding residues far apart in primary
structure brought into close approximation in secondary structure. Si-
milarly region spanning 407-524 suggested by Patel et al. using chi-
meras made from genotype la strains (McKeating et al., 2000) was also
observed in our prediction. HVR2 residues reported to be part of the
CD81 binding region using deletion mutants as well as blocking anti-
bodies (McCaffrey et al., 2011; Roccasecca et al., 2003) support our
prediction. Several residues identified from studies involving blocking
antibodies such as mAb 6/41a and mAb 6/53 (Yagnik et al., 2000) have
also been validated to be part of the CD81-E2 binding interface in
genotype 1la and 1b. Interestingly these residues were not part of the
binding interface for E2 from genotypes 3a and 3b, further highlighting
strain specific differences. Although most of the published reports are
based on studies on strain H77 of genotype 1la, few are based on the
JFH-1 strain (genotype 2a). To the best of our knowledge, there are no
reports on the CD81 binding regions in genotype 3. However several
residues that we predict to be important in genotypes 3a and 3b have
been reported in other studies involving genotype 1la (Drummer et al.,
2006; Owsianka et al., 2001). From mutagenic studies on isolates from
genotypes la and 1b, CD81 binding differs among strains (Roccasecca
et al., 2003). While HVR1 region was speculated to inhibit CD81 in-
teraction by steric hindrance, HVR2 (613-620) is believed to be im-
portant in CD81 interaction. While we have reported residues from
HVR2, no residues of HVR1 are part of our predicted interaction region.
Such was also reported in a study using HVR deletions where deletion
of HVR1 had no effect whereas deletion of HVR2 abrogated CD81 in-
teraction (McCaffrey et al., 2011). Importance of disulphide bridges
between cysteines were shown to be important for E2 interaction
(Petracca et al., 2000). However none of these cysteines showed up as
residues in the interaction site possibly because cysteines perhaps
contribute to the final structure of the CD81 but may not necessarily be
part of the interacting residues.

Crystal structure of CD81-LEL have revealed the head sub-domain to
be implicated in binding to HCV (Kitadokoro et al., 2001). In a study
using African green monkey CD81, T163A, F186 L, E188K and D196E
mutations disrupted HCV E2 binding (Higginbottom et al., 2000). In
our docking studies, T163 and D196 were present in the interaction
sites of all four genotypes whereas F186 was found in 1a, 3b and E188
in 1a, 1b and 3b binding sites. Interestingly, while our predictions are
supported by studies using la, we report results of other genotypes
which have not been revealed earlier.

Binding energy calculation revealed that E2 from genotype 3a had
the highest binding energy compared to all other genotypes followed by
3b, 1b and 1a. Stronger binding energy is believed to result in tighter
binding. This may be a reason of higher virulence observed in genotype
3 compared to genotype 1 (Chayama and Hayes, 2011; Shaw et al.,
2003) although published literature differ regarding the strength of
interaction between CD81 and E2 among genotypes. E2 constructs of
HCV 3a generated from patient serum in Glasgow failed to bind CD81
(Shaw et al., 2003). However E2 isolated from other patient serum of
genotype 3a exhibited similar binding to CD81 compared to genotypes
1la and 1b (Lavillette et al., 2005). There is however no data available
on genotype 3b to the best of our knowledge. Hence our results need to
be validated experimentally to conclusively prove the strength of in-
teraction between E2 and CD81.
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In conclusion, this study reports for the first time a comprehensive
analyses on the changes at both nucleotide and amino acid levels of
glycoprotein E2 across genotypes la, 1b, 3a and 3b. Our results have
revealed wide variation in E2 from genotype 1 to 3 where the marked C
preference, amino acid changes, codon preferences differ markedly
across genotypes. This analysis brings to light a very important ques-
tion. So far the bulk of our knowledge on HCV biology is centred on the
studies conducted using the available reagents from genotype 1a (strain
H77) and 2a (JFH-1). But when such variation can be observed between
genotypes 1 and 3, its time to rethink and evaluate how the biology of
the virus changes across genotypes. In fact such variations explain the
different efficacies of available therapeutics and hence further research
is needed to evaluate genotype specific virus biology.
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