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Abstract
Chandipura virus (CHPV), associated with an encephalitic illness in humans, has caused multiple outbreaks with high 
mortality in central and western India in recent years. The present study compares surface glycoprotein (G-protein) from 
prototype and recent outbreak strains using in silico tools and in vitro experiments. In silico epitope predictions (B-cell and 
T-helper cell) for the sequences, 3D structure prediction and comparison of the G-proteins of the strains: I653514 (Year 
1965), CIN0327 (Year 2003) and 148974 (Year 2014) revealed that the CHPV G-protein is stable and antigenic determinants 
are conserved. A monoclonal antibody developed against strain CIN0327 (named NAbC) was found to neutralize prototype 
I653514 as well as the currently circulating strain 148974. In silico antigen-antibody interaction studies using molecular 
docking of predicted structures of NAbC and G-proteins of various CHPV strains led to the identification of a conserved 
neutralizing epitope in the fusion domain of G-protein, which also contained a putative T-helper peptide. The identification 
of a conserved neutralizing epitope in domain IV (fusion domain amino acids 53 to 172) of CHPV G-protein is an important 
finding that may have the scope towards the development of protective targets against CHPV infection.

Introduction

Taxonomically, Chandipura virus (CHPV) belongs to the 
Vesiculovirus genus of the Rhabdoviridae family. CHPV 
causes acute encephalitis in human paediatric populations 
[1]. This virus was responsible for encephalitis outbreaks 
reported in Andhra Pradesh/Telengana and Maharashtra, 
India during the years 2003 and 2004 respectively [1, 2]. It is 
a negative sense, single stranded RNA virus which consists 
of five structural proteins in the canonical order N-P-M-G-
L: a nucleoprotein (N), a nucleocapsid-associated phospho-
protein (P), a matrix protein (M), a glycoprotein (G) and the 
viral polymerase (RdRp, L) located between 3’ leader and 
5’ trailer sequences.

The G-protein is a trimeric trans-membrane glycoprotein 
that enables virus adsorption, assembly, budding and also 
elicits an antibody response thus acting as a major antigenic 
determinant [3]. Depending on the state of infection it adopts 
different reversible conformational states: i) native state pre-
sent on the virus surface and stable above pH 7.0 [4] ii) 
activated state that fuses with the target membrane [5] iii) 
A fusion inactive post-fusion state which is stable under low 
pH conditions [6]. In earlier studies, the structure of a pre-
fusion form of vesicular stomatitis virus (VSV) G-protein 
was analysed by the molecular replacement of different 
domains. The G-protein was divided into different domains, 
domain I: Lateral domain (1 to 17 and 310 to 382), domain 
II: Trimerization domain (18 to 35, 259 to 309, and 383 to 
405), domain III: PH domain (36 to 46 and 181 to 258), 
domain IV: Fusion domain (53 to 172), Cter C-terminal part 
(406 to 413) and RbI-II domain: Rigid block (1 to 25 and 
273 to 382) [7].

Being the major antigenic determinant, the G-protein 
of CHPV requires in depth studies to better understand its 
potential as a target for different preventive and diagnostic 
approaches. The emergence of massive CHPV outbreaks in 
2003 with case fatality rates as high as 56-75 % [2] as well 
as isolated outbreaks thereafter from newer geographical 
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regions of India have generated interest in understanding 
the virus and its antigenic potential.

Pioneering studies have been performed to understand 
the biological mechanisms underpinning the neuropathology 
caused by CHPV. Genetic characterization and phylogenetic 
analysis have revealed changes in the G-protein of CHPV, 
however, the impact of these mutations on protein structure 
needs further in-depth analysis [8–10].

CHPV outbreaks have also been reported in south cen-
tral India covering a few states: Andhra Pradesh (Telen-
gana) and Maharashtra. Over recent years outbreaks have 
been reported from new areas like Gujarat, which is in the 
extreme western part of India. This raised many queries 
including, whether recent outbreaks were caused by altered 
antigenicity or altered surface protein properties of the virus. 
This prompted us to undertake comparative analyses of 
G-proteins from recent strains and the established prototype 
using bioinformatics tools along with supportive laboratory 
experiments. In the present investigation, we have compared 
the G-proteins of recent outbreak (2014) strains with those 
from 2003 and the established prototype strain (1965) using 
bioinformatics techniques to understand sequence, structural 
and antigenic variability. Additionally we have developed a 
neutralizing monoclonal antibody (MAb) against CHPV and 
have assessed its neutralizing ability against the emerging/
recent CHPV strains.

Materials and methods

Cells and virus strains

Vero cells and CHPV strains used in the study were obtained 
from ATCC and the virus repository of the National Institute 
of Virology, Pune, respectively. The accession number and 
CHPV strain names are enlisted in Supplementary Table 1.

Dataset

The dataset comprised seven Indian isolates of CHPV cov-
ering the outbreaks 1965-2014 from different geographical 
locations. During analysis, the G-protein sequences were 
subjected to Multiple Sequence Alignment (MSA) using the 
CLUSTALW algorithm as implemented in MEGA 6.0 [11]. 
A phylogenetic tree was constructed using the maximum 
likelihood algorithm and as a test, a bootstrap with 1000 
replications was used. Pair-wise comparison of sequences 
(all possible combinations) were performed using the 
ALIGN algorithm as implemented in the ISHAN package 
[12]. Three representative strains (I653514, CIN0327 and 
148974) isolated at different time points were selected for 
further structure-based analysis and docking studies.

Antigenic variability

In-silico prediction of antigenic determinants was per-
formed for three selected G-protein sequences using meth-
ods described earlier [13, 14] as implemented in the B-cell 
epitope prediction tool at the Immune Epitope Database 
(IEDB) available at http://www.iedb.org/. For implemen-
tation of the Kolaskar method of antigenicity prediction 
[13] a moving window of seven amino acids and threshold 
antigenicity of 1.0 were considered as ideal conditions. 
ElliPro based predictions of linear and conformational 
B-cell epitopes were also carried out [15].

Monoclonal antibody development, 
characterization and sequencing

The MAb against Indian CHPV strain (CIN0327), isolated 
during the 2003 Andhra Pradesh outbreak, was devel-
oped using conventional mouse hybridoma technologies, 
described earlier [16]. In brief, infant BALB/c mice were 
inoculated intraperitoneally with 100 PFU of CHPV. 
Brains of infected sick mice were harvested at 24 hours 
(hrs) post inoculation and a 10% mouse brain suspension 
was prepared in normal saline. The clarified supernatant 
was used for immunization of 6-8 wks old BALB/c mice. 
The spleen from immune mice was harvested and fusion 
of spleen cells with Sp2/0 myeloma cells at a proportion of 
5:1 was carried out using 50% polyethylene glycol Hybri-
Max (MW 1450, Sigma Aldrich, USA) as a fusogen. The 
hybrids secreting anti-CHPV antibodies were selected on 
the basis of reactivity in an in-house antibody detection 
ELISA using purified CHPV as a coating antigen. The pos-
itive hybrids were cloned by limiting dilution and individ-
ual clones were screened for the secretion of anti-CHPV 
MAbs in ELISA. The positive clones were propagated and 
characterized for further use. The study was approved by 
the Institutional Biosafety and Animal Ethics Committee 
and the experiments were conducted in accordance with 
the guidelines.

Characterization of MAbs was done with respect to iso-
type analysis, determination of protein specificity and abil-
ity to neutralize CHPV. The isotyping of clones was car-
ried out using a Rapid ELISA Mouse mAb Isotyping Kit 
(Thermo Scientific™ Pierce™, USA) as per manufactur-
er’s instructions. The protein specificity of the clone was 
determined by western blot analysis, as per the established 
protocol [16] with suitable modifications for CHPV. In 
brief, 10 µg of a purified preparation of CHPV was electro-
phoresed through a 12% polyacrylamide gel. The separated 
proteins were electrophoretically transferred to a nitrocel-
lulose membrane (Bio-Rad, USA) at a constant voltage 
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of 25 V for 30 min in electrophoretic transfer cell (Trans-
Blot SD, Bio-Rad, USA). Non-specific protein binding 
sites were blocked by using 5% skimmed milk powder 
in Tris-buffered saline (TBS) overnight at 4°C. Culture 
supernatant of MAb clones (1:50) was used as a source of 
primary antibody. During the assay, an anti-CHPV mouse 
polyclonal antibody was used as a known positive control. 
Antibody bound to CHPV antigen was probed with HRP 
conjugated anti-mouse IgG (Sigma, USA) and 3,3′-diam-
minobenzidine tetrahydrochloride hydrate (Sigma, USA) 
was added as a chromogenic substrate for the development 
of an antigen-antibody reaction.

The ability of MAbs to neutralize CHPV strains from dif-
ferent geographical regions and time was tested using an in 
vitro cytopathic effect (CPE) based micro-neutralization assay 
(MN-CPE method) as described earlier with a few modifica-
tions [17]. The assay was performed using Vero cells. The 
MAb culture supernatant was serially two-fold diluted in Mini-
mum Essential Medium with 2% foetal calf serum and 100 
TCID50 of the pre-titrated homologous CHPV strain was used 
as a source of virus. The anti-CHPV immune mouse serum 
and normal mouse serum, diluted serially as above, were used 
as positive and negative assay controls respectively. The assay 
was terminated at 48 hrs post infection by staining with amido 
black stain. Fifty percent neutralization dose (ND50) titer >10 
was considered as a positive reaction.

For antibody sequencing the MAb clone was propagated 
and total cellular RNA was extracted from 5x106 cells using a 
Qiagen RNeasy mini kit (Qiagen, Germany) as per manufac-
turer’s instructions. This was used for cDNA synthesis using 
SSIII RT (Invitrogen, ThermoFischer scientific, USA). PCR 
amplification of the variable region (Fv) of the heavy and light 
chain was carried out using Platinum taq DNA polymerase 
high-fidelity (Invitrogen, ThermoFischer scientific, USA) with 
primers and cycling conditions as reported earlier [16]. The 
PCR amplified products were gel purified using QIAquick gel 
extraction kit (Qiagen, Germany). The heavy and light chain 
variable region was sequenced by Sanger’s method using Big 
Dye terminator V3.1 cycle sequencing kit (Applied biosystem, 
ThermoFischer scientific, USA) as per manufacturer’s instruc-
tions and sequencing was carried out using a ABI3100 Genetic 
Analyzer. The coding amino acid (AA) sequences for the anti-
body nucleotide sequence was generated using the “Translate 
tool” available on the ExPASy proteomics server (http://expas​
y.org/tools​/dna.html).

3D structure prediction of the G‑protein 
and the Fv of MAb

The 3D structures of the G-proteins from the strains 
AHA42525, ADO63668 and ATB17675 were predicted 
using the Swiss Model online workstation with the VSV 
pre-fusion structure as a template (PDB ID: 5i2S) [18].

3D structures for the Fv region of the MAb were pre-
dicted using the ABodyBuilder tool available from the 
Structural Antibody Prediction Server [19] http://opig.
stats​.ox.ac.uk/webap​ps/sabda​b-sabpr​ed/Welco​meSAb​Pred.
php. For all predicted structures energy minimization was 
performed using the GROMOS96 force field application 
in the Swiss PDB-Viewer (SPDBV) [18]. Predicted struc-
tures were also subjected to a PROCHECK analysis [20]. 
Visualizations of protein structures and imagery were gen-
erated using the Discovery Studio Visualizer, a product of 
BIOVIA software available at http://3dsbi​ovia.com/produ​
cts/.

Molecular docking

A rigid body docking protocol was used to determine the 
binding site and interacting residues between the anti-
gen and antibody. In-silico unconstrainted docking of 
the MAb with the G-protein of AHA42525, ADO63668 
and ATB17675 strains was carried out using the ZDOCK 
server with default parameters [21, 22]. From the 10 dif-
ferent solutions returned by ZDOCK in each case, the best 
solution was selected based on: i) the complementarity 
determining regions (CDR) of NAbC interacting with the 
antigen at the antigen-antibody interface, and ii) the value 
of minimized energy of the complex being the least [16].

Prediction of T‑helper epitopes

T-helper epitopes (MHC Class II epitopes) were predicted 
for G-protein sequences using MHC class II epitope pre-
diction tools available from IEDB (IEDB; http://www.
iedb.org/) [23]. The most prevalent HLA class II alleles 
from both the Andhra Pradesh-Telangana and Gujarat 
region, where the CHPV outbreaks were reported, were 
considered for prediction [24, 25]. The Andhra Pradesh-
Telangana region located in southern India had the fol-
lowing dominant Human Leukocyte Antigen - antigen 
D Related (HLA DRB1) alleles: HLA DRB1-04, HLA 
DRB1-07 and HLA DRB1-15, whereas the Gujarat region 
had: HLA DRB1-03, HLA DRB1-11, HLA DRB1-13 and 
HLA-DRB1-15 alleles.

http://expasy.org/tools/dna.html
http://expasy.org/tools/dna.html
http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/WelcomeSAbPred.php
http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/WelcomeSAbPred.php
http://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/WelcomeSAbPred.php
http://3dsbiovia.com/products/
http://3dsbiovia.com/products/
http://www.iedb.org/
http://www.iedb.org/
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Study design

CHPV G-protein sequences from seven strains were 
compared by MSA. Of these, two strains (CIN0327and 
148974) having the maximum differences in amino acid 
composition with respect to the prototype strain of 1965, 
were considered for detailed analysis. The 3D structure for 
these two G-proteins and the 1965 strain was predicted. 
The antigenic variability between these three strains was 
determined by comparing the predicted linear and confor-
mational B-cell epitopes. The G-protein sequences were 
also screened for the existence of any conserved T-helper 
epitope using MHC class II epitope prediction tools for 
the available dominant alleles in the reported outbreak 
regions. A MAb was developed against the CIN0327 strain 
of CHPV (G-protein, accession number: ADO63668) and 
tested for its neutralizing ability against currently circulat-
ing CHPV strains representing different years of isolation. 
The sequencing of the Fv of individual MAbs was carried 
out and the corresponding amino acid sequences were used 
to predict 3D structures. To identify the existence of any 
conserved neutralizing B-cell epitopes, in silico docking 
of the MAb with the predicted structures of the G-proteins 
from various CHPV strains was carried out.

Results

Sequence data

The analysis of the amino acid sequence of the G-protein 
of seven Indian isolates of CHPV revealed amino acid sub-
stitutions at four positions compared to the prototype strain 
(Supplementary Table 2). These were located in domain 
II (Trimerization domain) at positions L19S and Y22S; in 
domain III (PH domain) at S41N and G222A/S and in the 
RblII (Rigid block II) domain at P367M. Apart from these, 
a few additional mutations were observed (Supplementary 
Table 2) but all were favourable substitutions having similar 

physico-chemical properties and hence did not alter the 
back-bone fold of the protein. A phylogenetic tree (supple-
mentary Figure 1) for the CHPV G-protein sequences was 
constructed with Isfahan virus (ACCN: YP_007641385) as 
the outlier. All the CHPV strains were found to be highly 
conserved.

Antigenic variability

The linear B-cell epitope prediction of the three selected 
strains revealed that most of the epitope were conserved. 
Supplementary Table 3 lists all the predicted B-cell epitopes 
in the ecto-domain, from amino acid 1-413 of the CHPV 
G-protein. All twenty-one predicted epitopes were conserved 
including the longest epitope: 122-SGTLVSPGFPPESCG-
YASVTDSEFLVIMITPHHVGVD-158. Mutation G222A 
observed in domain III in strain CIN0327 and G222S in 
strain 148974 did not alter the antigenicity of the epitope 
covering amino acids 220-230. The prototype strain has a 
unique potential B-cell epitope occurring at 38-VTKSTRY-
CPM-47, located in domain III which was not present in 
strains from 2003 onwards, due to a S41N mutation. Results 
from the ElliPro revealed the existence of conserved linear 
and discontinuous B-cell epitopes as detailed in supple-
mentary Table 4. The ElliPro analysis identified segment 
122-146 as strongly antigenic (both as a linear as well as a 
conformational epitope).

MAb development and characterization

In the in vitro neutralization assay, the MAb at dilution 
1:12800 neutralized homologous strain CIN0327, showing 
100% neutralization of 100 TCID50 virus, indicating a very 
high ND50 titer (Figure 1). This MAb was named as NAbC 
(Neutralizing Antibody against CHPV). The testing of het-
erologous neutralization by NAbC also showed its ability 
to neutralize CHPV strains e.g. I653514, 1015405, 12588, 
1210586 and 148974.

Fig. 1   In vitro neutralization of 
CHPV by MAb, NAbC. Row-
1: MAb (NAbC) neutralized 
100TCID50 virus with ND50 
titer >12800. Row-2: Polyclonal 
antibody against CHPV. Row-3: 
Normal mouse serum. Row-4: 
Well (1-5) - Virus control and 
well (6-8) - Cell control
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A hybrid, secreting antibodies to CHPV, was obtained 
which yielded a further MAb clone, which was character-
ized. The isotype of the MAb was IgG2a with a kappa light 
chain. In Western blot, the MAb recognized the surface 
glycoprotein G of CHPV (Figure 2).

Sequencing of the variable regions of NAbC

The variable region of heavy (VH) and light (VL) chains 
of NAbC were amplified by PCR. Bands of 409 bp and 
340 bp corresponding to the VH and VL respectively were 
observed on a 1.5% agarose gel. The PCR products were 
gel purified and sequenced from both ends using sense and 
anti-sense primers. Before undergoing antibody structure 
prediction the sequences were analyzed using the NCBI 
protein BLAST tool. The sequence data generated in this 
study has been submitted to GenBank: NAbC-VH (Gen-
Bank accession number: MH395742) and NAbC-VL (Gen-
Bank accession number: MH395743).

3D structure predictions of the G‑protein 
and Fv of MAb

The 3D structure prediction of the ecto-domain of CHPV 
G-proteins from the strains I653514, CIN0327 and 148974 
were carried out using the crystal structure of VSV G-pro-
tein (PDB ID- 5i2s) as a template. The minimized energy 
for the predicted structures is summarized in Table 1. The 
occupancy of amino acids in the Ramachandran plot for the 
G-protein of all three strains was found to be 99.2%, 99.5% 
and 99.5 % respectively (favourable and additionally allowed 
regions).

The optimized models of NAbC_Fv regions and CDR for 
both variable light and variable heavy chains were identi-
fied. The identified CDR regions are listed in Table 2. The 
minimized energy for the predicted structure was found to 
be -9792.784 kJ/mol. The PROCHECK analysis revealed 
that the occupancy of amino acids in the Ramachandran plot 
was 99.4 % (favourable and additionally allowed regions).

Molecular docking

The unconstrained docking of the predicted 3D structure 
of NAbC with modeled structures of the CHPV G-protein 
from three different strains revealed docking foot prints 
covering the residues stretching from 122-SGTLVSPGFP-
PESCG-136. This peptide is part of the predicted B-cell 

Fig. 2   Western blot (WB) analysis of anti-CHPV MAb, NAbC. Puri-
fied CHPV, 10 µg /well was subjected to electrophoresis through a 
12% SDS-PAGE gel and proteins were transferred to a nitrocellulose 
membrane and probed with anti-CHPV MAb. The MAb, NAbC spe-
cifically detected the G-protein of CHPV in WB. Lane 1: MW-Pro-
tein molecular weight marker, Lane 2: NAbC – CHPV antigen probed 
with MAb culture supernatant, showing a band at 69-72 kd corre-
sponding to the G-protein of CHPV. Lane 3: CHPV antigen probed 
with anti-CHPV polyclonal antibody collected from the immunized 
mice

Table 1   Structural properties of the predicted structures

*Includes most favoured region, generously allowed region and addi-
tionally allowed region

Protein structures Occupancy* in 
Ramachandran plot (%)

Minimized energy
(kJ/mol)

AHA42525 99.2 -46718.444
ADO63668 99.5 -49839.891
ATB17675 99.5 -47359.129
5i2s 100 -54915.047
NAbC 99.4 -9792.784

Table 2   CDR regions (Kabat classification) in NAbC Fv

CDR regions of heavy and light chains of NAbC

CDR NAbC sequence

HCDR1 31-SYYIS-35
HCDR2 50-EINPSNGGTNFNEKFKS-65
HCDR3 95-LGHDGYYGPSYYAMDY-110
LCDR1 24-KASQYVGTAVA-34
LCDR2 50-WASARHT-56
LCDR3 89-QQYSSFPRT-97
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epitope 122-SGTLVSPGFPPESCGYASVTDSEFLVIM-
ITPHHVGVD-158, which is conserved in all three strains. 
A representative image is presented in Figure 3A. In each 
case, residues of NAbC formed stable hydrogen bonds with 
residues in the G-protein (Figure 3B). This region was found 
to have a conserved linear epitope by the Kolaskar method. 
The residues of the G-protein (strain CIN0327) Ser122 and 
Gly123 formed H-bonds with the residue Ser52 of LCDR2 
(second complementarity determining region of VL) in 
NAbC. H-bonds were also noted between residue Glu133 of 
the G-protein with residue Ser54 and Asn55 of HCDR2 (sec-
ond complementarity determining region of VH) and Cys135 
of the G-protein with Ser54 of HCDR2. These H-bonds held 
true for the docked NAbC G-protein complexes with strains 
I653514 and 148974 as well. We named the antigenic deter-
minant 122-SGTLVSPGFPPESCG-136 as CG122. In the 
pre-fusion conformation of the G-protein, CG122 occurs as 
a linear beta strand in the fusion domain and is fully exposed 
under natural physiological conditions.

In order to evaluate the specificity of NAbC to the 
antigenic determinant CG122, we carried out in silico 

mutagenesis by introducing the following mutations in the 
G-protein: E133M and E133A separately. The mutated 
sequences were modelled using the G-Protein structure of 
VSV as the template (PDB ID: 5i2S). The root mean square 
deviation (RMSD) of the models with mutations E133M 
and E133A was found to be 0.05Å. Docking of mutated 
G-proteins to NAbC revealed a loss of recognition by the 
antibody. In each case the CDRs of NAbC did not bind to 
the mutated antigenic regions. The docking outputs returned 
by the ZDOCK analysis are physically unrealistic and not 
feasible under natural physiological conditions.

T‑helper epitopes

Considering the fact that outbreaks in the Andhra Pradesh-
Telangana region have affected southern Indian populations, 
we considered HLA DRB1 alleles prevalent in human popu-
lations in that geographical area. These are HLA DRB1-04 
(12-14%), HLA DRB1-07 (14-19%) and HLA DRB1-15 
(19-28%) [24]. Predictions revealed the existence of over-
lapping T-helper peptides in three different segments of 

Fig. 3   A) NAbC Fv with heavy chain (blue) and light chain 
(magenta) complexed with the A chain of the CHPV G-protein trimer 
(ribbon mode, Cyan color). B) Close-up view of epitope CG122 of 
the G-protein forming H-bonds with complementarity-determining 

regions (CDRs) of NAbC Fv. C) Schematic representation of the 
NAbC Fv binding to the fusion domain of the G-protein (pre-fusion 
state) as expected under natural physiological conditions
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the G-protein from aa 10-24, 141-160 and 479-493, con-
sidering the lowest percentile value (cut off <5), indicat-
ing highest affinity [23]. Details of the predicted T-helper 
epitopes are listed in supplementary Table 5. Of the three 
segments the MHC class II peptides with the highest affin-
ity occur between aa 141-160 for all the alleles present in 
the Andhra Pradesh region (supplementary Table 5). This 
T-helper peptide correspondeds to the neutralizing B-cell 
epitope (122-SGTLVSPGFPPESCGYASVTDSEFLVIMIT-
PHHVGVD-158).

HLA DRB1 alleles prevalent in the geographical area of 
Gujarat which were available in the IEDB reference allele 
list are: HLA DRB1-03, HLA DRB1-11, HLA DRB1-13 
and HLA DRB1-15. For all these HLA DRB1 alleles except 
DRB1-03, predictions revealed the existence of overlapping 
T-helper peptides (with highest affinity and lowest percentile 
score of < 5) in three different segments of the G-protein, 
those identified in the DRB1 alleles of Andhra Pradesh-Tel-
angana, i.e. aa 10-24, 141-160, and 479-493. For the DRB1-
03 allele no predictions were obtained in the region 141-160. 
The high affinity predicted T helper epitopes in the antigen-
antibody interaction domain among the different alleles are 
summarized in supplementary Table 5.

Discussion

Understanding the underlying factors leading to recurrent 
Chandipura outbreaks with high mortality deserves special 
attention. The present study is an attempt to determine the 
amino acid changes in the G-protein of Chandipura virus 
occurring during recent CHPV outbreaks in new areas of 
India and associate these with functional and structural 
changes to the virus. Previous reports [26, 27] of putative 
roles for the CHPV G-protein prompted us to characterize 
G-proteins from various strains in terms of: i) their sequence, 
ii) a prediction and comparison of 3D structures, and iii) pre-
dictions of their antigenicity involving: a) B-cell linear and 
conformational epitopes and b) T-cell epitopes (MHC class 
II), using appropriate bioinformatics tools.

Bioinformatic-based analyses of the sequences revealed 
that the G-proteins of the strains CIN0327 (Andhra pradesh/
Telangana) and 148974 (Gujarat) had seven and six amino 
acid mutations respectively compared to the I653514 proto-
type strain, though these mutations did not alter the 21 major 
epitopes. The favourable substitutions did not alter the phys-
ico-chemical properties significantly and did not have any 
effect on the 3D fold of the backbone chain of the G-protein. 
A recent study has also identified mutations in one of the cir-
culating CHPV strains [28], the majority of these amino acid 
changes were either favourable substitutions or occurred at 
non-antigenic region of the protein. The region comprising 
aa 4- 27 was predicted (in silico) to have antigenic properties 

in all the strains in spite of the variations in amino acid com-
position. Since this region remains embedded in the trimer 
interface in the native pre-fusion state of the G-protein and 
did not interact with the host immune system, it could not 
be considered as a potential B-cell epitope. However, since 
these were in silico predictions only, in parallel, laboratory 
experiments were carried out where MAbs against CHPV 
were developed. The MAb NAbC neutralized the CIN0327 
strain and other strains I653514 and 148974, leading us to 
hypothesize the existence of a conserved and immunodomi-
nant neutralizing epitope.

The recognition of an antigenic region by any antibody 
depends on key factors such as surface electrostatics that 
determines the formation of H-bonds or salt bridges and 
shape compatibility [16, 29]. To delineate the epitopes for 
NAbC, we sequenced the Fv region of the antibody, pre-
dicted the 3D structure and performed molecular docking 
with the G-proteins using standard bioinformatics tools. 
Docking studies revealed that NAbC binds to the G-protein 
at the antigenic site 122-136 which is part of the B-cell 
epitope 122-SGTLVSPGFPPESCGYASVTDSEFLVIM-
ITPHHVGVD-158. Five H-bonds were formed between 
residues in the CDRs of NAbC and residues 122-136 of the 
G-protein. Experimental data indicated that NAbC binds 
to both denatured (Western blot) and native (neutralization 
assay) forms of the G-protein. This corroborated our bioin-
formatic analyses that the antigenic region 122-136 (CG122) 
is a conserved linear epitope.

Specificity evaluation of antigen-antibody binding in 
terms of docking of NAbC with two different mutants of 
the G-protein (e.g. E133M and E133A) created by in sil-
ico mutagenesis showed that NAbC failed to recognize or 
bind to the mutated versions of the G-proteins. The docking 
output generated complexes which were not feasible under 
natural physiological conditions (non-feasible solutions). 
Altered local surface contour and surface electrostatics in 
the mutants could account for the failure of NAbC to effec-
tively recognize and bind (Figure 4).

Considering the HLA class II alleles prevalent in the pop-
ulation of the affected areas, predictions of T-helper epitopes 
in the G-proteins were conducted using standard IEDB tools. 
Considering the demographics of the districts where this 
virus traditionally causes outbreaks, we considered the avail-
able HLA DRB1 alleles of the native population for pre-
diction of the T-helper epitopes. Also, in order to account 
for the recent outbreak in Gujarat (2014 strain 148974), 
we predicted T-helper epitopes for the said strain using 
the HLA information available for populations in Gujarat 
[25] and selected only the high affinity (lowest percentile) 
T-helper peptides. Only three regions on the G-protein, that 
account for overlapping T-helper peptides, were identified. 
One of them coincided with the antigenic determinant: 
122-SGTLVSPGFPPESCGYASVTDSEFLVIMITPHH-
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VGVD-158. The T-helper peptide in this region is 141-160. 
Thus, we have identified an antigenic region 122-158 which 
offers a conserved B-cell neutralizing epitope as well a 
T-helper peptide 141- VTDSEFLVIMITPHHVGVDDY-160.

In our opinion, the answer to the question, “Is there any 
change in the surface protein properties of the virus that 
led to the spread to newer areas?” is no. The mutations (or 
amino acid differences) in the G-protein of recent isolates 
did not alter the antigenicity of exposed epitopes nor the 3D 
structure of the surface protein drastically. Spread to new 
areas could either be due to changes in other proteins of the 
virus or due to environmental factors which need appropri-
ate epidemiological and zoonotic investigation. However, 
the present study helped us in achieving the following: i) 
antigenic characterization of the CHPV G-protein of dif-
ferent strains, ii) development of a neutralizing MAb i.e. 
NAbC, iii) delineation of a conserved neutralizing epitope 
122- SGTLVSPGFPPESCG-136 and conserved T-helper 
peptides (covering the amino acids: 141 - 160) in the fusion 
domain of the G-protein.

In a nutshell, the current study reveals that the CHPV 
G-protein is stable and antigenic determinants on the pro-
tein surface are conserved. The identification of a conserved 
neutralizing epitope in domain IV (fusion domain amino 
acid -53 to 172) on CHPV G-protein is an important find-
ing which may lead towards the development of therapeutic 
tools. Research to this effect may be undertaken in future.
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