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Background & objectives: Kyasanur Forest disease (KFD) is a febrile illness characterized by haemorrhages
and caused by KFD virus (KFDV), which belongs to the Flaviviridae family. It is reported to be an endemic
disease in Shimoga district of Karnataka State, India, especially in forested and adjoining areas. Several
outbreaks have been reported in newer areas, which raised queries regarding the changing nature of
structural proteins if any. The objective of the study was to investigate amino acid composition and antigenic
variability if any, among the envelope glycoprotein (E-proteins) from old and new strains of KFDV.

Methods: Bioinformatic tools and techniques were used to predict B-cell epitopes and three-dimensional
structures and to compare envelope glycoprotein (E-proteins) between the old strains of KFDV and those
from emerging outbreaks till 2015.

Results: The strain from recent outbreak in Thirthahalli, Karnataka State (2014), was similar to the older
strain of KFDV (99.2%). Although mutations existed in strains from 2015 in Kerala KFD sequences,
these did not alter the epitopes.

Interpretation & conclusions: The study revealed that though mutations existed, there were no drastic
changes in the structure or antigenicity of the E-proteins from recent outbreaks. Hence, no correlation
could be established between the mutations and detection in new geographical areas. It seems that KFDV
must be present earlier also in many States and due to availability of testing system and alertness coming
into notice now.
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Kyasanur Forest disease (KFD) was first
documented as an outbreak in people living in
Kyasanur Forest in Karnataka, India'?. It is a febrile
illness characterized by haemorrhages and is reported
to be endemic in Shimoga district of Karnataka®. It
is caused by KFD virus (KFDV), which belongs to
the Flaviviridae family, transmitted to humans and

monkeys by Haemaphysalis ticks. The virus was earlier
thought to be related to the Russian spring-summer
encephalitis complex of tick-borne viruses' and shared
many characteristics with other flaviviruses. Later on,
it was found that though virus was from Flavi genus, it
caused viral haemorrhagic fever not encephalitis. The
virion is 45 nm in diameter and contains approximately
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11 kb genome. The single open reading frame encodes
for structural proteins, namely core (C), envelope (E)
and membrane protein (M), and seven non-structural
proteins, viz. NS1, NS2A, NS2B, NS3, NS4A, NS4B
and NS5°.

The major envelope glycoprotein E plays an
important role in the biology of KFDV. Like other
Flavivirus E-proteins, it helps in receptor binding
and entry into host cells by the fusion of viral and
cellular membrane. However, it also generates
host immune responses by inducing protective and
neutralizing antibodies. Hence, it is a very important
antigenic protein for the development of vaccines and
ELISA-based diagnostic assays®. The detection of the
disease to newer areas in India*’ is a matter of concern
and necessitates research to focus on understanding
the pathogenesis, development of wvaccines and
efficient diagnostic kits. Detailed knowledge of KFD
pathogenicity, transmission routes and different hosts
will help in development of cheap and highly effective
diagnostics and enhanced surveillance which will in
turn help in reducing disease fatality®!°. In addition,
increased awareness of forest dwellers as well as
travellers is also required to contain this disease.

It is necessary to study the characteristics of the
envelope glycoprotein for better understanding of the
pathogenesis of KFDV. The E-protein of flaviviruses is
a beta-class protein and consists of three domains. The
central domain I (DI) connects the extended domain 11
(DII) with the globular domain III and helps in receptor
binding, as known in the case of other flaviviruses such
as dengue and Japanese encephalitis, where the B-cell
epitopes occur in the domains DI and DIT'.

It has been suggested that KFDV shows long range
distribution possibly due to widespread movement
of birds and the strains of KFDV share a common
ancestry'?. Inthe present study, bioinformatic techniques
were used to predict B-cell epitopes and to compare
E proteins between the old strains and those from
emerging outbreaks. In the absence of experimentally
known three-dimensional (3D) structure of the protein,
in silico homology modelling tools were employed to
generate models.

Material & Methods

The study was conducted by considering
representative sequences of strains from 1965 to 2014.
KFDV E-protein sequences were obtained from the
NCBI database (https://www.ncbi.nlm.nih.gov/) and
sequences from the recent KFD outbreaks were also

included in the analysis. Multiple sequence alignment
was performed considering E-protein sequences from
tick-borne encephalitis and Japanese encephalitis
viruses (TBEV and JEV) as outliers. Pairwise sequence
comparisons of the ectodomains for all the possible
pairs in the data set were performed!*'*. Epitope
predictions were carried out for selected strains using
in silico techniques'. The 3D structure prediction and
structural comparison between E-proteins of different
KFDYV strains were carried out to study if there were
any mutations and whether they were affecting the
structural proteins.

RNA was extracted from virus isolates using
the QIlAamp Viral RNA Mini Kit (Qiagen, USA).
KFDV E complete gene was amplified using the
gene-specific primers. Primer sequences used in this
study for amplification and sequencing were designed
in the laboratory based on strain P9605 (KFDE1F4
- 5 TGG CTC CTA CAT ATG CCA CAC GAT 3),
(KFDE2R2 - 5 TCT GTC ACT CTG GTC TCG CTT
3”), (KFDE3F5 - 5° CAT TGT GGC TTG TGC CAA G
37), (KFDE4RS5 - 5’ CTT GGCACAAGC CACAAT G
3”), (KFDESF6 - 5 GAA CCG CAY GCT GTG AAA
ATG 3°), (KFDE6R6 -5 CAT TTT CAC AGC RTG
CGG TTC 3°), (KFDETF6 - 5° TAG TCA TGG AGG
TGA CTT 3’), (KFDESF5 - 5° TGA CTA GTG GAG
TGG ATC CT 3’°), (KFDE9R3 - 5° TCG CAG GTG
ACATGACCACTCT3’),(KFDE107F - 5° CAT CTA
TGT TGG TGA GCT GAG 3°), (KFDE117R - 5° CTC
AGC TCA CCA ACA TAG ATG 3°), (KFDE12R4 - 5°
TGA TGA TAG CAT GCC TCC T 3’), (KFDE13RS -
5’ TGT CAT TGT CAACAC AAGT 3’), (KFDE14F8
-5"GTG GAG GCT GTG CTCAAC 3’), (KFDEI5RS
-5 GTT GAG CACAGC CTC CAC 3’).

The E gene was amplified with primer set
KFDE1F4 and KFDE15R8 to get polymerase chain
reaction (PCR) products of 1.7 kb, which was checked
in one per cent agarose gel and purified using the
Qiagen Gel Extraction Kit as per the standard protocol
(Qiagen). A bigger stretch than £ gene was amplified
and sequenced. The purified DNA was used as the
target for direct nucleotide sequencing using a Big
Dye Terminator Kit (Applied Biosystems, Inc., USA),
followed by analysis in an ABI 3100 Automated DNA
Sequencer (Applied Biosystems). All the primers as
mentioned above were used for sequencing. Sequences
were subjected to a Basic Local Alignment Search
Tool analysis (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) for confirming their specificity to KFD E gene.
Total number of strains used in this study was 14, and
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additionally, one sequence was taken from GenBank.
These sequences were considered based on different
geographical areas, source and year of isolation.
Sequences considered in this study are enlisted in
Table I along with GenBank accession number.

Phylogenetic analysis of the set of amino acid
sequences was carried out using the Molecular
Evolutionary Genetic Analyses (MEGA 5.0) package'.
Multiple sequence alignment performed with Clustal W
implementation in MEGAS5" considering default
parameters. The phylogenetic tree was constructed
using the neighbour-joining algorithm and bootstrap
(10,000 replications) was used as a test of phylogeny.
Pairwise alignment of all possible pairs of sequences
from the dataset was performed using the ALIGN
algorithm as implemented in the ISHAN package'.
In silico prediction of B-cell epitopes (antigenic
determinants) was performed for each sequence of the
dataset (KFD E-proteins) using the Kolaskar method'*
as implemented in the B-cell epitope prediction server
at Immune Epitope Database (www.immuneepitope.

org/).

The 3D structures of the E-proteins from strains
P9605 and MCL-15-T-338 were predicted using the
SwissModel Online Workstation. The template chosen
(based on the automatic template selection mode) was
the E-protein of TBEV (PDB ID: Isvb). Predicted
structures were evaluated by the PROCHECK
analyses (https://www.ebi.ac.uk/thornton-srv/software/
PROCHECKY/). Visualization of all the molecular
structures and rendering of images were carried out
in Discovery Studio v.3.0 (Accelyrs Inc., USA). The
surface electrostatics of the proteins was studied using
NOC software'®. Energy minimization of the modelled
structures and structural comparisons were performed
using the GROMOS96 force field application in
Swiss PDB-Viewer (SPDBV)!". The sequences were
subjected to PROSITE analyses (https://www.expasy.
org/) for the prediction of functional sites.

Results

Phylogenetic analyses for the dataset were obtained
with £ gene and amino acids from JEV (Nakayama
strain) and TBEV (strain 2517-05) as outliers. The

Table I. List of Kyasanur forest disease virus isolates and clinical samples sequences considered in study

ID Strains (sequences) Year Location Original source Common name GenBank

number of source accession number

1 MCL-15-T-338 2015 Wayanad, Kerala Haemophysalis Tick KY779867

2 NIVAN152326 AA 2015 Wayanad, Kerala M. radiata Bonnet Monkey KY779864

3 NIVAN152330 AA 2015 Wayanad, Kerala M. radiata Bonnet Monkey KY779865

4 NIV135724 AA9 2013 Wayanad, Kerala H. sapiens Human KY779866

5 NIV12839 AA 2012 Thirthahalli, H. sapiens Human KY779854
Shimoga

6 NIV12869 AA 2012 Thirthahalli, H. sapiens Human KY779855
Shimoga

7 NIV121863 AA9 2012 Thirthahalli, H. sapiens Human KY779859
Shimoga

8 NIV121865_AA 2012 Thirthahalli, H. sapiens Human KY779863
Shimoga

9 671004_AA 1967 Bhadrapura, S. entellus Black-faced KY779862
Shimoga langur

10 67965 AA 1967 Sagar, Shimoga H. sapiens Human KY779858

11 652980_AA 1965 Vadnala, Shimoga Haemaphysalis Tick KY779861

spp.

12 642034 AA 1964 Kangodu, Shimoga H. turturis Tick KY779860

13 63696 AA 1963 Suranagadde, S. entellus Black-faced KY779857
Shimoga langur

14 62957 AA 1962 Hillemarur, Gadag H. sapiens Human KY779856

15 P9605 1957 Shigga, Shimoga H. sapiens Human JF416958.1

M. radiate, Macaca radiate; H. sapiens, Homo sapiens; S. entellus, Semnopithecus entellus; H. turturis, Haemaphysalis turturis
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JENakayama 0.49154

TBE2517-05 0.10013

NIV135724_AA 0.00027
NIV12839_AA 0
NIV12869_AA 0

NIV121865_AA 0

NIV121863_AA 0.00198
MCL-15-T-338_AA 0.00496

NIVAN152326_AA 0
NIVAN152330_AA 0
671004_AA 0.00204

0.005

642034_AA 0
 S—— 652980_AA 0
P9605 0.002
—— 62957_AA 0
e 63696_AA 0
67965_AA 0

Figure. Phylogenetic tree of Kyasanur Forest disease E-protein sequences with Japanese encephalitis virus (JEV, Nakayama strain) and tick-

borne encephalitis virus (TBEYV, strain 2517-05) as outlier.

Table II. List of mutations in ectodomains between P9605 and
recent strains
Amino acid  Composition in different KFD sequences
position used in study
P9605 Other strains
230 G E in all others
123 A Tin NIV121839, NIV121863,
NIV121869, NIV121865,
NIV135724
158 S N in MCL-15-T-338,
NIVAN152326 and NIVAN152330
239 D N in MCL-15-T-338,
NIVAN152326 and NIVAN152330
KFD, Kyasanur Forest disease

multiple sequence analyses revealed that all the KFD
amino acid sequences were highly conserved. It was
observed that the sequences from Kerala outbreak
of 2015, namely MCL-15-T-338 (Tick, Kerala),
NIVAN152326 (Monkey, Kerala) and NIVAN152330
(Monkey, Kerala), formed a separate cluster (Figure)
and had a few mutations. These mutations in Kerala
sequences with respect to the KFD reference strain
P9605 are enlisted in Tables II.

The ectodomains (amino acids 1-390) of the
E-protein sequences from the dataset were subjected
to pairwise comparison (all possible pairs) using the
ALIGN algorithm as implemented in the ISHAN
package. Identity (%) of amino composition between

ecach pair of sequences was calculated from these
alignments (Table III). Minimum identity (99.2%) in
amino acid composition was observed between the
strains P9605 and MCL-15-T-338. This indicated that
sequences from the recent outbreak deviated from the
earlier ones.

The B-cell epitopes predicted based on the Kolaskar
method, for all sequences were compared. These were
conserved in all the sequences. It was observed that all
the sequences were highly conserved and so were the
epitopes. B-cell epitopes of P9605 and MCL-15-T-338
are compared (data not shown).

Since no 3D structure information for the KFDV
E-protein has been reported experimentally, the
structure was predicted using TBEV E-protein as
template (1svb.pdb) covering 1-390 amino acids.
The 3D structures of the E-proteins from the strains
P9605 and MCL-15-T-338 were modelled. The
identity in amino acid composition of lsvb with
P9605 and MCL-15-T-338 was 81.77 and 81.4 per
cent, respectively. Superposition of the P9605 and
MCL-15-T-338 with respect to 1SVB.pdb generated
root mean square difference (RMSD) of 0.08A and
0.10A, respectively, involving backbone atoms.
Superposition of the 3D structures indicated that the
models had identical fold of the backbone, with RMSD
0.03A (data not shown). PROCHECK analyses for the
predicted 3D structures revealed that the occupancy of
Ramachandran plot was 99.7 per cent (favourable and
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Table IV. List of functional sites (PROSITE analyses)

Function P9605

MCL-15-T-338

N-myristoylation 14-GTQGT-19, 28-GGCBTL-33,
102-GNHCGL-107, 111-GSIVAC-116,
191-GVDPAQ-196, 270-GVPVAN-275,
301-GMTYT-306, 309-GSKFAW-314,

334-GSKPCR-339

Phosphothreonine
190-SGVD-193, 321-SGHD-324

Phosphoserine
305-TVCE-308

N-glycosylation 154-NESH-157

Casein kinase II 81-TLPE-84
phosphorylation
Protein kinase C 18-TTR-20

phosphorylation

97-SDR-99, 167-TQSE-170, 175-TLGD-178,

158-SNR-160, 169-SEK-171, 185-TCR-187,

14-GTQGT-19, 28-GGCBTL-33, 102-GNHCGL-107,
111-GSIVAC-116, 191-GVDPAQ-196,
270-GVPVAN-275,

301-GMTYT-306, 309-GSKFAW-314,
334-GSKPCR-339

97-SDR-99, 167-TQSE-170, 175-TLGD-178,
190-SGVD-193, 321-SGHD-324

158-SNR-160, 169-SEK-171, 185-TCR-187,
305-TVCE-308

154-NESH-157
81-TLPE-84

18-TTR-20

additional favourable regions) for P9605 and 99.8 per
cent for MCL-15-T-338 excluding glycine and proline
residues in each case. The minimized energy of the
structures for P9605 and MCL-15-T-338 was found
to be —17803.0 and —17389.21 kJ/mol, respectively.
These indicated that the predicted models were of
good quality (data not shown). The occurrence of the
mutation D239N changed the composition of epitope
239-DRLVEFG-245 in P9605 to 239-NRLVEFG-245
in MCL-15-T-338. However, this did not affect the
average antigenicity of the epitope.

3D structure analyses revealed that the mutation
D239N in the Kerala outbreak sequence MCL-15-T-338
occured in DIl and resulted in changes in the
surface contour locally and alteration in the surface
electrostatics. This might affect binding or interactions
with other biomolecules. The detailed analyses of
functional sites using PROSITE predictions indicated
that this mutation did not alter any of the functional
sites. The predicted functional sites are enlisted in
Table IV.

Discussion

In flaviviruses, the envelope protein (E-protein)
is located on the membrane and interacts with the
host immune system. Antibodies are raised against
the E-protein. These antibodies are detected in the
ELISA-based diagnostic kits. Hence, studying the
E-protein is most important as mutations in viral
membrane proteins may lead to emergence of new
strain that escapes herd immunity and may lead to

vaccine failure. Molecular level understanding of
the process of neutralization or escape is critical for
successful development and improvement of vaccines.
Hence, study of the structural and functional aspects
of the KFDV E-protein is vital for the understanding
of virus-cell interactions as well as the biology of the
virus'®. The ectodomain of the Flavivirus E-protein
consists of three domains each of which contains
potential epitopes that can induce antibody in the
host®. Although B-cell epitopes for KFDV have not
been determined yet by experimentation, in our study,
we concentrated on the prediction of B-cell epitopes on
E-protein using bioinformatics techniques.

The predicted epitopes may be used in improving
vaccine or for developing diagnostic kits in future.
Further experimental studies are required for the
determination of immunogenicity and protection
effects of the predicted epitopes. Whether the mutations
really have any effect on vaccine efficacy is a matter of
future investigation, though there are no reports from
the population of the affected area so far.

There were no changes in the structure of the virus
that led to the spread to newer areas. The observed
mutations (or amino acid differences) in the E-protein
of recent strains did not alter the antigenicity and
3D structure of the envelope protein drastically.
Furthermore, there are no reports of vaccine failure
in the endemic areas. Hence, no correlation could
be established between the amino acid differences
on E-protein (antigenicity) and detection in new
geographical areas. Such detection must be due to
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other factors such as movement of people and tourism,
migration of monkeys and spread of infected vectors.
However, this is a matter of investigation and the most
possible reason could be that earlier no diagnosis tools
were available and this disease was never considered
outside of five districts of Karnataka State.
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