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Abstract

Among 70 types of viruses in the Flavivirus genus, a few are highly pathogenic to humans like the recent Zika virus, the West Nile
virus, dengue virus, Japanese encephalitis virus and the Yellow fever virus. Annually there are thousands of deaths reported from
these viruses across the world. Since the envelope protein of the viruses is the outer most surface exposed protein and responsible
for viral entry into the host cell, it is important to characterize the envelope protein for development of any therapeutic response
to infections from these viruses. In this paper, we report on the analysis of the envelope gene in terms of inter-viral phylogenetic
relationships, 2D graphical representations for comparison of base distributions, transition/transversion ratios, amino acid compo-
sition along with hydropathy profile to characterize the protein morphological similarities and differences of the envelope proteins
between the viruses. Our in silico analysis with numerical characterization techniques and several web based servers led to identifi-
cation of four peptides stretches on these viral envelope proteins that are well conserved and surface exposed in each member of the
group. Our further analysis also shows that these four peptides stretches have reasonable epitope binding efficiencies and expected
to form the basis for a nascent peptide vaccine which would be effective against all the noted members of the Flavivirus group and,

enhanced by incorporation of suitable adjuvants, can elicit adequate immune response against such flaviviral infections.
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Introduction

The recent epidemic of Zika virus infections in Latin America, especially in the case of pregnant women, have drawn attention to the
genetics and processes of this virus [1]. First identified in a rhesus monkey caged in the Zika forests of Uganda in 1947, the virus has since
been found in infections in many countries of West Africa, and many other countries [2,3]. Although no adverse effects were reported
from Zika infections in Asian countries, the virus jumped across to French Polynesia in 2013 and then into Brazil where, from reports of
high incidences of microcephaly in newborns, the Zika virus was identified as the cause of the infections [4,5]. The severity of the infec-

tions and the widespread havoc it is causing has puzzled and worried researchers across the globe, especially because it did not have such
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effects before these recent incidences. The question is what are the properties of the Zika virus that has enabled this kind of effect, how
its earlier lineage is different from the strains that are causing the recent incidences in Brazil and Latin America and how the Zika virus
compares with other members of the family it belongs to. Some of the related issues have been addressed in an earlier report [6], some

are considered in this paper.

The Zika virus is part of the family Flaviviridae, genus Flavivirus, that includes the West Nile virus, yellow fever virus, Japanese enceph-
alitis virus and dengue viruses, among the more prominent members that infect human beings. The family members share many common
characteristic features from structural point of view like their size (40 - 65 nm), the structure of the capsids and the envelope proteins
and the organization of their genomes [7,8] and are vector borne through ticks and mosquitoes. Infections with these arthropod-borne
viruses are emerging throughout the world and have a serious impact on human life with tens of thousands of death annually in many
parts of the world [9]. Some damage limitations have occurred through the introduction of anti-viral vaccines: The West Nile virus vaccine
introduced in 1937 has been very successful; the Japanese encephalitis virus vaccine had a limited success in its inactivated form and are
now undergoing novel changes while there has not been much headway in designing a vaccine against the 4 serotypes of the dengue virus,
although a quadrivalent vaccine against the dengue is undergoing field trials, and the Zika virus is too new to have any vaccine developed
as yet. However, recent advances in genetics, immune-genomics and bioinformatics are expected to lead to greater understanding and

new forms of vaccines that may lead to effective preventives against the Flaviviruses.

The genomes of the viruses comprise each a positive-sense, single-stranded RNA with around 10,000 - 11,000 bases encoding three
structural proteins - the capsid (C), premembrane/membrane (PrM/M), and envelope (E) - and seven non-structural (NS) proteins: NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [10]. The surface situated envelope glycoprotein is responsible for viral endocytosis; the infectiv-
ity of the viruses depend on the efficiency of binding of envelope proteins to target cells [11-13], so it is natural that the surface situated
envelope glycoprotein is usually targeted by vaccines and drugs for inhibition [14,15]. This paper intends to do a comparative study of
the main human infecting Flaviviruses with special emphasis on the envelop proteins to characterize the similarities and dissimilarities
within these Flaviviruses and indicate some possibilities of univalent or multivalent vaccine design. For this purpose, we use 2D graphi-
cal representation model of the envelope genes for comparative study and proceed to draw phylogenetic trees, compute the transition/
transversion ratios, amino acid composition and hydropathy indices to determine the protein morphological differences and similarities
between the viruses. While characterizations have been done for individual and groups of Flaviviruses [16-19], to the best of our knowl-

edge, such comprehensive comparative studies of the envelope protein characteristics of the Flaviviruses have not been done heretofore.

Materials and Methods

Sequence data of ten randomly selected envelope genes for every virus (West Nile virus, dengue virus with all four serotypes, Japanese
encephalitis virus, yellow fever virus, Zika virus) from across the world were downloaded from the NCBI GenBank database (last accessed

December 15, 2016). The list of the sequence IDs are given in Supplementary (Table S1).

Slno | Type Locus id Country Year
1 DENV1 | JF297572 India 1962
2 DENV1 | JF297573 India 1962
3 DENV1 | JF297574 India 1963
4 DENV1 | JF297575 India 1963
5 DENV1 | JF297576 India 1963
6 DENV1 | JF297577 India 1963
7 DENV1 | JF297578 India 1970
8 DENV1 | JF297579 India 1971
9 DENV1 | JF297580 India 1982
10 | DENV1 | JF297581 India 2005
11 | DENV1 | JN415486 India 2010
12 | DENV1 | JN415507 India 2008
13 | DENV2 | EU448421 India 2006
14 | DENV2 | EU448422 India 2004
15 | DENV2 | FJ807632 India 2004
16 | DENV2 | FJ807633 India 2005
17 | DENV2 | FJ807634 India 1994
18 | DENV2 | FJ807635 India 2005
19 | DENV2 | FJ807636 India 2005

20 | DENV2 | FJ807637 India 1996
21 | DENV2 | FJ807638 India 1996
22 | DENV2 | FJ807639 India 1993
23 | DENV3 | JQ686068 India 1966
24 | DENV3 | JQ686069 India 1966
25 | DENV3 | JQ686070 India 2010
26 | DENV3 | JQ686071 India 2009
27 | DENV3 | JQ686072 India 2009
28 | DENV3 | JQ686073 India 2009
29 | DENV3 | JQ686074 India 2010
30 | DENV3 | JQ686075 India 2010
31 | DENV3 | JQ686076 India 2010
32 | DENV3 | JQ686077 India 2005
33 | DENV4 | JQ686057 India 1963
34 | DENV4 | ]JQ686058 India 1979
35 | DENV4 | JQ686059 India 1961
36 | DENV4 | JQ686060 India 1964
37 | DENV4 | JQ686061 India 1965
38 | DENV4 | JQ686062 India 1965
39 | DENV4 | JQ686063 India 1965
40 | DENV4 | JQ686064 India 1962
41 | DENV4 | JQ686065 India 1962
42 | DENV4 | JQ686066 India 1962
43 Zika | KU646827 Colombia 2015
44 Zika | KU646828 Colombia 2015
45 Zika | KU926309 Brazil 2016
46 Zika | KU926310 Brazil 2016
47 Zika KX197192 Brazil 2015
48 Zika | KU321639 Brazil 2015
49 JEV KF667287 Taiwan 2010
50 JEV KF667307 Taiwan 2012
51 JEV KJ420592 South Korea 2012
52 JEV KM079174 South Korea 2013
53 JEV KM576774 China 2014
54 JEV KP216584 China 2012
55 JEV KP876007 Vietnam 2014
56 JEV JN189785 India 2010
57 JEV JN968471 India 2010
58 JEV JQ434468 India Unknown
59 WNV | GQ502435 USA 2005
60 WNV | GQ502436 USA 2007
61 WNV | GQ502437 USA 2007
62 WNV | GQ502438 USA 2003
63 WNV | GQ502439 USA 2003
64 WNV | GQ502440 USA 2004
65 WNV | GQ502441 USA 2004
66 WNV | GQ502442 USA 2005
67 WNV | GQ502443 USA 2007
68 WNV | GQ502444 USA 2007
69 YFV GUO073130 | Central African Republic 1974
70 YFV GUO073131 Cameroon 1990
71 YFV | GU073135 Gambia 1979
72 YFV | GU073137 Mali 1987
73 YFV | GU073153 Senegal 2001
74 YFV GU073154 Senegal 2001
75 YFV | GU073158 Senegal 2000
76 YFV GUO073161 Senegal 1995
77 YFV | GU073163 Senegal 1995
78 YFV | GU073166 Senegal 1995

Table S1: List of sequences downloaded from NCBI.

Plots of the gene sequences were made in a 2D graphical representation scheme [19] and analyzed for numerical characterization

[20]. For the graphical representation we used, the sequences are plotted as a walk in a 2D grid taking one step in the negative x-direction
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for an adenine, in the positive y-direction for a cytosine, the positive x-direction for a thymine/uracil and in the negative y-direction for

a guanine. This yields (x,y) values for each base in a sequence and successive plots of the points generate a curve in the 2D graph [19].

We also did an alignment based matrix to draw phylogenetic tree showing the evolutionary relationship between the sequences by us-
ing the software MEGA 5.2 [21]. The transition/transversion ratio along with the amino acid composition of the envelope gene sequences
were also computed using the same software. To understand structural similarity and dissimilarity in envelope proteins between the viral

types we determined the hydropathy index using ExPasy server [22].

To find out identical gene sequences of individual strains of each viral type in our sequence database, we calculated the graph radius
(g,) values [20] between the genes of the whole genome. This is computed by taking the weighted centre of mass of the graph of the se-
lected sequence as = Xx/N and uyzZy/N where N is the total number of nucleotides of the segment, and calculating the distance from
the origin to the centre of mass. The g, has been shown [23] to be a sensitive measure of the distribution of bases in a segment; while the
absolute values of the g, is irrelevant for our purposes, equalities of the g, values of two segments (or gene sequences) imply complete

identity between the base distribution and composition in the two segments (sequences).

In the case of protein sequences too there are many schemes for numerical characterization [24]. We use a 20D method [25] where
the amino acids are each assigned an individual axis and the protein sequence graph is plotted using an algorithm as in the case of the
nucleotides, except this time the sequence plot is entirely in the imaginary domain. However we can define for each axis a weighted av-

erage value of the co-ordinates, u_of the associated amino acid and compute a distance of the weighted centre of mass from the origin:

X oY Y201
,ulzzi /N,,uzzzi /N,...pzozzi /N

R 2
Pr :\/1“1 oy e iy

where X, is the co-ordinate of the j* amino acid, j = 1,2,..,20,1=1,2,3,..,N, N is the length of the protein sequence and p, is the graph radius
from the origin to the centre of mass. Using these measures with some adjustments as mentioned in an earlier work [26], we have found
the protein graph descriptor, p, to be quite useful in measuring similarities/dissimilarities between sequences since any change in the
amino acid composition and distribution changes the p,. This is an alignment-free model and the comparisons are on actual sequence
basis. Without any need to ascribe any meaning to the absolute values of the p,, we can use this property of the descriptor to track changes

in any sequence in whole or part.

The 3D structures of the envelope genes of respective viruses were downloaded from Protein Data Bank and viewed in Cn3D of Gen-
Bank and PYMOL software [27].

Result and Discussions

Characterization of the viruses

The phylogenetic relationship between the envelope gene sequences of respective viral groups in our database, taking 5 sequences
for each virus for visual clarity, is displayed in (Figure 1). The result shows two distinct clades. One clade comprises of only the envelope
genes of the Yellow fever virus and the other clade comprises the rest of the viral group. This second clade is again found to be in two sub-
clades where West Nile virus and Japanese encephalitis virus comprises one sub-clade and Zika and the four dengue serotypes comprise
the other sub-clade. This is in keeping with observations that the Zika virus is closer to the dengue type 2 than the other Flaviviruses,

although in (Figure 1) no distinction is made between the four dengue serotypes.
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Figure 1: Phylogenetic relationship between the envelope gene sequences of different

Flavivirus members from various countries.

To get a more detailed view of the base distribution in the Flavivirus envelope genes, these gene sequences are plotted in the 2D graph-
ical representation scheme described above (Figure 2). While all the 2D plots show a similar pattern for the envelope gene sequences, the
Zika envelope gene is indeed seen to have close structural similarity with the dengue type 2 (DENV2) and these are closer in structure
with the other dengue types (DENV1, DENV3, DENV4) than with the other three Flaviviruses, viz., West Nile virus, Japanese encephalitis

virus and the Yellow fever virus envelope genes. The last three sequence plots bear close similarities between themselves.

Figure 2: 2D graphical representation of envelope gene sequences of Flavivirus mem-

bers separately.

The transition/transversion ratio matrices of the envelope genes of Flavivirus viral members (Table 1) show a close similarity among

the all members of the Flavivirus genus. The transition rates are, as expected, much higher than the transversion rate. Most significant dif-

Citation: Ashesh Nandy, et al. “Characterization of Zika and Other Human Infecting Flavivirus Envelope Proteins and Determination of
Common Conserved Epitope Regions”. EC Microbiology 8.1 (2017): 29-46.



Characterization of Zika and Other Human Infecting Flavivirus Envelope Proteins and Determination of Common Conserved
Epitope Regions

33

ferences have been noticed in case of Yellow fever virus and Zika virus. The C—»T/A—C transition-transversion ratio, usually the highest, is
revealing: It is seen to be between 9 and 18 for the dengue serotypes and 7 for the Japanese Encephalitis viruses, it goes up to about 25 for
West Nile virus and 60 for Yellow fever virus, but climbs to an astonishing 12,630 for the Zika virus. Mammalian genes have a transition-
transversion ratio of 2 to 5 approximately; [28] had estimated that RNA viruses with their high mutation rates can have this ratio up to
about 15 or 20, which most of the older Flaviviruses seem to display, with the exception of the Yellow fever virus. But the number turns out
to be exceedingly high for the Zika virus. This probably indicates a possible continuing high level of mutation in the Zika virus until some
saturation is reached as per the hypothesis of [28], which in effect implies a limiting factor in the long-term effectiveness of any anti-Zika

virus vaccine.

Zika DENV1
From\To A T C G From\To A T C G
A - 0.0030 | 0.0029 | 14.326 A - 2.1225 | 2.0291 | 9.9696
T 0.0037 - 35.019 | 0.0038 T 3.17 - 28.440 | 2.6613
C 0.0037 | 36.6261 - 0.0038 C 3.17 29.749 - 2.6613
G 14.001 | 0.0030 | 0.0029 - G 11.875 | 2.1225 | 2.0291 -
JEV DENV2
From\To A T C G From\To A T C G
A - 3.2329 | 3.3645 | 11.838 A - 29275 | 2.6706 | 10.962
T 3.7991 - 24.497 | 3.9001 T 4.5639 - 22.608 | 3.4862
C 3.7991 | 23.5396 - 3.9001 C 4.5639 | 24.782 - 3.4862
G 11.531 | 3.2329 | 3.3645 - G 14.351 | 2.9275 | 2.6706 -
WNV DENV3
From\To A T C G From\To A T C G
A - 1.6117 | 1.5803 | 4.4878 A - 1.7776 | 1.6367 | 13.238
T 1.8251 - 38.310 | 2.0224 T 2.6062 - 26.293 | 2.2427
C 1.8251 | 39.0732 - 2.0224 C 2.6062 | 28.558 - 2.2427
G 4.0499 | 1.6117 | 1.5803 - G 15.384 | 1.7776 | 1.6367 -
YFV DENV4
From\To A T C G From\To A T C G
A - 0.7128 | 0.6512 | 9.3264 A - 2.7144 | 2.2357 | 12.211
T 0.8237 - 36.085 | 0.8525 T 3.6046 - 22.837 | 3.2184
C 0.8237 | 39.4964 - 0.8525 C 3.6046 | 27.727 - 3.2184
G 9.0115 | 0.7128 | 0.6512 - G 13.676 | 2.7144 | 2.2357 -

Table 1: Transition-transversion rate matrices of different members of Flavivirus.

Figure 3 shows the amino acid composition of envelope proteins for each member of the Flavivirus genus. The result shows significant
differences in the amino acids like aspartic acid, phenyl alanine, isoleucine, lysine, leucine, proline, arginine, serine and tryptophan of

West Nile virus from the rest of the members.
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Figure 3: Amino acid composition of individual members of Flavivirus.

Figure 4 shows the hydropathy index plot of the envelope gene sequences of the members of the Flavivirus group. The indices appear
to fall into two distinct clusters (marked by ellipses in the Figure 4) where Zika and the dengue serotype 2 and 3 form one cluster and

dengue serotype 1 and 4, Japanese encephalitis and Yellow fever viruses form another cluster with lower average hydropathy.

Figure 4: Shows the hydropathy index plot of the envelope gene sequences of the members of the Flavivirus
group.
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Search for a common motif

We used the sequence alignment feature of the MEGAS.2 software to search for a reasonably large region of between 9 and 15 amino
acids in view of cleft sizes in MHC I and MHC II proteins in our set of 78 Flaviviruses that would be common to all the strains. Only one
region of 13 amino acids, in three parts separated by 2 amino acids, came close to what we wanted. Table 2 displays this 14 amino acid
section of the protein sequence that, for example, spans amino acid numbers 104 to 117 in the envelope protein of the Zika virus. This
region is seen to be part of the fusion protein region of the envelope protein (Figure 5). The exact location on the viral capsid was identi-
fied by reference to the protein 3D structure, 5IRE, from the NCBI Protein Data Bank and viewed in PyMOL. The envelope protein crystal
for each virus [29-31] is reported to have a similar trimeric structure with three membrane proteins, while the mature protein is known
to be a dimer. Three domains are identified in each protein monomer comprising beta barrels (domain I), finger-like domain (domain II)

and immunoglobulin-like domain (domain III) with the fusion loop buried by domains Il and III of the neighboring protein monomers.

gi|184161389|gb|EU448421.1|_Dengue_virus_2
gi|184161391|gb|EU448422.1|_Dengue_virus_2
gi|259157597|gb|F]807632.1|_Dengue_virus_2
gi|259157599|gb|F]807633.1|_Dengue_virus_2
gi|259157601|gb|F]807634.1|_Dengue_virus_2
gi|259157603|gb|F]807635.1|_Dengue_virus_2
gi|259157605|gb|F]807636.1|_Dengue_virus_2
gi|259157607|gb|F]807637.1|_Dengue_virus_2
gi|259157609|gb|F]807638.1|_Dengue_virus_2
gi|259157611|gb|FJ807639.1|_Dengue_virus_2
gi|307092449|gb|GQ502435.1|_West_Nile_virus
gi|307092451|gb|GQ502436.1|_West_Nile_virus
gi|307092453|gb|GQ502437.1|_West_Nile_virus
gi|307092455|gb|GQ502438.1|_West_Nile_virus
gi|307092457|gb|GQ502439.1|_West_Nile_virus
gi|307092459|gb|GQ502440.1|_West_Nile_virus
gi|307092461|gb|GQ502441.1|_West_Nile_virus
gi|307092463|gb|GQ502442.1|_West_Nile_virus
gi|307092465|gb|GQ502443.1|_West_Nile_virus
gi|307092467|gb|GQ502444.1|_West_Nile_virus
gi|262283806|gb|GU073130.1|_Yellow_fever_virus
g1|262283808|gb|GU073131.1|_Yellow_fever_virus
gi|262283816|gb|GU073135.1|_Yellow_fever_virus
gi|262283820|gb|GU073137.1|_Yellow_fever_virus
gi|262283852|gb|GU073153.1|_Yellow_fever_virus
811262283854 |gb|GU073154.1|_Yellow_fever_virus
gi|262283862|gb|GU073158.1|_Yellow_fever_virus
gi|262283868|gb|GU073161.1|_Yellow_fever_virus
gi|262283872|gb|GU073163.1|_Yellow_fever_virus
gi|262283878|gb|GU073166.1|_Yellow_fever_virus
JF297572.1|_Dengue_virus_1_strain_62237
JF297573.1|_Dengue_virus_1_strain_62234
JF297574.1|_Dengue_virus_1_strain_63494 . . . . . . R
JF297575.1|_Dengue_virus_1_strain_633760
JF297576.1|_Dengue_virus_1_strain_631287
JF297577.1|_Dengue_virus_1_strain_631288
JF297578.1|_Dengue_virus_1_strain_703180
JF297579.1|_Dengue_virus_1_strain_715393
JF297580.1|_Dengue_virus_1_strain_826883
JF297581.1|_Dengue_virus_1_strain_055290
gi|359744284|gb|JN189785.1|Japaneseencephalitis |. |. |. . K
gi|359744494|gb|JN968471.1|]Japaneseencephalitis
gi|385663574|gb|]Q4344681|Japaneseencephalitis
gi|428621091|gb|JQ686057.1|_Dengue_virus_4
gi|428621093|gb|JQ686058.1|_Dengue_virus_4
gi|428621095|gb|]Q686059.1|_Dengue_virus_4
gi|428621097|gb|]Q686060.1|_Dengue_virus_4
gi|428621099|gb|]Q686061.1|_Dengue_virus_4
gi|428621101|gb|JQ686062.1|_Dengue_virus_4
gi|428621103|gb|]Q686063.1|_Dengue_virus_4
gi|428621105|gb|JQ686064.1|_Dengue_virus_4
gi|428621107|gb|]Q686065.1|_Dengue_virus_4
gi|428621109|gb|]Q686066.1|_Dengue_virus_4
gi|428621140|gb|JQ686068.1|_1966_Denguevirus3
gi|428621142|gb|]Q686069.1|_1966_Denguevirus3
gi|428621144|gb|]Q686070.1|_2010_Denguevirus3
gi|428621146|gb|]Q686071.1|_2009_Denguevirus3
gi|428621148|gb|JQ686072.1|_2009_Denguevirus3
gi|428621150|gb|]Q686073.1|_2009_Denguevirus3
gi|428621152|gb|JQ686074.1|_2010_Denguevirus3
gi|428621154|gb|]Q686075.1|_2010_Denguevirus3
gi|428621156|gb|JQ686076.1|_2010_Denguevirus3
gi|428621158|gb|]Q686077.1|_2005_Denguevirus3
gi|682235303|gb|KF667287.1|Japaneseencephalits
gi|682235343|gb|KF667307.1|Japaneseencephalits
gi|741870662|gb|K]J420592.1|Japaneseencephalitis
gi|694198712|gb|KM079174.1|]Japaneseencephalis
gi|724596934|gb|KM576774.1|]Japaneseencephalis
gi|929232167|gb|KP216584.1|Japaneseencephalits
gi|807072323|gb|KP876007.1|Japaneseencephalits
KU646827_Zika_envelope_gene_Columbia_2015
KU646828_Zika_envelope_gene_Columbia_2015
KU926309_Zika_envelope_gene_Brazil 2016
KU926310__Zika_envelope_gene_Brazil 2016
KX197192_Zika_envelope_gene_Brazil 2015

Table 2: Showing the conserved portion of the envelope protein of all strains for every member of the Flavivirus genus

through alignment. Yellow indicates conserved amino acid in all strains.
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Figure 5: Envelope protein in dimeric form with two subunit in green and yellow respectively of the Zika (top) and

Dengue (bottom) virus from Flavivirus group highlighting the conserved surface exposed region (red).

Conserved domains and epitope predictions

One of the prime motivations in all enquiries on characterizations of Flavivirus virions is to determine probable inhibitors or thera-
peutic agents against the viruses. Given that the gene sequence of the envelope protein of each member among the group is highly vari-
able, it is preferable to determine those segments of the protein coat that remain more or less conserved in the face of many mutations.
Using a graphical representation and numerical characterization technique described in the Materials and Methods section, we computed
p, values taking a window of 12 amino acids starting from position 1 of protein sequence 1, then for position number 2 and so on until
the end of the sequence. Similar sliding window analyses were done for protein fragment 2, then protein fragment 3, and so on until the
entire set of 78 protein fragments were completed. The p, values at each position were then scanned to see how many different values
were obtained at each position. This gave a profile of 12-mer protein stretch variability: the smaller the number, the more conserved the
stretch. (Figure 6) shows the data smoothed out to moving average over 12 p, variability values. The Figure also shows the ASA profile.
From the two profiles, we can select amino acid stretches that show least variability with highest ASA values, smoothed out again over
12 consecutive numbers. Moving along the protein number, i.e., along the x-axis, we search for points where the average surface acces-
sibility is very high or highest and the p, variability number is the lowest signifying maximum conservation coupled with highest surface
exposure of the amino acids. The tentatively identified segments are marked by straight short green horizontal lines in (Figure 6) and the
identified peptides are listed in (Table 3).

Figure 6: Profiles of average solvent accessibility (blue) in % and amino acid sequence variability (red) in numbers of
the 78 envelope protein fragments plotted against amino acid numbers. The short horizontal green lines are identified

segments of the sequences where the amino acids are most conserved and have highest solvent accessibility.
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Regions | Amino acid position for each region Peptide
Start End
Zika, dengue serotypes and Japanese encephalitis
I 65 79 ISDMASDSRCPTQGE
11 98 111 DRGWGNGCGLFGKG
[11 271 284 GALEAEMDGAKGRL
I\Y% 407 417 IGKAFEATVRG
West Nile virus
I 55 69 VSDLSTKAACPTMGE
I1 87 101 DRGWGNGCGLFGKG
I11 261 274 PVEFSSNTVKLTSGH
v 397 407 AFTTTLKGAQR
Yellow fever virus
I 71 85 LTHVKINDKCPSTGE
II 104 117 DRGWGNGCGLFGKG
[11 277 290 NLYKLHGGHVSCRV
I\Y% 413 423 AERLAVMGDAA
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Table 3: Regions with low amino acid variability and high solvent accessibility

selected as per our procedure for Flaviviruses.

Figure 7 shows the four identified conserved surface exposed regions for Zika and DENV2 envelope protein respectively in its crystal
dimeric form (PDB IDs 5IRE and3]2P).

Figure 7: The conserved surface exposed segments of envelope protein of Zika (top)
and DENV2 (bottom) respectively identified by comparison of protein variability
and ASA profile analysis shown in Figure 6 and given in Table 4 are highlighted.

Peptide stretches shown are, in terms of peptide stretch position numbers, (a) 65-79

(in orange), (b) 98-111 (red), (c) 271-284(magenta), (d) 407-417 (blue).

The next step was to search for existence of linear and conformational epitope regions within the identified conserved, surface ex-
posed segments so that we can expect that, with suitable adjuvants to enhance the immune response [32], workable vaccines can be
achieved. For this purpose, we have used web based tools for epitope prediction, viz., the IEDB (Immune Epitope Database and Analysis
Resource) [33,34], with special emphasis on MHC Class II binding which elicits antibody production in our body against the invading vi-
ruses. We selected HLA (Human Leukocyte Antigens) for wide coverage of the Indian population for analysis for the four identified regions

on the members of the Flavivirus envelope sequences. All predictions were done using IEDB recommended procedure; majority of the
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results reported are indicated to be consensus of the various measures used. The list of the binding affinities for MHC Class II epitopes,
with percentile rank where low rank implies higher binding affinity, are given in Tables 4a and 4b for the HLA-DR and DQ alleles. Here in
these tables only the best percentile rank achieved against that particular allele for individual members of the Flavivirus group are shown.
A sample detailed result is given in Supplementary (Table S2).

Peptide segment Flavivirus type Allele Method Best percentile rank
1% segment DENVs HLA-DRB1*03:01 Consensus 21.22
Zika HLA-DRB1*03:01 Consensus 2.71
JEV HLA-DRB1*13:01 sturniolo 15.02
WNV HLA-DRB1*13:01 sturniolo 17.46
YFV HLA-DRB1*13:01 sturniolo 0.08
2" segment DENVs HLA-DRB1*13:01 sturniolo 26.8
Zika HLA-DRB1*13:01 sturniolo 26.8
JEV HLA-DRB1*13:01 sturniolo 26.8
WNV HLA-DRB1*13:01 sturniolo 26.8
YFV HLA-DRB1*13:01 sturniolo 26.8
3 segment DENVs HLA-DRB1*07:01 Consensus 24.24
Zika HLA-DRB1*13:01 sturniolo 13.63
JEV HLA-DRB1*07:01 Consensus 0.85
WNV HLA-DRB1*04:01 Consensus 4.6
YFV HLA-DRB1*13:01 sturniolo 1.35
4 segment DENVs HLA-DRB1*03:01 Consensus 1.14
Zika HLA-DRB1*13:01 sturniolo 21.36
JEV HLA-DRB1*13:01 sturniolo 291
WNV HLA-DRB1*13:01 sturniolo 291
YFV HLA-DRB1*03:01 Consensus 1.11

Table 4a: IEDB predictions of binding affinity for MHC-II of allele HLA-DRB. The binding affinity is considered

high for low percentile rank. Segment details are as in Table 3.

Peptide segment | Flavivirus type Allele Method Best percentile rank
1%*segment DENVs HLA-DQA1*01:02/DQB1*06:02 | Consensus 63.71
Zika HLA-DQA1*05:01/DQB1*03:01 | Consensus 47.59
JEV HLA-DQA1*01:02/DQB1*06:02 | Consensus 33.81
WNV HLA-DQA1*01:02/DQB1*06:02 | Consensus 17.45
YFV HLA-DQA1*01:01/DQB1*05:01 | Consensus 54.03
2" segment DENVs HLA-DQA1*05:01/DQB1*03:01 | Consensus 35.37
Zika HLA-DQA1*05:01/DQB1*03:01 | Consensus 35.37
JEV HLA-DQA1*05:01/DQB1*03:01 | Consensus 35.37
WNV HLA-DQA1*05:01/DQB1*03:01 | Consensus 35.37
YFV HLA-DQA1*05:01/DQB1*03:01 | Consensus 31.54
31 segment DENVs HLA-DQA1*01:02/DQB1*06:02 | Consensus 7.09
Zika HLA-DQA1*05:01/DQB1*03:01 | Consensus 21.63
JEV HLA-DQA1*01:02/DQB1*06:02 | Consensus 10.42
WNV HLA-DPA1*01:03/DPB1*02:01 | Consensus 7.1
YFV HLA-DQA1*05:01/DQB1*03:01 | Consensus 22.99
4" segment DENVs HLA-DQA1*01:02/DQB1*06:02 | Consensus 19.47
Zika HLA-DQA1*05:01/DQB1*03:01 | Consensus 19.7
JEV HLA-DQA1*01:02/DQB1*06:02 | Consensus 5.51
WNV HLA-DQA1*01:02/DQB1*06:02 | Consensus 6.71
YFV HLA-DQA1*05:01/DQB1*02:01 | Consensus 6.66

Table 4b: IEDB predictions of binding affinity for MHC-1I of allele HLA-DQA/DQB.The binding affinity is considered high for low
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Type Allele Start | End Peptide Method Percentile_Rank
DENV HLA-DRB1*13:01 97 | 111 | VDRGWGNGCGLFGKG sturniolo 26.8
DENV HLA-DRB1*04:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 36.66
DENV HLA-DRB1*15:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 49.33
DENV HLA-DRB1*03:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 70.94
DENV HLA-DRB1*07:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 72.72
DENV HLA-DRB1*01:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 83.45
DENV HLA-DRB1*10:01 97 | 111 | VDRGWGNGCGLFGKG | NetMHClIIpan 96.01
JEV HLA-DRB1*13:01 97 | 111 | TDRGWGNGCGLFGKG sturniolo 26.8
JEV HLA-DRB1*04:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 36.88
JEV HLA-DRB1*15:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 64.22
JEV HLA-DRB1*03:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 70.94
JEV HLA-DRB1*07:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 72.72
JEV HLA-DRB1*01:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 83.93
JEV HLA-DRB1*10:01 97 | 111 | TDRGWGNGCGLFGKG | NetMHCIIpan 96.46
WNV HLA-DRB1*13:01 87 | 101 | VDRGWGNGCGLFGKG sturniolo 26.8
WNV HLA-DRB1*04:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 36.66
WNV HLA-DRB1*15:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 49.33
WNV HLA-DRB1*03:01 87 101 | VDRGWGNGCGLFGKG Consensus 70.94
WNV HLA-DRB1*07:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 72.72
WNV HLA-DRB1*01:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 83.45
WNV HLA-DRB1*10:01 87 | 101 | VDRGWGNGCGLFGKG | NetMHClIpan 96.01
YFV HLA-DRB1*13:01 103 | 117 | SDRGWGNGCGLFGKG sturniolo 26.8
YFV HLA-DRB1*04:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 36.9
YFV HLA-DRB1*15:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 67.27
YFV HLA-DRB1*03:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 70.94
YFV HLA-DRB1*07:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 72.72
YFV HLA-DRB1*01:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 83.93
YFV HLA-DRB1*10:01 103 | 117 | SDRGWGNGCGLFGKG | NetMHClIpan 96.5
Zika HLA-DRB1*13:01 97 | 111 | VDRGWGNGCGLFGKG sturniolo 26.8
Zika HLA-DRB1*04:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 36.66
Zika HLA-DRB1*15:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 49.33
Zika HLA-DRB1*03:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 70.94
Zika HLA-DRB1*07:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 72.72
Zika HLA-DRB1*01:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 83.45
Zika HLA-DRB1*10:01 97 | 111 | VDRGWGNGCGLFGKG | NetMHClIpan 96.01
DENV | HLA-DQA1*05:01/DQB1*03:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 35.37
DENV | HLA-DQA1*01:01/DQB1*05:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 35.59
DENV | HLA-DQA1*01:02/DQB1*06:02 97 | 111 | VDRGWGNGCGLFGKG Consensus 56.85
DENV HLA-DPA1*01/DPB1*04:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 84.97
DENV | HLA-DPA1*01:03/DPB1*02:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 85.11
DENV | HLA-DQA1*05:01/DQB1*02:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 86.47
JEV HLA-DQA1*05:01/DQB1*03:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 35.47
JEV HLA-DQA1*01:01/DQB1*05:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 39.22
JEV HLA-DQA1*01:02/DQB1*06:02 97 | 111 | TDRGWGNGCGLFGKG Consensus 56.85
JEV HLA-DPA1*01:03/DPB1*02:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 85.11
JEV HLA-DPA1*01/DPB1*04:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 85.3
JEV HLA-DQA1*05:01/DQB1*02:01 97 | 111 | TDRGWGNGCGLFGKG Consensus 86.75
WNV | HLA-DQA1*05:01/DQB1*03:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 35.37
WNV | HLA-DQA1*01:01/DQB1*05:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 35.59
WNV | HLA-DQA1*01:02/DQB1*06:02 87 | 101 | VDRGWGNGCGLFGKG Consensus 56.85
WNV HLA-DPA1*01/DPB1*04:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 84.97
WNV | HLA-DPA1*01:03/DPB1*02:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 85.11
WNV | HLA-DQA1*05:01/DQB1*02:01 87 | 101 | VDRGWGNGCGLFGKG Consensus 86.47
YFV | HLA-DQA1*05:01/DQB1*03:01 | 103 | 117 | SDRGWGNGCGLFGKG Consensus 35.43
YFV | HLA-DQA1*01:01/DQB1*05:01 | 103 | 117 | SDRGWGNGCGLFGKG Consensus 40.47
YFV | HLA-DQA1*01:02/DQB1*06:02 | 103 | 117 | SDRGWGNGCGLFGKG Consensus 56.85
YFV HLA-DPA1*01:03/DPB1*02:01 | 103 | 117 | SDRGWGNGCGLFGKG Consensus 85.11
YFV HLA-DPA1*01/DPB1*04:01 103 | 117 | SDRGWGNGCGLFGKG Consensus 85.33
YFV | HLA-DQA1*05:01/DQB1*02:01 | 103 | 117 | SDRGWGNGCGLFGKG Consensus 86.75
Zika | HLA-DQA1*05:01/DQB1*03:01 | 97 | 111 | VDRGWGNGCGLFGKG Consensus 35.37
Zika | HLA-DQA1*01:01/DQB1*05:01 | 97 | 111 | VDRGWGNGCGLFGKG Consensus 35.59
Zika | HLA-DQA1*01:02/DQB1*06:02 | 97 | 111 | VDRGWGNGCGLFGKG Consensus 56.85
Zika HLA-DPA1*01/DPB1*04:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 84.97
Zika HLA-DPA1*01:03/DPB1*02:01 97 | 111 | VDRGWGNGCGLFGKG Consensus 85.11
Zika | HLA-DQA1*05:01/DQB1*02:01 | 97 | 111 | VDRGWGNGCGLFGKG Consensus 86.47

Table S2: IEDB predictions of binding affinity for MHC-II of allele HLA-DQA/DQB and HLA-DRB for second peptide segment.

To get estimates of the binding affinities for conformational epitopes, we performed an IEDB Ellipro analysis on the whole protein
through the pdb files for each of the viruses from Protein Data Bank. A sample detailed result for Zika virus is given below (Table 5); the
complete list for the other Flavivirus envelope proteins (except for dengue type 4 and Yellow fever virus for which no protein structure
file could be found) is given in Supplementary Tables S3-S7. These show that all the four regions identified by our algorithm overlap with
portions of the conformational epitopes implying that our identified regions hold good potential to work as conformational epitopes as

well for the analyzed members of the Flavivirus genus.
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No. Residues Number of residues | Score
1 C:S461, C:F463, C:1466, C:L467, C:1468, C:G469, C:T470, C:L471, C:L472, C:M473, 36 0.789

C:W474, C:L475, C:G476, C:L477, C:N478, C:T479, C:K480, C:N481, C:G482, C:S483,
C:1484, C:S485, C:L486, C:M487, C:C488, C:L489, C:A490, C:L491, C:G492, C:G493,
C:V494, C:L495, C:1496, C:S499, C:T500, C:A501

2 | A:S461, A:F463, A:1466, A:L467, A:1468, A:G469, A:T470, A:L471, A:L472, A:M473, 36 0.786
A:W474, A:L475, A:G476, A:L477, A:N478, A:T479, A:K480, A:N481, A:G482,
A:S483, A:1484, A:S485, A:L486, A:M487, A:C488, A:L489, A:A490, A:L491, A:G492,
A:G493, A:V494, A:L495, A:1496, A:S499, A:T500, A:A501

3 A:E13, A:G14, A:M15, A:S16, A:G17, A:G18, A:T19, A:W20, A:V21, A:A35, A:Q36, 192 0.727
A:D37, A:K38, A:P39, A:T40, A:H144, A:G145, A:S146, A:Q147, A:H148, A:S149,
A:G150, A:M151, A:V153, A:N154, A:D155, A:T156, A:G157, A:H158, A:E159,
A:T160, A:D161, A:E162, A:N163, A:R164, A:1169, A:T170, A:P171, A:N172, A:S173,
A:P174, A:R175, A:A176, A:E177, A:A178, A:T179, A:L180, A:G181, A:G182,
A:F183, A:G184, A:S185, A:G187, A:D189, A:K294, A:M295, A:D296, A:K297,
A:L298, A:R299, A:L300, A:K301, A:G302, A:V303, A:S304, A:Y305, A:S306, A:L307,
A:C308, A:T309, A:A310, A:A311, A:F312, A:T313, A:F314, A:T315, A:K316, A:1317,
A:P318, A:A319, A:E320, A:T321, A:L322, A:H323, A:G324, A:T325, A:V326,
A:T327,A:V328, A:E329, A:V330, A:Q331, A:Y332, A:A333, A:G334, A:T335,
A:D336, A:G337, A:P338, A:C339, A:K340, A:V341, A:P342, A:A343, A:Q344,
A:M345, A:A346, A:V347, A:D348, A:M349, A:Q350, A:T351, A:L352, A:T353,
A:P354, A:V355, A:G356, A:R357, A:L358, A:1359, A:T360, A:A361, A:N362, A:P363,
A:V364, A:1365, A:T366, A:E367, A:S368, A:T369, A:E370, A:N371, A:S372, A:K373,
A:M374, A:M375, A:L376, A:L378, A:D379, A:P380, A:P381, A:F382, A:G383,
A:D384, A:S385, A:Y386, A:1387, A:V388, A:1389, A:G390, A:V391, A:G392, A:E393,
A:K394, A:K395, A:1396, A:T397, A:H398, A:H399, A:W400, A:H401, A:R402,
A:S403, A:G404, A:S405, A:T406, A:1407, A:G408, A:K409, A:A410, A:F411, A:E412,
A:A413, A:T414, A:V415, A:W429, A:F431, A:G432, A:S433, A:V434, A:G435,
A:G436, A:A437, A:L438, A:N439, A:S440, A:L441, A:G442, A:K443, A:G444, A:1445,
A:1448

4 C:E13, C:G14, C:M15, C:S16, C:G17, C:G18, C:T19, C:W20, C:V21, C:M34, C:A35, 195 0.723
C:Q36, C:D37, C:K38, C:P39, C:T40, C:H144, C:G145, C:S146, C:Q147, C:H148,
C:S149, C:G150, C:M151, C:V153, C:N154, C:D155, C:T156, C:G157, C:H158, C:E159,
C:T160, C:D161, C:E162, C:N163, C:R164, C:1169, C:T170, C:P171, C:N172, C:S173,
C:P174, C:R175, C:A176, C:E177, C:A178, C:T179, C:L180, C:G181, C:G182, C:F183,
C:G184, C:S185, C:L186, C:G187, C:D189, C:K294, C:M295, C:D296, C:K297, C:L298,
C:R299, C:L300, C:K301, C:G302, C:V303, C:S304, C:Y305, C:S306, C:L307, C:C308,
C:T309, C:A310, C:A311, C:F312, C:T313, C:F314, C:T315, C:K316, C:1317, C:P318,
C:A319, C:E320, C:T321, C:L322, C:H323, C:G324, C:T325, C:V326, C:T327, C:V328,
C:E329, C:V330, C:Q331, C:Y332, C:A333, C:G334, C:T335, C:D336, C:G337, C:P338,
C:C339, C:K340, C:V341, C:P342, C:A343, C:Q344, C:M345, C:A346, C:V347, C:D348,
C:M349, C:Q350, C:T351, C:L352, C:T353, C:P354, C:V355, C:G356, C:R357, C:L358,
C:1359, C:T360, C:A361, C:N362, C:P363, C:V364, C:1365, C:T366, C:E367, C:S368,
C:T369, C:E370, C:N371, C:S372, C:K373, C:M374, C:M375, C:L376, C:E377, C:L378,
C:D379, C:P380, C:P381, C:F382, C:G383, C:D384, C:S385, C:Y386, C:1387, C:V388,
C:1389, C:G390, C:V391, C:G392, C:E393, C:K394, C:K395, C:I1396, C:T397, C:H398,
C:H399, C:W400, C:H401, C:R402, C:S403, C:G404, C:S405, C:T406, C:1407, C:G408,
C:K409, C:A410, C:F411, C:E412, C:A413, C:T414, C:V415, C:W429, C:F431, C:G432,
C:S433, C:V434, C:G435, C:G436, C:A437, C:L438, C:N439, C:S440, C:L441, C:G442,
C:K443, C:G444, C:1445, C:1448

C:A248, C:H249, C:A250, C:K251, C:R252 5 0.685

6 A:A248, A:H249, A:A250, A:K251, A:R252 5 0.653

A:C74, A:R99, A:G100, A:W101, A:G102, A:N103, A:G104, A:C105, A:G106, A:L107, 12 0.608

A:F108, A:G109

8 C:C74, C:P75, C:V97, C:D98, C:R99, C:G100, C:W101, C:G102, C:N103, C:G104, 15 0.564
C:C105, C:G106, C:L107, C:F108, C:G109

9 C:E62, C:A63, C:S64, C:165, C:S66, C:D67, C:M68, C:A69, C:S70, C:Q89, C:K118, 15 0.553

C:A120, C:C121, C:S122, C:K123
10 A:E62, A:A63, A:S64, A:165, A:S66, A:D67, A:M68, A:A69, A:S70, A:Q89, A:K118, 15 0.537

A:A120, A:C121, A:S122, A:K123

Table 5: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein Zika virus. The parts of the sequences that match with

our identified conserved segments are marked in red.
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No. Residues Number of residues | Score
1 A:G460, A:V461, A:1462, A:1463, A:T464, A:W465, A:1466, A:G467, A:M468, A:N469, A:S470, 25 0.848

A:R471, A:S472, A:T473, A:S474, A:L475, A:S476, A:V477, A:S478, A:L479, A:V480, A:L481,
A:V482, A:G483, A:V484

2 C:G460, C:V461, C:1462, C:1463, C:T464, C:W465, C:1466, C:G467, C:M468, C:N469, C:S470, 25 0.848
C:R471, C:S472, C:T473, C:S474, C:L475, C:S476, C:V477, C:S478, C:L479, C:V480, C:L481,
C:v482, C:G483, C:V484

3 A:G14, A:V15, A:S16, A:G17, A:G18, A:S19, A:W20, A:V21, A:D22, A:A35, A:K36, A:N37, 189 0.728
A:K38, A:P39, A:T40, A:E49, A:E136, A:H144, A:S145, A:G146, A:E147, A:E148, A:H149,
A:A150, A:N153, A:G159, A:K160, A:E161, A:1162, A:K163, A:1164, A:T165, A:P166, A:Q167,
A:S168, A:S169, A:1170, A:T171, A:E172, A:A173, A:E174, A:L175, A:T176, A:G177, A:Y178,
A:G179, A:T180, A:V181, A:T182, A:M183, A:E184, A:C185, A:5186, A:P187, A:R188, A:R286,
A:L287, A:R288, A:M289, A:D290, A:K291, A:L292, A:Q293, A:L294, A:K295, A:G296,
A:M297, A:S298, A:Y299, A:S300, A:M301, A:C302, A:T303, A:G304, A:K305, A:F306, A:K307,
A:V308, A:V309, A:K310, A:E311, A:1312, A:A313, A:H317, A:G318, A:T319, A:1320, A:1322,
A:R323, A:V324, A:Q325, A:Y326, A:E327, A:G328, A:D329, A:G330, A:S331, A:P332, A:C333,
A:K334, A:1335, A:P336, A:F337, A:E338, A:1339, A:M340, A:D341, A:L342, A:E343, A:K344,
A:R345, A:H346, A:V347, A:L348, A:G349, A:R350, A:L351, A:1352, A:T353, A:V354, A:N355,
A:P356, A:1357, A:V358, A:T359, A:E360, A:K361, A:D362, A:S363, A:P364, A:V365, A:N366,
A:1367, A:E370, A:P371, A:P372, A:F373, A:G374, A:D375, A:S376, A:Y377, A:1378, A:1379,
A:1380, A:G381, A:V382, A:E383, A:P384, A:G385, A:Q386, A:L387, A:K388, A:L389, A:N390,
A:W391, A:F392, A:K393, A:K394, A:G395, A:S396, A:S397, A:1398, A:G399, A:Q400, A:M401,
A:1402, A:W420, A:G423, A:S424, A:L425, A:G426, A:G427, A:V428, A:F429, A:T430, A:S431,
A:1432, A:G433, A:K434, A:A435, A:L436, A:H437, A:Q438, A:V439, A:F440, A:G441, A:A442,
A:1443, A:Y444

4 C:G14, C:V15, C:S16, C:G17, C:G18, C:S19, C:W20, C:V21, C:D22, C:A35, C:K36, C:N37, C:K38, 189 0.728
C:P39, C:T40, C:E49, C:E136, C:H144, C:S145, C:G146, C:E147, C:E148, C:H149, C:A150,
C:N153, C:G159, C:K160, C:E161, C:1162, C:K163, C:1164, C:T165, C:P166, C:Q167, C:S168,
C:S169, C:1170, C:T171, C:E172, C:A173, C:E174, C:L175, C:T176, C:G177, C:Y178, C:G179,
C:T180, C:V181, C:T182, C:M183, C:E184, C:C185, C:S186, C:P187, C:R188, C:R286, C:L287,
C:R288, C:M289, C:D290, C:K291, C:L292, C:Q293, C:L294, C:K295, C:G296, C:M297, C:S298,
C:Y299, C:S300, C:M301, C:C302, C:T303, C:G304, C:K305, C:F306, C:K307, C:V308, C:V309,
C:K310, C:E311, C:1312, C:A313, C:H317, C:G318, C:T319, C:1320, C:1322, C:R323, C:V324,
C:Q325, C:Y326, C:E327, C:G328, C:D329, C:G330, C:S331, C:P332, C:C333, C:K334, C:I335,
C:P336, C:F337, C:E338, C:1339, C:M340, C:D341, C:L342, C:E343, C:K344, C:R345, C:H346,
C:V347,C:L348, C:G349, C:R350, C:L351, C:I352, C:T353, C:V354, C:N355, C:P356, C:1357,
C:V358, C:T359, C:E360, C:K361, C:D362, C:S363, C:P364, C:V365, C:N366, C:1367, C:E370,
C:P371, C:P372, C:F373, C:G374, C:D375, C:S376, C:Y377, C:1378, C:1379, C:1380, C:G381,
C:v382, C:E383, C:P384, C:G385, C:Q386, C:L387, C:K388, C:L389, C:N390, C:W391, C:F392,
C:K393, C:K394, C:G395, C:S396, C:S397, C:1398, C:G399, C:Q400, C:M401, C:1402, C:W420,
C:G423, C:S424, C:L425, C:G426, C:G427, C:V428, C:F429, C:T430, C:S431, C:1432, C:G433,
C:K434, C:A435, C:L436, C:H437, C:Q438, C:V439, C:F440, C:G441, C:A442, C:1443, C:Y444

5 | A:A50,AiK51, A:Q52, A:P53, A:A54, A:T55, A:R57, A:N67, A:D71, A:R73, A:C74, A:P75, A:T76, 51 0.583
A:Q77, A:G78, A:E79, A:P80, A:S81, A:L82, A:N83, A:E84, A:Q86, A:D87, A:K88, A:R89, A:F90,
A:V91, A:R99, A:G106, A:L107, A:F108, A:IM118, A:K128, A:V129, A:V130, A:Q131, A:P132,
A:E133, A:IN134, A:L135, A:L221, A:P222, A:G223, A:A224, A:D225, A:T226, A:Q227, A:G228,
A:S229, A:IN230, A:W231
6 | C:A50,CK51,C:Q52, C:P53, C:A54, C:T55, C:R57, C:N67, C:D71, C:R73, C:C74, C:P75, C:T76, 51 0.583
C:Q77, C:G78, C:E79, C:P8O0, C:S81, C:L82, C:N83, C:E84, C:Q86, C:D87, C:K88, C:R89, C:F90,
C:V91, C:R99, C:G106, C:L107, C:F108, C:M118, C:K128, C:V129, C:V130, C:Q131, C:P132,
C:E133, C:N134, C:L135, C:L221, C:P222, C:G223, C:A224, C:D225, C:T226, C:Q227, C:G228,
C:5229, C:N230, C:W231

A:T155, A:G156, A:K157, A:H158 4 0.546

8 C:T155, C:G156, C:K157, C:H158 4 0.546

Table $3: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein of Dengue serotype 1. The parts of the sequences that match

with our identified conserved segments are marked in red.

Citation: Ashesh Nandy, et al. “Characterization of Zika and Other Human Infecting Flavivirus Envelope Proteins and Determination of
Common Conserved Epitope Regions”. EC Microbiology 8.1 (2017): 29-46.
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No. Residues Number of residues | Score
1 A:V451, A:1454, A:M455, A:1457, A:L458, A:1459, A:G460, A:V461, A:1462, A:1463, 34 0.833

A:T464, A:W465, A:1466, A:G467, A:M468, A:N469, A:S470, A:R471, A:S472, A:T473,
A:S474, A:L475, A:S476, A:V477, A:S478, A:L479, A:V480, A:L481, A:V482, A:G483,
A:V484, A:V485, A:T486, A:L487

2 A:T55, A:C60, A:161, A:E62, A:A63, A:K64, A:L65, A:T66, A:N67, A:T68, A:T69, A:T70, 96 0.749
A:D71, A:S72, A:R73, A:C74, A:P75, A:T76, A:Q77, A:G78, A:E79, A:P80, A:S81, A:L82,
A:N83, A:E84, A:E85, A:Q86, A:D87, A:K88, A:R89, A:F90, A:V91, A:C92, A:K93,
A:H94, A:S95, A:M96, A:V97, A:D98, A:R99, A:G100, A:W101, A:G102, A:N103,
A:G104, A:C105, A:G106, A:L107, A:F108, A:G109, A:K110, A:G111, A:G112, A:1113,
A:V114, A:T115, A:C116, A:A117,A:M118, A:F119, A:T120, A:C121, A:K122, A:K123,
A:L221, A:P222, A:G223, A:A224, A:D225, A:T226, A:Q227, A:G228, A:S229, A:N230,
A:W231, A:K234, A:L237, A:V238, A:T239, A:F240, A:K241, A:N242, A:P243, A:H244,
A:A245, A:K246, A:K247, A:Q248, A:D249, A:V250, A:V251, A:V252, A:L253, A:G254,
A:S255

3 A:G14, A:V15, A:S16, A:G17, A:G18, A:S19, A:W20, A:S145, A:G146, A:E147, A:E148, 141 0.649
A:H149, A:A150, A:N153, A:T165, A:P166, A:Q167, A:S168, A:S169, A:1170, A:T171,
A:E172, A:E174, A:T176, A:G177, A:Y178, A:G179, A:T180, A:R288, A:M289, A:D290,
A:K291, A:Q293, A:L294, A:K295, A:G296, A:M297, A:S298, A:Y299, A:S300, A:M301,
A:C302, A:T303, A:G304, A:K305, A:F306, A:K307, A:V308, A:V309, A:K310, A:E311,
A:1312, A:A313, A:R323, A:V324, A:Q325, A:Y326, A:E327, A:G328, A:D329, A:G330,
A:S331, A:P332, A:C333, A:K334, A:1335, A:P336, A:E338, A:M340, A:D341, A:L342,
A:E343, A:K344, A:R345, A:H346, A:V347, A:L348, A:G349, A:N355, A:P356, A:I357,
A:V358, A:T359, A:E360, A:K361, A:D362, A:S363, A:P364, A:V365, A:P371, A:P372,
A:F373, A:G374, A:D375, A:S376, A:Y377, A:1378, A:1379, A:1380, A:G381, A:V382,
A:E383, A:P384, A:G385, A:Q386, A:L387, A:K388, A:L389, A:N390, A:W391, A:F392,
A:K393, A:K394, A:G395, A:S396, A:S397, A:1398, A:G399, A:M401, A:1402, A:S424,
A:L425, A:G426, A:G427, A:V428, A:F429, A:T430, A:S431, A:1432, A:G433, A:K434,
A:A435, A:L436, A:Q438, A:V439, A:F440, A:1443, A:Y444, A:A447, A:F448, A:S449

Table S4: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein of Dengue serotype 2. The parts of the sequences that
match with our identified conserved segments are marked in red.

No. Residues Number of residues | Score

1 | A:K64, A:165, A:T66, A:N67, A:168, A:T69, A:T70, A:D71, A:S72, A:R73, A:C74, A:P75, A:T76, 70 0.76
A:Q77,A:G78, A:E79, A:A80, A:181, A:L82, A:P83, A:E84, A:E85, A:Q86, A:D87, A:Q88, A:N89,
A:Y90, A:C92, A:K93, A:H94, A:T95, A:Y96, A:V97, A:D98, A:R99, A:G100, A:W101, A:G102,
A:N103, A:G104, A:C105, A:G106, A:L107, A:F108, A:G109, A:K110, A:G111, A:S112, A:L113,
A:V114,A:T115,A:C116, A:A117, A:K118, A:T228, A:V236, A:T237, A:F238, A:K239, A:N240,
A:A241, A:H242, A:A243, A:K244, A:K245, A:Q246, A:E247, A:V248, A:V249, A:V250

2 A:G7, A:G14, A:L15, A:S16, A:G17, A:A18, A:T19, A:W20, A:D22, A:H132, A:E133, A:D147, 122 0.707
A:Q148, A:H149, A:S164, A:Q165, A:A166, A:S167, A:T168, A:A169, A:E170, A:1172, A:P174,
A:E175,A:Y176,A:G177, A:T178, A:G180, A:E182, A:C183, A:S184, A:P185, A:K282, A:R284,
A:K286, A:M287, A:D288, A:K289, A:L290, A:K291, A:L292, A:K293, A:G294, A:M295,
A:S296, A:Y297, A:A298, A:M299, A:C300, A:L301, A:N302, A:T303, A:F304, A:V305, A:L306,
A:K307, A:K308, A:E309, A:V310, A:S311, A:E312, A:T313, A:Q314, A:H315, A:G316, A:T317,
A:K321, A:V322, A:E323, A:Y324, A:K325, A:G326, A:E327, A:D328, A:A329, A:P330, A:C331,
A:1333, A:P334, A:S336, A:T337, A:E338, A:D339, A:G340, A:Q341, A:G342, A:K343, A:A344,
A:H345, A:N346, A:G347, A:V356, A:T357, A:K358, A:K359, A:E360, A:E361, A:P362,
A:P369, A:P370, A:F371, A:G372, A:E373, A:S374, A:N375, A:1376, A:V377, A:1378, A:G379,
A:1380, A:G381, A:D382, A:K383, A:A384, A:L385, A:K386, A:1387, A:N388, A:W389, A:Y390,
A:R391, A:K392

A:A222,A:T223, A:T224, A:K225, A:T226, A:P227 6 0.557
4 A:L189, A:D190, A:F191, A:N192, A:E193, A:H207 6 0.532

Table S5: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein of Dengue serotype 3. The parts of the sequences that

match with our identified conserved segments are marked in red.

Citation: Ashesh Nandy, et al. “Characterization of Zika and Other Human Infecting Flavivirus Envelope Proteins and Determination of
Common Conserved Epitope Regions”. EC Microbiology 8.1 (2017): 29-46.
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No. Residues Number of residues | Score
1 A:S64, A:V65, A:T66, A:D67, A:168, A:S69, A:T70, A:V71, A:A72, A:R73, A:C74, A:P75, 71 0.773

A:T76,A:T77, A:G78, A:E79, A:A80, A:H81, A:N82, A:E83, A:K84, A:R85, A:A86, A:D87,
A:S88, A:S89, A:Y90, A:C92, A:K93, A:Q94, A:G95, A:F96, A:T97, A:D98, A:R99, A:G100,
A:W101, A:G102, A:N103, A:G104, A:C105, A:G106, A:F107, A:F108, A:G109, A:K110,
A:G111, A:S112, A:1113, A:D114, A:T115, A:C116, A:A117, A:K118, A:L239, A:E241,
A:F242, A:E243, A:G244, A:A245, A:H246, A:A247, A:T248, A:K249, A:Q250, A:S251,
A:V252, A:V253, A:A254, A:L255, A:G256

2 | A:T148,A:S149, AE150, A:G298, A:T299, A:T300, A:Y301, A:G302, A:M303, A:C304, 87 0.732
A:T305, A:E306, A:)K307, A:F308, A:S309, A:F310, A:A311, A:)K312, A:IN313, A:P314,
A:V315, A:D316, A:T317, A:G318, A:E325, A:L326, A:S327, A:Y328, A:S329, A:G330,
A:S331, A:D332, A:G333, A:P334, A:C335, A:1337, A:P338, A:S341, A:V342, A:A343,

A:S344, A:L345, A:IN346, A:D347, A:M348, A:T349, A:P350, A:V351, A:G352, A:V361,
A:A362, A:T363, A:S364, A:S365, A:A366, A:IN367, A:S368, A:K369, A:P376, A:P377,
A:F378, A:G379, A:D380, A:S381, A:Y382, A:I383, A:V384, A:V385, A:G386, A:R387,

A:G388, A:D389, A:K390, A:Q391, A:1392, A:N393, A:H394, A:H395, A:W396, A:H397,

A:K398, A:A399, A:G400, A:S401, A:T402, A:L403, A:G404
3 | A:G14, A:A15,A:S16, A:G17, A:A18, A:T19, A:W20, A:D22, A:A35, A:N36, A:D37, A:K38, 50 0.605
A:S51, A:Q52, A:1130, A:Q131, A:P132, A:E133, A:N134, A:G160, A:A161, A:S162,
A:Q163, A:T170, A:P171, A:N172, A:A173, A:P174, A:S175, A:V176, A:T177, AK179,
A:L180,A:G181, A:D182, A:G184, A:E185, A:T187, A:D189, A:R193, A:T198, A:R288,
A:K290, A:M291, A:D292, A:K293, A:L294, A:A295, A:L.296, A:K297
4 A:E191, A:S194, A:K286 3 0.592

A:P228, A:S229, A:S230, A:T231 4 0.568

Table S6: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein of Japanese encephalitis virus. The parts of the

sequences that match with our identified conserved segments are marked in red.

No. Residues Number of residues | Score

1 A:T64, A:V65, A:S66, A:D67, A:L68, A:S69, A:T70, A:K71, A:A72, A:A73, A:C74, 72 0.76

A:P75,A:T76, A:M77,A:G78, A:E79, A:A80, A:H81, A:N82, A:D83, A:K84, A:R85,

A:A86, A:D87, A:P88, A:A89, A:F90, A:C92, A:R93, A:Q94, A:G95, A:V96, A:V97,
A:D98, A:R99, A:G100, A:W101, A:G102, A:N103, A:G104, A:C105, A:G106,
A:L107, A:F108, A:G109, A:K110, A:G111, A:S112, A:1113, A:D114, A:T115,
A:C116, A:A117, A:K118, A:L239, A:E241, A:F242, A:E243, A:E244, A:P245,
A:H246, A:A247, A:T248, A:K249, A:Q250, A:S251, A:V252, A:1253, A:A254,

A:L255, A:G256, A:S257

2 A:G14, A:V15, A:S16, A:G17, A:A18, A:T19, A:W20, A:V21, A:D22, A:T148, 132 0.693
A:V149, A:E150, A:S151, A:G153, A:N154, A:S156, A:T157, A:V159, A:G160,
A:A161,A:T162,A:Q163, A:A164, A:T170, A:P171, A:A172, A:A173, A:P174,
A:S175,A:Y176, A:T177, A:K179, A:L180, A:G181, A:E182, A:G184, A:E185,
A:T187,A:D189, A:R289, A:K291, A:M292, A:E293, A:K294, A:L295, A:Q296,
A:L297, A:K298, A:G299, A:T300, A:T301, A:Y302, A:G303, A:V304, A:C305,
A:S306, A:K307, A:A308, A:F309, A:K310, A:F311, A:L312, A:G313, A:T314,
A:P315, A:A316,A:D317, A:T318, A:G319, A:H320, A:G321, A:T322, A:E326,
A:L327,A:Q328, A:Y329, A:T330, A:G331, A:T332, A:D333, A:G334, A:P335,
A:C336, A:V338, A:P339, A:S342, A:V343, A:A344, A:S345, A:L346, A:N347,
A:D348, A:L349, A:T350, A:P351, A:V352, A:G353, A:V362, A:S363, A:V364,
A:A365,A:T366, A:A367, A:N368, A:A369, A:K370, A:P377, A:P378, A:F379,
A:G380, A:D381, A:S382, A:Y383, A:1384, A:V385, A:G387, A:R388, A:G389,
A:E390, A:Q391, A:Q392, A:1393, A:N394, A:H395, A:H396, A:W397, A:H398,
A:K399, A:S400, A:G401, A:S402, A:S403

A:G260, A:A261, A:Q264 3 0.61
4 A:E191, A:P192, A:R193 3 0.556
A:S35, A:K36, A:D37, A:K38 4 0.537

Table S7: IEDB Ellipro predicted discontinuous epitope(s) for envelope protein of West Nile virus. The parts of the sequences that

match with our identified conserved segments are marked in red.

Citation: Ashesh Nandy, et al. “Characterization of Zika and Other Human Infecting Flavivirus Envelope Proteins and Determination of

Common Conserved Epitope Regions”. EC Microbiology 8.1 (2017): 29-46.
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Conclusion

Since the envelope protein is very important for viral entry and is part of the outer surface exposed structure of the viral capsid, we
have done a comparative study of the characteristics of the envelope protein of the highly pathogenic human infecting Flavivirus mem-
bers including its most recent member, the Zika virus. From the genetic point of view, we hypothesize from the graphical representation,
hydropathy indices, transition/transversion ratios and amino acid differences that morphological changes are occurring in the envelope
protein structures of these viruses both within the species as well as between the species; such changes could be leading to enhanced viral
pathogenicity and might explain in part the high incidence of infection cases being observed now. From the phylogenetic point of view

it is clear that dengue serotypes are closely related with the Zika virus whereas Japanese encephalitis, West Nile virus and Yellow Fever

virus are themselves also closely related.

We also found using our algorithm that four conserved, surface exposed regions occur in all the Flavivirus envelope proteins, of which
the second region spanning amino acid numbers 97 to 111 on the Zika virus envelope protein is identically conserved in all Flaviviruses;
the others are slightly shifted due to small dissimilarities between the protein sequences. This common motif is in the fusion region of
the dimeric state of the protein, and may not be accessible due to overlaps by neighboring proteins. In any case, the availability of several
conserved, surface exposed protein segments on the Flavivirus virions gives reason to hope that suitable multivalent vaccines augmented

by appropriate adjuvants could lead to effective protection against these viral infections.
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