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1. Introduction

Objective: To do mapping and modeling of conformational B cell epitope regions of highly
conserved and protective regions of three merozoitecandidate vaccine proteins of Plasmodium
vivax (P. vivax) , ie. merozoite purface protein—1 (PvMSP-1), apical membrane antigen —1 domain
[I PvAMA1-D[[) and region ]| of the Duffy binding protein (PvDBP ]| ), and to analyze the
immunogenic properties of these predicted epitopes. Methods: 3-D structures of amino acid
haplotypes from Sri Lanka (available in GeneBank) of PuMSP-1,, (n=27), PvPAMA1-D [| (n=21)
and PvDBP || (n=33) were modeled. SEPPA, selected as the best online server was used for
conformational epitope predictions, while prediction and modeling of protein structure and
properties related to immunogenicity was carried out with Geno3D server, SCRATCH Protein
Server, NetSurfP Server and standalonesoftware, Genious 5.4.4. Results: SEPPA revealed that
regions of predicted conformational epitopes formed 4 clusters in PvMSP-1,,, and 3 clusters each
in PPAMA1-D [[ and PvDBP ][, all of which displayed a high degree of hydrophilicity, contained
solvent exposed residues, displayed high probability of antigenicity and showed positive
antigenic propensity values, that indicated high degree of immunogenicity. Conclusions:
Findings of this study revealed and confirmed that different parts of the sequences of each of
the conserved regions of the three selected potential vaccine candidate antigens of P. vivax
are important with regard to conformational epitope prediction that warrants further laboratory
experimental investigations in in vivo animal models.

conventionally thought for reasons that this parasite has a
wider geographical range (Asia and America), potentially
exposing more people to risk of infection, is less amendable

The three main obstacles for eradication of malaria are
the steady rise in drug resistant parasite strains, insecticide
resistance of the vector mosquito and lack of successful
vaccine(s)|ll, which emphasize the importance of vaccination
strategies for malaria. The multifaceted life cycle of the
parasite, and widespread genetic diversity of the different
parasite stages are adverse obstacles to successful malaria
controll2].

Plasmodium vivax (P. vivax) is more important than
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to control, and most importantly, infections with P. vivax
can cause severe clinical syndromes(3l.Additionally,
vivax malaria could be as fatal in a similar way to severe
Plasmodium falciparum (P. falciparum) malaria and is
malignant and commonl4l. Unlike P. falciparum, difficulty
of maintaining P. vivax in continuous in vitro culture with
the exception of short term ex vivo cultures, to conduct
laboratory research has lead P. vivax to be successfully
tested in Non Human Primate modelsl5l. The occurrence
of P. vivax relapses is detected in 20%—-80% of patients
which guarantee that up to 20% of an endemic population
may undergo symptomatic infection each year, even in
low—transmission areas, which in turn will collectively
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result in 10-30 episodes of malaria during the lifetime of an
individuall6l. The failure of Primaquine treatment, the only
therapeutic option against lethal relapses aggravates this
situationfl].

Thus effective, stable malaria control may depend on
developing reasonable, general defensive anti—-malarial
vaccinesl7l. Anti—parasite vaccine strategies developed
so far are in line with the parasite life cycle, and can be
broadly categorized as pre—erythrocytic, blood stage and
sexual stage vaccinesl8l. An effective vaccine against the
erythrocytic stages of the malaria parasite would aim to limit
parasite multiplication, thereby reducing morbidity and
mortality of drug resistant parasitesi9l.

Three merozoite proteins have been considered as prime
targets for blood stage malaria vaccine(s) since they are
exposed to effective immune mechanisms leading to an
interruption of the parasite’s erythrocytic cycle, namely the
merozoite surface protein—1 (MSP-1), the apical membrane
Antigen (AMA1) and the Duffy binding protein (DBP)[10].

While lack of availability of an effective vaccine improves
the success of continuing the parasite burden, an important
step in the fundamental design of a novel vaccine is the
meticulous determination of conformational epitopes of
neutralizing antibodies. The polymorphism associated with
conformational B cell epitopes is important to understand
the mechanism of antibody recognition and the reaction
of the host immune system, which in turn will obstruct the
parasite’s ability to elude the host immune responselt1].

An accurate immune response could be induced by a
correctly chosen mixture of pertinent epitopes focused on
conserved and highly immunogenic regions of an antigen
or several antigens. This selection can be based on aspects
such as immunogenicityand conserved nature of the
antigens. Furthermore, epitope vaccines have attracted
considerable importance as these present with multiple
advantages together with their validity in personalized
medicinel12-14],

A research programme conducted by the Department
of Zoology, University of Colombo, Sri Lanka, led to the
identification of locally and globally conserved regions
of three potential P. vivax vaccine candidate antigens, ie.
MSP—1 (PoMSP—1)15], AMA1- [ (PYAMA1-D I )16, and DBP [l
(PvDBP I1)171. The respective T cell and linear B cell epitope
predictions for these molecules were reported therein.

Though a vast amount of data exist on linear epitopes,
as discovery of conformational B—cell epitopes is a
challenge, the information on the latter are scarcellll. X
ray crystallography structures and methods applying NMR
cross—saturation with TROSY detection have revealed
several epitopes on malaria vaccine candidates with respect
to P. falciparuml18-211. Conversely, such information for
P. vivax is lacking.

Epitopes can be discriminated from non—epitope regions

833

of a protein with characteristics related to structural
and functional aspects(22], and certain physicochemical
properties of amino acids have shown relationship to the
locations of linear epitopes within protein sequences(!2].
Based on these observations, some of the epitope related
characteristics proposed to be studied were hydrophilicity,
hydrophobicity, surface accessibility, and antigenicityl231.
The main focus of the current study was the in silico
prediction and mapping of conformational B cell epitopes
of the highly conserved and protective regions of MSP—
1(PvMSP—1,,), AMA—1 (PvAMA1-D1I) and DBP (PuDBP
)10, both in local and global P. vivax parasite isolates,
using bioinformatics tools. Furthermore, the molecular
immunogenicity of the predicted epitopes was evaluated
in order to augment the abovefindings. The outcome of this
study would assist in the rational design of avivax malaria
vaccine construct based on these 3 potential asexual vaccine

candidate antigens to be tested in immunization trials.

2. Materials and methods

2.1. Haplotype retrieval and extracting conserved regions for

the 3 proteins

The different Sri Lankan haplotype sequences uploaded to
the GeneBank (http://www.ncbi.nlm.nih.gov/genbank/y were
retrieved for PoMSP-1,, (n=27), PvAMA1-D[| (n=21) and
PvDBP]l (n=33) via accession numbers reported previously
and the conserved regions were identified according to
previous studiesl15-17].

2.1.1. Modeling 3D structures of the P. vivax haplotypes

Due to lack of 3D structures of given sequences, except
for PuMSP-1,, which is conserved globallylisland of which
the crystal structure is available on the Protein Data Bank
(PDB) under PDB ID 2NPRI24], the homology modeling
technique was used to generate the 3D structures of the
local isolates of PvAMA1-DIl and PvDBPIl using the
PDB structures 1W81 and 2C6]) respectively(25.26], which
were required as the inputs to the conformational epitope
predicting server Geno3DI27l. Geno3D is an automatic web
server (http://geno3d—pbil.ibep.fr/cgi-bin/geno3d_automat.
pl?page=/GENO3D/geno3d_home.html) for protein molecular
modeling. Starting with a query of protein sequence, the
server identifies a homologous protein through a sequence
similarity search using PSI-BLAST for protein sharing less
that 95% pair wise identity. The template can be chosen from
a special interface provided by the server, which leads to
the point where modeling could be initiated. The built 3D
protein model using distance geometry, simulated annealing
and energy minimization algorithms, was made available
with atomic coordinates of each model with best satisfying
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spatial restraints|27].

2.1.2. Selection of best server for predicting conformational B
cell epitopes

Several freely available online servers were utilized
since different servers are based on different properties
of an epitope. Thus, CBTOPE[28], EPSVRI29], Epitopial30],
Discotopel3!] and SEPPA[32] were used in order to retrieve
the most reliable prediction of the conformational B Cell
epitopes of these haplotype sequences.

Using already confirmed and published conformational
epitope data available in the Conformational Epitope
Database (CED)I33], the best server was detected by
identifying the Matthews correlation coefficient (MCC),
sensitivity (S) and precision (P) calculations of the five
servers by the reproduced results with reference to the
method followed previouslyl34l. The previously reported
conformational epitope data of P. falciparum MSP1
(Wellcome isolate) stored in the CED (CE0120, CE0121,
CE0122) were utilized for this purposel1s. 19.21].

It was apparent that CBTOPE predicted all of the epitope
residues of the three conformational epitopes, while SEPPA
came second with one missing residue of the CE0121
epitope. Furthermore, epitopia predicted 3, 6, and 8
residues correctly for epitopes CE0120, CE0121 and CE0122
respectively, and thus was placed third among the five
servers used.

The calculation of MCC, sensitivity and precision of the
servers using the true positives (which are the real epitope
residues), true negatives (which are real non epitope
residues), false positives (epitopes predicted by the server
but which are not actual epitope residues), and false
negatives (actual epitope residues which are not predicted
by the server), clearly evidenced that of the five tested,
SEPPA was the superior server. Though CBTOPE showed
the maximum sensitivity of 1, the precision of this server
was as low as 0.2644. Conversely, SEPPA showed the second
highest sensitivity of 0.92857, but with high precision of
0.72222 and the highest MCC as well (0.733 7). Therefore,
this undoubtedly was the best server of the five used for
conformational epitope prediction. Thus the output of the
SEPPA server for predicted conformational epitope clusters
were further analyzed for their immunogenic properties.

2.2. Conformational B cell epitope prediction for PoMSP-1 ,,,
PvAMAI1-D || and PvDBP [[

Conserved regions of the three selected proteins were
inserted into the SEPPA server with the optimal threshold
value for determining the epitope residues of 1.8 for which
a sensitivity of 0.568 was received while the specificity was
0.74 on the SEPPA training dataset(32l. However, as the above
server outputs did not generate a consistent 3D view of the
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predicted epitope regions of conformational epitopes, the
predictions were then modeled on to the respective molecule
(PvMSP-1,,, PPAMA1-D I and PvDBP1I), using Jmol viewer
(http://www.jmol.org/ ).

2.3. Analysis of immunogenic properties of the predicted

epitopes

Two different servers, ANTIGENPro software provided by
SCRATCH Protein Predictor and NetSurfP Serveri3s, 361, and
the stand alone software Genious 5.4.4137], were used to
assess the properties related to immunogenicity of predicted
epitope regions, ie. surface/solvent accessibility, level of
hydrophilicity, disulfide bonding, antigenicity and antigenic
propensity (a value given for the inclination to be antigenic).
Furthermore, Hopp and Woods scale was utilized to check
for the property of hydrophilicityl38].

3. Results
3.1. PVMSP-1,,

3.1.1. Conformational epitope server output for PvMSP—-1 ,,

SEPPA server predicted four clusters of conformational
epitopes (Figure 1a). The 4 clusters were localized in the top
left (Cluster PuMSP—-1,,A), top right (Cluster PoMSP-1,,B),
bottom left (Cluster PuMSP—1,,B), and bottom right (Cluster
PvMSP-1,,D) corners of the molecule. If these clusters were
numbered, cluster PuMSP-1,,A would contain residues 1—4,
7, 9-10, 24-25, PvMSP-1,,B the 39th residue, PvMSP-1,,C
the 68th residue and the PoMSP-1,,D with residues from
76th up to the 80th.

Figure 1. 3D view of molecules.

(a) PoMSP-1,4 (b) PPAMA1-D [[ (where the 4G2 region is illustrated
on the image) and (c¢) PUDBP [ with the predicted epitope regions of
SEPPA server modeled by Jmol viewer.

The spheres in red: the epitope residues with highest antigenicity
(>90%), salmon pink: with 60%—-90% antigenicity, light pink: 50%
—-60% antigenicity and white: antigenicity less than 50%.

3.1.2. Analysis of predicted epitopes for PobMSP-1
The residues of each cluster associated with their
antigenicity, hydrophilicity, antigenic propensity and solvent

accessibility are summarized in Figure 2, which clearly
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depicts that at least one residue of a given cluster is marked
as antigenic by Geneious Pro 5.4.4. The hydrophilicity of
the regions as predicted by Hopp & Woods hydrophobicity
scaleand Geneious Pro 5.4.4, suggest that the hydrophilic
residues are greater in number in comparison to the
hydrophobic residues (8 hydrophilic residues, 3 neutral
residues, and 5 hydrophobic residues). Also, it is evident
that the largest epitope region, PUMSP-1,,A, contains four
residues which are antigenic as predicted by the Geneious
5.4.4 software while the second largest epitope cluster,
PvMSP-1,,D, is limited to only one residue predicted
as antigenic. The solvent accessibility of the residuesas
suggested by NetSurfP serverimplies that with the exception
of the first Methionine (M) residue of PoMSP-1,,. The rest of
the residues lie on the surface of the molecule.

Predicted
SEPPA Surface

prediction accessibility

Residue antigenic

number Hydrophilicity
1615T E
1617 M
1618
16195
1622 T
16241
1625 D
1639 D
1640 G

Cluster
PoMSP-1,A

regions

mmmmm mm @

1654 G

m

PuMSP-1,,B

1686 S

m

PoMSP-1,,C

1691 T
1692 K
1693 E
1694 G

1695 [

PuMSP-1,,D

mmmm m

Figure 2. Summary of the protein structure properties of the
conformational epitope clusters selected by the SEPPA server for
PyMSP-1,.

Column 1: Name of the cluster, Column 2: The number of the
residue[24], Column 3: The predicted epitope residues by SEPPA,
Column 4: The solvent accessibility of each residue (E: Exposed,
B: Buried), Column 5: The hydrophilicity value according to Hopp
and Woods calculations; Blue—highest hydrophilic residue ; Purple—
neutral ; Red—hydrophobic, Column 6: Antigenic residues according

to the Geneious 5.4.4 software colored maroon.

The predicted probability of antigenicity of 0.749932 by
the ANTIGENPro server provided by SCRATCH protein
predictor (http://scratch.proteomics.ics.uci.edu) indicates
high probability of PvMSP-1,, being antigenic. The scores
associated with the predicted epitope residues resulting
from the SEPPA server showed that the PyMSP—1,A and D
clusters had the highest and the second highest antigenic

propensity values, respectively. This fact reiterated the
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antigenic propensity values calculated by the SCRATCH
Protein Predictor using the ANTIGENPro software.

An attempt was made to align the double epidermal growth
factor (EGF) like Domains of P. vivax according to the P.
Jfalciparum EGF factor like Domain sequence downloaded
from Protein Data Bank (http://www.pdb.org/pdb/home/
home.do) (PDB ID: 1CEJ). Figure 3 shows the results of the
alignment, which confirms a previous report by having the
conserved positions for the cysteins of the double EGF like
domains in P. vivax aligned with those of P. falciparum EGF

like domain sequences|39].

Domain 1

1 virlliaa Bej o g T ¥T i *v Belen Aceain
H M, v rBl8- N BB + sl |5 vezor_icerime
Domain 2

|'. “["1"
NAGATA "
WnGe AH I
pnce; 2 .

Figure 3. Alignment of the amino acid sequences of the double EGF
like Domains of P. vivax Salvador/Belem strain MSP—1 19 kDa region

and P. falciparum MSP-1 (Canonical cysteine residues and prominent

inter domain contact residues are colored).

The results show that the EGF like Domain 1 (MSSEHTCID
TNVPDNAACYRYLDGMEEWRCLLTFKEEGGKCVPGSNVT)
is detected on the sequence of PvMSP-1,, with the cystein
positions at 7, 18, 30, 41 (with 1 615 residue in the reference
salvador strain as 1st residue of PuMSP-1,,) which aligns
with the exact locationswhere it is on P. falciparum MAD20
EGF domain. EGF like domain 2 (CKDNNGGCAPEAECKMTD
SNKIVCKCTKEGSEPL) is found on the sequence of PuMSP—
1,, where the conserved cystein residues lie in the 49, 56, 62,

72, 74 positions.
3.2. PUAMAI-D ||

3.2.1. Conformational epitope server output for PbAMAI1-D [[

In order to predict the conformational epitopes of PvAMA—-1
domain 1[I, both domains T and Il were entered to the
structure preparation of the Sri Lankan haplotypes. SEPPA
server predicted 3 clusters of conformational epitopes
of PvAMA1-1l (Figure 1b). The numbering of the amino
acids is according to work of Coley and co workers where
the 48th residue of reference Salvador Strain AMA protein
was numbered as 1st in our studyl37l. The summary of the
solvent accessibility, antigenicity and hydrophilicity of the
predicted epitopes are displayed in Figure 4.
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Figure 4. Summary on the protein analysis of the conformational
epitope clusters selected by the SEPPA server for P"AMA1-D ][ |

Column 1: The number of the residue (according to Ramarque et al,
2007), Column 2: The predicted epitope residues by SEPPA server
(colored red), Column 3: The solvent accessibility of each residue (E:
Exposed, B: Buried), Column 4: The hydrophilicity value according
to Hopp and Woods calculations; Blue—highest hydrophilic residue;
Purple-neutral ; Red—hydrophobic, Column 5: The antigenic residues

according to Geneious 5.4.4 software colored maroon and labeled 1-6.

3.2.2. Analysis of predicted epitopes for PbvAMAI-D [[

SEPPA server predicted 43 residues as epitope residues out
of 137 residues of PPvAMA1-1I. Geneious Pro 5.4.4 and the
Hopp and Woods hydrophobicity scale showed that more
than 50% of the residues of this molecule were hydrophilic
which suggests that the molecule is solvent exposed in
many areas (Figure 4). NetSurfP server predictions on solvent
accessibility reiterated these results by showing exposed
residues on all of the other predicted epitope residues
except 7 residues. The predicted probability of antigenicity
by the SCRATCH protein predictor was 0.863770, indicative
of a high probability of the molecule containing antigenic
residues. Geneious Pro 5.4.4 predicted 6 clusters of antigenic
residues (Antigenicity column of Figure 4). Unlike the upshot
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for PoMSP-1,, where antigenic regions were predicted in
all the 4 clusters, for PPAMA1-D]| the predicted antigenic
regions were not satisfactorily aligned with the predicted
epitope regions. In fact, the 2nd and 3rd regions predicted as
antigenic by the Geneious Pro 5.4.4 software liedadjacent to
the conformational epitope region of 4G2 region predicted by
SEPPA (Figure 4). The NetSurfP server also predictedthe pH
value at isoelectric point and the net charge of the molecule
to be 5.33 and 2.1, respectively. The secondary structures
predicted by PsiPred suggested that the 4G2 region mainly
contained helices and coils.

SCRATCH Protein predictor also revealed that two disulfide
bonds could be formed between the 218th and the 235th
residues, and 307th and 316th residues, the latter having a
higher probability than the first to form a disulfide bond.
These areas in fact lie in the zone predicted by Geneious
Pro 5.4.4 software to contain the Ist, 2nd, 4th 5th and 6th
antigenic regions.

3.3. PDBP1I

3.3.1. Conformational epitope server output for PvDBP [[
As predicted by SEPPA server, 3 epitope clusters were

found on the PvDBPIl (Figure lc¢) which were named
Clusters A, B and C. The net charge at pH 7 was 11, and the
isoelectric point for this molecule was 8.9.

3.3.2. Analysis of predicted epitopes for PvDBP [[
In cluster A, all residues were hydrophilic with the

exception of four residues (Figure 5). Cluster B did not
surprisingly show a clear bias towards hydrophilic residues.
Nevertheless it is random and the hydrophilicity values
were also not strong. Comparatively, cluster C showedhighly
hydrophilic residues in the predicted epitope regions (Figure
5). The overall hydrophilicity as predicted by Hopp Woods
calculator was only 0.3 and a mere 49% of all the residues of
the sequence were hydrophilic.

Residues 250, 253-254, 257, 258 of cluster A were predicted
antigenic by the Geneious 5.4.4 software (Figure 5), but the
short region from residue 169 to 171 of the same cluster was
not predicted as antigenic. However, the regions from 161-
167 and 173-190 which were not included in the epitope
region of cluster A, were found to be antigenic. A significant
part of Cluster B (from residue 51, 52, 54, 56-65, 136, 138—
155) was not scored as antigenic. Except for the center
residues (191, 192) of cluster C, the residues from 206th to
240th were predicted as strongly antigenic. This may have a
relationship with the hydrophobicity of each cluster as it is
evident that cluster B showed a weak hydrophilicity and an
antigenicity compared with the other 2 clusters.

There are residues that have been predicted as exposed
to solvents as well as buried within the molecule. For each
cluster, it is clearly visible that exposed residues are more
in number compared with the buried ones (Figure 5). Unlike
the other two protein molecules, further investigation of
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the PvDBP Il showed that there could be glycosylation
sites (residues) in the sequence at positions 54, 151 and 220
(Figure 6).

v
I

BRREND

S - .

Figure 5. Summary of the protein analysis of the conformational
epitope clusters selected by the SEPPA server for PDBP || .

Column 1: The number of the residue (according to Singh et al,
2006), Column 2: The predicted epitope residues by SEPPA server
(colored red), Column 3: The solvent accessibility of each residue (E:
Exposed, B: Buried), Column 4: The hydrophilicity value according
to Hopp and Woods calculations, Blue—highest hydrophilic residue;
Purple—neutral; Red-hydrophobic, Column 5: The antigenic residues
according to Geneious 5.4.4 software colored maroon, Column 6: The
Cluster (A, B or C) to which the epitope residues belong, Column 7:

The residues in the critical binding motif.

1.00 4
0.75 -
0.50
0.25 -
0 : : - -
0 50 100 150 200
Position  Potontial  Juy  N-alye
Agrecnent resuli
9 NYTD 0.7404 9/9) ++
105 MRSX  0.6851 (8/8) +
174 NYTD  0.6454 9/9) ++

Figure 6. Predicted N-Glycosylation sites of PvDBP [[ .
The residue numbers are given as 1st position for the 46th of the

sequence of Singh et al[26].

The critical binding motif (CBM) of PvDBPTl consists of
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173 residues, encompassing the 55th residue up to the
228th residue. There are 3 disulfide bonds projected on the
sequence according to work by Singh and coworkersi38],
the first from the 100th cysteine residue that extends to the
227th cysteine residue, the second from the 178th — 232th
cysteine residue, and the third from the 215th to the 236th
cysteine residue. This is predicted by the Disulfide Bonding
State and Cysteine Connectivity Prediction Server), offered
by the PredictProtein Server (http://www.predictprotein.
org/). The CBM continues to the sections except for the 51—
54 region in Cluster B, 229-240 region in cluster C and 249-
262 region of the Cluster A. This may perhaps provide more
information on the importance of the CBM for the binding of
the parasite to the erythrocyte, where the epitopes must play
a crucial role in identifying the proteins on the surface of the
erythrocyte.

4. Discussion

Antigen—specific epitope—based vaccines supported
by new strategies to design novel advances using
immunoinformatics and other computational techniques,
combined with the expansive adaptability in the devise
and synthesis of genetic (DNA) vaccines seem to be the
answer to many diseases caused by pathogens refractive to
conventional vaccinesl44]. The in silico prediction of epitopes
can significantly narrow down the list of candidate epitopes
based upon the increasing number of bioinformatics tools
and antigen sequences available in freely accessible public
databases for detecting pathogen peptidesi44l. Such a
selected set of candidate vaccines could initiate molecular
laboratory experiments to authenticate the vaccine targets
based on the biological function of the selected antigen
sequences|44].

There is evolving confirmation on the importance of
conformational epitopes in the immune response. Therefore,
characterization of surface proteins in their indigenous
conformations is critical in the development of new
inventions for therapeutic and vaccine targetsl45]. Most
biologically important epitopes are habitually uncovered to
interact with the external environment, and studies show
that classification of intact protein complexes is a decisive
step in the exploration for prospective vaccine candidatesl46].
While most hydrophilic residues that interact with solvent
lie on the surface of the molecule, the most hydrophobic
ones lie in the interior{38]. Thus antigenic determinants that
lie on the surface of the molecules that interact with the
other proteins as well as a solvent (the biological medium is
mostly aqueous) consist of charged hydrophilic residues3s].
This opens up an opportunity for investigating the possibility
that at least some antigenic determinants may be associated
with stretches of amino acid sequences that contain a large
number of charged and polar residues and are lacking in
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large hydrophobic residues(3sl.

Compilation of a conformational epitope data set from
76 X-ray structures of complexes between antibodies and
protein antigens and analyzing the data confirmed that most
epitopes are composed by diminutive fractions of the antigen
sequence which facilitate the binding of conformational
antibodies[46].

Finding the conformational epitopes are important as
previous studies have shown that hyper immunization
of animals with intact MSP-1 or the C—terminal 42—kDa
fragments primarily induced antibodies to conserved B cell
epitopes at the C—terminal 19-kDa region, MSP—119/47]. In
the current study, conformational epitope prediction from
SEPPA server gave rise to 4 epitope clusters on the PuMSP—
1,, molecule that were localized in the top left, top right,
bottom left and bottom right areas. These areas were strictly
compatible with the regions discovered by NMR cross—
saturation with transverse relaxation optimized spectroscopy
detection and X Ray Diffraction[18.19] from MSP-1 of P.
Jalciparum. The surface localization of these epitopes may
be indicative of the role of these epitopes, ie. that of binding
the merozoite molecule to the receptors on the surface of the
host erythrocyte.

It may be plausible to infer that the epitope cluster on
the bottom surface of the PvMSP-1,, molecule showing
high antigenicity and encompassing a large surface area
may indeed be an important epitope. It was revealed that
these predicted conformational epitopes did not fall on
the previously predicted linear epitope regionsl(15], but
that the two residues of the first cluster did overlap with a
sequence of the previously predicted T cell epitope region,
only common for the DRB_1010 allele. The second largest
conformational epitope cluster located at the bottom of
the molecule overlap with a linear B cell epitope regionl!5]
but was outlying the previously predicted most common T
cell epitope region (WRCLLTFKE sequence fragment with
a promiscuous binder of Wi4] beginning from 1 644, with
reference to the Sal-1 strain).

The double EGF domains of PIMSP-1 are considered a
vital target of protective antibodies both in individuals
naturally exposed, and in vaccinated and experimentally
infected animals[47]. Consequently, the MSP-1,, EGF
domains incorporated recombinant proteins are leading
candidates for inclusion in a vaccine for the control of the
most important cause of human malaria, P. falciparumi391.
Furthermore, it was previously recorded that EGF-like
domains typically function in binding, and same has been
assumed as the role for those at the C terminus of MSP-1.
It has been demonstrated that the EGF like domains is
conserved across divergent Plasmodium species(39]. Hence,
if the MSP-1 double EGF like domains may bind efficiently
to receptor orthologs from broad host origins, disregard of
the Plasmodium species with the mediation of an essential
interaction with the erythrocyte surfacel39. Tt was evident
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that the EGF like domains were conserved on the PuMSP-1,,
segment and therefore important from a vaccine design point
of view for a universal vaccine candidate construct since this
may indicate that the nature of the function(s) of the EGF like
modules in P. falciparum and P. vivaxare indeed similar.
Further, if assessment of proportion and probability of the
predicted epitopes being located in the EGF like domain
regions of PyMSP—1,, could be assessed experimentally, it
may reveal the conservation of the epitopes globally since
the conservation of the positions of the cysteine residues
suggests that the conformation of the MSP-1,, is indeed
similar, even though the sequences of the molecule differ in
different Plasmodium species[18. 191. The conservation of the
3D structure may imply the functional similarity of the MSP—
119 sequence across the Genus Plasmodiumi391.

It is noteworthy that with PvAMA1-D [|, examining only
the domain [ sequence was inadequate to obtain an
accurate judgment of the functionality of this domainl40l. The
input of both domains | and Il of PvAMA-1 was required
to obtain an accurate output, which was substantiated by
examining the previously reported conformational epitope
region of 4G2 of P. falciparum, in the given outputsi20] Ze.
positioned within Loop [l of domain [|. The SEPPA server
showed high antigenicity of the region analogous to the
4G2 conformational epitope. The residue positions for the
4G2 region were 298,299, 304-315, 332, and 335-336[401.
There were two more clusters also predicted by this server
describing the potential of having conformational epitopes
nevertheless were antigenically low in strength than the 4G2
region.

The two disulfide bonds present in the PvAMA D—]| most
probably would facilitate bonding between and strengthen
the bond by forming the hydrophobic core between the
two proteins which may indicate that without forming two
more epitope clusters as mentionedi41.42], the 4G2 epitope
is being exposed (which lies between the 2nd and 3rd
antigenic regions predicted by Geneious Pro 5.4.4 software)
and stabilized by the rest of the amino acid chain by these
disulfide bonds.

Nevertheless, previously identified residues on the rest of
the sequence that may be potential epitope regions, warrant
investigations in an experimental model. The conformational
epitope regions however do not fall within the previously
predicted T cell epitope regions but on a linear B cell
epitope region spanning 40-59 and 77-97 (4G2 region spans
region 43—-83)16].

The predicted conformational B cell epitope regions of the
PvDBP |l molecule could be divided mainly into 3 clusters.
The clusters were formed by the random arrangement
of the primary sequence on the 3D arrangement of the
molecule. Based upon previous predictions, the two T cell
epitope regions lie side by side with the two Linear B cell
epitope regions[!7. However, though the conformational
B cell epitope regions did not superimpose on the exact
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residues of the T cell epitope regions, it was clear that
both these epitope types were on the same region of the
molecule. Several of the seven linear B cell epitope regions
previously predicted, showed partial overlapping with the
conformational epitope regions.

Glycosylation is an important post transcriptional
modification related to physical properties of a given
protein such as folding, trafficking, packing, stabilization,
protease protection, quaternary structure and organization
of water structure which in turn aid the recognition and
biological triggering43]. These residues are distributed, two
in cluster B and one in cluster Cof PvDBP Il . Nevertheless,
there are no signal peptides located and therefore the
motif for glycosylation may not function because protein
without signal peptides are unlikely to be exposed to the
N—glycosylation machinery in vivol43l.

A technical constraint of the current study was the
inability to use all of the online available servers for epitope
prediction and for protein structure evaluation, for the
reason that all were not freely available. The other limitation
was that only a selected number of servers were used within
the time limitation of this study. The main drawback at the
beginning of the study, which we successfully overcame, was
the unavailability of a 3D model on Sri Lankan haplotypes
for the proteins of PPAMA1-D ]l and PvDBP[]. These had to
be generated using Geno3D server to model the molecules
and selecting the most probable structures using the
Ramachandran Plot analysis[4s].

Furthermore, if a similar analysis was conducted of global
P. vivax sequences of the three selected parasite proteins,
the association between local and global isolates in order to
fathom global conservation of the predicted epitope regions
would have been established.

The analysis and findings of the current study revealed
that the different parts of the sequences of each of the three
selected potential vaccine candidates are indeed important
in conformational epitope prediction. It is plausible that
the use of only a part of a sequence may not produce the
exact response which the whole molecule would otherwise
produce. This needs to be experimentally investigated by
using the entire molecule and the predicted regions of
the molecule in a non—human primate model to carry out
comparative immunity studies. The inclusion of the linear
epitope regions in concert with the conformational epitopes
on to a virtual model and testing of the 3D arrangement can
be further analyzed for the selected epitopes. This study
further insinuates that a cocktail of the three potential
vaccine candidates would be much more promising to raise
a better response than the use of a single vaccine candidate.
Future studies warrant the rational design of a malaria
vaccine construct based on the homologous sequences of
the 3 potential vaccine candidate antigens of Plasmodium
cynomolgi, the simian counterpart of P. vivax, to be tested in
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the Plasmodium cynomolgi—Macacasinica simian model.
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