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Selected PvDBP-derived synthetic peptides were tested in competition assays with HLA molecules in
order to identify and evaluate their binding to a wide range of MHC class II molecules. Binding was eval-
uated as the peptide’s ability to displace the biotinylated control peptide (HA306–318) and was detected by
a conventional ELISA. Thus, one epitope for the HLA-DR1 molecule, two epitopes for the HLA-DR4 mole-
cule, six epitopes for the HLA-DR7 molecule and three epitopes for the HLA-DR11 molecule displaying a
high binding percentage (above 50%) were experimentally obtained. The in vitro results were compared
with the epitope prediction results. Two peptides behaved as universal epitopes since they bound to a
larger number of HLA-DR molecules. Given that these peptides are located in the conserved PvDBP region
II, they could be considered good candidates to be included in the design of a synthetic vaccine against
Plasmodium vivax malaria.

� 2008 Elsevier Inc. All rights reserved.
Malaria is one of the most widely distributed infectious diseases
around the world. It is caused by obligated intracellular parasites
of the genus Plasmodium, being Plasmodium vivax and Plasmodium
falciparum the two most prevalent species [1]. Even though P. vivax
is one of the main pathogens causing malaria and produces 70–80
million annual cases [2–4], basic research on the biological, cellu-
lar, and molecular aspects of this species has been largely ham-
pered by the impossibility of growing this parasite in continuous
in vitro culture [5].

The parasite possesses a complex life cycle with repetitive par-
asitic growth cycles and burst of host’s red blood cells (RBCs). Dur-
ing P. vivax invasion to RBCs, blood-stage forms (namely
merozoites) use a wide range of proteins that includes both surface
and apical-organelle proteins (contained inside rhoptries, micro-
nemes, and dense granules) for recognizing and invading new
RBCs, which is why most vaccine development research has
focused on these important targets [6,7].

Among the most promising vaccine targets is the P. vivax Duffy
binding protein (PvDBP), which is a 140 kDa microneme-secreted
protein [6] that mediates the merozoite-RBC irreversible attach-
ment and junction formation by interacting with the Duffy antigen
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receptor for chemokines (DARC) expressed on RBCs [7]. Its amino-
terminal cysteine-rich region (denoted as region II or PvDBP region
II) contains about 330 amino acids and plays an important role in
receptor’s recognition [8–10] despite being highly polymorphic
[2,11,12].

Various strategies have been employed in order to define and
characterize potentially important vaccine candidate antigens
against Plasmodium spp. Among such strategies, the mapping of
universal epitopes (epitopes binding to a wide range of human leu-
kocyte antigen (HLA) alleles) and the assessment of molecule or
molecule combinations capable of raising a protective immune re-
sponse against the pathogen, constitute useful alternatives for
defining suitable subunits to be included in the design of a mul-
ti-antigenic, subunit-based antimalarial vaccine.

In this study, PvDBP peptides belonging to the functionally
important region II were assayed for their ability to bind several
HLA class II molecules in order to define universal epitopes that
could aid to accomplish the above mentioned goal for P. vivax.

Materials and methods

Peptides. The peptides previously reported by Ocampo et al. [10]
on PvDBP were assessed in this study and corresponded to pep-
tides 1623, 1625, 1627, 1631, 1635, 1637, 1638, 1639, 1642, and
1660. The peptide’s amino acid sequences are shown in Table 1
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in a one letter code. Synthetic peptides were synthesized by the
multiple-solid-phase technique, using tert-butoxycarbonyl (t-
Boc) strategy as previously described [12]. They were then purified
by reverse-phase HPLC on a C18 LiChrospher column (Merck, Ger-
many). The products were assessed by analytical HPLC and MALDI-
TOF-MS. The biotinylated HA306–318 (PKYVKQNTLKLAT) control
peptide used for HLA binding and competition experiments was
synthesized by using sulfo-NHS-LC-Biotin (Pierce Chemical, Rock-
ford). This biotin derivative incorporates a six carbon-spacer long
chain to increase the distance between the biotin moiety and the
peptide. Biotin was coupled by following the standard solid-phase
peptide synthesis coupling procedure; coupling efficacy was eval-
uated by the Kaiser test and standard ELISA.

HLA-DR molecule purification. Human HLA-DR molecules were
purified from DR1, WT100BIS (DRB1*0101); DR4, BSM (DRB1*0401);
DR7, EKR (DRB1*0701); and DR11, 9043 (DRB1*1101) homozygous

EBV-B cell lysates by affinity chromatography [13] using anti-HLA-
DR mAb L-243 crosslinked to protein A–Sepharose CL-4B (Amer-
sham–Pharmacia Biotech AB) as affinity support. Cells were lysed
at 108 cells mL�1 density on ice for 60 min in 1% (v/v) Nonidet P-
40, 25 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride,
and 10 lg mL�1 of each of the following: soybean trypsin inhibitor,
antipain, pepstatin, leupeptin and chymostatin in 0.05 M sodium
phosphate buffer, and 0.15 M NaCl, pH 7.5. Nucleic acids and debris
were cleared from lysates by spinning at 27,000g for 30 min. After
0.2 volumes of 5% sodium deoxycholate were added to the superna-
tant and mixed for 10 min, the lysate was centrifuged at 100,000g for
2 h and subsequently filtered through a 0.45 lm membrane. Lysates
were first passed through a Sepharose CL-4B pre-column and subse-
quently over the Sepharose A-mAb L-243 protein column for class II
molecule affinity purification. The affinity column was then washed
with: (i) 20 column volumes of 50 mM Tris–HCl, pH 8.0, 0.15 M NaCl,
0.5% NP-40, and 0.5% DOC; (ii) 5 column volumes of 50 mM Tris–HCl,
pH 9.0, 0.5 M NaCl, 0.5% NP-40, and 0.5% sodium deoxycholate; and
(iii) 5 column volumes of 2 mM Tris–HCl, pH 8.0, 1% octyl-b-D-gluco-
pyranoside (Sigma, St. Louis). HLA-DR molecules were eluted with
0.05 M diethylamine in 0.15 M NaCl, pH 11.5, containing 1% octyl-
b-D-glucopyranoside and 1 mM EDTA. The eluate was immediately
neutralized with 1/20 volume of 1 M Tris–HCl, pH 6.8. Preparations
were kept in aliquots at �70 �C until use.

Peptide-binding competition assays. Peptide-binding competition
assays were conducted to measure unlabeled peptide ability to
compete with the biotinylated control peptide (HA) for binding
to purified HLA-DR molecules. Unlabeled peptides were used in ex-
cess, as described by other authors for direct binding assays
[14,15]. A Multiskan ELISA reader (Labsystems, Franklin, MS) with
405 nm filter was used for determining peptide binding to HLA-DR
molecules by measuring the optical densities (OD) in the presence
vs. absence of competitor peptide. Inhibition was calculated as a
percentage by using the formula: 100 � [1 � DOD in the presence
of competitor/DOD in the absence of competitor peptide]. Accord-
ing to this assay, a good competitor was a peptide which was capa-
ble of inhibiting more than 50% of the indicator peptide’s binding
to the HLA molecule being tested.

IC50 values. The IC50 (50% inhibitory concentration) values of the
selected peptides were calculated as the concentration of compet-
Fig. 1. Schematic localization of the peptides assessed in this study on PvDBP. Each red b
that most peptides are located towards the protein’s region II. SS, signal sequence; TM,
itor peptide (PvDBP peptide) needed to inhibit binding of biotinyl-
ated control peptide by 50% as described above, but varying the
concentration of selected peptide. Peptide 1623 was used as nega-
tive control as it bound loosely to all molecules (data not shown).
The data obtained from IC50 values were normalized prior calculat-
ing their mean and standard deviation and used for graphing con-
centration vs. absorbance (data not shown).

In silico epitope prediction. The SYFPEITHI prediction tool
(www.syfpeithi.de) was used in this study for determining possible
anchoring residues to a particular class II HLA-DR molecule. This
tool was developed by Rammensee et al. [16], based on previously
published databases [17] as a suitable algorithm for predicting
peptide binding to HLA-DR molecules in proteins such as p53. Once
binding of the selected PvDBP peptides to purified HLA-DR mole-
cules was predicted using this tool, the results were compared to
experimental data obtained from HLA–peptide-binding in vitro
assays.

Sequence alignments. Peptide sequences previously reported by
Ocampo et al. [10] were compared to the PvDBP reported
sequences available at GenBank (http://www.ncbi.nlm.nih.gov/
Genbank/) by multiple sequence alignment using the ClustalW tool
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_
clustalw.html) in order to determine whether or not these
sequences are conserved among the different P. vivax isolates
(GenBank accessions used were: AAZ81536, AAZ81535, AAZ81532,
AAZ81528, AAZ81530, ABA39300, AAZ81531, ABA39301, AAZ81525,
AAZ81527, AAZ81534, AAZ81533, AAZ81529, and AAZ81526).

Structure prediction by homology. The GENO3D server (http://
geno3d-pbil.ibcp.fr/cgi-bin/geno3d_automat.pl?page=/GENO3D/
geno3d_home.html) was used for developing a P. vivax DBP region
II (Sal-I strain) homology-based structure prediction model where
the 3D structure of Plasmodium knowlesi DBP region II (PDB 2C6J)
was used as template. The polymorphic residues (obtained by se-
quence alignment) as well as the universal epitopes here found
are shown in the predicted structure (Fig. 3).
Results

PvDBP peptides’ binding to HLA-DRB1* alleles

According to the results (Fig. 2), one peptide bound to the
DRB1*0101 allele (peptide 1635 with a 66% binding percentage)
(Fig. 2A), two to the DRB1*0401 allele: peptides 1635 (71%) and
1638 (72%) (Fig. 2B), six to the DRB1*0701 allele: peptides 1631
(76%), 1635 (54%), 1637 (60%), 1638 (99%), 1639 (97%), and 1642
(65%) (Fig. 2C) and three to the DRB1*1101 allele: peptides 1631
(52%), 1637 (78%), and 1638 (68%) (Fig. 2D). Additionally, prelimin-
ary binding studies found seven peptides (1631, 1635, 1637, 1638,
1639, 1642, and 1660) binding to the HLA-DRB1*1301 allele (data
not shown).

1635 and 1638 are universal epitopes

As shown in Fig. 2, the results obtained experimentally evidenced
that peptides 1635 and 1638 bound to a larger number of HLA-DRB1*
and corresponds to one of the PvDBP peptides assessed in this study. It can be seen
transmembrane; CT, cytoplasmatic tail.
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Fig. 2. Binding percentages of PvDBP peptides to HLA-DBR1* alleles. A binding percentage above the horizontal line set at 50% binding determines that a peptide binds
positively to the assessed HLA-DR molecule.
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alleles, thereby being considered universal epitopes [18]. According
to the IC50 values shown in Table 2, the strongest interaction oc-
curred between both peptides 1635 and 1638 and the HLA-
DRB1*0401 molecule (75.19 lM and 64.51 lM, respectively).
Fig. 3. Homology-based structure prediction model of the PvDBP region II. The
image shows the localization of polymorphic residues opposed to the localization of
binding regions. Peptide 1635 (red) and 1638 (cyan) belonging to the conserved
DARC binding region are distinctly located towards the upper section, whereas
polymorphic residues (yellow) are markedly located in the lower section of PvDBP
region II. Graphics were developed using Visual Molecular Dynamics (VMD),
version 1.8.6.
Epitope prediction

The SYFPEITHI tool was used for establishing the theoretical
binding of the ten PvDBP peptides to HLA DRB1*0101, DRB1*0401,
DRB1*0701, and DRB1*1101 molecules, taking into account only
peptides with a score above 25. These results were subsequently
compared to the experimentally obtained peptides shown in Fig. 2.

According to the SYFPEITHI prediction, peptides 1631
(GIGYSKVVENNLRSI) and 1642 (SQPVDSSKAEKVPGD bind to the
HLA-DRB1*0101 allele with a 26 and 25 score, respectively), while
peptide 1635 binds to the HLA-DRB1*0401 allele with two differ-
ent registers (RDYVSELPTEVQKLK and VSELPTEVQKLKEKC, each
with a 26 score). The program reported no peptides binding to
the HLA-DRB1*0701 and HLA-DRB1*1101 alleles. The amino acids
corresponding to positions P1, P4, P6, and P9 (and P7 in some
cases) [19] were outlined by SYFPEITHI in bold (Table 3) since they
corresponded to residues fitting into the main HLA-DRB1 allele’s
pockets on the peptide-binding region.

The prediction results suggest that the important amino acids
for peptide 1631 anchoring into the HLA-DR1 molecule are: Gly-
Table 1
Peptide sequences.

Peptide PvDBP sequence

1623 SNGQPAGTLDNVLEFVTGHE

1625 TISSAIINHAFLQNTVMKNC

1627 IPDRRYQLCMKELTNLVNNT

1631 DMEGIGYSKVVENNLRSIFG

1635 RDYVSELPTEVQKLKEKCDG

1637 SYDQWITRKKNQWDVLSNKF

1638 ISVKNAEKVQTAGIVTPYDI

1639 LKQELDEFNEVAFENEINKR

1642 SQPVDSSKAEKVPGDSTHGN

1660 LNSNNNLSNGKLDIKEYKYR



Table 2
IC50 values and lM concentrations for peptides 1635 and 1638 with each of the HLA-DRB1* alleles.

Table 3
SYFPEITHI-predicted peptides binding to the HLA-DRB1*0101 (A) and HLA-
DRB1*0401 molecules (B).

Peptide PvDBP sequence Predicted epitope Score

(A) SYFPEITHI-predicted PvDBP peptides binding to HLA-DRB1*0101
1623 SNGQPAGTLDNVLEFVTGHE

1625 TISSAIINHAFLQNTVMKNC

1627 IPDRRYQLCMKELTNLVNNT

1631 DMEGIGYSKVVENNLRSIFG GIGYSKVVENNLRSI 26
1635 RDYVSELPTEVQKLKEKCDG

1637 SYDQWITRKKNQWDVLSNKF

1638 ISVKNAEKVQTAGIVTPYDI

1639 LKQELDEFNEVAFENEINKR

1642 SQPVDSSKAEKVPGDSTHGN SQPVDSSKAEKVPGD 25
1660 LNSNNNLSNGKLDIKEYKYR

(B) SYFPEITHI-predicted PvDBP peptides binding to HLA-DRB1*0401
1623 SNGQPAGTLDNVLEFVTGHE

1625 TISSAIINHAFLQNTVMKNC

1627 IPDRRYQLCMKELTNLVNNT

1631 DMEGIGYSKVVENNLRSIFG

1635 RDYVSELPTEVQKLKEKCDG RDYVSELPTEVQKLK 26
VSELPTEVQKLKEKC 26

1637 SYDQWITRKKNQWDVLSNKF

1638 ISVKNAEKVQTAGIVTPYDI

1639 LKQELDEFNEVAFENEINKR

1642 SQPVDSSKAEKVPGDSTHGN

1660 LNSNNNLSNGKLDIKEYKYR
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cine, Tyrosine, Lysine, and Valine, while for peptide 1642 are: Ser-
ine, Valine, Serine, and Alanine. For peptide 1635, SYFPEITHI pre-
dicted two binding epitopes to the HLA-DR4 molecule. For the
first epitope, amino acids corresponding to P1, P4, P6, and P9
are: Arginine, Valine, Glutamic acid, and Threonine. For the second
epitope, the binding amino acids are: Valine, Leucine, Threonine,
and Glutamine, the latter one being polymorphic (Glutamine is
switched to Arginine in some sequences). Binding prediction is
not altered when the polymorphic residue is changed.

Sequence alignment

Since sequence conservation is a desired feature in the selection
of vaccine candidates, the sequences available at GenBank for
PvDBP were aligned as described above. The multiple sequence
alignment showed that both peptides selected as universal epi-
topes (1635 and 1638) are conserved among the different analyzed
sequences (data not shown).

Homology-based structure prediction model

The position of polymorphic residues obtained by sequence
alignment, as well as peptides 1635 and 1638 in the P. vivax DBP
region II structure prediction model is shown in Fig. 3. According
to the results, peptides 1635 and 1638 are located on an opposite
region to the one were polymorphic residues are localized.
Discussion

PvDBP is one of the main antigens to be included in the design of
a vaccine against P. vivax malaria. The main binding domain to the
PvDBP is the so-called region II, located in the N-terminal cysteine-
rich region (comprising 12 cysteine residues conserved among
some Plasmodium species) [20] which contains the necessary bind-
ing motifs to the DARC receptor [21–23]. In this study, the ten pep-
tides previously reported by Ocampo et al. [10] as having high
binding ability to reticulocytes were selected, which are mainly
located in PvDBP region II as shown inFig. 1. Similarly, peptide-bind-
ing assays were carried out with HLA-DRB1*0101, HLA-DRB1*0401,
HLA-DRB1*0701, HLA-DRB1*1101, and HLA-DRB1*1301 since these
molecules are among the 10 most prevalent ones in Afroamerican
and Asian populations, where malaria is endemic [24].

The results suggest that peptides 1635 and 1638 could be
considered as universal epitopes since they bound to the larger num-
ber of HLA-DR molecules. Both interacted better with the HLA-
DRB1*0401 molecule since less peptide concentration was needed
to displace the HA indicator peptide by 50% (75.19 lM and
64.51 lM, respectively) (Table 2). These results are particularly rele-
vant since DRB1*0401 allele is more prevalent among American
(29.8%) and Asian (40.4%) populations compared to other populations
[24]. The methodology followed here has been used in previous stud-
ies on P. falciparum MSP1 [25] for determining the concentration at
which a particular peptide interacts with an HLA-DR molecule.

The use of bioinformatics tools for predicting peptides binding
to specific MHC molecules has been suggested by Nielsen et al.
[26]. Nevertheless, it should be noted that the confidence level
for predicting epitopes to MHC class II molecules is not usually
very high (approximately 50%) because these molecules accept a
wider range of peptides in size and binding registers [16]. SYFPEI-
THI binding prediction for the HLA-DRB1*0101 molecule (Table
3A) did not agree with the experimental results (Fig. 2A), finding
each a single different peptide. On the contrary, the tool’s predic-
tion (Table 3B) agreed with the experimental data obtained for
peptide 1635 with the HLA-DRB1*0401 molecule (Fig. 2B) but
did not predict binding of peptide 1638, which experimentally
bound to this same molecule. Regarding HLA-DR7 and HLA-DR11
molecules (data not shown), the program predicted no epitopes,
whereas the experimental results showed six high binding epi-
topes for the HLA-DR7 molecule and three for the HLA-DR11 mol-
ecule (Fig. 2C and D). This comparison between experimental and
theoretical data sets suggest that class II binding prediction tools
are useful, but they are to be used with caution, corroborating their
results experimentally, given the inherent complexity of the bind-
ing process in MHC II molecules and the wide range of antigenic
peptides that they can bind and present to T cells [14,27] for trig-
gering an effective immune response [19].

According to the sequence alignment analysis carried out for
peptide 1635, there are no changes in the amino acid positions in
the first SYFPEITHI-predicted epitope. For the second one, the shift
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in P9 anchor from Glutamine to Arginine apparently does not
interfere with the right adjustment of peptide 1635 carrying such
variation into the HLA-DR4 molecule’s P9 pocket, since both vari-
ants have the same prediction score (26); nevertheless, such
assumption has to be tested experimentally.

The obtained results were compared to literature reports, con-
firming that even though PvDBP region II is highly variable
[11,28,29], peptides 1635 and 1638 are conserved among the dif-
ferent P. vivax isolates. Other studies analyzing different region II
allelic variants have found a similar adhesion to RBCs (positive
for DARC), which suggest that the polymorphism found in this
study has no significant effect on the parasite’s binding to host cells
[29] and that the variability on PvDBP region II does not interfere
with parasite’s invasion to reticulocytes. Ranjan and Chitnis [30]
reported that the critical binding motifs on DBP region II map to
a region between amino acids 258–429, which includes peptide
1635 (amino acids 408–427). However, peptide 1638 does not fall
within this region (amino acids 469–488).

Singh et al. [22] in their DBP structural analysis with Plasmo-
dium knowlesi (a parasitic species infecting primates) revealed that
highly polymorphic regions are located on an opposite surface to
the one were the DARC contacting residues are located, which indi-
cates a possible mechanism for evading the human immune sys-
tem’s surveillance while preserving the functional features of this
protein. Additionally, the authors suggest that this mechanism
can be extrapolated to P. vivax and this polymorphic region might
be located on an opposite position to the DARC contact residues.
Bearing this in mind, the 3D structure of PvDBP region II Sal-I strain
(Fig. 3) was here obtained based on the DBP region II structure of P.
knowlesi (PDB 2C6J), finding that the polymorphic residues locali-
zation is opposite to peptides 1635 and 1638, thus agreeing with
Singh et al. [22]. The results here presented are also supported
by a study from Ocampo et al. [10], showing that PvDBP contains
peptides binding with high ability to reticulocytes and that partic-
ularly, peptides 1625, 1631, 1635, and 1639 are capable of
specifically and significantly inhibiting binding of the radiola-
beled-recombinant protein to reticulocytes.

In conclusion, the results presented in this study support the
inclusion of peptides 1635 and 1638, considered to be universal
epitopes, as promising candidates for developing a multi-antigenic,
multi-stage vaccine against P. vivax given their high binding ability
to reticulocytes, their opposed localization with respect to poly-
morphic residues and their binding profile to some of the most pre-
valent HLA-DR molecules among Afroamerican and Asian
populations, which are the most vulnerable to malaria.
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