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Abstract

Plasmodium vivax is currently the most widespread of the four parasite species causing malaria in humans around the world. It causes
more than 75 million clinical episodes per year, mainly on the Asian and American continents. Identifying new antigens to be further
tested as anti-P. vivax vaccine candidates has been greatly hampered by the difficulty of maintaining this parasite cultured in vitro. Tak-
ing into account that one of the most promising vaccine candidates against Plasmodium falciparum is the rhoptry-associated protein 2, we
have identified the P. falciparum rhoptry-associated protein 2 homologue in P. vivax in the present study. This protein has 400 residues,
having an N-terminal 21 amino-acid stretch compatible with a signal peptide and, as occurs with its falciparum homologue, it lacks
repeat sequences. The protein is expressed in asexual stage P. vivax parasites and polyclonal sera raised against this protein recognised
a 46 kDa band in parasite lysate in a Western blot assay.
� 2005 Elsevier Inc. All rights reserved.
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Malaria remains as one of the infectious diseases causing
greater morbidity and mortality worldwide. Recent studies
have shown that more than 500 million people are infected
each year, of which more than two million die, mainly chil-
dren below 5 years of age in sub-Saharan Africa [1,2]. Four
Plasmodium parasite species cause malaria in humans:
P. falciparum, P. vivax, P. malariae, and P. ovale. Although
P. falciparum generates the highest mortality, P. vivax is
more prevalent in Asia and America, producing more than
75 million cases per year [3].

The development of anti-malarial vaccines has become
a priority [4], since both parasites and transmitting
vectors (Anopheles mosquitoes) have developed increasing
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resistance to both anti-malarial drugs and insecticides,
respectively [5,6].

The P. falciparum genome sequencing project has been
finished during the last few years [7], as well as studies
describing this parasite�s transcriptome [8,9] and proteome
[10–12]. Nevertheless, these studies have been partly hin-
dered for P. vivax due to the difficulty of culturing this par-
asite species in vitro [13]. To date, the P. vivax genome has
been almost entirely sequenced, but no information has yet
been published regarding the transcriptome or proteome.

Sequencing the P. vivax genome is being carried out by
The Institute for Genomic Research (TIGR) with funds
from the US Department of Defense and the National Insti-
tute of Allergy and Infectious Diseases [14]. As these data
have become available to the scientific community it has al-
lowed bioinformatic approaches to be used in characterising
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new P. vivax antigens which could become relevant in devel-
oping future anti-malarial vaccines or treatments.

Previous studies have shown high conservation in gene
order and chromosome localisation amongst different Plas-
modium species [15,16]. Taking this into account and con-
sidering the greater knowledge respecting P. falciparum
antigens with potential use as vaccine candidates, our
group has focused its efforts on identifying homologue
antigens present in P. vivax [17,18].

The P. falciparum rhoptry-associated protein 2
(PfRAP2) is a 398 amino acid protein encoded by a single
exon gene located on this parasite�s chromosome 5 [19].
This protein is discharged from the rhoptries into the form-
ing parasitophorous vacuole during erythrocyte invasion
by the parasite [20,21]. Previous studies aimed at identify-
ing the possible role of PfRAP2 in invading red blood cells
(RBCs) have yielded somewhat conflicting results. Gene-
targeted P. falciparum parasites, where a truncated form
of RAP1 was expressed, were unable to localise RAP2 in
the rhoptries but both their erythrocyte invasion and intra-
cellular growth phenotypes were unaffected [22]. On the
other hand, synthetic peptides derived from the PfRAP2
sequence displayed high specific erythrocyte binding activ-
ity [23] and monoclonal antibodies against PfRAP2 were
able to inhibit the erythrocyte invasion process in vitro [24].

In spite of PfRAP2�s role in RBC invasion not being
clear, several data have suggested that it could be a poten-
tial anti-malarial vaccine candidate. Protective efficacy
against P. falciparum challenge has been observed when
Saimiri sciureus monkeys have been immunised with
PfRAP1 and PfRAP2 purified from cultured parasites
and emulsified with Freund�s adjuvant [25,26]. In a later
study, four out of six Saimiri boliviensis monkeys immun-
ised with PfRAP2 produced as a recombinant protein
and emulsified in Montanide ISA720 were protected when
challenged with the parasite [27].

Based on the above-mentioned potentially important
advances in vaccine development, the present study de-
scribes the identification and immunochemical character-
isation of the PfRAP2 homologue in P. vivax.
Materials and methods

Parasites. P. vivax Vivax-Colombia-Guaviare I (VCG-I) strain [28],
maintained in vivo by successive passages in splenectomised Aotus nan-

cymaae monkeys kept at our primate station in Leticia (Colombia), was
used as a source of DNA, RNA, and parasite lysate extraction. P. vivax-
infected RBCs were purified from a 3 ml blood sample taken from an
infected animal using a 30–80% Percoll gradient (Sigma, St. Louis, MO),
following a previously described protocol [29].

Plasmodium vivax genomic nucleotide sequence source. The partial
P. vivax Sal-I strain genomic nucleotide sequences used were downloaded
from the TIGR web page (http://www.tigr.org/tdb/e2k1/pva1/).

Parasite DNA. P. vivax DNA was extracted from the monkey�s
P. vivax-infected blood sample using the Wizard DNA Purification System
(Promega, Madison, WI).

Cloning and sequencing. P. vivax VCG-I strain genomic DNA was used
as template for PCR amplification. Primer design was based on the open
reading frame (ORF) found by sequence homology in the partial P. vivax
Sal-I strain genomic sequence reported at TIGR. The primers used
encompassed the entire ORF; BamHI and PstI cloning sites were added to
the forward (5 0-CGGGATCCAAAGCGATAATTCTGATTTCCT-3 0)
and reverse (5 0-AACTGCAGTTATGACTCCATACCTTTCTC-3 0)
primers, respectively. PCR products were purified by Wizard PCR preps
Kit (Promega, Madison, WI) and cloned in the pGEM-T vector (Promega,
Madison, WI). Plasmid DNA from recombinant bacteria was purified
using the Miniprep purification kit (Promega, Madison, WI). Cloned in-
serts were sequenced in an automatic sequencer (ABI PRISM 310 Genetic
Analyzer, PE Applied Biosystems, Foster City, CA).

RNA extraction and cDNA synthesis. Total Plasmodium vivax RNA
was extracted from infected Aotus monkey blood samples by the Trizol
method [30] and treated with RQ1 RNase-free DNase (Promega, Madi-
son, WI). One microgram of the extracted RNA was used for one-step
RT-PCR using SuperScript III (Invitrogen, Carlsbad, CA) in 50 ll reac-
tions according to manufacturer�s recommendations. Briefly, cDNA was
synthesised for 30 min at 55 �C and PCR was carried out for 40 cycles at
the following temperatures: 94 �C for 15 s, 58 �C for 30 s, 68 �C for 90 s,
and a final extension cycle of 68 �C for 5 min. Another PCR amplification
using Platinum Taq (Invitrogen, Carlsbad, CA) and 1 lg total RNA as
template was used as negative control to discard genomic DNA presence.
RT-PCR-amplified products were further cloned and sequenced similarly
to that described above for PCR products amplified from P. vivax geno-
mic DNA.

Peptide synthesis. Two 20-mer peptides, corresponding to the deduced
P. vivax Sal-I RAP2 sequence, were synthesised. The sequences shown in
one-letter, amino-acid code were: 49RKILGNWVHFFFSHFSNPTD68

and 324TYKMPNLKGLRLLKSFFRRK343. One glycine and one cys-
teine were added at both N- and C-termini of each peptide to allow further
peptide polymerisation. Peptides were synthesised by using standard
t-Boc/Bzl solid-phase peptide synthesis strategy on a MBHA resin
(0.15 meq.). The t-Boc was removed by 55% TFA in DCM (0.01% ani-
sole). Amino-acid coupling was carried out using fivefold molar excess aa/
HOBt/DCC as coupling reagent and DMF as solvent. Coupling time was
1 h; re-coupling was used up to negative Kaiser test when necessary [31].
Side protection groups and peptide from resin were removed using HF
low/high procedure [32]. Peptides were extracted, lyophilised, and finally
characterised by RP-HPLC and MALDI-TOF MS.

Rabbit immunisation. New Zealand white rabbits were provided by the
Instituto Nacional de Salud (Bogotá, Colombia), housed, fed, and han-
dled in accordance with the recommendations made by the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health,
USA). One hundred and fifty micrograms of both polymerised peptides
emulsified in Freund�s complete adjuvant (FCA) was subcutaneously
inoculated into three rabbits at multiple sites. The same amount of
immunogen mixed with Freund�s incomplete adjuvant (FIA) was inocu-
lated as a booster on days 21 and 42 [33].

Recombinant protein expression and purification. The PvRAP2 gene,
previously cloned in pGEM-T vector, was cut with BamHI and PstI
restriction endonucleases (New England Biolabs, Beverly, MA) accord-
ing to manufacturer�s instructions and further subcloned into pQE
expression vector (Qiagen, Valencia, CA). This vector adds a six-histi-
dine tag at the protein�s N-terminal portion, enabling an easier purifi-
cation process and immunodetection by anti-histidine monoclonal
antibodies. The recombinant plasmid was transfected into Escherichia

coli M15 strain. Protein was purified using Ni–NTA metal affinity resin
(Qiagen, Valencia, CA) in accordance with manufacturer�s recommen-
dations. Protein expression was verified by either sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis (SDS–PAGE) stained with
Coomassie blue or Western blot. Total protein amount was quantified by
bicinchoninic acid assay.

SDS–PAGE and Western immunoblotting. Two different SDS–PAGE
experiments were carried out. In the first, purified PvRAP2, produced as a
recombinant protein, was size-separated in 14% SDS–PAGE and then
electroblotted onto a nitrocellulose membrane. In the second, blood
samples were taken from a P. vivax infected monkey (having greater than
6% parasitaemia) and RBCs infected with mature parasites were purified
by Percoll gradient as described above. They were lysed with 0.25%

http://www.tigr.org/tdb/e2k1/pva1/


M.A. Patarroyo et al. / Biochemical and Biophysical Research Communications 337 (2005) 853–859 855
saponin and washed three times with PBS to obtain parasites; they were
then lysed with 5% SDS plus a protease inhibitor cocktail. Proteins in the
extract were size-separated by electrophoresis in 15% SDS–PAGE and
then electroblotted onto a nitrocellulose membrane. Both membranes were
blocked with 0.05% Tween 20 in TBS plus 5% skimmed milk and split into
rows to be independently assayed against individual sera. Primary anti-
bodies were detected with alkaline phosphatase (AP)-conjugated anti-
rabbit Ig. Only Western blot results using sera from the rabbit displaying
the best recognition pattern (rabbit 414) are shown.

Indirect immunofluorescence assays. Indirect immunofluorescence as-
says were performed as described elsewhere [34]. Briefly, the Aotus

monkey P. vivax-infected cells were washed in PBS and then fixed with
4% electron microscopy (EM) grade paraformaldehyde and 0.0075% EM
grade glutaraldehyde in PBS for 30 min. Fixed cells were washed once in
PBS and then permeabilised with 0.1% Triton X-100/PBS for 10 min.
Cells were washed again in PBS and then treated with 0.1 mg/ml sodium
borohydride (NaBH4)/PBS for 10 min. Following another PBS wash,
cells were blocked in 3% BSA/PBS for 1 h. Rabbit polyclonal sera
directed against the synthetic peptides were incubated as primary anti-
body at 1:80 dilution in PBS with 5% BSA for 1 h. Fluorescein isothi-
ocyanate (FITC)-conjugated anti-rabbit Ig (Sigma, St. Louis, MO) was
used as secondary antibody at 1:100 dilution in PBS with 5% BSA and
incubated for 1 h. Slides were then washed in PBS and then mounted in
50% glycerol. Immunoreactivity was observed by using an Axioskop
fluorescence microscope (Carl Zeiss, Oberkochen, Germany). Images
were recorded by an AxioCam MRm CCD camera (Carl Zeiss,
Oberkochen, Germany).

Nucleotide and amino-acid sequence accession numbers. Nucleotide and
amino-acid sequences used in the present study have been reported in
GenBank under Accession No. DQ130066.

Results and discussion

PvRAP2 gene identification

Taking the PfRAP2 amino-acid sequence (GenBank
Accession No. CAA41577) as query sequence, we used
the Basic Local Alignment Search Tool (BLAST) to search
the P. vivax partially sequenced genome (available at
TIGR) for a homologous encoded protein. A similar
1203 bp ORF was thus found within a 495,033 bp contig.
        20   *         40  
PvRAP2 : MKAIILISFLVTLFFNNGVDGHTCTKELYNMNFKDLSITSMV
PfRAP2 : MGLKFYVLVFLILCLKNVVKGDKCETEFSKLYPESNSLTGLI

*        100                120      
PvRAP2 : DQTCFVRAFTIYLIQNYAKDIKSMSNTDNYETYFKNLLKDVH
PfRAP2 : DHTCFARAVTLYLFYYYLKDIKSMLSTDDYQSFFKNKFKDIN

       180                200         
PvRAP2 : HISKADRRTHATYNTNPIPAFAPSDIRTFRRSYLPKEDPSIS
PfRAP2 : VLNKASTTTHATYKYNRYFIVG-SRVHTPYKDYFGDFNKYTE

             260         *     
PvRAP2 : RLGLKRRSSSLLLLGPHNHNPTFGFCVKDGKEDYFGSVDDLL
PfRAP2 : TLGLRKRSSSLALVGTNNNDPIFAYCEKDNKSEYYGTPDDLI

         340                360         *3
PvRAP2 : KSFFRRKNLENFVDMYSNLMSTELDFLTEDFAELFDITMNCH
PfRAP2 : KHLFQKKNLVNFVGMYENHVSTEINFLAEDFVELFDVTMDCY

Fig. 1. PfRAP2 and PvRAP2 amino-acid alignment. Black highlighting indicat
are conserved. The vertical arrow indicates the signal peptide cleavage positio
This ORF encodes a protein having an estimated
46.6 kDa molecular mass.

The PvRAP2 gene encodes a 400 amino acid protein
(just two amino acids more than PfRAP2). As can be
seen in Fig. 1, when both proteins are aligned, they dis-
play 43% identity and 64% similarity. Similar values have
been reported for other P. vivax antigens when compared
to their falciparum homologues [17,35]. Additional fea-
tures are shared amongst PvRAP2 and PfRAP2. A puta-
tive signal peptide comprising the first 21 PvRAP2
N-terminal amino acids, followed by a cleavage site after
glycine 21, were found using SignalP v3.0 software [36],
similar to what occurs in PfRAP2 [19] (Fig. 1). PvRAP2
is also a basic protein having a calculated isoelectric point
(pI) of 8.77 (PfRAP2 pI = 8.9) and lacks repetitive
elements as predicted by REP v1.1 software [37]. The four
cysteine residues present in both PvRAP2 and PfRAP2
were found to be located in the same position in the align-
ment (Fig. 1).

Similarity amongst those genes neighbouring PvRAP2
in the contig and those neighbouring PfRAP2 in P. falcipa-

rum chromosome 5 was studied in order to confirm gene
synteny. As can be seen in Fig. 2, the ORFs of both
PvRAP2 and PfRAP2 are orientated in the same direction.
Also, both genes located downstream of RAP2 in both
P. falciparum and P. vivax displayed a high degree of iden-
tity and similarity; they were orientated in the same direc-
tion. Nevertheless, the gene found upstream of PvRAP2
showed no similarity with the two genes found in the cor-
responding P. falciparum region. It has been found in a
previous study that P. falciparum has an additional copy
of the PfRAP2 gene which has been named PfRAP3 [38].
This gene is located upstream of PfRAP2 and it has been
proposed that it arose from a gene duplication process. It
seems that P. vivax has just one copy of PvRAP2, as occurs
in other Plasmodium species other than P. falciparum, such
               60                 80          
LEHSTTRKILGNWVHFFFSHFSNPTDAIKYVEDINLYALDNK :  84
YAHTAHVHKLSMWVYFIYNHFSSADELIKYLEKTNINTLENS :  84

          140                160              
PDFSKDFLSLFTSATLLGYIDGLVLKEQDISNLKNDVNIFKK : 168
PLFINDFILILNDKKFMENLDLYIMKESEREHLVIKKNPFLR : 168

       220                240         
VSEVYAARDINFLAFLGVSDMYYNSDITQPARGTSIIISKRK : 252
ISVLNYVRDYNFLIYAGSRENYYNSDIAGPARSVNNVISKNK : 251

   300                320         
PSFFSVMKTKMIYGHKRFLREFDYSLMHKTYKMPNLKGLRLL : 336
TSFFSIIKTKMLNSHKTFLRQFDYALFHKTYSIPNLKGFRFL : 335

80                400      
MREHFDRAIVNFHMIKEKGMES : 400
SRQYSNRAAENFKAIRELNVL- : 398

es identical residues. (*) The four cysteines present in both mature peptides
n.
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Fig. 2. Schematic diagram comparing P. falciparum RAP2 and its neighbouring genes� localisation in chromosome 5 and the corresponding region in
P. vivax. Arrows indicate the direction of each ORF. P. vivax genes have been named according to the partial P. vivax genome annotation carried out by
TIGR. Identity and similarity percentages are displayed below each P. vivax ORF.
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as P. chabaudi, P. yoelii, and P. berghei [38]. Upstream of
this non-homologous stretch, P. vivax genes start display-
ing similarity to the corresponding P. falciparum ones
again (Fig. 2). Taken together, these data suggest that gene
synteny is preserved in the locus encoding RAP2 gene in
both parasite species.

PvRAP2 gene is transcribed in blood-stage parasites

PvRAP2 gene transcription was studied by extracting
RNA from parasites obtained from blood taken from a
P. vivax-infected Aotus monkey. After RNA was extracted,
it was treated with DNAse to avoid genomic DNA con-
tamination. As observed in Fig. 3, a single �1200 bp ampli-
fication band was obtained in the RT-PCR assay. No DNA
contamination was present, since no band was amplified in
the negative control. As positive control, P. vivax genomic
DNA was used as template for PCR. A single �1200 bp
amplification band was observed, similar to that obtained
in the RT-PCR.
1 2 3

500

1,000

1,500

2,000

4

Fig. 3. One-step RT-PCR analysis of total RNA isolated from P. vivax

asexual stage parasites. Size standards (lane 1) are indicated in basepairs at
the left-hand side of the panel. Primers corresponding to the predicted 5 0

and 3 0 ends of the PvRAP2 ORF were used in one-step RT-PCR on
DNase-treated total RNA from asexual stage P. vivax parasites (lane 2).
Negative control for the RNA sample is shown in lane 3. The same PCR
was performed with P. vivax genomic DNA as template as positive control
(lane 4).
PvRAP2 is encoded by a single exon

Amplified products obtained from both P. vivax DNA
and RNA were further cloned and sequenced. No differenc-
es were observed when DNA and RNA sequences were
compared, confirming that PvRAP2 is encoded by a single
exon, as occurs with its P. falciparum homologue [19]. A
single nucleotide difference was observed when PvRAP2
obtained from the VCG-I strain was compared to the
Sal-I strain sequence available at TIGR. This non-synony-
mous substitution was present in nucleotide position 575
and led to an amino acid change from a tyrosine (in Sal-
I) to a serine (in VCG-I). Very low polymorphism has been
reported in the PfRAP2 gene [19]. Although, according to
our results, the same phenomenon seems to be occurring in
PvRAP2, sequencing of additional P. vivax isolates is re-
quired to confirm this assumption.

PvRAP2 is expressed during asexual stage

Polyclonal rabbit sera raised against two synthetic pep-
tides based on part of the PvRAP2 amino-acid sequence
were produced in order to carry out further immunochem-
istry assays leading to determining PvRAP2 protein expres-
sion in blood-stage parasites. As the rabbits were being
immunised, the complete PvRAP2 was being expressed
and purified as a recombinant protein in E. coli.

Purified recombinant PvRAP2 was run on a SDS–
PAGE and electroblotted into a nitrocellulose membrane.
As can be seen in the Western blot assay shown in Fig. 4,
a single band was recognised by rabbit 414 hyper-immune
serum but not by its corresponding pre-immune serum,
suggesting that those antibodies raised against the
PvRAP2-derived synthetic peptides were able to recognise
the complete PvRAP2 when expressed as a recombinant
molecule. Although the molecular mass of the band being
recognised is a little higher than that expected, it is worth
noting that the expressed recombinant includes the signal
peptide and some extra amino acids added by the expres-
sion vector.



Fig. 4. PvRAP2 recombinant protein was size-separated by SDS–PAGE,
electroblotted, and tested with rabbit sera raised against two PvRAP2
synthetic peptides. Lane 1: purified recombinant PvRAP2 recognition by
anti-histidine monoclonal antibody (positive control); lane 2: purified
recombinant PvRAP2 recognition by rabbit 414 pre-immune serum; lane
3: purified recombinant PvRAP2 recognition by rabbit 414 hyper-immune
anti-PvRAP2 serum. Molecular mass standards are indicated on the left-
hand side of the panel in kilodaltons.

Fig. 6. Indirect immunofluorescence assay using rabbit 414 anti-PvRAP2
serum showing parasite labelling of a fixed P. vivax schizont. The punctate
fluorescence pattern observed is characteristic of rhoptry proteins.
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Plasmodium vivax protein lysate obtained from an
infected Aotus monkey�s blood was run on SDS–PAGE
and electroblotted into a nitrocellulose membrane. Western
blot analysis using rabbit 414 pre-immune and hyper-im-
mune sera was carried out. Fig. 5 shows that hyperimmune
serum recognised a 46 kDa band in P. vivax parasite lysate.
The molecular mass of the band being recognised was in
agreement with the expected PvRAP2 migration pattern.
As previously described for PfRAP2 [19], apart from signal
peptide cleavage, no further proteolytical processing seems
to occur in PvRAP2.
Fig. 5. Plasmodium vivax parasite lysate was size-separated by SDS–
PAGE, electroblotted, and tested with rabbit sera raised against PvRAP2
recombinant protein. Lane 1: parasite lysate recognition by pre-immune
rabbit 414 serum; lane 2: parasite lysate recognition by rabbit 414 anti-
PvRAP2 serum. Molecular mass standards are indicated on the left of the
panel in kilodaltons. On the right-hand side, the arrow indicates the
detected band and its estimated molecular mass is shown in kilodaltons.
PvRAP2 displays a typical rhoptry localisation pattern as

determined by IFA

A blood sample obtained from a P. vivax-infected Aotus

monkey was used as a source for fresh parasitised RBCs.
Immunofluoresence microscopy was thus carried out using
the rabbit 414 hyper-immune anti-PvRAP2 polyclonal anti-
serum as primary antibody. As can be seen in Fig. 6, a punc-
tate fluorescence pattern was observed. Previous studies
have shown that this staining pattern is typical of rhoptry
proteins [38–40]. No fluorescence was observed when pre-
immune rabbit 414 serum was used (data not shown).

Rhoptry discharge of a membranous material into the
forming parasitophorous vacuole is one of the molecular
events occurring during RBC invasion by merozoites
[20,21]. Three proteins (rhoptry-associated proteins 1, 2,
and 3) located in the rhoptry base have been identified in
P. falciparum and have been grouped under the name of
the ‘‘low-molecular-mass complex’’ [19,38,41].

Previous data obtained by studying RAP2 in P. falcipa-

rum have shown this protein�s potential as an anti-malarial
vaccine candidate. PfRAP2, either extracted from cultured
parasites or produced as a recombinant protein, has in-
duced protection against experimental challenge with
P. falciparum-infected RBCs in immunised monkeys [25–
27]. In addition, PfRAP2 displays very low polymorphism
[19] and peptides derived from its primary amino-acid se-
quence are able to specifically bind RBCs [23].

The P. falciparum RAP2 homologue has been identified
and characterised in P. vivax in the present study. This is
the first member of the ‘‘low-molecular-mass complex’’ to
be described in P. vivax. Taking into account the results
obtained with its P. falciparum homologue as a potential
vaccine candidate, we believe that further protection stud-
ies should be carried out using PvRAP2 as a vaccine candi-
date against P. vivax malaria.
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