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a b s t r a c t

Human malaria, which is caused by infection with Plasmodium, is a serious global public health problem.
The erythrocytic stages are responsible for all of the symptoms and pathologies associated with malaria.
Compared with Plasmodium falciparum merozoites infected human erythrocytes, Plasmodium vivax
merozoites primarily invade reticulocytes. Due to the recent availability of the P. vivax genomic and tran-
scriptomic datasets, the P. vivax reticulocyte binding-like proteins (PvRBPs) have been updated. However,
the precise roles of PvRBPs remain largely unknown. Thus, here we discuss advances in our knowledge of
the molecular interactions involved in erythrocyte invasion by Plasmodium merozoites, focusing particu-
larly on PvRBP1 and PvRBP2. We also discuss potential PvRBP receptors during reticulocyte invasion.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Human malaria is a serious global public health problem that is
caused by infection with five species of the intracellular parasitic
protozoan genus Plasmodium, particularly Plasmodium falciparum
and Plasmodium vivax, which are transmitted by Anopheles mosqui-
toes. Although rarely fatal as compared with P. falciparum, P. vivax
is often the dominant species and significantly contributes to mor-
bidity in endemic areas outside of Africa [1–3].

Merozoite of Plasmodium spp. invades host erythrocytes via a
multistep invasion process [4,5]. Unlike P. falciparum, which ex-
ploits multiple parasite receptors to invade erythrocytes, P. vivax
invasion is restricted to reticulocytes (young erythrocytes) that
are Duffy positive; Duffy-negative individuals are resistant to P. vi-
vax invasion [6]. Unexpectedly, Duffy-negative blood is able to be
invaded by vivax merozoites, indicating the existence of alterna-
tive pathways of P. vivax invasion [7,8]. However, the mechanisms
underlying the molecular interactions between parasite ligands
and host-cell receptors during reticulocyte invasion remain un-
clear. Comparion of P. falciparum reticulocyte binding-like proteins
(PfRhs) [9–19], P. vivax reticulocyte binding-like proteins (PvRBPs)
have not been thoroughly investigated [20–24].

Here, we summarize the molecular interactions between Plas-
modium merozoites and erythrocytes. We discuss recent studies
of PvRBPs and explore their potential receptors on human reticulo-
cytes. Future perspectives are also discussed.
ll rights reserved.
2. Plasmodium merozoite and erythrocyte invasion

Malaria parasites have a complex life cycle with two stages: one
that occurs in vector mosquitoes (female) and the other that occurs
in the liver and blood of the vertebrate host [25]. During the blood
stage of the life cycle, the asexual parasites (merozoites) invade
erythrocytes and produce symptomatic disease. The invasion pro-
cess is complex and involves a multi-step sequence that comprises
three phases [26,27] (Fig. 1). In phase I, the merozoite is released
and attaches to the erythrocyte. Preliminary attachment likely in-
volves chance contact with an erythrocyte surface molecule. An
interaction between merozoite surface protein 1 (MSP1), which
forming a complex with MSP6 and MSP7 [28], and Band 3 has been
identified [29] (Fig. 2). During phase II, the merozoite reorients and
attaches irreversibly to the erythrocyte through tight junction for-
mation. These steps are highly dependent on specific molecular
interactions between parasite ligands and erythrocyte receptors.
Proteins on the merozoite surface and in the apical organelles,
including microneme, dense granules, and rhoptry, mediate host
cell recognition. However, these molecular interactions have not
been completely defined. The key parasite ligands are secreted
from micronemes and rhoptries and include apical membrane
antigen 1 (AMA1) [30], RON complex [31,32], erythrocyte bind-
ing-like family (EBL) and reticulocyte binding-like family (RBL)
[33–35] (Fig. 2). Additionally, receptors on the erythrocyte plasma
membrane, including Glycophorin A and C (GPA and GPC) [36],
Duffy-antigen receptor for chemokines (DARC) [36], Complement
receptor 1 (CR1) [15], and Basigin (CD147) [17] have also been
identified (Fig. 2). AMA1 interacts with RON2 directly, which
serves as a self-receptor and forms a complex with RON4 and
RON5 [37,38] (Fig. 2). In phase III, the merozoite enters the
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Fig. 1. A model of human erythrocyte invasion by Plasmodium merozoites. The
invasion process is divided into three phases: phase I, merozoite release, initial
recognition, and reversible attachment to the erythrocyte plasma membrane; phase
II, reorientation and junction formation between the apical end of the merozoite
and erythrocyte (irreversible attachment); phase III, merozoite entry into erythro-
cyte and parasitophorous vacuole (PV) formation.
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erythrocyte and forms a parasitophorous vacuole (PV). This step is
highly dynamic and rapid following apical attachment and tight
junction formation, and involves a series of molecular events that
guarantee erythrocyte entry and localization to a vacuole therein
[27].

3. The P. vivax reticulocyte binding-like proteins (PvRBPs)

When the complete genome of the P. vivax Salvador I (Sal I)
strain was sequenced, 11 Pvrbp genes were found, including two
partial and nine full-length genes, of which two were pseudogenes
[23] (Table 1). Thus, PvRBPs have potential for pre-clinical evalua-
tion and are candidates for inclusion in a vivax malaria vaccine.
This discovery aids understanding of the molecular mechanisms
by which PvRBPs facilitate parasite attachment, and suggests the
existence of an alternate vivax merozoite invasion pathway [39].

The erythrocytic P. falciparum transcriptome is a valuable re-
source for investigations of the P. vivax blood-stage transcriptome
[40,41]. Several Pvrbp genes are highly expressed during the schiz-
ont stage, suggesting essential roles during the blood stage of these
parasites [42]. These data also facilitate further study of the biology
and genetic functions of this parasite and represent a vital resource
for the development of methods for controlling vivax malaria.

Immunomics, which integrates genomics, proteomics, and
molecular immunology, will facilitate identification of target
antigens for inclusion in an effective malaria vaccine [43]. For
high-throughput functional and structural analysis of Plasmodium
proteins, the wheat germ cell-free protein synthesis system is a
powerful tool and developed [44,45]. Following the approaches
of the protein expression system and immunomics [43,46–48],
we constructed fragments covering nine PvRBP members and
screened sera from volunteers who were naturally exposed to vi-
vax malaria by high-throughput manner. The immunoproteomics
profiling results revealed that several PvRBP fragments were
highly antigenic (unpublished data), suggesting that they may be
candidates for inclusion in a vivax malaria vaccine.
4. PvRBP1 and PvRBP2

At the protein level, PvRBP1 and PvRBP2 of the Belem strain are
99% and 87% identical, respectively, to PvRBP1a and PvRBP2c of the
Sal I strain [23]. PvRBP1a has a short deleted sequence
(590LQTVEKFYKEILDSKE605) compared to PvRBP1 (Fig. 3). Although
PvRBP2 and PvRBP2c share a high sequence identity, their struc-
tures are markedly different (Fig. 3).

PvRBP1 and PvRBP2 have been implicated in reticulocyte recog-
nition and selection [20]. Native PvRBP1 is likely a transmem-
brane-anchored disulfide-linked protein, and along with PvRBP2,
may function as an adhesive protein complex [4,20]. That RGD mo-
tif contained within PvRBP1 may provide a clue to the nature of its
host cell receptor [20] (Fig. 3). Due to the large sizes of PvRBP1 and
PvRBP2 (>300 kDa) (Table 1), functional domain identification is
problematic. Thus, fragments covering the entire sequence were
constructed and contained a region at the N-terminals of both pro-
teins that exhibited reticulocyte-binding activity [49]. Further-
more, analyses of overlapping 15-mer PvRBP1 synthetic peptides
indicated the existence of four reticulocyte-binding regions
(RBR1-I to -IV), which showed high-affinity binding to reticulo-
cytes [22] (Fig. 3). RBR1-III showed the most reticulocyte-binding
sequences [22]. Nevertheless, synthetic peptides have limitations
compared to native peptides, such as a lack of post-translational
modifications and conformational motifs, which hamper further
functional study. Thus, investigations of the functions of PvRBP1-
I and the antigenicity profile of PvRBP1-III were conducted using
recombinant proteins. PvRBP1-I binds to both erythrocytes and
reticulocytes in a concentration-dependent manner [50]. PvRBP1-
III was expressed successfully and showed antigenicity with P. vi-
vax-infected human serum [51]. The structural features of PvRBP2
have also been reported. PvRBP2 and PvRBP1 share significant
homology in a particular short region [21]. Compared with PvRBP1,
which has a number of cysteine residues (17/2833, 0.60%), PvRBP2
has a C-terminus motif that is repeated seven times [21]. Upstream
of this, a 24-amino acid sequence is repeated three times [21].

The function of a protein is usually related to its subcellular
localization [52]. Therefore, subcellular localization by indirect
immunofluorescence assay (IFA) or immunoelectron microscopy
(IEM) is useful for inferring protein functions. PvRBP1 and PvRBP2
localize to the apical pole of merozoites [20]. However, their pre-
cise sub-localizations remain unknown. Elucidation of the localiza-
tion of PvRBPs, particularly PvRBP1 and PvRBP2, would aid in
understanding the roles of this family.

Continued investigations of the localization and genetic diver-
sity of Pvrbp genes will aid in the further discovery and analysis
of their function during reticulocyte invasion. These data will also
facilitate development of an effective vivax malaria vaccine based
on receptor-blockade strategies [21]. Pvrbp1 and Pvrbp2 polymor-
phisms were examined and the results suggested that the genetic
diversity of the Pvrbp genes is generally limited [53]. However,
the diversity of Pvrbp2 was markedly higher than that of Pvrbp1,
suggesting that different RBL domains may be evolving under dif-
ferent selection and functional pressures [53].
5. Other PvRBPs

Sequencing of the P. vivax genome eliminates the possibility
that P. vivax has a relatively simple reticulocyte invasion mecha-
nism. Instead, it likely possesses alternative invasion pathways,
since differential expression of PfRHs is compactly linked to alter-
native invasion pathways [24]. The new members of the PvRBP
family, particularly the PvRBP2 subgroup, could provide a diversity
of P. vivax reticulocyte invasion mechanisms, comparable to that of
P. falciparum.



Fig. 2. Molecular mechanism of erythrocyte invasion by Plasmodium merozoites. (A) Molecular interaction between erythrocytes and the P. falciparum merozoite. The ligands
of the P. falciparum merozoite include the MSP1 complex (MSP1, MSP6, and MSP7), EBL (EBA175, EBA140, and EBA181), PfRh (PfRh1, PfRh2a/b, PfRh4, and PfRh5 coupled with
PfRipr) and the RON2 complex (RON2, RON4, and RON5). The receptors on the erythrocyte plasma membrane include band 3, GPA, GPC, CR1, and CD147. Abbreviations: GPA
and GPC, glycophorin A and C; CR1, complement receptor 1; W, Y, and Z, unknown receptors. (B) Molecular interactions between reticulocytes and P. vivax merozoites. The
ligands include the MSP1 complex, PvDBP, PvRBPs (PvRBP1 and PvRBP2), and RON2 complex of the P. vivax merozoite. The receptors on the reticulocyte plasma membrane
include band 3 and several whose identities are unknown.

Table 1
General information of Plasmodium vivax reticulocyte binding-like proteins (PvRBPs).

Name Gene ID Strain Chromosome No. No. exons CDS length MW (kDa) IP Length No. TM SP Ortholog group References

PvRBP1 B42771/
Q00798a

Belem 7 Unknown 8502 303.3 5.57 2833 0 Yes [20]

PvRBP1a PVX_098585b Sal I 7 3 8454 324.4 4.74 2817 0 Yes OG5_130526 [23]
PvRBP1b PVX_098582b Sal I 7 1 7818 303.3 5.75 2605 0 Null OG5_130526 [23]
PvRBP1-Pc PVX_125738b Sal I Not assigned 1 2361 90.9 4.99 786 1 Null OG5_130526 [23]
PvRBP2 Q00799b Belem 5 Unknown 8604 331.4 5.44 2867 1 Yes [20]
PvRBP2a PVX_121920b Sal I 14 2 7464 286.7 7.26 2487 0 Yes OG5_130526 [23]
PvRBP2b PVX_094255b Sal I 8 2 7994 308.3 5.63 2652 0 Null OG5_130526 [23]
PvRBP2c PVX_090325b Sal I 5 1 8340 321.3 5.42 2779 1 Null OG5_130526 [23]
PvRBP2-

P1c
PVX_090330b Sal I 5 2 1989 77.4 8.21 662 0 Null OG5_179897 [23]

PvRBP2-
P2c

PVX_101590b Sal I 14 1 1926 74.1 9.35 641 0 Null OG5_179897 [23]

PvRBP2hBc PVX_116930b Sal I 12 1 3958 124.0 9.57 1061 0 Null OG5_167399 [23]
PvRBP2dd PVX_101495b Sal I 14 1 8495 308.4 10.34 2900 0 Null Null [23,24]
PvRBP3d PVX_101585b Sal I 14 1 8702 318.2 12.35 2831 1 Null OG5_130526 [23,24]

Abbreviations: CDS length, coding sequence length; MW, molecular weight; Length, length of amino acid; IP, isoelectric point; SP, signal peptide; TM, transmembrane domain.
a GenBank accession No.
b PlasmoDB gene No.
c Partial fragments.
d Pseudogene.
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Genetic diversity examinations of the newly discovered Pvrbp
genes were evaluated [24]. Compared to the reference Sal-I strain,
significant polymorphisms were identified in the Pvrbp2a, Pvrbp2b,
Pvrbp2d, and Pvrbp3 genes [24]. Although the polymorphism
exhibited by the Pvrbp2a and Pvrbp2b genes was higher than that
of Pvrbp1 gene, it is far lower than that of Pvrbp2 [24,53]. The



Table 2
Summary of previously identified PfRhs and PvRBPs.

Organism Ligand (Gene ID) Receptor Adhesion Antibodies Localization References

P. vivax RBP1(B42771/Q00798) Unknown Yes Unknown Apical end [20]
RBP2 (Q00799) Unknown Yes Unknown Apical end [20]

P. falciparum Rh1 (PFD0110w) Ya Yes Block Rhoptry neck [9,12]
Rh2a (PF13_0198) Za Yes Block Rhoptry neck [10,14,16,19]
Rh2b (MAL13P1.176) Za Yes Block Rhoptry neck [10,16,18]
Rh4 (PFD1150c) CR1 Yes Block Rhoptry neck [11,13,15]
Rh5 (PFD1145c) CD147 Yes Block Rhoptry neck [17]

Abbreviations: CR1, Complement receptor 1; CD147, Basigin.
a Unknown receptors.
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Fig. 3. PvRBP subgroups. (A) The PvRBP1 subgroup. Shown is the domain structure of the PvRBP1 subgroup that includes PvRBP1 (PvRBP1a), PvRBP1b, and PvRBP1-P. (B) The
PvRBP2 subgroup. Shown is the domain structure of the PvRBP2 subgroup that includes PvRBP2 (PvRBP2c), PvRBP2a, PvRBP2b, PvRBP2-P1, PvRBP2-P2, and PvRBP2hB.
Abbreviations: SP, signal peptide; TM, transmembrane domain; RPT, internal repeat region; RGD, Arg-Gly-Asp; RBR, reticulocyte binding region by peptides; SCOP, structural
classification of proteins; S1, ribosomal protein S1-like RNA-binding domain.
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evolution of the PvRBP2 subgroup and their relatively high poly-
morphism rates suggest that these proteins are under immune
selection and vital for parasite survival. In addition, highly con-
served regions of Pvrbp2a and Pvrbp2b might be suitable targets
for the development of vaccines against vivax malaria [24].

6. Human reticulocyte plasma membrane proteins as potential
PvRBP receptors

Compared to PfRHs, for which several erythrocyte receptors
have been identified [15,17], the reticulocyte receptors of PvRBPs
remain largely unknown (Table 2 and Fig. 2). Reticulocytes are
immature red blood cells (RBCs) and are present in the circulation
at lower concentrations (typically �1% of RBCs) as compared with
mature or aged erythrocytes, which makes long-term in vitro cul-
ture of the P. vivax parasite difficult. Fortunately, a reliable
ex vivo invasion assay that facilitates validation of the roles of
PvRBPs during reticulocyte invasion is available [54].

Furthermore, identification and characterization of the highly
abundant or unique reticulocyte plasma membrane proteins based
on comparative proteomic analyses of erythrocytes and reticulo-
cytes are necessary to identify PvRBP receptors. Recently, a
comparison of the membrane proteome of murine reticulocytes
with that of aged erythrocytes revealed several plasma membrane
proteins that are candidate receptors for malaria parasite entry
[55,56]. The human reticulocyte proteome remains unknown
compared to that of human erythrocytes [57,58]. The reticulocyte
transcriptome has been investigated; 20 highly represented genes
were identified in cord- and adult-blood reticulocytes [59]. These
data will facilitate investigation of the identities of reticulocyte
PvRBP receptors.

7. Conclusions and perspectives

Binding of PvRBP1 and PvRBP2 binding to reticulocytes is inde-
pendent of the Duffy antigen and suggests the existence of novel
reticulocyte receptors for P. vivax merozoites. However, ligand-
receptor interactions between merozoites and reticulocytes,
particularly the PvRBPs and their receptors, are weak and transient,
making dissection of the molecular mechanisms difficult. Thus, use
of several powerful techniques [17,60,61] may be necessary to
identify PvRBP receptors. Elucidation of the molecular mechanism
underlying the interaction between PvRBPs and reticulocyte plas-
ma-membrane proteins will assist selection of targets for rational
vivax malaria vaccine and drug design.
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