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The proteins in apical organelles of Plasmodium falciparum merozoite play an important role in invasion into
erythrocytes. Several rhoptry neck (RON) proteins have been identified in rhoptry proteome of the closely-
related apicomplexan parasite, Toxoplasma gondii. Recently, three of P. falciparum proteins orthologous to
TgRON proteins, PfRON2, 4 and 5, were found to be located in the rhoptry neck and interact with the
micronemal protein apical membrane antigen 1 (PfAMA1) to form a moving junction complex that helps the
invasion of merozoite into erythrocyte. However, the other P. falciparum RON proteins have yet to be
characterized. Here, we determined that “PFL2505c” (hereafter referred to as pfron3) is the ortholog of the
tgron3 in P. falciparum and characterized its protein expression profile, subcellular localization, and complex
formation. Protein expression analysis revealed that PfRON3 was expressed primarily in late schizont stage
parasites. Immunofluorescence microscopy (IFA) showed that PfRON3 localizes in the apical region of
P. falciparum merozoites. Results from immunoelectron microscopy, along with IFA, clarified that PfRON3
localizes in the rhoptry body and not in the rhoptry neck. Even after erythrocyte invasion, PfRON3 was still
detectable at the parasite ring stage in the parasitophorous vacuole. Moreover, co-immunoprecipitation
studies indicated that PfRON3 interacts with PfRON2 and PfRON4, but not with PfAMA1. These results suggest
that PfRON3 partakes in the novel PfRON complex formation (PfRON2, 3, and 4), but not in the moving
junction complex (PfRON2, 4, 5, and PfAMA1). The novel PfRON complex, as well as the moving junction
complex, might play a fundamental role in erythrocyte invasion by merozoite stage parasites.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Malaria is caused by the replication of protozoan parasites of the
genus Plasmodium in circulating host erythrocytes [1]. The invasion
process of merozoite stage parasite into erythrocyte requires the
discharge of contents of apical secretory organelles (micronemes and
rhoptries) to form an irreversible contact, called a tight junction,
between the merozoite and the erythrocyte membrane. This tight
junction migrates from the anterior to posterior poles of the
merozoite. According to this moving junction, the host membrane
invaginates the merozoites to eventually form a parasitophorous
vacuole [2,3]. The moving junction is one of the most distinctive
features of apicomplexan invasion into host cells, and was first

observed in Plasmodium species [4]. Studies in apicomplexan parasite
Toxoplasma gondii identified a total of four proteins from distinct
apical secretory organelles to form a moving junction complex;
micronemal protein apical membrane antigen 1 (AMA1) and three
rhoptry neck (RON) proteins, RON2, RON4, and RON5 [5,6]. Recently,
this RON–AMA1 complex (PfRON2, PfRON4, PfRON5, and PfAMA1)
was also identified in Plasmodium falciparum [7–9]. Attempts to
knockout the AMA1 gene locus were unsuccessful in both Plasmodium
[10] and T. gondii [11]. AMA1-binding peptide R1 not only prevents
RON–AMA1 complex interaction, but also blocks P. falciparum
merozoite invasion into erythrocytes [9].

Although the cumulative evidence above strongly suggests that
the conserved RON–AMA1 complex plays an essential role in
merozoite invasion, it is yet to be clarified whether molecules other
than RON2, RON 4, and RON 5, play roles in the formation of the
moving junction complex and in the invasion process. The report on T.
gondii rhoptry proteome identified the presence of other RON
proteins, RON1 and RON3 [12]. Therefore, we were interested in
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identifying the ortholog of tgron3 in P. falciparum and in character-
izing its protein expression profile, subcellular localization, and role in
the formation of the RON–AMA1 complex.

2. Materials and methods

2.1. Parasites

P. falciparum asexual stages (3D7 strain) were maintained in
human erythrocytes (blood group O+) in vitro, as previously
described [13].

2.2. RNA isolation and cDNA synthesis

Total RNA was extracted from P. falciparum schizont-infected
erythrocytes (purified by differential centrifugation on a 70%/40%
Percoll/sorbitol gradient) using the TRizol Reagent (Invitrogen,
Carlsbad, CA). Following DNase treatment, cDNA was generated
with a random hexamer using the SuperScriptIII® First Strand
Synthesis System (Invitrogen).

2.3. Antibodies

Recombinant PfRON3 proteins were produced using the wheat germ
cell-free translation system (CellFree Sciences, Matsuyama, Japan) as
described previously [14–16]. Briefly, regions of the PfRON3 gene
encoding the deduced amino acid sequence, 927–1056 (PfRON3_1) and
1686–1884 (PfRON3_2), were PCR-amplified from P. falciparum 3D7
blood-stage cDNA and ligated into pEU-E01-GST-(TEV)-N2 (CellFree
Sciences), an expression plasmid with an N-terminal glutathione S
transferase (GST)-tag followed by a tobacco etch virus (TEV) protease
cleavage site, designed specifically for the wheat germ cell-free protein
expression. Oligonucleotide primers used in the PCR amplification were
PfRON3_XhoIF1 (5′-ctcgagGATATTCCATTAAAAGAAACCTATAAATT-3′)
and PfRON3_BamHIR1 (5′-ggatccCTAATGTGGGAACATTTCAT-
GATTTGGTA-3′) for PfRON3_1, and PfRON3_XhoIF2 (5′-ctcgagGATTT-
TAAAGATAAATCAGATGATGATC-3′) and PfRON3_BamHIR2 (5′-
ggatccCTATTTTTTAGGTACATATATATTATATGGTC-3′) for PfRON3_2
(XhoI and BamHI restriction sites are underlined). Both GST-PfRON3_1
and GST-PfRON3_2 were captured using a glutathione-Sepharose 4B
column (GE Healthcare, Camarillo, CA), and eluted by on-column
cleavage with 60 U of AcTEV protease (Invitrogen) after extensive
washing with PBS. To generate anti-PfRON3_1 and anti-PfRON3_2 sera,
female BALB/c mice were immunized subcutaneously with 20 μg of
purified PfRON3_1 or PfRON3_2 emulsified with Freund's adjuvant. A
Japanese white rabbit was also immunized subcutaneously with 250 μg
of purified PfRON3_1 or PfRON3_2 emulsifiedwith Freund's adjuvant. All
immunizations were performed 3 times at 3-week intervals, and then
antisera were collected 2 weeks after the third immunization. In a
similar manner, mouse anti-PfRAP1 (aa 1–782) antibody, mouse anti-
PfEXP2 (aa 25–287) antibody, mouse and rabbit anti-PfAMA1 (aa 25–
546) antibodies, and rabbit anti-GST antibody, were generated as
control. Rabbit antisera against the PfRON3_1 and PfRON3_2 proteins
were affinity purified using a column conjugated with recombinant
PfRON3_1 or PfRON3_2 as ligands, respectively. Briefly, recombinant
PfRON3_1 or PfRON3_2 was covalently linked to a HiTrap™ NHS-
activated HP column (GE Healthcare) as manufacturer's recommenda-
tion. Rabbit antiserum was then applied to either the PfRON3_1- or the
PfRON3_2-conjugated column. After an extensive washing step with
20 mM phosphate buffer (pH 7.0), antigen-specific IgGs were eluted
with 0.1 M glycine–HCl (pH 2.5), and then immediately neutralizedwith
1 M Tris (pH 9.0). Mouse monoclonal anti-PfRON4 antibody (26C64F12)
[7] and anti-PfRESA antibody (23/9) [17] were kind gifts from Jean F.
Dubremetz (Université de Montpellier 2, France) and Robin F. Anders
(La Trobe University, Australia), respectively.

2.4. SDS-PAGE and western blot analysis

P. falciparum cultured parasites were harvested after tetanolysin
(List Biological Laboratories, Inc., Campbell, CA) treatment that can
remove the hemoglobin without loss of parasite proteins present in the
parasitophorous vacuolar space [18]. The parasite proteins were then
extracted in SDS-PAGE loading buffer, incubated at 4 °C for 6 h, and
subjected to electrophoresis under reducing condition on a 12.5%
polyacrylamide gel (ATTO, Tokyo, Japan). Proteins were then trans-
ferred to a 0.2-μm PVDFmembrane (GE Healthcare). The proteins were
immunostained with antisera followed by horseradish peroxidase-
conjugated secondary antibody (GE Healthcare) and visualized with
Immobilon Western Chemiluminescent HRP Substrate (Millipore,
Billerica, MA) on a LAS 4000 mini luminescent image analyzer (GE
Healthcare). The relative molecular masses of the proteins were
estimated with reference to Precision Plus Protein Standards (BioRad,
Hercules, CA).

2.5. Immunoprecipitation

Immunoprecipitation was carried out as previously described [19].
Briefly, proteins were extracted from late schizont parasite pellets in
PBS with 1% Triton X-100 containing Complete Proteinase Inhibitor
Cocktail (Roche, Indianapolis, IN). Supernatants (50 μl) were pre-
incubated at 4 °C for 1 h with 40 μl of 50% protein G-conjugated beads
(GammaBind Plus Sepharose; GE Healthcare) in NETT buffer (50 mM
Tris–HCl, 0.15 M NaCl, 1 mM EDTA, and 0.5% Triton X-100) supple-
mented with 0.5% BSA (fraction V; Sigma-Aldrich Corporation, St.
Louis, MO). Aliquots of recovered supernatants were incubated either
with rabbit anti-PfRON3_1, anti-PfAMA1, anti-PfRON2, or anti-GST
antibody, and then 40 μl of 50% protein G-conjugated bead suspension
was added. After one-hour incubation at 4 °C, the beads were washed
once with NETT–0.5% BSA, once with NETT, once with high-salt NETT
(0.5 M NaCl), once with NETT, and once with low-salt NETT (0.05 M
NaCl and 0.17% Triton X-100). Finally, proteins were eluted from the
protein G-conjugated beads with 0.1 M glycine–HCl (pH 2.5), and
then immediately neutralized with 1 M Tris pH 9.0. The supernatants
were used for western blot analysis.

2.6. Indirect immunofluorescence assay

Thin smears of ring or schizont-enriched P. falciparum-infected
erythrocytes were prepared on glass slides and stored at −80 °C. The
smears were thawed, fixedwith 4% formaldehyde at room temperature
for 10 min, permeabilized with PBS containing 0.1% Triton X-100 at
room temperature for 15 min, and blockedwith PBS containing 5% non-
fat milk at 37 °C for 30 min. The smears were then incubated with
rabbit anti-PfRON3 antibodies (1:500 dilution) and control mouse
antibodies at 37 °C for 1 h, followed by incubationwith bothAlexa Fluor
488-conjugated goat anti-rabbit IgG and Alexa Fluor 546-conjugated
goat anti-mouse IgG (Invitrogen) as secondary antibodies (1:500) at
37 °C for 30 min. Nuclei were stained with 4′,6-diamidino-2-pheny-
lindole (2 μg/ml, DAPI) mixed with a secondary antibody solution.
Slides were mounted in ProLong Gold Antifade reagent (Invitrogen)
and viewed under ×63 oil-immersion lens. High-resolution image-
capture and processing were performed using a confocal scanning laser
microscope (LSM5 PASCAL or LSM710; Carl Zeiss MicroImaging,
Thornwood, NY). Images were processed in Adobe Photoshop (Adobe
Systems Inc., San José, CA).

2.7. Immunoelectron microscopy

Parasites were fixed for 15 min on ice in a mixture of 1%
paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). Fixed specimens were washed, dehydrated, and embedded
in LR White resin (Polysciences, Inc., Warrington, PA) as previously
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