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Abstract Invasion of Plasmodium falciparum merozoites
into host erythrocyte involves a series of highly specific and
sequential interaction between merozoite and host erythro-
cyte surface protein. The key step in the invasion process is
the formation of a tight protein—protein interaction between
host and parasite called as moving junction. A number of
parasite proteins secreted from two organelles, microneme
and rhoptry, play a role in initial interaction and junction
formation between merozoite with host red blood cells
(RBCs) during the invasion process. In the present study,
we investigated the role of different domains of a P,
falciparum thoptry neck protein PfFRON2. Immunofluores-
cence assay revealed close association of PfAMAI and
PfRON2 in the merozoites during the invasion process.
PfRON2 domains were expressed on COS-7 cell surface,
and their interaction was analysed with host RBCs and
PfAMAL protein by rosetting assays. The rosetting assays
suggest that the C-terminal cysteine-rich domain of
PfRON2 plays a role in binding with host erythrocyte.
The C-terminal as well as the central cysteine-rich domain
of PfRON2 interact with PFAMAL; this binding can be
inhibited by monoclonal antibody (mAb 4 G2) against
PfAMAI1, suggesting that the hydrophobic groove of
PfAMAI binds to PfRON2. These results suggest that
PfRON?2 plays a role in merozoite invasion and thus it can
be an important vaccine candidate antigen.
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Introduction

Apicomlexan parasites are important pathogens for humans
and animals, which causes diseases including toxoplasmo-
sis, malaria, neosporosis, etc. Many of these pathogens are
intracellular parasites and invade a host cell at some point
in their lifecycle to complete development. A conserved
feature of the invasion process of the apicomlexan parasites
is formation of a moving junction (MJ) between the apical
tip of the pathogen and the host cell membrane (Aikawa et
al. 1978). The MJ is formed by tight interaction of a
number of parasite proteins and host surface receptors.
During the invasion process, the MJ move along the
parasite with the help of gliding motor complex leading to
internalization of the parasite in host cell (Alexander et al.
2005; Lebrun et al. 2005). The proteins that are the
constituents of the MJ are derived from two different
secretory organelles of the parasite, the microneme and the
rhoptries. The rhoptries empty their contents apically
during the invasion process, after microneme exocytosis.
In Toxoplasma gondii, four proteins (RON2, RON4,
RONS, and RONS) have been identified to be secreted
from the rhoptries and form the RON protein complex,
which is targeted to the host cell during formation of MJ at
the host parasite interface (Alexander et al. 2005; Lebrun et
al. 2005; Straub et al. 2009). In Plasmodium falciparum,
three members for the rhoptry neck protein (RON2, RON4,
and RONS) have been identified (Alexander et al. 2006;
Collins et al. 2009). The subcellular localization studies of
RON4, RONS, and RONS8 in 7. gondii showed that these
proteins get localized in the cytosolic face of the host
plasma membrane during junction formation and merozoite
invasion (Besteiro et al. 2009).

Another important merozoite apical protein is the apical
membrane antigen 1 (AMA1) that is secreted from micro-
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nemes onto the merozoite surface. A large number of
studies has shown that it has an important role during the
merozoite invasion. Anti-AMAT1 antibodies are shown to
block merozoite invasion. In addition, PPAMA1 monoclo-
nal antibodies (mAb 4 G2) are directed to hydrophobic
grove, and a small peptide R1 that specially binds with this
grove is shown to inhibit merozoite invasion suggesting the
role of this region in the invasion process (Collins et al.
2007). However, the exact role of AMA1 during invasion
process was not clear earlier. Recently, it is shown that
AMAL directly interacts with RON protein complex in P,
falciparum and T. gondii (Tyler and Boothroyd 2011;
Lamarque et al. 2011). Therefore, this interaction may be
crucial for a direct link of AMA1 and MJ. It was further
shown that RON2 is the actual bridging molecule between
AMA1 and MJ (Tyler and Boothroyd 2011; Lamarque et al.
2011). However, detail interaction studies of PfRON2 with
host red blood cell (RBC) and interaction of different
domains of PfRON2 with PFAMAI1 are lacking.

In the present study, we have carried out functional
analysis of cysteine-rich regions of PfRON2. The study
identified the domains of PfRON2 involved in interaction
with host RBC and its binding with AMA1. We further
show that PfRON2 binds with the hydrophobic grove of
AMALI, and thus this interaction may be a key to the MJ
formation.

Materials and methods
Parasite culture and indirect immunofluorescence assay

P falciparum strains 3D7 were cultured on human eryth-
rocytes (4% hematocrit) in RPMI1640 media (Invitrogen)
supplemented with 10% O-+human serum using standard
protocol (Trager and Jensen 1976). Parasite cultures were
synchronized by two sorbitol treatments at 4 h apart
following Lambros and Vanderberg (1979). Indirect immu-
nofluorescence assays were performed on P. falciparum 3D7
parasite lines as described earlier (Ramasamy et al. 2007;
Dasaradhi et al. 2005). Thin smears of P. falciparum infected
erythrocytes were made on glass slide and fixed with a
mixture of methanol/acetone. Slides were blocked in blocking
buffer (1x PBS, 10% FCS) for 2 h at 37°C. After blocking,
slides were incubated with primary antibody diluted in
blocking buffer (mice anti-PfRON2-M, 1:100; mice anti-
PfRON2-C, 1:100; rabbit anti-PfAMA1 1:300) for 1 h
at 37°C. Slides were washed with 1x PBS for 1 h and
incubated with appropriate secondary antibody conjugated to
fluorescent dye (FITC or Cy3; dilution 1:250) for 1 h. The
slides were stained with DAPI for 30 min at 37°C at a final
concentration of 2 pg/ml, then washed twice in 1x PBS
Tween-20 0.05%, once in 1x PBS, and mounted on a cover
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slip in the presence of anti-fade mounting media (Bio-Rad).
The slides were viewed on Nikon TE 2000-U fluorescence
microscope.

Cloning and expression recombinant protein, peptides,
and generation of polyclonal anti-sera

A fragment of PFAMA1 gene (97-543 aa) corresponding to
the complete ectodomain, was amplified by polymerase
chain reaction (PCR) from P. falciparum 3D7 cDNA using
primers 824A (5'CGC CCG GGA TCC ATT GAA ATA
GTA GAA AGA AG 3') and 825A (5' C GGT CGA CTC
GAG ATC ATA AGT TGG TIT ATG TTC 3'). The
amplified PCR products were cloned into the BamHI and
Xhol sites of pET28a expression vector (Novagen). The
resultant plasmid pET28a-PfAMA1 was transformed into
expression cells BLR (DE3) for expression of the recom-
binant protein. These Escherichia coli BLR(DE3) cells
were grown in Luria broth containing tetracycline (25 pg/ml)
and kanamycin (100 pg/ml) at 37°C with shaking to an OD®*
of 0.6-0.7, and expression of recombinant protein was
induced with isopropyl-3-thiogalactopyranoside (IPTG) at a
final concentration of 1 mM. The cultures were further
grown at 37°C for 3—4 h, and the E. coli cells were harvested
by centrifugation. The cell pellet was suspended in lysis
buffer (20 mM Tris pH 8.0, 500 mM NaCl, 1 mM
benzamidine hydrochloride, and 1% Tween 20), and the
bacterial cells were lysed by sonication (Torebeo Ultrasonic
Processor 36800, Cole Parmer). The lysate was centrifuged
at 15,000 x g for 30 min at 4°C, and the supernatant was
discarded. The pellet was dissolved in 6 M GuHCI (20 mM
Tris, 300 mM NaCl) pH 8.0 and incubated with Ni-
nitrilotriacetic acid (Ni*"-NTA) agarose resin (Qiagen), pre-
equilibrated with the 6 M GuHCI buffer pH 8.0, at 4°C for
1 h. The suspension was applied to a column and washed
with 10 bed volumes of the wash buffer (6 M GuHCI pH
6.3, 20 mM Tris, 300 mM NaCl). The bound protein was
eluted with 10 bed volume of elution buffer (6 M GuHCI pH
43 in 20 mM Tris, 300 mM NaCl). The eluates were
analyzed on SDS-PAGE and the fractions containing the
recombinant protein with a clear single band were pooled
and the protein concentration was determined using the
bicinchoninic acid assay (BCA method) using a standard
curve of bovine serum albumin. Refolding of the Ni**
eluates was carried out using the rapid dilution (1:40, v/v)
method using buffer containing 50 mM sodium phosphate
pH 7.4, 1 M urea, | mM EDTA, 1 mM reduced glutathione
(GSH), 0.25 mM oxidized glutathione(GSSG), at 10 ° C for
24 h. The refolded protein was dialyzed in 50 mM sodium
phosphate buffer pH 6.5 with 1 M urea.

The pooled protein was further purified by anion-
exchange chromatography on a column of SP-Sepharose
resin (GE Healthcare) equilibrated with equilibration buffer
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(50 mM sodium phosphate buffer pH 6.5, 10 mM NaCl).
The bound proteins were eluted with a linear gradient of
NaCl (10 mM-1 M) in phosphate buffer (pH 6.5). Eluates
were analyzed by SDS-PAGE, fractions containing a single
protein band of PFTAMA1 were pooled, and the protein
concentration was determined by BCA.

Mice antisera were raised against the middle and the C-
terminal cysteine-rich regions of PfRON2 (labeled as
PfRON2-M and PfRON2-C, respectively). Priorly, three
polypeptides overlapping with the PFRON2-M, PLERLYYN
SLALGELVEPC (1,073-1,090 aa), TGTKSFYSLPTIL
TANSC (1,139-1,155 aa), and DNMFYANLFVLTALSRC
(1,473-1,488 aa), and two polypeptides corresponding to
PfRON2-C, KIDDKDFVHNFKMILGC (1,907-1,922 aa)
and MTLGSLSAYTLFSAC (2,006-2,019 aa), were linked
with KLH and purified using KLH conjugation kit (Pierce)
as manufacturer’s instruction. Mixtures of polypeptides
(50 pg/mice), formulated in complete Freund’s adjuvant
(Sigma, USA), were immunized into separate set of female
BALB/c mice. Subsequently, the mice were administered
three booster doses (days 14, 28, and 42) of the polypeptides
formulated in Freund’s incomplete adjuvant. The mice
serum was collected 10 days after the second boost and
third boost.

Yeast two-hybrid assay for PFAMA1 and PfRON2
fragments

The gene fragment corresponding to mature ectodomain of
PfAMAL1 protein (289-1,629 bp; 96—543 aa) was amplified
from total cDNA of the parasite by PCR using primers 824
and 825 A. The amplified PCR product was digested with
Smal and Sall and cloned into Smal and Sall sites of
pGBKT?7 vector (BD Biosciences) to give pGBK-PfAMA 1
construct.

Four gene fragments spanning the whole PfRON2
protein, except the variable asparagine-rich region at the
N-terminus, were amplified and cloned in pGADT7
vector (BD Biosciences). These include the middle
cysteine-rich region (2,848-3,816 bp, 949-1,272 aa;
PfRON2-M), C-terminal cysteine-rich region (5,572—
6,186 bp, 1,857-2,062 aa; PfRON2-C) and two frag-
ment corresponding to the region between these two
cysteine-rich domains (3,688—4,602 bp, 1,229-1,534 aa;
PfRON2-M1; and 4,555-5,613 bp, 1,518-1,871 aa;
PfRON2-M2). Location of these fragments with respect
to the full protein is indicated in Fig. la. The primer
combination used to amplify each of the fragments is
given in Table S1.

The pGBKT7-PfAMA1 construct was co-transformed
with each of the PFRON2 construct into the AH109 yeast
cells, and potential interactions were assessed by growth of
the co-transformants on selective media.

COS-7 cell expression plasmid constructs, COS-7 cell
culture, transfection, and immunofluorescence assays

To generate COS-7 cell expression plasmid constructs, two
fragments of PfRON2, one corresponding to middle
cysteine-rich region PfRON2-M (950-1,272 aa) of gene
and the other representing the C-terminal cysteine-rich
region PfRON2-C (1,858-2,062 aa), were amplified from
the genomic DNA using primers 679A (5' CAG CTG GGA
GCG AAC TTT TCA AAT GAA G 3’) and 680A (5' GGG
CCC AGG ATT ATA TAA ACT TGA TTC TTC 3') for
PfRON2-M and primers 681A (5" CAG CTG CGA CTT
AGA GAA TTA CAA AAT TC 3') and 682A (5" GGG
CCC AGT GGA AGT AGA TAA TGC CG 3') for
PfRON2-C. The amplified PCR products were cloned into
Pvull and Apal sites of pRE4 vector (Cohen et al. 1988) in
frame with the signal sequence and transmembrane segment
of HSVgD. The resultant plasmids were labeled as pRE4-
PfRON2-M and pRE4-PfRON2-C, respectively. The COS-
7 cells (American Type Culture Collection [ATCC] CRL 1651;
Rockville, MD) were cultured in Dulbecco-modified Eagle
medium (DMEM; Invitrogen) with 10% heat-inactivated fetal
calf serum (FCS) in a humidified CO, (5%) incubator at 37°C.
Fresh monolayer of 40-60% confluent COS-7 cells growing
in 35-mm-diameter wells were transfected with 2-4 ug
plasmid DNA using lipofectamine plus reagent (Invitrogen)
following manufacturer’s instructions. To detect expression of
the fusion proteins on the surface of transfected COS-7 cells
and to calculate the transfection efficiency, immunofluores-
cence assays were performed, 3640 h after transfection,
following Chitnis and Miller (1994), using mouse polyclonal
antibody against middle or C-terminal cysteine-rich region of
PfRON2 (PfRON2-M and PfRON2-C).

Erythrocyte-binding assay with COS-7 cells expressing
PfRON2 fragments

Human erythrocytes were washed three times in incomplete
RPMI1640 media (Life Technologies) and resuspended in
RPMI1640. Erythrocytes were treated with neuraminidase,
chymotrypsin, and trypsin as described earlier (Chitnis and
Miller 1994). Briefly, for neuraminidase treatment, 5.5 ml
of a 5% (vol/vol) suspension of the washed human
erythrocytes in incomplete medium was incubated twice
with 3 milliunits of neuraminidase (Vibrio cholerae; Sigma)
for 1 h at 37°C each time. For trypsin treatment, washed
human erythrocytes were incubated with 1 mg/ml tosyl-
phenylalanine-chloromethyl-ketone-treated trypsin (Sigma)
for 1 h at 37°C. For chymotrypsin treatment, erythrocytes
were incubated with 1 mg/ml chymotrypsin (Sigma) for 1 h
at 37°C. COS-7 cells transfected with constructs pRE4-
PfRON2-M and pRE4-PfRON2-C were tested for binding
to normal, neuraminidase-treated, chymotrypsin-treated,
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Fig. 1 a Schematic diagram of PfRON2 protein, showing signal
sequence (SS) and predicted TM domain (TM). The two cysteine-rich
regions are also marked. Different fragments of PfRON2 cloned in
present study for RBC-binding assays and PFAMA1-binding assays
are also indicated. b Schematic diagram of 7. gondii RON-2

and trypsin-treated human erythrocytes, 36-40 h after
transfection, following Chitnis and Miller (1994). COS-7
cells transfected with plasmid pHVDR22 (Chitnis and
Miller 1994) were used as positive control. The number
of rosettes of erythrocytes bound to transfected COS-7 cells
was scored in 20 fields at 200x magnification for each set.
A cluster of eight or more erythrocytes bound to a COS-7
cell was scored as a rosette. The number of rosettes
observed was normalized for transfection efficiency of 5%
for all the sets. The statistical significance of the results
were determined by using unpaired Student’s#-test.

Magnetic beads coating and COS-7 cell-binding assay
and inhibition of binding with mAb

The recombinant PfAMAI1 protein was coated onto
magnetic beads through the anti-PfAMA antibody. Briefly,
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(TgRON2) showing signal sequence (SS) and three predicted
transmembrane domains (TM1, TM2, TM3). ¢ Immunofluorescence
assay showing co-localisation of PfRON2 with PFAMAL at apical end
at the time of meozoite attachment during merozoite invasion

Dynal magnetic beads coated with sheep anti-rabbit IgG
(Dynal Biotech) were incubated with antiPfAMA1 antibody
(100 pg/ml) and then cross-linked with DMP (20 mM) in
triethanolamine buffer (0.2 M, pH 8.2) following manufac-
turer’s instructions. Magnetic beads cross-linked anti-
PfAMAI1 antibody was incubated with recombinant
PfAMAL (20 pg/ml) for 1 h at 4°C with intermittent
shaking. These PfAMA1-coated beads were washed and
used for binding assays. To asses binding inhibition by
mADb, the PFAMA 1-coated beads were incubated with mAb
4 G2 or purified antibody from preimmune sera. These
antibody-treated beads were washed and used in the
binding assays. COS-7 cells transfected with constructs
pRE4-PfRON2-M and pRE4-PfRON2-C were tested for
binding to magnetic beads, 36—40 h after transfection,
following Chitnis and Miller (1994). The number of
rosettes of beads bound to transfected COS-7 cells was
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scored in 20 fields at 200% magnification for each set. A
cluster of eight or more beads bound to a COS-7 cell was
scored as a rosette. The number of rosettes observed
was normalized for transfection efficiency of 5% for all
the sets.

Sequencing of pfron-2 genes from different P. falciparum
isolates

The region containing the middle and C-terminal domains
in the pfron-2 (PF14 0495) gene were PCR-amplified
using high-fidelity PCR enzyme mix (MBI Fermentas)
and total genomic DNAs of six different P. falciparum field
isolates (Table S1) using the 816A/817A-primer pair for
middle and 818A/819A for C-terminal cysteine-rich region.
The resulting PCR products (968 and 614 bp, respectively)
were purified using a PCR purification kit (Qiagen) and
sequenced directly. For each DNA sample, amplified
products from two separate PCRs were sequenced in both
the forward and reverse direction using big dye termination
chemistry. The sequence data were aligned using the
ClustalW algorithm in Bio-Edit software (Tom Hall, Ibis
Biosciences, Carlsbad, CA, USA).

Results

PfRON2 colocalizes with AMA1 at the MJ
during merozoite invasion

The PfRON2 protein is localized at the apical end of the P,
falciparum merozoite. We studied its localization with
respect to AMAL in the merozoite during the invasion into
the host RBCs. Anti-sera were raised using small peptide
corresponding to the middle and C-terminal cysteine-rich
regions. Immunofluorescence studies were carried out using
antibodies against apical membrane antigen-1 (PfAMAL1)
and anti-PfRON2 antisera. At the time of attachment of the
merozoite with the host RBCs, the PfRON2 staining was at
the apical tip, the PFAMA1 staining was also mainly at the
apical tip and with some distribution at the merozotie
surface. During parasite invasion, the PfRON2 and
PfAMA1 showed colocalization at the apical end of
merozoite (Fig. 1b).

PfRON2 binds with human RBCs through its C-terminal
cysteine-rich region

To assess the functional role of PfRON2, the middle and C-
terminal cysteine-rich domains (PfRON2-M, 949-1,272 aa;
PfRON2-C, 1,857-2,062 aa) were expressed on the surface
of COS-7 cells in order to test their binding with the human
erythrocytes. The secretory signal sequence and transmem-

brane segment of Herpes simplex virus glycoprotein D
(HSV gD) gene in the pRE4 mammalian expression vector
were used (Cohen et al. 1988) to target these protein to the
surface of transfected COS cells. A construct pHVDR22,
designed to express P. vivax Duffy-binding protein region II
(PvRID) in the same way (Chitnis and Miller 1994), was
used as the positive control in these assays. Immunofluo-
rescence assay of the unpermeabilized transfected cells
using DL6 antibodies and antisera against PARON2-M and
PfRON2-C confirmed expression of these protein frag-
ments on COS cell surfaces (Fig. 2a). The untransfected
control cells showed no staining with these antibodies.
Transfection efficiency was also calculated from the
immunostaining of transfected cells and was observed to
be 4-7%, and therefore, the transfection efficiency of 5%
was used to normalized the rosetting data following Chitnis
and Miller (1994).

The C-terminal cysteine-rich region of PfRON2 (con-
struct pRE4-PfRON2-C) showed binding with human
erythrocytes although its binding efficiency were lower
than that of PvRII construct (Fig. 2b, Table 1). The middle
cysteine-rich region of PfRON2 (construct pRE4-PfRON2-
M) did not show efficient binding with human RBCs
(Fig. 2b, Table 1), suggesting that PFRON2 binds with the
host RBCs only through the C-terminal region. Treatment
of RBCs with chymotrypsin did not affect binding with the
PfRON2-C-expressing COS cells, whereas trypsin and
neuraminidase treatment significantly (P<0.001 and P<
0.001, respectively) reduced the binding (Fig. 2c, Table 1).
These results suggest that PFRON2-C binds with a receptor
on RBC that is resistant to chymotrypsin treatment but is
sensitive to trypsin and neuraminidase.

PfRON2 cysteine-rich domains interact with PFAMAL

To assess the PfRON2 and PfAMAI interaction and to
identify the PfRON2 region involved in this interaction, we
first utilized the yeast two-hybrid system. The ectodomain
of PFAMAL and different PFRON2 fragments (PfRON2-M,
PfRON2-M1, PfRON2-M2, and PfRON2-C; Fig. la) were
cloned in yeast expression vectors in fusion with Gal4
DNA-binding domain (pGBKT7) and Gal4 activation
domain (pGAD), respectively. The yeast AH109 cells co-
transformed with pGBKT7-PfAMA1 and pGAD-PfRON2-
M or pGAD-PfRON2-C constructs were able to form new
colonies after 3 days of growth on triple drop-out media
(L°,T, H") containing up to 10 mM of 3-amino-triazole
(Table S2). However, cells co-transformed with pGBKT?7-
PfAMAI1 with other two PfRON2 constructs, pGAD-
PfRON2-M1 and pGAD-PfRON2-M2, were not able to
grow on the triple drop-out media. These results show that
PfRON2 interacts directly with PfAMAI, and both the
cysteine-rich domains are involved in this interaction.
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Fig. 2 Erythrocyte-binding
assay of PfRON2 protein frag-
ments. a Immunofluorescence
assay to confirm the expression
of recombinant proteins
corresponding to PfRON2
fragments on transfected COS
cells, as revealed by the anti-
PfRON2-M and anti-PfRON2-C
antibodies. b Rosetting of
human RBCs on COS-7 cells
expressing PfRON2 cysteine-
rich regions (PfRON2-M and
PfRON2-C) on their surfaces.
Untransfected/mock transfected
COS-7 cells were used as nega-
tive controls. ¢ Rosetting of
enzyme-treated human RBCs
on COS-7 cells expressing
PfRON2-C on their surfaces

To further confirm that the PfRON2 interacts with
PfAMALI through the cysteine-rich domains, we again used
the heterologous expression system. The middle and C-

A Visible+DAPI

PfRON2-C

a-PfRON2-C

a-PfRON2-M

Control

FITC

PfRON2-M

terminal cysteine-rich regions of PFRON2 expressed on the
COS cell surfaces were assessed for their interaction with
PfAMALI protein. The ectodomain region of PFAMAT1 (96—

Table 1 Binding of normal and treated erythrocytes with COS-7 cells expressing middle or C-terminal cysteine-rich region of PfRON2

(PfRON2-M and PfRON2-C)

Construct No. of rosettes®

Untreated Trypsin Chymotrypsin Neuraminidase
PfRON2-C 31 (£5) 5 (£2) 28 (£5) 4 (£2)
PfRON2-M 3 (x1) 0 0 2 (£1)
pHVDR22" 36 (+4) N/A 3 (£2) N/A
Lipofectamine control 2 (1) N/A N/A N/A

#The number of COS-7 cells with rosettes of bound erythrocytes was scored in 20 fields at x20 magnification. The number of reosettes of each
experiment was normalized according to respective transfection efficiency to 5%. The mean value of three independent experiments is reported

with standard deviation

®Designed to express P. vivax Duffy-binding protein region II (PvRII; Chitnis and Miller 1994)
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543 aa) was expressed in E. coli, purified and refolded by
rapid dilution method. The refolded protein was coated
onto the magnetic beads with the help of anti-PfAMALI
antibodies. The PFAMA 1-coated beads were then used for
the binding assays with the COS cell expressing PfRON2-
M or PfRON2-C. Binding of >8 beads on a COS cell were
treated as single rosette. The PIRON2-M and PfRON2-C
domains showed binding with the PfAMAI1 (Fig. 3,
Table 2). These results suggest that PfRON2 binds with
PfAMAL1 through its cysteine-rich regions.

PfAMAI1 hydrophobic groove is involved in its binding
with PfRON2

The interaction of PfAMA1 with PfRON2 was further
analyzed with respect to its hydrophobic binding pocket in
the PfAMA1 ectodomain. The monoclonal antibodies
(mAb 4 G2) against the hydrophobic pocket were used in
the binding assays of PFAMA1-coated beads and COS cell
surface-expressed PfRON2 protein. Presence of mAb 4 G2
in the binding assay (at 89 upg/ml final concentration)
showed 50-60% reduction in the binding of PfRON2-M
and PfRON2-C with PFAMAI1 (P<0.0001 and P<0.01,
respectively; Fig. 3, Table 2). This suggests that binding of
mAb 4 G2 in the hydrophobic groove of PFAMAL interfere
with its binding with PfRON2. These results show that
PfRON?2 binds with the hydrophobic groove of PFAMAI.

The middle and C-terminal cysteine-rich functional regions
are highly conserved

After confirming that the middle and C-terminal cysteine-
rich regions are the functional regions of the protein, we

No antibody

Control

PfRON2-M

PfRON2-C

Fig. 3 Interaction of PfRON-2 fragments with AMAIL. Rosetting
assay of AMA1-coated magnetic beads to assess the binding between
PfAMAI1 and PfRON2 fragments. COS-7 cells expressing PfRON2
cysteine-rich regions (PfRON2-M and PfRON2-C) on their surfaces
were incubated with magnetic beads coated with PfAMA1 and

assessed if these regions contain any polymorphic residues.
The gene fragments corresponding to these regions were
amplified from total DNAs of six different field isolates and
sequenced. Both the fragments were found to be highly
conserved among all the isolates, there was no change in
the amino acid sequence, and these regions also do not have
any non-synonymous changes in the nucleotide sequence.
The SNP data available at PlasmoDB was also analyzed for
any change in the amino acid sequence of the protein for
ten different laboratory strains of P. falciparum. There is
only one SNP (2,914 bp) among these sequences lying in
the middle cysteine-rich region of the protein in strains
HB3 and Santalucia, D(972)H.

Discussion

Invasion of the host erythrocyte by P. falciparum mero-
zoites is a critical step during blood stage infection, which
involves a cascade of protein—protein interactions between
the parasite and the host. A number of these interactions are
mediated by parasite proteins in the apical secretory
organelles of the merozoites, microneme and rhoptries
(Cowman and Crabb 2006). After the release of merozoites
from schizont and during the invasion process, contents of
both rhoptries and micronemes get excreted through the
ductules at the neck of the rhoptry (Healer et al. 2002;
Bannister et al. 2003). Micronemes secretes a number of
proteins belonging to eb/ family, including EBA-175, EBA-
140 and EBA-180, which binds with the host RBC in a
sialic acid-dependent manner (Cowman and Crabb 2006).
Another important microneme protein is AMAI; several
lines of experiments have shown that it plays a key role in

Pre-Immune
ntibody

rossetting was analysed. Untransfected COS-7 cells were used as
negative controls. To assess inhibition of binding, the beads were
preincubated with mAb 4 G2 (1:100; 1:250) before the binding assays.
Purified preimmune mice serum antibodies were used as control
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Table 2 Binding of normal and mAb 4 G2-treated dynal beads with COS-7 cells expressing middle or C-terminal cysteine-rich region of

PfRON2 (PfRON2-M and PfRON2-C)

Construct No. of rosettes®
Untreated Preimmune sera mAb 4 G2 (1:100) mAb 4 G2 (1:250)
(89 png/ml) (89 png/ml) (36.6 pg/ml)
PfRON2-M 68 (+3) 61 (£2) 10 &5) 21 (4)
PfRON2-C 29 (£5) 24 (+6) 15 #3) 12 (£2)
Lipofectamine control 5 (1) N/A N/A N/A

*The number of COS-7 cells with rosettes of bound erythrocytes was scored in 20 fields at x20 magnification. The number of rosettes of each
experiment was normalized according to respective transfection efficiency to 5%. The mean value of three independent experiments is reported

with standard deviation

merozoite invasion. The anti-AMAI1 antibodies inhibit
merozoite invasion, and an AMAI1-binding R1 peptide
block critical invasion steps after reorientation of the
merozoite and apical end attachment (Harris et al. 2005,
2009; Treeck et al. 2009). Recent discovery of rhoptry neck
protein complex consisting of RON-2, RON-4, and RON-5
helped to understand the functional role of AMA1 during
invasion and process of MJ formation. The RON protein
complex interacts with AMA1 during the junction forma-
tion and that anchors the merozoite to host cell surface and
promotes the invasion process (Richard et al. 2010). The
RON2 homolog in 7. gondii is shown to be the key
component of RON protein complex that forms a bridge
between the host and the parasite by interacting with
AMAI1 toward parasite site and with other RON proteins
toward the host cell side (Lamarque et al. 2011). In the
present study, we have analyzed different fragments of
PfRON?2 to assess its interaction with the host cell and with
the PFAMAL protein in the parasite.

The PfRON2 protein is a large protein with a signal
sequence and a large low complexity region at the N-
terminus. In addition, two cysteine-rich regions are identi-
fied in the protein. The first is in the middle followed by the
low complexity region, and the second is close to the C-
terminus just before the C-terminal transmembrane domain.
In many of the parasite proteins, the globular cysteine-rich
regions are shown to be the functional domains; the
cysteine-rich domains in merozoite surface/apical proteins
are shown to be involved in receptor-ligand interaction
between host and the parasite during invasion (Goel et al.
2003; Li et al. 2004; Sim et al. 1994). Since a number of
merozoite rhoptry proteins play a role in binding and
invasion of RBC by the merozoites (Cowman and Crabb
2006), we tried to assess a possible role of PFRON2 in RBC
binding. The two cysteine-rich domains of PfRON2 were
assessed for their RBC-binding properties. Our results of
binding assays using COS cell surface expression system
suggest that PfRON2 is involved in binding of the
merozoite with the host RBCs, and this interaction is
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mediated through its C-terminal cysteine-rich region.
During the merozoite invasion into the host erythrocyte, a
number of surface proteins are suggested to be involved in
initial binding of the merozoite with the RBC, whereas
proteins secreted from apical organelles, microneme and
rhoptries, are involved in binding after reorientation of the
merozoite (Cowman and Crabb 2006). A number of
receptors on the erythrocyte surface interact with these
parasite ligands. These receptor-ligand interactions between
the merozoite surface/apical proteins and erythrocyte surface
receptors are characterized by their enzyme sensitivities to
neuraminidase, trypsin, and chymotrypsin (Cowman and
Crabb 2006, Sim et al. 1994; Doolan et al. 1994; Triglia et
al. 2001; Rayner et al. 2001; Duraisingh et al. 2003;
Wickramarachchi et al. 2008). We found that PFRON2 binds
with RBC in a chymotrypsin-resistant manner, and this
binding can be inhibited by trypsin and neuraminidase
treatments, suggesting that PFRON2 utilizes a receptor which
is sensitive to trypsin and neuraminidase treatments. Taken
together, the results of localization and binding assays
suggested that the PfRON2 is involved in apical interaction
of merozoite with the host RBC and formation of MJ
complex during the process of invasion (Fig. 4).

Interaction of AMA-1 with RON protein complex is
clearly shown in T. gondii as well as in P. falciparum; it is
further evident that this interaction is crucial for the
invasion process (Tyler and Boothroyd 2011; Lamarque et
al. 2011). Furthermore, a small region at the C-terminus of
TgRON2 was shown to be involved in binding with
TgAMA1 (Tyler and Boothroyd 2011; Tonkin et al.
2011). Based upon these results, interaction of C-terminal
region of PfRON-2 and PFAMA-1 was predicted (Tonkin et
al. 2011). We evaluated a different region of PfRON2 for
binding with the ecto-domain of PfAMAI protein. We
carried out yeast two-hybrid assays as well as PFAMA1
recombinant protein-binding assays with the COS cell
surface-expressed PfRON2 fragments. In both assays, the
PfRON2 cysteine-rich region present in the middle of the
protein, PfFRON2-M, and the cysteine-rich region present at
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Fig. 4 Model of Plasmodium
falciparum moving junction
and interaction of RON protein
complex with AMA1 and host
erythrocyte. The PfRON2 pro-
tein interacts with a host surface
receptor as well as with
PfAMAL to form a bridge be-
tween host and the parasite.
Other proteins of RON complex
also interact with PfRON2, and
during the invasion process
these proteins are positioned to
anchor with host cytoskeleton.
Rh Rhoptries, M microneme,
PPM parasite plasma membrane

PPM

Host RBC

Rh M Host Membrane

receptor (?

the C-terminus, PfRON2-C, showed binding affinity with
PfAMAI1. Our data suggest that PfRON2 binds with
PfAMAI1 mainly through its cysteine-rich regions; the two
cysteine-rich region may act in cooperation to form a
protein complex with PfAMAI1. Malaria antigens are
known to exhibit extensive polymorphism which may be
one of the strategies of the parasites to evade host immune
mechanisms; therefore, the antigens that are under natural
immune pressure tend to have higher levels of polymor-
phism (Hisaeda et al. 2005; Rich et al. 2000). On the other
hand, it is also shown that the polymorphic regions in an
antigen are usually different than the functionally critical
domains which are relatively conserved and are more
suitable target for vaccine development (Singh et al. 2006;
Del Portillo et al. 1991).We found that the two cysteine-rich
regions of PfRON2 are highly conserved among different
field isolates and laboratory strains, which further support
the functional importance of these regions.

The interaction of PFAMA1 with RON protein complex is
suggested to be through a domain located within a hydropho-
bic groove in the ectodomain of PFAMA1 protein (Collins et
al. 2009). The hydrophobic groove has residues conserved
across Plasmodia and similar hydrophobic resides are
present in AMAI1 from other apicomplexa. A monoclonal
antibody, mAb 4 G2, directed against an epitope in the
hydrophobic groove is shown to inhibit merozoite invasion
(Collins et al. 2007). It is later shown that binding of mAb

4 G2 with the hydrophobic groove prevented binding of
AMA1 with rhoptry neck proteins (Collins et al. 2007). To
find out if the hydrophobic groove in PFAMALI is directly
involved in binding with PfRON2, we assessed efficacies of
mAb 4 G2 to inhibit the interaction of PfAMAI1 and
PfRON2 in the COS cell surface-binding assays. Our data
showed that mAb 4 G2 is able to specifically inhibit the
interaction of PfAMA1 with PfRON2, suggesting that
PfAMAL1 binds with PfRON2 through its hydrophobic
groove. It has been suggested that, during the merozoite
invasion process, the RON proteins are discharged from the
rhoptries and associate with the AMA1 for the junction
formation, whereas inhibition of this association by mAb
4 G2 prevents junction formation and thus inhibits invasion
(Collins et al. 2007). Together with these studies, our results
suggest that the interaction of PfRON2 with PfAMAI
through its hydrophobic groove may be a key step in
junction formation and merozoite invasion; these results
have important implication on rational design of a subunit-
based malaria vaccine.
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