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Biology, Faculty of Science, Burapha University, Chonburi, Thailand, € Department of Medical Environmental Biology and
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Malaria causes a half a million deaths annually. The parasite intraerythrocytic lifecycle in the
human bloodstream is the major cause of morbidity and mortality. Apical organelles of
merozoite stage parasites are involved in the invasion of erythrocytes. A limited number of
apical organellar proteins have been identified and characterized for their roles during
erythrocyte invasion or subsequent intraerythrocytic parasite development. To expand the
repertoire of identified apical organellar proteins we generated a panel of monoclonal
antibodies against Plasmodium falciparum schizont-rich parasites and screened the
antibodies using immunofluorescence assays. Out of 164 hybridoma lines, 12 clones
produced monoclonal antibodies yielding punctate immunofluorescence staining patterns
in individual merozoites in late schizonts, suggesting recognition of merozoite apical
organelles. Five of the monoclonal antibodies were used to immuno-affinity purify their
target antigens and these antigens were identified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Two known apical organelle protein complexes were
identified, the high-molecular mass rhoptry protein complex (PfRhopH1/Clags,
PfRhopH2, and PfRhopH3) and the low-molecular mass rhoptry protein complex
(rhoptry-associated proteins complex, PfRAP1, and PfRAP2). A novel complex was
additionally identified by immunoprecipitation, composed of rhoptry-associated
membrane antigen (PfRAMA) and rhoptry neck protein 3 (PfRONS) of P. falciparum. We
further identified a region spanning amino acids Q.1-E4g1 Within the PIRAMA that may
associate with PfRONGS in immature schizonts. Further investigation will be required as to
whether PFRAMA and PfRONS interact directly or indirectly.

Keywords: Plasmodium falciparum, merozoite, monoclonal antibody, rhoptry, rhoptry-associated membrane
antigen, rhoptry neck protein 3
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INTRODUCTION

Malaria causes approximately a half a million deaths annually,
mainly via infection with Plasmodium falciparum (WHO, 2019).
To initiate intraerythrocytic development in humans, P.
falciparum merozoites invade erythrocytes. Merozoite apical
organelles—rhoptries, micronemes, exonemes, and dense
granules—have been studied for their role in erythrocyte
invasion. Before invasion some organelle components are
discharged on the surface of merozoite. Once the merozoite
recognizes and forms a tight junction between the erythrocyte
membrane and its apical pole, the apical organelles discharge
their protein contents into the moving junction and developing
parasitophorous vacuole (PV). The apical organelles disappear
after merozoite internalization within an erythrocyte, suggesting
transient roles of their molecular contents during merozoite
invasion (Cowman and Crabb, 2006). The apical organelles
have thereby inspired analysis of the biological and
immunological characteristics of their component proteins, as
well as their candidacies for vaccine and drug development
(Preiser et al., 2000; Kats et al., 2006; Kaneko, 2007).
Numerous rhoptry bulb proteins have been identified,
including the high-molecular weight (HMW) proteins that
form a complex consisting of PfRhopH1/Clag, PfRhopH2, and
PfRhopH3 (Campbell et al., 1984; Holder et al., 1985; Lustigman
et al., 1988; Sam-Yellowe et al., 1998; Kaneko et al., 2001; Kaneko
et al., 2005); and the low-molecular weight complex (LMW)
proteins consisting of PfRAP1, PfRAP2, and PfRAP3 (Ridley
et al.,, 1990; Saul et al., 1992; Baldi et al., 2002). These protein
complexes have been implicated in erythrocyte invasion
(Siddiqui et al., 1987; Cooper et al, 1988; Harnyuttanakorn
et al., 1992) and channel-mediated nutrient uptake (Counihan
etal, 2017; Ito et al., 2017; Sherling et al., 2017). Another rhoptry
bulb protein, rhoptry-associated membrane antigen (PfRAMA),
is involved in rhoptry biogenesis, the merozoite invasion process,
formation of the PV, and interacts with both PfRAP1 and
PfRhopH3 (Topolska et al,, 2004; Richard et al, 2009). The
proteins were identified using monoclonal antibodies generated
against parasite extracts (Campbell et al., 1984; Ridley et al., 1990;
Saul et al,, 1992; Doury et al., 1994; Sam-Yellowe et al., 2001) or
proteomic analyses of purified merozoite rhoptries (Sam-Yellowe
et al., 2004; Sanders et al., 2005; Gilson et al., 2006; Sanders et al.,
2007). In addition to the rhoptry bulb proteins, the merozoite
rhoptry neck proteins PFRON2, PfRON4, and PfRON5 form a
moving junction complex together with a micronemal protein,
PfAMAL, in P. falciparum (Collins et al., 2009; Richard et al.,
2010). Therefore, the PfRON2/PfAMA1 complex proteins are

Abbreviations: BSA, bovine serum albumin; DAPI, 4’,6-diamidino-2-
phenylindole; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked
immunosorbent assay; IFA, immunofluorescence assay; IgG, immunoglobulin
G; MAD, monoclonal antibody; PBS, phosphate buffered saline; SDS-PAGE,
sodium dodecyl sulfate- polyacrylamide gel electrophoresis; GPI,
glycosylphosphatidylinositol; Pf, P. falciparum; PV, parasitophorous vacuole;
AMAL, apical merozoite protein 1; RAMA, rhoptry-associated membrane
antigen; RAP, rhoptry-associated protein; RON, rhoptry neck protein; RhopH,
high-molecular weight rhoptry protein; Clag, cytoadherence-linked asexual gene;
WGCEFS, wheat germ cell-free protein synthesis system.

highlighted as novel asexual blood-stage malaria vaccine
candidates (Srinivasan et al., 2014).

A limited number of merozoite apical organellar proteins in
micronemes, rhoptries, exonemes, and dense granules have been
extensively assessed for their role in erythrocyte invasion and
growth (Counihan et al., 2013; Cowman et al., 2017). The
identification of novel merozoite apical organellar proteins is
essential for the cumulative understanding of erythrocyte
invasion, and therefore we attempted to expand the repertoire of
apical organellar proteins and their partner molecules. In this study
we have generated monoclonal antibodies (mAbs) against P.
falciparum schizont-rich antigens that recognize the apical region
of merozoites. We report here the immunofluorescence assay-
based characterization of 12 newly obtained mAbs which react with
apical organelles, and the identification of immunoaffinity-purified
target antigens by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. We additionally describe the
identification and validation of a novel PPRAMA/PfRON3 rhoptry
protein complex of P. falciparum.

MATERIALS AND METHODS

Parasite Culture

P. falciparum NF54 strain asexual stage parasites were
maintained in continuous culture of human erythrocytes
(blood group O") obtained from the Japanese Red Cross
Society, essentially as described (Ito et al, 2013; Morita
et al., 2017).

Fractionation of Schizont-Rich Parasites
and Soluble Antigen Preparation

To obtain parasite specimens, mature schizonts were enriched to
65%-75% parasitemia via 65% Percoll-sorbitol centrifugation
(Dluzewski et al., 1984). The pellets were treated with tetanolysin
(3 pg/ml, Biological Laboratories, Campbell, CA) to remove
hemoglobin without loss of parasite proteins present in the PV
space as described (Hiller et al., 2003; Lopez-Estrano et al., 2003),
and washed with phosphate-buffered saline (PBS) containing
cOmplete protease inhibitor cocktail (Roche, Mannheim,
Germany). Schizont-rich parasites (~10%) were disrupted by
sonication (10 s pulse, 30 s rest, repeated 10 times) on ice in
PBS supplemented with cOmplete protease inhibitor cocktail.
Undisrupted cells and debris were removed by centrifugation at
21,600 x g for 15 min at 4°C. The resulting supernatant fractions
were stored at —80°C and subsequently used as soluble antigen
for mouse immunization, enzyme-linked immunosorbent assays
(ELISA), and western blot analyses.

Monoclonal Antibody Production

Mouse monoclonal antibodies (mAbs) were produced at
Kitayama Labes (Ina, Japan). Briefly, three BALB/c mice
(female) 8-weeks old were immunized in their foot pads with
50 pg of soluble antigen of P. falciparum mature schizonts,
formulated with Freund’s complete adjuvant for the first
immunization and with Freund’s incomplete adjuvant 2 weeks
later. Six weeks after the second immunization an intravenous
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boost with the same amount of soluble fraction in PBS was
administered, and lymphocytes from the inguinal lymph nodes
were used to fuse with P3-X63-Ag8-U1 myeloma cells to produce
hybridoma cells. Culture supernatants from hybridomas were
initially screened for reactivity against immunogen by ELISA and
secondarily with indirect immunofluorescence assays (IFA)
using mature P. falciparum schizonts as antigen. Positive
hybridoma cells were cloned by two rounds of limiting dilution
and the antibody isotypes were determined using a monoclonal
antibody isotyping kit (Santa Cruz Biotechnology, Santa Cruz,
CA). Cloned cell lines were expanded as ascites in mice primed
with Pristane (Wako, Osaka, Japan), and immunoglobulin G
(IgG) was purified from ascitic fluid using a MAbTrap kit (GE
Healthcare, Camarillo, CA).

Immunofluorescence Assays

Thin smears of schizont-rich P. falciparum-infected erythrocytes
were prepared and stored at —80°C. The smears were thawed,
fixed with 4% paraformaldehyde at room temperature for
10 min, permeabilized with PBS containing 0.1% Triton X-100
at room temperature for 15 min, and blocked with PBS
containing 5% non-fat dry milk at 37°C for 30 min. The
smears were then incubated with both mouse monoclonal
antibodies and rabbit polyclonal antibodies as counter staining
at 37°C for 1 h, followed by incubation at 37°C for 30 min with
both Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa
Fluor 546-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad,
CA) as secondary antibodies (1:500). Nuclei were stained with
4’,6-diamidino-2-phenylindole (2 pg/ml, DAPI). Slides were
mounted in ProLong Gold Antifade (Invitrogen) and viewed
under a 63x oil-immersion lens. High-resolution image capture
and processing was performed using a confocal scanning laser
microscope (LSM5 PASCAL or LSM710; Carl Zeiss
Microlmaging, Thornwood, NY). Images were processed in
Adobe Photoshop (Adobe Systems, San Jose, CA).

Immunoelectron Microscopy

Parasites were fixed and embedded in LR White resin
(Polysciences, Warrington, PA) and ultrathin sections were
immunostained as described (Ito et al., 2011). Samples were
examined with a transmission electron microscope (JEM-1230,
JEOL, Tokyo, Japan).

SDS-PAGE and Western Blot Analysis

Parasite soluble antigens were extracted in SDS-PAGE loading
buffer, incubated at 4°C for 6 h, and subjected to electrophoresis
under non-reducing and reducing conditions on 12.5%
polyacrylamide gels (ATTO, Tokyo, Japan). Proteins were then
transferred to 0.2 wm PVDF membranes (GE Healthcare). The
proteins were immunostained with antibodies 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).

Affinity Purification of Target Proteins and
Identification by Liquid Chromatography-
Tandem Mass Spectrometry

Preparations of enriched late P. falciparum parasite schizonts were
lysed for 1 h in extraction buffer [50 mM Tris-HCI, 0.2 M NaCl, 5
mM EDTA, 0.2% Nonidet P-40 (NP40; Nacalai Tesque, Kyoto,
Japan), pH 7.4, containing 1 pg/ml leupeptin, 1 ug/ml pepstatin A,
and 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride (Wako)]. The lysate was centrifuged at 15,000 x g
for 10 min at 4°C, and then target proteins were purified from the
parasite lysate by affinity chromatography using a monoclonal
antibody-conjugated Formyl-Cellulofine (Seikagaku-Kogyo,
Japan) column as described (Kaneko et al., 2001). The following
experiments were conducted at APRO SCIENCE (Naruto, Japan).
Briefly, the purified protein was resolved by 10% SDS-PAGE under
reducing conditions, and the expected individual target bands were
excised from the gels. The extracted protein from each band was
then digested overnight with trypsin (Thermo Fisher Scientific),
and the resulting peptide fragments were fractionated by reverse
phase high-performance liquid chromatography (EASY-nLC
1200, Thermo Fisher Scientific) and analyzed on a Q Exactive
Plus mass spectrometer (Thermo Fisher Scientific). The obtained
peptide mass fingerprints were used to search a P. falciparum
protein sequence database (PlasmoDB, http://plasmodb.org) using
the MASCOT program (Perkins et al., 1999).

Production of Recombinant PFRAMA
Proteins and Antisera

The pframa (PF3D7_0707300) nucleotide sequence of the strain
3D7 was obtained from PlasmoDB. To generate specific antibodies,
three regions of pframa were amplified and expressed as
recombinant proteins using the wheat germ cell-free protein
synthesis system (WGCES, CellFree Sciences, Matsuyama, Japan)
as described (Tsuboi et al., 2008). Briefly, the constructs included
full-length PIRAMA (PfRAMA_FL) excluding the signal peptide
and GPI-anchor signal sequences (encompassing 768 aa, D, to
I;99), the N-terminal region of PfRAMA (PfRAMA_N,
encompassing 214 aa, D3, to D,y5), and the C-terminal region of
PfRAMA (PfRAMA_p60, encompassing 277 aa, Kyg, to Fysg).
Target regions were PCR amplified from P. falciparum NF54
blood-stage cDNA using sense primers with an Xhol restriction
site and antisense primers with a BamHI site (in lowercase letters in
the primer sequences below); specifically, PIRAMA-sense (5’-
ctcgagGATCATAATATTAAGAATAATAATTGTATTA-3),
PfRAMA_FL-antisense (5 -ggatccCTATTT
ACTTATCAATTGTTTCTCTTCCTTA-3’), PfRAMA_N-
antisense (5-ggatccCTAATCGTCGTAATCATATTCTTCGCT-
3°), PfRAMA _p60-sense (5’ - ctcgagAAAA
AAATGGTCTTTTATGATTTATAC-3’), and PfRAMA_p60-
antisense (5’- ggatccCTAGAAAATTTTATTATT
ATTTTCTAATAATGT-3’). The amplified fragments were then
restricted and ligated into the WGCES vector pEU-E01-G(TEV)-
N2 to fuse a GST-tagand TEV recognition site at the N-terminus of
the target sequences (CellFree Sciences). The recombinant GST-
PfRAMA proteins were captured using a glutathione-Sepharose 4B
column (GE Healthcare), and the recombinant proteins were
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eluted by on-column cleavage with 60 U of AcTEV protease
(Invitrogen). The detailed methods are described (Ito et al.,
2011). To generate antisera against each recombinant PfRAMA
protein, immunization was performed at Kitayama Labes (Ina,
Japan). Briefly, two female BALB/c mice were immunized
subcutaneously with 20 ug of purified PIRAMA with Freund’s
adjuvant. A Japanese white rabbit was also immunized
subcutaneously with 250 g of purified PIRAMA with Freund’s
adjuvant. All immunizations were performed 3 times at 3-week
intervals, and then antisera were collected 2 weeks after the third
immunization. We used additional mouse and rabbit polyclonal
antibodies: anti-PfAMA1 (PF3D7_1133400), Q,5-Ks46; anti-
PfRON3_2 (PF3D7_1252100), D;gge-Kiseq; and anti-PfRAP1
(PF3D7_1410400), M;-D;g, that were generated and validated
previously (Ito et al., 2011).

Immunoprecipitation

Immunoprecipitation was carried out as described (Ito etal., 2011).
Briefly, proteins were extracted from late schizont pellets in PBS
with 1% Triton X-100 containing cOmplete protease inhibitor
cocktail. After centrifugation the supernatants (50 pl) were
preincubated at 4°C for 1 h with 40 pl of 50% protein G-
conjugated beads (GammaBind Plus Sepharose, GE Healthcare)
in NETT buffer (50 mM Tris-HCI, 0.15 M NaCl, 1 mM EDTA, and
0.5% Triton X-100) supplemented with 0.5% BSA (fraction V,
Sigma-Aldrich). Aliquots of recovered supernatants were incubated
with purified IgG from rabbit polyclonal antibody, and then 40 pl of
a 50% protein G-conjugated bead suspension was added. After 1 h
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 using mouse antibodies.

RESULTS

Monoclonal Antibody Production and
Apical Organelle Recognition by
Immunofluorescence Assays

Out of the 164 ELISA positive mAbs obtained against
immunogens, only 12 (~7%) reacted by IFA against late schizont
parasites with a punctate staining pattern suggestive of recognition
of merozoite apical organelles (Figure 1). To predict target
organelles, dual labeling IFA was performed with PfRAP1 as a
rhoptry bulb marker and PFAMA1 as a microneme marker. All 12
selected mAbs colocalized with PfRAP1 but not with PfAMAL,
suggesting recognition of the merozoite rhoptry bulb (Figure 1).

Monoclonal Antibodies Recognized
Distinct Parasite Antigens by Western

Blot Analysis

To classify target antigens recognized by the 12 mAbs, we first
determined the mAb isotype from the culture supernatant and then

each mADb was purified from mouse ascitic fluid using a MAbTrap
kit (GE Healthcare). We were unable to obtain purified mAbs from
two clones, 2B2 and 3D6 (Supplementary Figure 1). Western blot
analysis of schizont-rich parasite lysates was then performed with
purified mADb to confirm reactivity and to predict the molecular
weights of the target parasite native antigens. The mAb clone 4A3
(IgG1 isotype) reacted with antigens of approximately 60 and 52
kDa size; 4H3 (IgG1) with 100 and 95 kDa antigens; 1C2 (IgG1)
with a 150 kDa antigen; 1G5 (IgG2a) with 170, 60, 45, 40, and 30
kDa antigens; 4F6 (IgG1) with a 47 kDa antigen; 2B6 (IgG1) with a
60kDaantigen; 3F10 (IgG1) with 100 and 52 kDa antigens; and 4E6
(IgG1) with 60 and 50 kDa antigens. The mAb clones 2E5 (IgG1)
and 2E4 (IgGl) did not react with parasite antigens under this
condition. Overall, eight western blot-positive mAbs recognized
distinct parasite antigens (Supplementary Figure 1).

Target Antigen Identification by Liquid
Chromatography-Tandem Mass
Spectrometry From Immunoaffinity-
Purified Parasite Proteins

We successfully obtained 5 mAb clones from mouse ascites in
sufficient quantity to generate immunoaffinity columns. To
identify target proteins recognized by the mAbs, schizont-rich
parasite extracts were immunoaffinity-purified by affinity columns
conjugated with each mAb followed by LC-MS/MS analysis. The
mAbs were categorized based on whether they recognized LMW or
HMW rhoptry protein complexes, or other proteins.

Monoclonal Antibodies 4F6 and 4H3
Recognize the Low-Molecular Weight
PfRAP Complex Proteins

Western blot analysis of parasite lysates indicated that mAb 4F6
recognized a distinct antigen from that recognized by 4H3
(Supplementary Figure 1), but the SDS-PAGE banding patterns
of the immunoaffinity-purified proteins looked similar using either
a 4F6 or 4H3 column (Figure 2A). To identify which bands were
specifically recognized, the immunoaffinity-purified materials
were analyzed by western blot by staining independently with
each mAb. Figure 2B shows that 4F6 recognizes a single band
around 47 kDa under reducing conditions in separated proteins
immunoaffinity-purified by either 4F6 (Figure 2B, lane 1) or 4H3
(Figure 2B, lane 2), and 4H3 recognized multiple bands around
100 kDa under non-reducing conditions. HMW bands recognized
only under non-reducing conditions were likely non-specific
reaction with secondary antibody because these bands were also
visible in the negative controls (Figure 2B, PBS/T). By LC-MS/MS
analyses we identified the 4F6 immunoprecipitates as PIRAP1 and
PfRAP2 (Figure 2C). Taken together, the target antigens of both
mADbs are the described LMW rhoptry protein complex (Table 1,
Supplementary Tables 1, 2, and Figure 2C).

Monoclonal Antibodies 1C2 and 4E6
Recognize the High-Molecular Weight
PfRhopH Complex Proteins

MADb 1C2 recognized a distinct antigen from that identified by 4E6
in western blots of parasite lysates (Supplementary Figure 1). A
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DIC mAb PfRAP1 Merge DIC mAb PfAMA1 Merge

2ES

FIGURE 1 | Monoclonal antibodies react with the apical end of P. falciparum
merozoites. Mature schizont stage parasites were dual-labeled with each
mouse MmAb and rabbit antisera against either PfRAP1 (rhoptry body marker)
or PFAMA1 (microneme marker). Nuclei were visualized with DAPI in the
merged images shown in the right most panels. DIC, differential interference
contrast microscopy. Merge, created by merging the IFA and nuclear-staining
images. A representative image out of at least three independent experiments
is shown for each mAb. Bars represent 5 um.

single major band around 140 kDa was visible in SDS-PAGE in the
immunoaffinity-purified proteins using a 1C2 column, whereas
triple major bands were visible in the immunoaffinity-purified
proteins using a 4E6 column (Figure 2D). The immunoaffinity-
purified materials were analyzed by western blot by independently
staining with each mAb. Figure 2E shows that 1C2 recognized a
single band around 140 kDa under reducing conditions of
separated proteins immunoaffinity-purified by either 1C2
(Figure 2E, 1C2, lane 1) or 4E6 (Figure 2E, 1C2, lane 2). In
contrast, we could not identify target antigen bands by western blot
with 4E6 staining, perhaps because of the lower reactivity of the
mADb 4E6 under reducing conditions (Figure 2E, 4E6). By LC-MS/
MS analyses, we identified that mAb 1C2 dominantly recognized
PfRhopH2 (Figure 2F, lane 1C2) and associated PfRhopH
complex partners Clag 9 and PfRhopH3 as minor bands. In
contrast, mAb 4E6 dominantly recognized PfRhopH3 (Figure
2F, lane 4E6) and associated PfRhopH complex partners as

minor bands (Clag 3.1, Clag 3.2, and Clag 9). Taken together, the
target antigens of both mAbs are within the HMW rhoptry protein
complex (Table 1, Supplementary Tables 1, 2, and Figure 2F).

Monoclonal Antibody 1G5 Recognizes the
PfRAMA Protein

MADb 1G5 recognized a major band around 60 kDa with multiple
bands between 170 and 30 kDa in western blots of parasite
lysates (Supplementary Figure 1). A single major band around
60 kDa was also visible in SDS-PAGE of the immunoaffinity-
purified proteins using a 1G5 column (Figure 2G). The
immunoaffinity-purified materials were analyzed by western
blot and 1G5 staining. Figure 2H shows that 1G5 recognizes a
major band around 60 kDa and at least seven additional bands
between 100 kDa and 30 kDa, suggesting that those bands are
proteolytically cleaved fragments from a single molecule. The
SDS-PAGE results using a 10% gel at APRO SCIENCE showed
that a major band around 60 kDa and a high-molecular weight
band were identified (Figure 2I). LC-MS/MS determined that
1G5 recognizes PIRAMA (Figure 2I) and that an associated
PfRONS3 protein is also identified. Taken together, PPRAMA was
the target antigen of mAb 1G5, and these data suggest that
PfRAMA forms a protein complex with PfRON3 (Table 1,
Supplementary Tables 1, 2, and Figure 2I).

Complex Formation Between PfRAMA and
PfRONS3 Proteins in the Early Schizont
Stage
To confirm the specificity of polyclonal anti-RAMA antibodies
western blot analyses of schizont-rich parasite lysates were
performed under non-reducing (NR) and reducing (R) conditions.
Rabbit and mouse anti-PfRAMA_FL and anti-PfRAMA_p60
antibodies recognized both PFRAMA_FL at the expected molecular
weight of 170 kDa (Figure 3A, arrow) and PfRAMA_p60 at the
expected molecular weight of 60 kDa (Figure 3A, arrowhead);
however, anti-PfRAMA_N antibodies recognized only
PfRAMA_FL (Figure 3A, arrow). In addition, anti-PfRAMA_FL
rabbit antibodies recognized the rhoptry bulb by IEM (Figure 3B),
and confirmed that the anti-PfRAMA antibodies specifically
recognized PFRAMA. We also confirmed the specificity of the anti-
PfRON3_2 rabbit antibody as rhoptry bulb localization (Figure 3C).
Immunoprecipitation assays were performed to validate the
PfRAMA interaction with PfRON3. First, we immunoprecipitated
PfRON3, PIRAMA, and PfAMA1 proteins in schizont-rich parasite
lysates using rabbit anti-PfRON3_2, anti-PfRAMA_FL, and anti-
PfAMAT1 antibodies. By western blot analyses the
immunoprecipitates were probed with mouse anti-PfRAMA_FL
antibodies (Figure 3D). We observed that anti-PfRON3_2 antibody
could coimmunoprecipitate both PARAMA_FL (Figure 3D, arrow)
and PfRAMA_p60 (Figure 3D, arrowhead). The signal intensity of
the PfRAMA_FL band was relatively stronger than that of
PfRAMA_p60 in PfRON3_2 immunoprecipitates, suggesting that
PfRON3 formed a more stable complex with PIRAMA_FL than
PfRAMA_p60. By comparison, anti-PfAMA1 antibodies as a
negative control did not immunoprecipitate PfRAMA. As a
reverse experiment we immunoprecipitated PfRON3 and
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FIGURE 2 | (A-C) Analyses of the immunoaffinity-purified proteins using affinity columns conjugated with either mAb 4F6 or 4H3. (A) The elution fractions were
resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions. (B) Western blot analyses of elution fractions. Elution fractions from 4F6 (lane 1) and 4H3
(lane 2) affinity columns were resolved by 12.5% SDS-PAGE and the proteins were probed with either mAb 4F6 or 4H3. PBS/T serves as a negative control staining.
(C) Protein bands used for the LC-MS/MS analyses. The elution fraction from the 4F6 column was resolved by 10% SDS-PAGE under reducing conditions and the
target bands (arrows) were excised from the gel. Proteins identified by LC-MS/MS are indicated. (D-F) Analyses of the immunoaffinity-purified proteins using affinity
columns conjugated with either mAb 1C2 or 4E6. (D) The elution fractions were resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions.
(E) Western blot analyses of elution fractions. The elution fractions from the 1C2 (lane 1) and 4E6 (lane 2) affinity columns were resolved by 7.5% SDS-PAGE and the
proteins were probed with either mAb 1C2 or 4E6. PBS/T serves as a negative control staining. (F) Protein bands used for the LC-MS/MS analyses. The elution
fractions from the 1C2 and 4E6 columns were resolved by 10% SDS-PAGE under reducing conditions and the target bands (arrows) were excised from the gel.
Proteins identified by LC-MS/MS are indicated. (G-I). Analyses of the immunoaffinity-purified proteins using an affinity column conjugated with mAb 1G5. (G) The
elution fraction was resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions. (H) Western blot analysis of elution fraction. Elution fractions from the
1G5 affinity column were resolved by 12.5% SDS-PAGE and the proteins were probed with mAb 1G5. (I) Protein bands used for the LC-MS/MS analyses. The
elution fraction from the 1G5 column was resolved by 10% SDS-PAGE under reducing conditions and the target bands (arrows) were excised from the gel. Proteins
identified by LC-MS/MS are indicated.
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TABLE 1 | LC-MS/MS analysis of immunoaffinity-purified proteins with each monoclonal antibody from Plasmodium falciparum schizont lysates.

mAbs Protein MW (kDa) %2 PlasmoDB ID Peptide sequences identified® Score®
4F6 PfRAP2 46.7 43 PF3D7_0501600 S2LSMWVYFIYNHFSSADELIK” /2 *“QFDYALFHKTYSIPNLK®® 996
PfRAP1 90.0 41 PF3D7_1410400 T8TSASVAGIVGADEEAPPAPKNTLTPLEELYPTNVNLFNYKYSLNNMEENIN 1420
ILKNEGDLVAQKEEFEYDENMEK?%%//" "2MKTDMLSLQNEESK"2®
1C2 PfRhopH2 162.6 27 PF3D7_0929400 52YLYMDEYLSEGDKATFEKS® /193 FVTEGTLEYLLLDK'2°7 1792
Clag9 160.4 9 PF3D7_0935800 3°SILDNDELYNSLSNLENLLLQTLEQDELK®®// "2 ENVWQEVQEDK 269 317
PfRhopH3 104.8 21 PF3D7_0905400 " EYEEPFVNPVYMK'22//824TTDNTYKEMEELEEAEGTSNLK®4® 622
4E6 PfRhopH3 104.8 36 PF3D7_0905400 52GNGPDAGSFLDFVDEPEQFYWFVEHFLSVK®' /7 9°STSAASTSDEISGSEGPS 1063
TESTSTGNQGEDKTTDNTYKEMEELEEAEGTSNLK®*®
Clag3.1 167.2 20 PF3D7_0302500 "8 ILESLEKDK®?//13*OMNEADSADSDDEKDSDTPDDELMISR'41® 992
Clag3.2 167.5 15 PF3D7_0302200 S"NENANVNTPENLNK LLNEYDNIEQLKS?// 858
BATMFAAFQMLFSTMLSNNVDNLDK®
Clag9 160.4 12 PF3D7_0935800 3°S|LDNDELYNSLSNLENLLLQTLEQDELKIPIMK®®//'2*“EGAYEEAMVSR 1254 483
1G5 PRAMA 103.6 11 PF3D7_0707300 589 DDLIDEEQTIKDAVK®®//7*8INDELLTDQGPNEDTLLENNNK"®® 401
PfRON3 263.0 3 PF3D7_1252100 STANLGTGFFDFSNSLFK®88//1558F ADSNIPSIPYQGFSVR'®7® 156

@Percent peptide coverage (%) is shown for each protein. All regions covered by identified peptides are shown in red text in Supplementary Table 1. "Representative two peptide
sequences with higher scores among all the identified peptides are shown. The number represents the position at the N- and C-terminus of each peptide (//”). °Score is a sum of the
scores of all the identified peptides. Each peptide score is —10 x Logo(P), where P is the probability that the observed match is a random event. Peptide scores greater than 27 indicate
identity or extensive homology (P < 0.05). RAP, rhoptry-associated protein; RhopH, high-molecular mass rhoptry protein complex; Clag, cytoadherence-linked asexual gene; RAMA,

rhoptry-associated membrane antigen;, RON, rhoptry neck protein.

PfRAMA proteins in the same parasite lysates using rabbit anti-
PfRON3_2, anti-PfRAMA_p60, and anti-PfRAMA_FL antibodies
and probed with mouse anti-PfRON3_2 antibodies as above
(Figure 3E). We observed that anti-PfRAMA_FL antibody could
coimmunoprecipitate PFRON3 (Figure 3E, arrow); however, anti-
PfRAMA_p60 could not (Figure 3E). These results confirmed that
PfRAMA (except for the PPRAMA_p60 region which is known to
associate with PfRAP1, PfRhopH3, and PfSortilin) formed a protein
complex with PfRON3.

IFA was performed to investigate in which developmental
stages PFRAMA interacts with PfRON3. By immunostaining
with anti-PfRON3_2 and anti-PfRAMA_FL antibodies, PFRON3,
and PfRAMA were colocalized mostly in the cytoplasm in early
schizonts (Figure 3F, ES), and in a patchy pattern in each
merozoite in late schizonts (Figure 3F, LS) suggesting rhoptry
localization. In contrast, when PIRAMA was immunostained with
anti-PfRAMA_N antibodies, PfRON3, and PfRAMA also
colocalized mostly in the cytoplasm in early schizonts (Figure
3G, ES); however, a lack of staining in late schizonts (Figure 3G,
LS) suggested that the PFRAMA_N region was not present in the
merozoite rhoptry in mature schizonts. These results suggest that
the PPRAMA_N region may form a protein complex with PFRON3
in the early schizont stage.

DISCUSSION

Identification of novel apical organellar proteins of merozoite are
essential for understanding merozoite invasion into erythrocytes
as well as providing new vaccine candidates for study. Here we
generated 12 mAbs which recognize merozoite apical organelles.
Immunoaffinity-purification combined with LC-MS/MS
identified target antigens of 5 mAbs as PfRAP1, PfRAP2,
PfRhopH2, PfRhopH3, and PfRAMA. Although these five
antigens are known rhoptry bulb proteins (Counihan et al,
2013), the identification of a novel PFRAMA/PfRON3 rhoptry
protein complex in the P. falciparum merozoite is emphasized.

PfRAMA is a rhoptry bulb protein which is expressed relatively
early before the de novo formation of rhoptries. After proteolytic
cleavage a PIRAMA_p60 fragment is formed and localizes in the
merozoite rhoptry bulb in the late schizont stage (Smythe et al.,
1988; Topolska et al., 2004). Thereafter, PPRAMA_p60 localizes to
the rhoptry but not on the surface of the free merozoite. When the
merozoite attaches to the erythrocyte, the discharged
PfRAMA_p60 binds to the erythrocyte surface. Subsequently,
PfRAMA_p60 is localized in the PV membrane during
merozoite invasion (Smythe et al., 1988; Topolska et al., 2004).

To elucidate the function of PfRAMA two studies
demonstrated by fluorescent resonance energy transfer (FRET)
and immunoprecipitation that PfRAMA interacts with both
PfRAP1 and PfRhopH3 (Topolska et al, 2004; Richard et al,
2009). Recently the PARAMA-PfRAP1 complex was also suggested
as a cargo for the Plasmodium orthologue of sortilin (Hallee et al,,
2018b). To further investigate the role of PARAMA, Sherling et al,,
(2019) generated a PFRAMA conditional knockdown parasite line.
Contrary to previous findings (Topolska et al., 2004; Richard et al.,
2009; Hallee et al., 2018b), the PfRAMA knockdown parasites
presented correct trafficking of PfRAP1 and PfRhopH3. In
addition, several other rhoptry bulb proteins, such as PfRAP2,
PfRh5, Clag3.1, and PfRhopH2 also localized correctly to the
rhoptry in the transgenic parasites. Therefore, their findings
were inconsistent with the proposed rhoptry bulb-specific
protein escorter role of PfRAMA (Hallee et al., 2018b).
Furthermore, although the knockdown parasites showed that
some RON proteins—PfRON2, PfRON3, and PfRON4—were
diminished in mature schizonts, the rhoptry neck proteins
PfRON12 and Rh2b were normally localized in the rhoptry
(Sherling et al, 2019). While PfRON3 is now known as a
rhoptry body protein (Ito et al., 2011) (Figure 3C), they
suggested that the mislocalization of the above RON proteins
may be due to abnormal rhoptry neck biogenesis. In this study we
identified by immunoprecipitation an interaction of PFRON3 with
PfRAMA_FL but not with PFRAMA_p60 (Figures 3D, E). We also
showed their colocalization when stained with anti-PfRAMA_FL
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FIGURE 3 | (A) Specificity of anti-PfRAMA antibodies by western blot analyses. Proteins from schizont-rich parasites were extracted and separated by 12.5% SDS-
PAGE under non-reducing (NR) or reducing (R) conditions. Using either anti-PfRAMA_FL, anti-PfRAMA_N, or anti-PfRAMA_p60 antibodies obtained from rabbits
(Rab) and mice (Mo), a band of approximately 170 kDa (arrow) was detected as a signal of PFRAMA_FL and a 60-kDa band (arrowhead) was detected as a signal of
PRAMA_p60. (B) PRAMA localization by IEM is shown. A representative image out of eight independent sections is shown of a merozoite in a schizont-infected
erythrocyte probed with rabbit anti-PfRAMA_p60 antibody and subsequently with a secondary antibody conjugated with gold particles. The black dots indicate
signals from gold particles localized in the rhoptry bulb. R, rhoptry. (C) PfRONS localization shown by IEM. A representative image out of 16 independent sections is
shown of a merozoite in a schizont-infected erythrocyte probed with rabbit anti-PfRONS_2 antibody and subsequently with a secondary antibody conjugated with
gold particles. The black dots indicate signals from gold particles localized in the rhoptry bulb. R, rhoptry. Bars = 500 nm. (D) PfRAMA_FL interacts with PfRONGS.
NP-40 extracts of schizont-rich parasites (Lysate) were immunoprecipitated (IP) with rabbit sera against PFRONS (anti-PfRON3_2), PfRAMA (anti-PfRAMA_FL), or
PfAMA1 (anti-PfAMA1), then stained with mouse antisera (WB) against PFRAMA_FL. This panel is a representative result of two independent experiments.

(E) PFRAMA_FL but not PIRAMA_p60 interacts with PFRON3. NP-40 extracts of schizont-rich parasites (Lysate) were immunoprecipitated (IP) with rabbit sera against
PfRONS (anti-PfRON3_2), PIRAMA (anti-PfRAMA_p60), or PIRAMA (anti-PfRAMA_FL), then stained with mouse antisera (WB) against PfRON3_2. M, molecular
weight marker. This panel is a representative result of two independent experiments. (F) Co-localization of PfRON3 and PfRAMA. Immature early schizont (ES) or
mature late schizont (LS) stage parasites were dual-labeled with rabbit antibodies against PfFRON3_2 and mouse antibodies against PIRAMA_FL. Nuclei were
visualized with DAPI in merged images shown in the right most panels. DIC, differential interference contrast microscopy. Merge, the image created by merging the
IFA and nuclear-staining images. Bars represent 5 um. (G) Co-localization of PfRON3 and PRAMA. Immature early schizont (ES) or mature late schizont (LS) stage
parasites were dual-labeled with rabbit antibodies against PfFRON3_2 and mouse antibodies against PRAMA_N. Nuclei were visualized with DAPI in merged images
shown in the right most panels. DIC, differential interference contrast microscopy. Merge, the image created by merging the IFA and nuclear-staining images. Bars
represent 5 um.
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and PfRONS3 antibodies but not with anti-PfRAMA_N antibodies
in the mature schizont stage (Figures 3F, G). These results suggest
that the association between PfRAMA and PfRON3 occurs in the
immature schizont stage, and thereafter the two proteins dissociate
when the N-terminal region of PPRAMA (downstream from the
PfRAMA_N region) is proteolytically degraded in the mature
schizont (Smythe et al., 1988; Topolska et al., 2004). In addition,
we previously reported that PFRON3 interacts with PFRON2 and
PfRON4, but not with PFAMA1 (Ito et al,, 2011), suggesting that
a portion of PfRON3 is involved in the formation of a RON
complex (PfRON2, 3, and 4), but not in the moving junction
complex (PfRON2, 4, 5, and PfAMALI) (Ito et al, 2011). Taken
together, the absence of PIRAMA affects the trafficking of its
associated RONSs, and this could potentially explain the abnormal
rhoptry neck biogenesis as observed by Sherling et al., (2019).

To predict the PRON3 associating region in PfRAMA, the
PfRAMA knockdown parasite generated by Sherling et al,
(2019) provided us with useful information. The knockdown
parasite with abnormal PfRON3 trafficking resulted in
expression of the N-terminal 220 residues of the protein but
lacking the C-terminal region spanning aa V3;5-Sgyo. This C-
terminal 526-residue protein was previously shown to interact
with both PfRAP1 and PfSortilin (Topolska et al., 2004; Richard
et al., 2009; Hallee et al., 2018a; Hallee et al., 2018b). Additional
evidence is that our anti-PfRAMA_p60 (Kys, to F;s5g) antibodies
failed to immunoprecipitate PfRON3 (Figure 3E). Taken
together, the PFRAMA residues spanning aa Q,;-E4g; may be
important for the trafficking of PRONS3 to the rhoptries. Further
investigation will be required as to whether PfRAMA and
PfRON3 interact directly or indirectly, such as by using a
surface plasmon resonance approach with recombinant proteins.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the animal
study because all the immunization for mouse monoclonal
antibodies and rabbit polyclonal antibodies were done at
Kitayama Labes company (Ina, Japan) under their ethics
standards, and we purchased the generated antibodies from the
Kitayama Labes company. So our IRB approval was not needed.

REFERENCES

Baldi, D. L., Good, R., Duraisingh, M. T., Crabb, B. S., and Cowman, A. F. (2002).
Identification and disruption of the gene encoding the third member of the
low-molecular-mass rhoptry complex in Plasmodium falciparum. Infect.
Immun. 70, 5236-5245. doi: 10.1128/iai.70.9.5236-5245.2002

Campbell, G. H., Miller, L. H., Hudson, D., Franco, E. L., and Andrysiak, P. M.
(1984). Monoclonal antibody characterization of Plasmodium falciparum

AUTHOR CONTRIBUTIONS

TT and E-TH conceived and designed the experiments. DI, J-HC,
ET, TH, AT, and E-TH conducted experiments. DI, J-HC, ET, HO,
ST, AT, E-TH, and TT analyzed the data. DI, J-HC, ET, E-TH, and
TT wrote the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported in part by JSPS KAKENHI (Grant Nos.
JP17H06873, JP18H02651, JP18K19455, JP19K22535, and
JP20HO03481) and Takeda Science Foundation. This work was
also supported in part by the National Research Foundation of
Korea Grant funded by the Korean Government
(2015R1A4A1038666 and 2017R1A2A2A05069562). The
funders had no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

We thank Keizo Oka and Masachika Shudo in the Advanced
Research Support Center (ADRES), Ehime University, for the
technical assistance, and Dr. Thomas J. Templeton for critical
reading of the manuscript. We also thank the Japanese Red Cross
Society for providing human erythrocytes and plasma for
culturing P. falciparum.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.
605367/full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Characterization and isotyping of each
monoclonal antibody reacting with the apical end of P. falciparum merozoites. To
characterize target antigens recognized by the 12 mAbs, the mAb isotypes were
determined using the culture supernatant and each mAb was purified from mouse
ascitic fluid using a MAbTrap kit (GE Healthcare). The summary of the western blot
analyses (12.5% SDS-PAGE gel) and isotyping are presented in the right side of this
figure. MAb name with isotype in parenthesis and reacted bands are shown in kDa.
N/A, unable to obtain purified mAbs; Negative, no band detected in western blot
analysis; PBS/T, negative control stained with PBS/T; NR, nonreducing condition;
and R, reducing condition.

antigens. Am. J. Trop. Med. Hyg. 33, 1051-1054. doi: 10.4269/ajtmh.
1984.33.1051

Collins, C. R., Withers-Martinez, C., Hackett, F., and Blackman, M. J. (2009). An
inhibitory antibody blocks interactions between components of the malarial
invasion machinery. PloS Pathog. 5, €1000273. doi: 10.1371/journal.ppat.
1000273

Cooper, J. A., Ingram, L. T, Bushell, G. R., Fardoulys, C. A., Stenzel, D., Schofield, L.,
et al. (1988). The 140/130/105 kilodalton protein complex in the rhoptries of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2021 | Volume 10 | Article 605367


https://www.frontiersin.org/articles/10.3389/fcimb.2020.605367/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2020.605367/full#supplementary-material
https://doi.org/10.1128/iai.70.9.5236-5245.2002
https://doi.org/10.4269/ajtmh.1984.33.1051
https://doi.org/10.4269/ajtmh.1984.33.1051
https://doi.org/10.1371/journal.ppat.1000273
https://doi.org/10.1371/journal.ppat.1000273
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ito et al.

Novel Merozoite Rhoptry Protein Complex

Plasmodium falciparum consists of discrete polypeptides. Mol. Biochem.
Parasitol. 29, 251-260. doi: 10.1016/0166-6851(88)90080- 1

Counihan, N. A., Kalanon, M., Coppel, R. L., and De Koning-Ward, T. F. (2013).
Plasmodium rhoptry proteins: why order is important. Trends Parasitol. 29,
228-236. doi: 10.1016/j.pt.2013.03.003

Counihan, N. A, Chisholm, S. A., Bullen, H. E,, Srivastava, A., Sanders, P. R,
Jonsdottir, T. K., et al. (2017). Plasmodium falciparum parasites deploy
RhopH2 into the host erythrocyte to obtain nutrients, grow and replicate.
Elife 6, €23217. doi: 10.7554/eLife.23217

Cowman, A. F., and Crabb, B. S. (2006). Invasion of red blood cells by malaria
parasites. Cell 124, 755-766. doi: 10.1016/j.cell.2006.02.006

Cowman, A. F,, Tonkin, C. J., Tham, W. H., and Duraisingh, M. T. (2017). The
Molecular Basis of Erythrocyte Invasion by Malaria Parasites. Cell Host.
Microbe 22, 232-245. doi: 10.1016/j.chom.2017.07.003

Dluzewski, A. R,, Ling, I. T., Rangachari, K., Bates, P. A., and Wilson, R. J. (1984).
A simple method for isolating viable mature parasites of Plasmodium
falciparum from cultures. Trans. R. Soc. Trop. Med. Hyg. 78, 622-624.
doi: 10.1016/0035-9203(84)90221-9

Doury, J. C., Bonnefoy, S., Roger, N., Dubremetz, J. F., and Mercereau-Puijalon, O.
(1994). Analysis of the high molecular weight rhoptry complex of Plasmodium
falciparum using monoclonal antibodies. Parasitology 108 ( Pt 3), 269-280.
doi: 10.1017/s0031182000076113

Gilson, P. R,, Nebl, T., Vukcevic, D., Moritz, R. L., Sargeant, T, Speed, T. P., et al.
(2006). Identification and stoichiometry of glycosylphosphatidylinositol-
anchored membrane proteins of the human malaria parasite Plasmodium
falciparum. Mol. Cell Proteomics 5, 1286-1299. doi: 10.1074/mcp.M600035-
MCP200

Hallee, S., Boddey, J. A., Cowman, A. F., and Richard, D. (2018a). Evidence that
the Plasmodium falciparum Protein Sortilin Potentially Acts as an Escorter for
the Trafficking of the Rhoptry-Associated Membrane Antigen to the Rhoptries.
mSphere 3, €00551-e00517. doi: 10.1128/mSphere.00551-17

Hallee, S., Counihan, N. A., Matthews, K., De Koning-Ward, T. F., and Richard, D.
(2018b). The malaria parasite Plasmodium falciparum Sortilin is essential for
merozoite formation and apical complex biogenesis. Cell Microbiol. 20, e12844.
doi: 10.1111/cmi.12844

Harnyuttanakorn, P., Mcbride, J. S., Donachie, S., Heidrich, H. G., and Ridley, R. G.
(1992). Inhibitory monoclonal antibodies recognise epitopes adjacent to a
proteolytic cleavage site on the RAP-1 protein of Plasmodium falciparum. Mol.
Biochem. Parasitol. 55, 177-186. doi: 10.1016/0166-6851(92)90138-a

Hiller, N. L., Akompong, T., Morrow, J. S., Holder, A. A., and Haldar, K. (2003).
Identification of a stomatin orthologue in vacuoles induced in human
erythrocytes by malaria parasites. A role for microbial raft proteins in
apicomplexan vacuole biogenesis. J. Biol. Chem. 278, 48413-48421.
doi: 10.1074/jbc.M307266200

Holder, A. A., Freeman, R. R, Uni, S., and Aikawa, M. (1985). Isolation of a
Plasmodium falciparum rhoptry protein. Mol. Biochem. Parasitol. 14, 293-303.
doi: 10.1016/0166-6851(85)90057-x

Ito, D., Han, E. T., Takeo, S., Thongkukiatkul, A., Otsuki, H., Torii, M., et al.
(2011). Plasmodial ortholog of Toxoplasma gondii rhoptry neck protein 3 is
localized to the rhoptry body. Parasitol. Int. 60, 132-138. doi: 10.1016/
j-parint.2011.01.001

Ito, D., Hasegawa, T., Miura, K., Yamasaki, T., Arumugam, T. U,,
Thongkukiatkul, A., et al. (2013). RALPI is a rhoptry neck erythrocyte-
binding protein of Plasmodium falciparum merozoites and a potential
blood-stage vaccine candidate antigen. Infect. Immun. 81, 4290-4298.
doi: 10.1128/IAI.00690-13

Ito, D., Schureck, M. A., and Desai, S. A. (2017). An essential dual-function
complex mediates erythrocyte invasion and channel-mediated nutrient uptake
in malaria parasites. Elife 6, €23485. doi: 10.7554/eLife.23485

Kaneko, O., Tsuboi, T., Ling, I. T., Howell, S., Shirano, M., Tachibana, M., et al.
(2001). The high molecular mass rhoptry protein, RhopH1, is encoded by
members of the clag multigene family in Plasmodium falciparum and
Plasmodium yoelii. Mol. Biochem. Parasitol. 118, 223-231. doi: 10.1016/
50166-6851(01)00391-7

Kaneko, O., Yim Lim, B. Y., Iriko, H., Ling, I. T., Otsuki, H., Grainger, M., et al.
(2005). Apical expression of three RhopH1/Clag proteins as components of the
Plasmodium falciparum RhopH complex. Mol. Biochem. Parasitol. 143, 20-28.
doi: 10.1016/j.molbiopara.2005.05.003

Kaneko, O. (2007). Erythrocyte invasion: vocabulary and grammar of the Plasmodium
rhoptry. Parasitol. Int. 56, 255-262. doi: 10.1016/j.parint.2007.05.003

Kats, L. M., Black, C. G., Proellocks, N. I., and Coppel, R. L. (2006). Plasmodium
rhoptries: how things went pear-shaped. Trends Parasitol. 22, 269-276.
doi: 10.1016/j.pt.2006.04.001

Lopez-Estrano, C., Bhattacharjee, S., Harrison, T., and Haldar, K. (2003).
Cooperative domains define a unique host cell-targeting signal in
Plasmodium falciparum-infected erythrocytes. Proc. Natl. Acad. Sci. U.S.A.
100, 12402-12407. doi: 10.1073/pnas.2133080100

Lustigman, S., Anders, R. F., Brown, G. V., and Coppel, R. L. (1988). A component
of an antigenic rhoptry complex of Plasmodium falciparum is modified after
merozoite invasion. Mol. Biochem. Parasitol. 30, 217-224. doi: 10.1016/0166-
6851(88)90090-4

Morita, M., Takashima, E., Ito, D., Miura, K., Thongkukiatkul, A., Diouf, A., et al.
(2017). Immunoscreening of Plasmodium falciparum proteins expressed in a
wheat germ cell-free system reveals a novel malaria vaccine candidate. Sci. Rep.
7, 46086. doi: 10.1038/srep46086

Perkins, D. N., Pappin, D. J., Creasy, D. M., and Cottrell, J. S. (1999). Probability-
based protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20, 3551-3567. doi: 10.1002/(SICI)1522-
2683(19991201)20:18<3551::AID-ELPS3551>3.0.CO;2-2

Preiser, P., Kaviratne, M., Khan, S., Bannister, L., and Jarra, W. (2000). The apical
organelles of malaria merozoites: host cell selection, invasion, host immunity
and immune evasion. Microbes Infect. 2, 1461-1477. doi: 10.1016/s1286-4579
(00)01301-0

Richard, D., Kats, L. M., Langer, C., Black, C. G., Mitri, K, Boddey, J. A., et al.
(2009). Identification of rhoptry trafficking determinants and evidence for a
novel sorting mechanism in the malaria parasite Plasmodium falciparum. PloS
Pathog. 5, €1000328. doi: 10.1371/journal.ppat.1000328

Richard, D., Macraild, C. A., Riglar, D. T., Chan, J. A., Foley, M., Baum, ., et al.
(2010). Interaction between Plasmodium falciparum apical membrane antigen
1 and the rhoptry neck protein complex defines a key step in the erythrocyte
invasion process of malaria parasites. J. Biol. Chem. 285, 14815-14822.
doi: 10.1074/jbc.M109.080770

Ridley, R. G., Takacs, B., Lahm, H. W, Delves, C. J., Goman, M., Certa, U., et al.
(1990). Characterisation and sequence of a protective rhoptry antigen from
Plasmodium falciparum. Mol. Biochem. Parasitol. 41, 125-134. doi: 10.1016/
0166-6851(90)90103-s

Sam-Yellowe, T. Y., Del Rio, R. A., Fujioka, H., Aikawa, M., Yang, J. C., Yakubu, Z.,
et al. (1998). Isolation of merozoite rhoptries, identification of novel rhoptry-
associated proteins from Plasmodium yoeliiberghei, and conserved interspecies
reactivity of organelles and proteins with P. falciparum rhoptry-specific
antibodies. Exp. Parasitol. 89, 271-284. doi: 10.1006/expr.1998.4280

Sam-Yellowe, T. Y., Fujioka, H., Aikawa, M., Hall, T., and Drazba, J. A. (2001). A
Plasmodium falciparum protein located in Maurer’s clefts underneath knobs
and protein localization in association with Rhop-3 and SERA in the
intracellular network of infected erythrocytes. Parasitol. Res. 87, 173-185.
doi: 10.1007/pl00008572

Sam-Yellowe, T. Y., Florens, L., Wang, T., Raine, ]. D., Carucci, D. ], Sinden, R,, et al.
(2004). Proteome analysis of rhoptry-enriched fractions isolated from Plasmodium
merozoites. J. Proteome Res. 3, 995-1001. doi: 10.1021/pr049926m

Sanders, P. R, Gilson, P. R,, Cantin, G. T., Greenbaum, D. C,, Nebl, T., Carucdi, D. .,
et al. (2005). Distinct protein classes including novel merozoite surface antigens
in Raft-like membranes of Plasmodium falciparum. J. Biol. Chem. 280, 40169—
40176. doi: 10.1074/jbc.M509631200

Sanders, P. R,, Cantin, G. T., Greenbaum, D. C,, Gilson, P. R., Nebl, T., Moritz, R. L.,
et al. (2007). Identification of protein complexes in detergent-resistant
membranes of Plasmodium falciparum schizonts. Mol. Biochem. Parasitol.
154, 148-157. doi: 10.1016/j.molbiopara.2007.04.013

Saul, A., Cooper, J., Hauquitz, D., Irving, D., Cheng, Q., Stowers, A., et al. (1992).
The 42-kilodalton rhoptry-associated protein of Plasmodium falciparum. Mol.
Biochem. Parasitol. 50, 139-149. doi: 10.1016/0166-6851(92)90251-¢

Sherling, E. S., Knuepfer, E., Brzostowski, J. A, Miller, L. H., Blackman, M. J., and
Van Ooij, C. (2017). The Plasmodium falciparum rhoptry protein RhopH3
plays essential roles in host cell invasion and nutrient uptake. Elife 6, €23239.
doi: 10.7554/eLife.23239

Sherling, E. S., Perrin, A. J., Knuepfer, E., Russell, M. R. G., Collinson, L. M., Miller,
L. H,, et al. (2019). The Plasmodium falciparum rhoptry bulb protein RAMA

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2021 | Volume 10 | Article 605367


https://doi.org/10.1016/0166-6851(88)90080-1
https://doi.org/10.1016/j.pt.2013.03.003
https://doi.org/10.7554/eLife.23217
https://doi.org/10.1016/j.cell.2006.02.006
https://doi.org/10.1016/j.chom.2017.07.003
https://doi.org/10.1016/0035-9203(84)90221-9
https://doi.org/10.1017/s0031182000076113
https://doi.org/10.1074/mcp.M600035-MCP200
https://doi.org/10.1074/mcp.M600035-MCP200
https://doi.org/10.1128/mSphere.00551-17
https://doi.org/10.1111/cmi.12844
https://doi.org/10.1016/0166-6851(92)90138-a
https://doi.org/10.1074/jbc.M307266200
https://doi.org/10.1016/0166-6851(85)90057-x
https://doi.org/10.1016/j.parint.2011.01.001
https://doi.org/10.1016/j.parint.2011.01.001
https://doi.org/10.1128/IAI.00690-13
https://doi.org/10.7554/eLife.23485
https://doi.org/10.1016/s0166-6851(01)00391-7
https://doi.org/10.1016/s0166-6851(01)00391-7
https://doi.org/10.1016/j.molbiopara.2005.05.003
https://doi.org/10.1016/j.parint.2007.05.003
https://doi.org/10.1016/j.pt.2006.04.001
https://doi.org/10.1073/pnas.2133080100
https://doi.org/10.1016/0166-6851(88)90090-4
https://doi.org/10.1016/0166-6851(88)90090-4
https://doi.org/10.1038/srep46086
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:183.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:183.0.CO;2-2
https://doi.org/10.1016/s1286-4579(00)01301-0
https://doi.org/10.1016/s1286-4579(00)01301-0
https://doi.org/10.1371/journal.ppat.1000328
https://doi.org/10.1074/jbc.M109.080770
https://doi.org/10.1016/0166-6851(90)90103-s
https://doi.org/10.1016/0166-6851(90)90103-s
https://doi.org/10.1006/expr.1998.4280
https://doi.org/10.1007/pl00008572
https://doi.org/10.1021/pr049926m
https://doi.org/10.1074/jbc.M509631200
https://doi.org/10.1016/j.molbiopara.2007.04.013
https://doi.org/10.1016/0166-6851(92)90251-e
https://doi.org/10.7554/eLife.23239
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ito et al.

Novel Merozoite Rhoptry Protein Complex

plays an essential role in rhoptry neck morphogenesis and host red blood cell
invasion. PloS Pathog. 15, e1008049. doi: 10.1371/journal.ppat.1008049

Siddiqui, W. A., Tam, L. Q., Kramer, K. J., Hui, G. S., Case, S. E., Yamaga, K. M.,
et al. (1987). Merozoite surface coat precursor protein completely protects
Aotus monkeys against Plasmodium falciparum malaria. Proc. Natl. Acad. Sci.
U.S.A. 84, 3014-3018. doi: 10.1073/pnas.84.9.3014

Smythe,]. A., Coppel, R. L., Brown, G. V., Ramasamy, R., Kemp, D.]., and Anders,R. F.
(1988). Identification of two integral membrane proteins of Plasmodium falciparum.
Proc. Natl. Acad. Sci. US.A. 85, 5195-5199. doi: 10.1073/pnas.85.14.5195

Srinivasan, P., Ekanem, E., Diouf, A., Tonkin, M. L., Miura, K., Boulanger, M. J.,
et al. (2014). Immunization with a functional protein complex required for
erythrocyte invasion protects against lethal malaria. Proc. Natl. Acad. Sci.
U.S.A. 111, 10311-10316. doi: 10.1073/pnas.1409928111

Topolska, A. E., Lidgett, A., Truman, D., Fujioka, H., and Coppel, R. L. (2004).
Characterization of a membrane-associated rhoptry protein of Plasmodium
falciparum. J. Biol. Chem. 279, 4648-4656. doi: 10.1074/jbc.M307859200

Tsuboi, T., Takeo, S., Iriko, H., Jin, L., Tsuchimochi, M., Matsuda, S., et al. (2008).
Wheat germ cell-free system-based production of malaria proteins for

discovery of novel vaccine candidates. Infect. Immun. 76, 1702-1708.
doi: 10.1128/TIAL.01539-07
WHO (2019). World Malaria Report 2019 (Geneva, Switzerland: WHO Press).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer DW declared a past co-authorship with several of the authors ET and
TT to the handling editor.

Copyright © 2021 Ito, Chen, Takashima, Hasegawa, Otsuki, Takeo, Thongkukiatkul,
Han and Tsuboi. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2021 | Volume 10 | Article 605367


https://doi.org/10.1371/journal.ppat.1008049
https://doi.org/10.1073/pnas.84.9.3014
https://doi.org/10.1073/pnas.85.14.5195
https://doi.org/10.1073/pnas.1409928111
https://doi.org/10.1074/jbc.M307859200
https://doi.org/10.1128/IAI.01539-07
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Identification of a Novel RAMA/RON3 Rhoptry Protein Complex in Plasmodium falciparum Merozoites
	Introduction
	Materials and Methods
	Parasite Culture
	Fractionation of Schizont-Rich Parasites and Soluble Antigen Preparation
	Monoclonal Antibody Production
	Immunofluorescence Assays
	Immunoelectron Microscopy
	SDS-PAGE and Western Blot Analysis
	Affinity Purification of Target Proteins and Identification by Liquid Chromatography-Tandem Mass Spectrometry
	Production of Recombinant PfRAMA Proteins and Antisera
	Immunoprecipitation

	Results
	Monoclonal Antibody Production and Apical Organelle Recognition by Immunofluorescence Assays
	Monoclonal Antibodies Recognized Distinct Parasite Antigens by Western Blot Analysis
	Target Antigen Identification by Liquid Chromatography-Tandem Mass Spectrometry From Immunoaffinity-Purified Parasite Proteins
	Monoclonal Antibodies 4F6 and 4H3 Recognize the Low-Molecular Weight PfRAP Complex Proteins
	Monoclonal Antibodies 1C2 and 4E6 Recognize the High-Molecular Weight PfRhopH Complex Proteins
	Monoclonal Antibody 1G5 Recognizes the PfRAMA Protein
	Complex Formation Between PfRAMA and PfRON3 Proteins in the Early Schizont Stage

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


