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Abstract

The pathological consequences of malaria infection are the result of parasite replication within red
blood cells (RBCs). Invasion into RBCs is mediated by a large repertoire of parasite proteins that
are distributed on the parasite surface and within specialised apical secretory organelles. As
invasion is an essential step in the parasite life-cycle, targeting invasion-related molecules
provides an avenue for therapeutic intervention. We have used genome and transcriptome data
available for Plasmodium falciparum to identify proteins likely to be involved in RBC invasion.
Of these candidates, we selected a protein which we have dubbed PFRONG for detailed
characterisation. PFRONG contains a novel cysteine-rich domain that is conserved in other
Apicomplexan parasites. We show that PFRONG is localised in the rhoptry neck of merozoites and
is transferred to the newly formed parasitophorous vacuole during invasion. Transfection
experiments indicate that the gene which encodes PFRONG is refractory to integration that disrupts
the coding sequence, suggesting its absence is incompatible with the parasite life-cycle. Further,
the cysteine-rich domain appears to be functionally important as it cannot be truncated. Taken
together, these data identify PFRONG as a novel and potentially important component of the
Plasmodium invasion machinery.
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1. Introduction

Apicomplexan parasites are obligate intracellular organisms that invade target cells by an
unusual mechanism referred to as gliding motility. Ligands on the parasite surface and
within specialised secretory organelles are linked to an internal actin-myosin motor which
provides the motile force. In the case of Plasmodium merozoites, more than 40 proteins have
been identified that are believed to play a role in the invasion process (Cowman and Crabb,
2006). Antibodies against many of these proteins are able to block invasion and
consequently proteins such as merozoite surface proteins (MSP) -1, -2, -4 and -5, apical
membrane antigen 1 (AMAZ) and rhoptry associated protein 2 (RAP2) are leading vaccine
candidates (Ballou et al., 2004; Malkin et al., 2006; Matuschewski, 2006).

Proteins that are known to localise at the merozoite surface or within apical secretory
organelles (rhoptries, micronemes and dense granules) share a number of features. Since
trafficking of these proteins occurs via a classic eukaryotic secretory pathway, they typically
possess an N-terminal hydrophobic signal sequence required for co-translational insertion
into the endoplasmic reticulum (ER). They also lack additional signals (eg. apicoplast transit
peptide or Plasmodium export element (PEXEL)) that would result in localisation within
other membrane-bound organelles or traffic beyond the parasitophorous vacuole (PV) (Foth
et al., 2003; Hiller et al., 2004; Marti et al., 2004; Tonkin et al., 2006). Consistent with the
Plasmodium ‘just in time’ model of gene expression, most surface and apical secretory
proteins are synthesised late during the asexual red blood cell (RBC) cycle in preparation for
the next round of invasion (Ben Mamoun et al., 2001; Bozdech et al., 2003a, 2003b; Le
Roch et al., 2003). A number of these proteins also contain cysteine-rich domains which are
thought to play important roles in receptor-ligand interactions. While such domains share
minimal similarity at the primary sequence level, they are thought to adopt related globular
structures held together by a network of disulfide bonds (Tolia et al., 2005; Singh et al.,
2006). The Cysg family of proteins contains at least nine members, the best characterised of
which is the gametocyte adhesin Pfs48/45 (van Dijk et al., 2001; Sanders et al., 2005). Other
examples of such domains include those found in the reticulocyte-binding proteins of
Plasmodium vivax and the related reticulocyte binding-like (RBL) proteins in Plasmodium
falciparum, (Galinski et al., 1992; Rayner et al., 2000), the Duffy binding-like (DBL)
domains of erythrocyte binding proteins (Mayor et al., 2005; Tolia et al., 2005; Singh et al.,
2006), and the epidermal growth factor (EGF)-like domains of MSPs such as MSP1, MSP4,
MSP5 and MSP10 (Blackman et al., 1991; Marshall et al., 1998; Black et al., 2001).

To identify novel proteins that are likely to be involved P. falciparum invasion we
undertook a bioinformatic analysis using the resources available on the PlasmoDB (http://
plasmodb.org) and ApiDB (http://apidb.org/apidb/) websites. Here we describe the detailed
chracterisation of an unusual rhoptry neck protein which we have termed PfRONG6. This
protein is partially conserved across the Apicomplexa but is unrelated to any known proteins
involved in invasion. The gene that encodes PFRONG is refractory to genetic deletion
suggesting that it has an indispensable role in the P. falciparum life-cycle.

Int J Parasitol. Author manuscript; available in PMC 2016 February 25.


http://plasmodb.org
http://plasmodb.org
http://apidb.org/apidb/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Proellocks et al. Page 3

2. Materials and methods

2.1. Plasmodium falciparum parasites

Plasmodium falciparum 3D7 parasites were cultured in vitro as previously described (Trager
and Jensen, 1976; Cranmer et al., 1997). Human blood was obtained from the Australian
Red Cross. Ethics approval for the use of human blood was obtained from the Monash
University Standing Committee on Ethics in Research involving Humans (SCERH).
Asynchronous parasite extracts were prepared as described (Black et al., 2001). Highly
synchronised cultures (Lambros and Vanderberg, 1979) were sampled at various time points
for stage-specific expression analysis.

2.2. Genomic sequences, cloning and analysis

Raw and annotated sequence data, transcriptomic and proteomic data was obtained from
PlasmoDB (www.plasmodb.org and references therein) and ApiDB (www.apidb.org and
references therein). Homology searches were carried out using the Basic Local Alignment
Search Tool (BLAST) (Altschul et al., 1990, 1997; McGinnis and Madden, 2004; Ye et al.,
2006). Potential motifs were identified using the Prosite, Pfam and Conserved Domain
databases (www.expasy.org/tools and www.ncbi.nIm.nih.gov/BLAST/). Putative signal
sequences were assigned based on results of the SignalP algorithm (Bendtsen et al., 2004).
Apicoplast transit peptides and PEXEL motifs were identified using the tools on PlasmoDB
(www.plasmodb.org and references therein).

Three non-overlapping fragments of PFRONG6 and one fragment (encompassing amino acid
residues 42 — 200) of the the rhoptry neck-located antigen PFRON4 (Alexander et al., 2006)
were amplified by PCR from P. falciparum 3D7 cDNA. Fragments rPfRONG6-A, -B and -C
and PFfRONA4-1 were amplified using primers cattggatccGAACACGCCAATTTAATAA and
cgcgaattcTTAATTTTCCTCTTCTTCCAA, catggatccAATGAAATAATTGAAAAGGAA
and cgggaattcTTAATTATCATCATGTATATC;
acgggattcTGTCCTATGGAATGTAATAAG and
tcccaagcttTCCCGTTTTTTGTTTTTCATG; ceggaattctaAGCCATATAGAAGAACCTCAA
and cccaagCttATGTGAATGATGATTTATATTATTAT, respectively (restriction sites
underlined). Fragments PFRON-A and -B were ligated into the BamHI/EcoRlI sites of
expression vector pPGEX-4T-1, (Guan and Dixon, 1991), fragment PFRON6-C was ligated
into the BamHI/Hindll1 sites of pET24d (Novagen), and fragment PFRON4-1 was ligated
into the EcoRI/HindlI11 sites of pGEX-KG (Guan and Dixon, 1991). Cloning and sequence
analysis was performed as previously described (Black et al., 2001).

2.3. Plasmodium falciparum transfection and analysis

To disrupt PFB0680w, two ~1 kb sequences (F1 and F2) from the 5’ end of the gene were
cloned into the Spel/Bglll (F1) and EcoRI/Ncol (F2) sites of the transfection plasmid pHHT-
TK (Duraisingh et al., 2002) to generate pHTKARON®6. PFB0680w F1 and F2 were
amplified from P. falciparum 3D7 gDNA using primers
ggactagtCCCTGGTATTTCTAGCTGTTTTAGC and
gaagatctTCTCTGTTTCCTTTTTATCATCATC; and

cggaattc CGAAGAAAAAGAATGGTAAAAATAAAG and
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gatgccatggcATGATTGTGAAGTATTGTATCCATGC, respectively (restriction sites
underlined). To truncate PFB0680w and allow for expression of a shortened form of
PfRONSG, ~1 kb region from the centre of the gene was amplified using primers
ggactagtGAGATTGAAAATGTAACAAATGC and
ccgcetcgagTTAGCTTCTTTTCATGATCTTTTCTTCC and cloned into Spel/Xhol digested
pHHT-TK to generate pHRONBAL. To incorporate a C-terminal 3x heamagglutinin (HA)
epitope tag either 1 kb or 500 bp of the 3’ end of the gene was amplified using the forward
primer ggaagatctTTAGACCCATGACAATTG (Bglll site) for the 500 bp fragment or
ggaagatctCATCACTGTGCCATAGCAG (Bglll site) for the 1 kb fragment and the reverse
primer ggcctaggTCCCGTTTTTTGTTTTTCATG and cloned into Bglll/Avrll digested
pARL to generate pARON6-HA-500 and pARONG-HA-1000. Plasmodium falciparum 3D7
ring stage parasites were transfected as previously described (Wu et al., 1995; Fidock and
Wellems, 1997) with either pHTKARONG or pHRONGBAL. Parasites were initially cultured in
the presence of 2.5 nM WR99210 (Jacobus Pharmaceuticals) for ~6 weeks, and then
underwent five rounds of drug cycling. Parasites transfected with pHTKARONG6 were then
negatively selected with 4 uM Gancyclovir (Roche) for approximately 4 weeks to eliminate
the episome. DNA from all parasite lines and the 3D7 parent line were purified using the
Nucleon BACC2 kit (GE Healthcare) as per the manufacturer’s instructions. Parasite DNA
and transfection plasmids were digested with Xcml and Hincll (knockout), EcoRl
(truncation) or Spel and Sacl (HA tag). The digested DNA was analysed by Southern
blotting using standard protocols (Waller et al., 2003).

2.4. Recombinant protein expression and production of polyclonal antisera

Recombinant PFRONG-A (rPfRON6-A) and -B, and PFRON4-1 proteins were expressed in
Escherichia coli BL21 DE3 and purified as GST fusions (Black et al., 2001). rPfRON6-C
was expressed in E. coli BL21 DE3 and purified as a C-terminal Hisg fusion (Wang et al.,
1999). rPfRONG6-C was subsequently solubilised and refolded using the Protein Refolding
Kit (Novagen) as per the manufacturer’s instructions. Polyclonal antisera were raised in 8-
10 week old female New Zealand White rabbits (Monash Animal Services, Clayton Vic,
Australia). All animal experiments were performed in accordance with guidelines set by the
Australian and New Zealand Council on Animal Care in Research and Teaching
(ANZCART). Ethics approval was obtained from Monash University SOBSB Animal Ethics
Committee. Immunisations were conducted by s.c. injection of 100 pg of purified rPfRONG
emulsified in FCA (Difco Laboratories), with monthly boosting of 100 pg protein emulsified
in Incomplete Freund’s adjuvant (Difco Laboratories). The anti-PfRONG sera was
subsequently affinity purified using rPfRONG linked to CNBr-activated Sepharose
(Amersham Pharmacia).

2.5. SDS-PAGE and immunoblotting

rPfRONG proteins and parasite lysate were resolved by SDS-PAGE using 12% (w/v)
polyacrylamide gels and stained with coomassie blue or transferred to polyvinylidene
fluoride (PVDF) membranes (NEN) for Western blot analysis as previously described
(Black et al., 2001). All samples were resolved under denaturing conditions. Affinity
purified rabbit anti-PfRONG6 (1:500 dilution for fragments A and B and 1:100 dilution for
fragment C) and polyclonal rabbit anti-RAMA (1:1,000 dilution) and anti-MSP4 (diluted
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1:500) were used as the primary antibodies. Pooled human hyperimmune sera from malaria
endemic regions of Vietnam and Papua New Guinea (PNG) and pooled sera from naive
individuals from Melbourne, Australia were also used to assess the reactivity of PFRONG.
Anti-rabbit and anti-human immunoglobulin conjugated to horseradish peroxidise (Silenus)
were used as the secondary antibodies.

2.6. Immunofluorescence assay (IFA)

Plasmodium falciparum parasites were cultured to 5% parasitemia and blood smears were
used in IFA as previously described (Black et al., 2001). Affinity purified rabbit anti-
PfRONG (1:500 dilution), polyclonal mouse anti-RAMA, anti-AMA-1 (1:500 dilution), anti-
Pf34 (1:250 dilution) and anti-HA (1:250 dilution; Invitrogen) were used as primary
antibodies. Alexa Fluor 488-conjugated anti-rabbit immunoglobulin and Alexa Fluor 568-
conjugated anti-mouse immunoglobulin (1:3,000 dilution; Molecular Probes Inc.) were used
as the secondary antibodies. The smears were examined by wide-field fluorescence
microscopy and selected samples were then examined using the Olympus SV1000 Confocal
Laser Scanning Microscope. Co-localisation analysis was performed using WCIF ImageJ
software (http://www.uhnresearch.ca/facilities/wcif/imagej/).

2.7. Immunoelectron microscopy

3. Results

Parasitised RBCs were fixed in 0.1 M cacodylate buffer pH 7.4 containing 2%
paraformaldehyde and 0.0075% glutaraldehyde for 20 min on ice. The cells were rinsed
three times with PBS and partially serially dehydrated with 50%, 70% and 80% ethanol then
embedded and polymerized in LR white resin medium grade (London Resin Company, UK)
in accordance with the manufacturer’s instructions. Thin sections (80 nm) were cut and
collected on formvard coated nickel grids. The sections were rehydrated in PBS for 5 min
then blocked with PBS containing 5% nonfat dry milk and 0.01% Tween20 for 30 min.
After rinsing in PBS containing 1% BSA and 0.01% Tween20 (TBPBS), the grids were
incubated with affinity purified anti-rPfRONG-C (1:30 dilution) for 2 h, then rinsed five
times with TBPBS and then incubated with anti-rabbit immunoglobulin antibodies
conjugated to 15 nm gold beads (Aurion, NL) for 1 h. The grids were then washed three
times with TBPBS and twice with PBS, fixed with 1% glutaraldehyde in water for 5 min and
stained with uranyl acetate.

3.1. Gene structure, transcription and identification of orthologues

We searched the P. falciparum transcriptome (http://plasmodb.org) for genes that are co-
ordinately transcribed with known invasion related genes (maximum transcription at 42 £ 6
h and minimum transcription 12 + 10 h, > 4-fold induction) (Supplementary Table S1). One
of the genes identified was PFB0680w (Genbank accession XP_003149654) which is
located on chromosome 2. PFB0680w is comprised of 15 exons, with the second exon
containing most of the coding sequence. The PlasmoDB gene model predicts a protein with
an apicoplast transit peptide. However, using manual annotation and reverse transcriptase-
PCR analysis, Huestis and Fischer (2001) proposed an alternative gene structure which
differs in the short first exon. Based on the experimentally confirmed model, PFB0680w
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encodes a protein of 950 amino acids which we termed PfRONG based on protein
localisation studies presented below. PFRONG has a predicted N-terminal signal sequence,
no apicoplast transit peptide or PEXEL motif, three blocks of degenerate repeats, and a C-
terminal cysteine-rich region (Fig. 1A). The cysteine-rich region does not conform to any
other family of cysteine-rich domains previously characterised in Plasmodium, nor is it
similar to any domain in any other hypothetical protein in P. falciparum. Pattern and profile
searches in the Genbank, Pfam and Prosite databases failed to identify any homologous
sequences or motifs of known function.

Using a combination of BlastP and TBlastN searches, orthologous genes were identified in
the genomes of P. vivax, Plasmodium berghei and Plasmodium gallinaceum. Partial
sequences were also present in the unfinished genomes of Plasmodium yoelii, Plasmodium
chabaudi and Plasmodium knowlesi (Fig. 1B). Where sufficient sequence data was available
(P. vivax, P. knowlesi and P. berghei), synteny was established by comparing the
surrounding genes. Alignment of protein sequences from different species suggests that
PfRONG is composed of three domains — an N-terminal repeat region, a sub-C-terminal
conserved domain (Fig. 1C) and a C-terminal cysteine-rich domain. Interestingly P. berghei
and P. chabaudi contain a truncated version of PFRONG6 which is missing the C-terminal
cysteine-rich region. In both cases, > 1 kb of sequence downstream of the putative stop
codon is available, and for P. berghei this contains a gene that is orthologous to PFB0685c,
the neighbouring gene to PFB0680w. Manual examination of this intergenic region
confirmed that there is no potential exon that could encode the cysteine-rich region.

To determine whether individual domains were present in other Apicomplexans, regions of
PfRONG were used in BlastP searches against the genomes of Toxoplasma gondii,
Cryptosporidium parvum, Cryptosporidium hominis, Theileria annulata, Theileria parva
and Babesia bovis (www.apidb.org). Hypothetical proteins that contained a cysteine-rich
region homologous to the cysteine-rich region of PFRONG were identified in each of the
genomes searched. Although the proteins showed low overall similarity (< 20%), each
protein had a predicted signal sequence and the relative positions of all 10 cysteine residues
in PFRONG were conserved in all non-Plasmodium spp. PvRON6 and PGRONG each had
nine out of the 10 cysteines conserved (Supplementary Fig. S1). This is analogous to the
dual EGF-like domains of MSP1,g, where 10 out of 12 cysteines in P. falciparum are
conserved in P. knowlesi and Plasmodium cynomolgi (Garman et al., 2003).

3.2. PFB0680w is refractory to genetic deletion

To investigate the function of PFRONG we attempted to disrupt PFB0680w by double cross-
over homologous recombination using the pHHT-TK vector (Fig. 2A) (Duraisingh et al.,
2002). We generated three independent tranfectant parasite lines and subjected them to five
rounds of drug cycling and negative selection using ganciclovir. Southern blotting analysis
demonstrated that no integration had occurred and that the plasmid was maintained as an
episome (Fig. 2A). This result was confirmed by PCR (data not shown). Next we attempted
to truncate PFB0680w to remove the cysteine-rich domain. The construct was designed so
that integration of the plasmid by single cross-over homologous recombination would
disrupt the coding region of PFRONG at amino acid 738 (Fig. 2B). As with the knockout
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constructs, integration failed to occur and the plasmid was maintained episomally (Fig. 2B
and PCR data not shown).

Failure to detect integration into PFB0680w indicates that either there is a strong selective
pressure against parasites with significant disruptions to PFB0680w, or that the locus cannot
be targeted by homologous recombination. To investigate these possibilities, we attempted
to introduce a HA tag at the 3’ end of the gene (Fig. 2C). Following transfection and drug
selection, Southern blot analysis (Fig. 2C) and PCR (results not shown) demonstrated that
integration of this construct had occurred as expected. These results prove that PFB0680w is
accessible to homologous recombination and strongly suggest that the gene is refractory to
genetic manipulations that interfere with the production of a functional gene product.

3.3. PFRONG is expressed in mature blood stages

To characterise expression of PFRONG in blood stage parasites we produced three non-
overlapping regions as recombinant proteins (termed rPfRONG-A, -B and -C) (Fig. 1A).
Antisera were raised against the recombinant proteins and these were used in immunoblot
experiments to identify one or more proteins in parasite lysate prepared from asynchronous
in vitro culture (Fig. 3A). All three antisera consistently reacted with a parasite protein of
150 kDa. An additional parasite protein of 35 kDa was also recognised by anti-rPfRONG6-A
and -B, although reactivity to this was inconsistent. The predicted molecular mass of
PfRONG is 112 kDa. However, anomalously slow migration on SDS-PAGE is a common
feature of many malarial proteins, presumably due to their low affinity for SDS (Anders et
al., 1988). Therefore, it is likely that the 150 kDa band represents full-length PFRONG.
Whether or not the 35 kDa protein is the result of physiologically relevant proteolytic
processing or a cross-reactive distinct gene product requires further investigation.

To study timing of PFRONG6 expression, anti-rPfRONG6-A was used to probe synchronised
parasite samples (Fig. 3B and Supplementary Fig. S2). Full-length PFRONG6 was detected in
early and late schizont samples. Immunoblotting of the same samples with anti-RAMA and
anti-MSP4 antisera demonstrates that PFRONG appears later than RAMA, at approximately
the same time as MSP4. These results are in agreement with microarray data which indicate
that both MSP4 and PFB0680w have maximum transcription at 36—44 h post-invasion
(Bozdech et al., 2003a; Le Roch et al., 2003).

3.4. PfRONG is localised in the rhoptry neck

To localise PFRONG within parasitised RBCs, anti-PfRONG antisera were used in
immunofluorescence experiments (Fig. 4). All three antisera produced a punctate pattern of
fluorescence in segmented schizonts characteristic of localisation with the apical secretory
organelles (Fig. 4A). The same pattern was also observed using an anti-HA antibody with
the 3’ HA tagged transfectant parasite lines (Fig. 4B and Supplementary Fig. S3). To
determine whether PFRONG was localised within rhoptries or micronemes, double labelling
experiments with anti-RAMA (a rhoptry marker), anti-Pf34 and anti-PfRON4 (rhoptry neck
markers), and anti-AMAZ1 (a microneme marker) antibodies were performed (Fig. 4C)
(Bannister et al., 2003; Topolska et al., 2004; Alexander et al., 2006; Proellocks et al.,
2007). We analysed 10 images for each antibody pair and quantified co-localisation using
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Pearson’s coefficient (Supplementary Fig. S4) (Manders et al., 1992). Co-localisation was
highest between PFRONG6 and the two rhoptry neck markers PfRON4 and Pf34 (0.833 £
0.054 and 0.794 + 0.054, respectively). There was less overlap between PFRONG6 and
RAMA (0.719 £ 0.033) and less still between PFRON6 and AMA1 (0.627 £ 0.079). There
was no statistically significant difference between co-localisation of PFRONG6 with either of
the rhoptry neck markers, but there was a significant difference between co-localisation with
the rhoptry neck markers and either RAMA or AMAL. High resolution imaging of
extracellular merozoites resolved two bulbous RAMA positive structures (corresponding to
individual rhoptries) with partial overlap of PfRONG at the anterior end (Fig. 4D).
Similiarly, in electronmicrographs, PFRONG-specific immunogold labelling was
predominantly confined to the apical end of pear-shaped organelles (Fig. 4E). These
observations strongly suggest that PFRONG is present within the rhoptry neck of merozoites.

Interesting differences in the distribution of PFRONG6 were observed throughout the asexual
RBC cycle (Fig. 4E). Consistent with the immunoblot results and microarray data (Bozdech
etal., 2003a; Le Roch et al., 2003), PFRONG6 was detectable in trophozoites, schizonts, free
merozoites and young rings, but disappeared from older rings. In trophozoites, anti-PfRON6
antibodies produced a diffuse staining pattern, similar to that observed for other rhoptry
proteins such as PfRhop148 and RAMA (Lobo et al., 2003; Topolska et al., 2004). Rhoptries
are synthesised late in the erythrocytic cycle and the diffuse staining likely represents
trafficking of the protein through the secretory pathway (Bannister et al., 2000). In schizonts
and free merozoites PFRONG was present at the apical end. In young rings, PFRONG6 staining
was present as a rim around the parasite, and co-localised with RAMA (Supplementary Fig.
S3) indicating that during invasion the protein is transferred to the PV (Topolska et al.,
2004).

3.5. Reactivity of PFRON6 recombinant proteins with human immune serum

To determine whether anti-PfRONG6 antibodies are produced during natural malaria
infection, rPfRONG-A, -B, -C and GST (control) were immunoblotted with sera from
individuals living in malaria endemic regions of PNG and Vietnam or naive individuals
living in Melbourne, Australia (a non-endemic area) (Fig. 5). rPfRONG6-A and -B
recombinant proteins reacted with the PNG and Vietnam sera while rPfRON6-C reacted
only with the Vietnam sera. None of the proteins reacted with the Melbourne sera. The GST
control did not react with any of the sera. These results suggest that PFRONG6 recombinant
proteins are recognised specifically by sera from individuals exposed to malaria infection.

4. Discussion

The invasion machinery of Plasmodium is an attractive candidate for therapeutic
intervention. Invasion is a necessary step in the parasite’s life-cycle and effective inhibition
of sporozoite or merozoite invasion would prevent parasite replication and clinical
manifestations. In this study, we used a bioinformatic approach to identify a novel malarial
protein predicted to be involved in invasion. PFRONG has a characteristic N-terminal signal
sequence and appears to be composed of three domains — an N-terminal repetitive region, a
sub-C-terminal conserved domain, and a C-terminal cysteine-rich domain.
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Blocks of repeats or low complexity sequence are common amongst P. falciparum proteins
(Anders et al., 1988). One possibility is that they function as a smoke screen to direct the
immune response away from functionally important regions of the molecule (Cowman et al.,
1985; Anders et al., 1988, 1993). More recently, repeats have been shown to function in
protein-protein interactions (Waller et al., 1999; Magowan et al., 2000). Either of these are
possible roles for the N-terminal repeats of PFRONG.

Domains based on a conserved arrangement of cysteine residues are also common in
Plasmodium. They occur in numerous protein families and interact with a wide range of host
receptors including the Duffy antigen receptor for chemokines (DARC), Glycophorin A and
intracellular cell adhesion molecule | (ICAM-1) (Miller et al., 1976; Sim et al., 1994; Smith
et al., 2000)}. The arrangement of cysteines within the C-terminal region of PFRONG is
unlike any previously described, suggesting that it is a novel domain, but one that is
conserved across the Apicomplexa. It is unclear whether it interacts with a host receptor or
with another parasite protein. However, the fact that rodent malaria species possess a
truncated version of PFRONG which lacks the cysteine-rich domain indicates that either
those parasites lack the corresponding interacting protein or that mouse RBCs lack the
corresponding receptor.

To investigate the function of PFRONG we attempted to mutate PFB0680w. Only constructs
that were designed to modify the C-terminal end of the protein by addition of a small
epitope tag integrated into the genome. The expression and localisation of the tagged protein
was indistinguishable from wild-type. In contrast, repeated attempts to disrupt the gene or to
truncate the C-terminal cysteine-rich domain failed. The cysteine-rich domain may
participate in essential ligand-receptor interactions, or may be required for correct
trafficking of the protein. In either case, our findings suggest that PFRONS, including the
cysteine-rich domain, is necessary for completion of the asexual RBC cycle.

Using protein-specific antibodies we have shown that PFRONG is expressed during the
asexual RBC cycle. Consistent with microarray data, PFRONG synthesis begins during the
late trophozoite stage (Bozdech et al., 2003a; Le Roch et al., 2003). The protein is trafficked
through compartments of the secretory system and in schizonts and free merozoites it is
present in the rhoptry neck. PFRONG6 was also detected by IFA in newly invaded rings.
However, PFRONG could not be detected by immunablotting in older rings (5-9 h) and
could not be detected by IFA or immunoblotting in trophozoites. Taken together, this data
indicates that PFRONG is secreted during invasion and is transferred to the PV, but is then
rapidly degraded, presumably by the action of a protease. The localisation of PFRON6
strongly suggests that it plays a role in invasion, rather than in subsequent intracellular
growth. Recent studies in both Plasmodium and Toxoplasma have implicated rhoptry neck
proteins in the formation of a specialised tight junction complex for exclusion of selected
host and parasite proteins from the forming PV membrane (Alexander et al., 2005, 2006;
Lebrun et al., 2005). Other rhoptry neck proteins, such as members of the RBL family are
involved in host cell tropism and antigenic variation (Gruner et al., 2004; Stubbs et al., 2005;
Triglia et al., 2005).
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Recombinant PFRONG protein fragments were specifically recognised by sera from people
living in malaria endemic areas of PNG and Vietnam. This demonstrates that PFRONG is
expressed in field isolates and that it is capable of eliciting an immune response in a natural
infection. Interestingly, PNG and Vietnam immune sera differed in their ability to recognise
the cysteine-rich domain. This difference may reflect the variation in the temporal
acquisition of antibodies against Plasmodium antigens in these two populations.

In summary, we have characterised a novel rhoptry protein. The primary amino acid
sequence of PFRONS, its expression and localisation suggest that it is involved in merozoite
invasion of RBCs. If the N-terminal and C-terminal regions are indeed protein-protein
interaction domains, PFRONG6 may be part of a larger protein complex, or may serve as a
link between a host cell receptor and another parasite protein. In any case, these interactions
appear to be necessary for the completion of the parasite life-cycle and further investigation
is warranted to determine whether they can be targeted by rationally designed drugs or a
subunit vaccine.
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Fig. 1.
Predicted protein structure of PFRONG and its orthologues. (A) Schematic representation of

PfRONS. The signal peptide, repeat regions, the conserved region and the cysteine-rich
region are indicated. The repeat regions consist of: R1 degenerate repeats of the sequence
SDDHK|[V/EE[N/V]KK, R2 tandem repeats of the sequence KDXXKEKX and R3
degenerate repeats containing the dipeptide EN. The numbers refer to the amino acid
residues. Black bars indicate fragments corresponding to residues 21-308 (A), 308-441 (B)
and 752-950 (C) that were produced as recombinant fusion proteins. (B) Schematic
representation of PFRONG orthologues from other Plasmodium species. Species where only
partial sequence is available are indicated in brackets. (C) Amino acid alignments of the
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conserved regions of PFRONG from different Plasmodium species. Pk — Plasmodium
knowlesi; Pv — Plasmodium vivax; Pf — Plasmodium falciparum; Pb — Plasmodium. berghei;
Pc — Plasmodium chabaudi; Pg — Plasmodium gallinaceum
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Fig. 2.

ngetic targeting of PFB0680w. (A) Schematic of integration vectors and Southern blot
analysis of transgenic parasite lines transfected with pHTKARONS. Vector control, 3D7
genomic DNA (gDNA), and gDNA from three independent transfectant parasite lines (KO
1, KO 2 and KO 3) were digested with Hincll and Xcml and probed with an F1-specific
probe. The bars on the schematic show the location of the restriction sites with the sizes of
the expected bands shown below. The asterix (*) indicates the introduction of a Hincll site
into pHTKARONSG during PCR amplification. Bands corresponding to undisrupted genomic
copy of PFB0680w and plasmid maintained as an episome are indicated. (B) Southern blot
analysis of transgenic parasite lines transfected with pHRONGAt. Vector control, 3D7
gDNA and gDNA from two independent transfectant parasite lines (Trun 1 and Trun 2)
were probed with a human dihydrofolate reductase (hDHFR) specific probe. Bands
corresponding to plasmid maintained as an episome are indicated. (C) Southern blot analysis
of transgenic parasite lines transfected with pARON6-HA-500 or pARON6-HA-1000.
Vector controls, 3D7 gDNA and gDNA from two independent transfectant parasites lines
from both vectors were probed with a hDHFR-specific probe. Bands corresponding to
plasmid and single cross-over are indicated.
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Expression of the PFRONG protein in parasitised red blood cells (RBCs). (A) Reactivity of
anti-PfRONG antisera with parasite lysate. Immunoblots with anti-rPfRON6-A, -B and -C
antisera on parasite extracts or uninfected RBCs. The asterix (*) indicates full-length
PfRONBG. (B) Time course of PFRONG expression. Immunoblots with anti-rPfRONG6-A, anti-
RAMA, and anti-MSP4 antisera on parasite extracts from synchronised parasite samples at
various time points post-invasion. Rings (5-9 h), early trophozoites (19-24 h), late
trophozoites (26-31 h), early schizonts (33-38 h), late schizonts (42-47 h).
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Fig. 4.

Lc?calisation of the PFRONG protein in parasitised red blood cells (RBCs). (A) Localisation
of PFRONG in segmented schizonts. Confocal microscopy using anti-rPfRON6-A, -B and -C
antisera. (B) Double labelling using anti-rPfRONG6-B and anti-haemagglutinin (HA) in HA-
tagged transgenic parasites. Confocal microscopy using anti-rPfRON6-B with anti-HA.
Corresponding overlay images are shown. (C) Double labelling of PFRONG6 with Pf34,
PfRON4, RAMA or AMAL1 in segmented schizonts. Confocal microscopy using anti-
rPfRONG-B with anti-Pf34 (rhoptry neck marker), anti-PfRON4 (rhoptry neck marker), anti-
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RAMA (rhoptry bulb marker), or anti-AMA1 (microneme marker). Corresponding overlay
images are shown. (D) Localisation of PFRONG in free merozoites. Overlay images of free
merozoites labelled with anti-rPfRONG6-B, anti-RAMA and DAPI. (E) Electron micrograph
of immunogold staining using affinity purified anti-rRONG6-C antibodies. Arrows indicate
PfRONSG. (F) Localisation of PFRONG during the asexual red blood cell (RBC) cycle.
Immunofluorescence microscopy using anti-rPfRONG-B antisera and DAPI on parasites at
different stages of the asexual RBC cycle. The corresponding phase contrast images are
shown.
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Fig. 5.

Reactivity of rPfRONG6-A, -B and -C recombinant proteins with human immune sera.
rPfRONG-A and -B were expressed and purified as GST fusion proteins. rPFRON6-C was
expressed and purified as a hexa-histidine fusion. rPfRONG6-A (lane 2), -B (lane 3), -C (lane
4) and a GST (lane 1) control were resolved by SDS-PAGE, and either stained with
coomassie (loading control) or transferred to PVDF membrane and immunoblotted with
human sera from individuals living in malaria endemic areas of Papua New Guinea (PNG)
and Vietnam or with sera from naive individuals living in Melbourne, Australia.
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