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Abstract

Apicomplexan parasites are characterised by the presence of specialised organelles, such as rhoptries,
located at the apical end of invasive forms that play an important role in invasion of the host cell and
formation of the parasitophorous vacuole. In this study, we have characterised a novel Plasmodium
falciparum rhoptry protein, Pf34, encoded by a single exon gene located on chromosome 4 and
expressed as a 34 kDa protein in mature asexual stage parasites. Pf34 is expressed later in the life
cycle than the previously described rhoptry protein, Rhoptry Associated Membrane Antigen
(RAMA). Orthologues of Pf34 are present in other Plasmodium species and a potential orthologue
has also been identified in Toxoplasma gondii. Indirect immunofluorescence assays show that Pf34
is located at the merozoite apex and localises to the rhoptry neck. Pf34, previously demonstrated to
be glutathione-S-transferase (GPI)-anchored (Gilson et al., 2006, Identification and stoichiometry of
GPI-anchored membrane proteins of the human malaria parasite Plasmodium falciparum. Mol Cell
Proteomics, 1286-1299), is associated with parasite-derived detergent-resistant microdomains
(DRMs). Pf34 is carried into the newly invaded ring, consistent with a role for Pf34 in the formation
of the parasitophorous vacuole. Pf34 is exposed to the human immune system during infection and
is recognised by human immune sera collected from residents of malaria endemic areas of Vietham
and Papua New Guinea.
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1. Introduction

Invasion of red blood cells (RBCs) by invasive asexual forms of Plasmodium falciparum
(merozoites) represents an attractive target in the parasite life cycle for the development of
anti-invasion therapies. Invasion is an active process that is comprised of a series of complex
and well coordinated events. Invasion commences with an initial low affinity interaction
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between proteins of the merozoite coat surface and RBC receptors and is followed by
reorientation of the merozoite, host cell entry and establishment of the parasitophorous vacuole
(PV). These latter steps are facilitated by the actin-myosin motor and proteins localised within
specialised apical secretory organelles - the rhoptries, micronemes and dense granules. Studies
over the last 25 years have attempted to fully characterise the contents of these organelles,
particularly the rhoptries. In P. falciparum at least 20 rhoptry proteins have been characterised
in detail, while proteomic studies in Toxoplasma indicate that there are likely to be a
substantially greater number of rhoptry proteins (Bradley et al., 2005). These proteins are
involved both in binding to the exterior of the RBC during the later stages of invasion and in
formation of the PV (see Kats et. al., 2006 for recent review). Known rhoptry-resident proteins
appear to be predominantly secreted with soluble proteins present in the rhoptry neck and
lumen, but a smaller number of proteins are membrane-associated either by
glycosylphosphatidylinositol (GPI) anchors, for example Rhoptry Associated Membrane
Antigen (RAMA), or integral membrane anchors such as Rhop148 (Lobo et al., 2003; Topolska
et al., 2004a).

As invasion is an essential step in the parasite life cycle, it may be possible to block parasite
replication in vivo by designing inhibitors that interfere with one or more steps of the invasion
process. In addition, merozoites are briefly exposed to the host immune system during RBC
egress and invasion. As such, proteins on the surface of merozoites or those that are secreted
during invasion are potential targets for neutralising antibodies and potential candidates for
vaccine development (Cowman et al., 2002; Cowman and Crabb, 2006; Kats et al., 2006). GPI-
anchored proteins have emerged as important candidates for inclusion in a blood-stage subunit
vaccine. At least nine GPI-anchored merozoite proteins have been described (Merozoite
Surface Protein (MSP)-1, -2, -4, -5, -8, -10, Pf92, Pf38 and Pf12) and two others (RAMA and
ASP) have been localised to apical organelles (Holder and Freeman, 1982; Smythe et al.,
1988; Marshall et al., 1997, 1998; Black et al., 2001, 2003; Topolska et al., 2004a; O’Keeffe
etal., 2005; Sanders et al., 2005; Gilson et al., 2006;). GPI-anchored proteins are preferentially
incorporated into detergent resistant microdomains (DRMs) where they are proposed to
function as distinct components within lipid bilayers and are thought to participate in receptor
signaling, signal transduction and membrane sorting in a variety of eukaryotic cells. In P.
falciparum-infected erythrocytes, DRMs are rich in cholesterol and sphingolipids and contain
a sub-population of parasite-derived membrane proteins. (Salzer and Prohaska, 2001; Salzer
et al., 2002; Hiller et al., 2003; Wang et al., 2003b; Sanders et al., 2005).

In contrast to peripheral MSPs and other apical proteins, most GPI-anchored proteins are
refractory to genetic deletion (Sanders et al., 2006). MSP-1, MSP-2, MSP-4 and MSP-5 are
currently being developed for clinical trials (see Malkin et al., 2006 for recent review), whereas
others such as RAMA are implicated as targets of host protective immunity (Topolska et al.,
2004b; Nixon etal., 2005). Gilson and co-workers (Gilson et al., 2006) recently identified Pf34
as a blood-stage GPI-anchored protein. Here, we show that Pf34 is localised to rhoptries and
is indeed recruited into DRMs. Pf34 is expressed in mature intra-erythrocytic stages and is
carried across by the invading merozoite to the ring stage parasite, suggesting a possible role
in the invasion process perhaps at the stage of formation of the PV.

2. Materials and methods

2.1. Plasmodium falciparum parasites

Plasmodium falciparum 3D7 parasites were cultured in vitro using routine culture techniques
as previously described (Trager and Jensen, 1976). Parasite extracts (Black et al., 2001) and
synchronised cultures (Lambros and Vanderberg, 1979) were prepared as described and
sampled at various time points for analysis of stage-specific expression.
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2.2. Genomic sequences, molecular cloning and analysis

The Pf34 nucleotide sequence encoded by PFD0955w was sourced from the Sanger Institute
P. falciparum chromosome 4 sequence (Genbank accession AL844503). Pf34 orthologues
were identified in genomic sequence data for Plasmodium vivax (TIGR contig 6950, Genbank
AAKMO01000006), Plasmodium knowlesi, Plasmodium chabaudi and Plasmodium berghei
(http://www.wehi.edu.au/MalDB-www/genome.htm). Gene annotation was completed by the
Victorian Bioinformatics Consortium (http://www.wehi.edu.au/MalDB-www/genome.htm).
Further sequence analysis was carried out using the various databases and tools available at
the NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/), PlasmoDB
(http://plasmodb.org), ToxoDB (http://toxodb.org), ApiDB (http://apidb.org) and EXPASy
(http://ca.expasy.org, including Pfam and Prosite databases).

Three non-overlapping fragments of Pf34 were amplified by PCR from P. falciparum 3D7
genomic DNA and ligated as BamHI/HindlIlI fragments into the pGEX-KG expression vector
(Guan and Dixon, 1991) for expression of glutathione-S-transferase (GST) fusions. Fragment
Pf34-A comprised amino acid residues 24-110 of the full-length Pf34 amino acid sequence
(amplified using forward primer 5’-acgcggatccAATAATATAAAATTAAAC-3' and reverse
primer 5’-tccgaagcttATCTGCTTTTAAACTTTCAG-3"); fragment Pf34-B comprised
residues 111-256 (forward primer 5’-acgcggatccCTTAAGATATTAAATAATG-3', reverse
primer 5'-tcccaagctATAAATTTTTTTTTTTTTC-3'); fragment Pf34-C comprised residues
260-307 (forward primer 5-acgcggatccTATGATAATCAAGATAATAG-3', reverse primer
5'-tcccaagCcttAAGTAGAGGAACCACTATG-3') (Fig. 1A, 1B). The underlined sequences
encode restriction endonuclease sites and the capitalised sequence is Pf34 gene-specific. DNA
cloning and characterisation procedures were performed as previously described (Black et al.,
2001).

2.3. Recombinant protein expression and production of polyclonal antisera

Recombinant Pf34-GST fragments were expressed in Escherichia coli BL21 (DE3)
(Invitrogen) and purified as described previously (Black et al., 2001). Polyclonal antisera were
raised in 6-8-weeks-old female BALB/C mice (Monash Animal Services, Clayton Vic,
Australia). Immunisations were conducted intraperitoneally using 25 ug of purified
recombinant protein emulsified in Complete Freund’s adjuvant (Difco Laboratories), with
subsequent monthly boosts of 25 ug recombinant protein in Incomplete Freund’s Adjuvant
(Difco Laboratories). Experiments involving animals were carried out with appropriate ethics
approval from the Monash University Animal Use Committee (BAM/M/2003/14). Work
involving handling of transgenic organisms was carried out in an OGTR PC2 certified facility
and approved by the Monash University Biosafety Committee.

2.4. SDS-PAGE and Immunoblotting

Recombinant proteins and parasite lysate were resolved by SDS-PAGE on 12% (w/v)
polyacrylamide gels and transferred to polyvinylidene fluoride (PVVDF) membranes (NEN) for
immunoblotting as previously described (Black et al., 2001), with all samples resolved under
denaturing conditions. Polyclonal antisera raised in mice (against Pf34 fragments, diluted to
1:500) and rabbits (RAMA, 1:1000; HSP70, 1:10,000 and Glucose-Regulated Protein GRP
(BiP), 1:1,000) were used as primary antibodies. Human hyperimmune sera from malaria
endemic areas of Papua New Guinea (PNG) (Marshall et al., 1997) and Vietnam (Wang et al.,
2001) and pooled sera from individuals in Melbourne, Australia, who have never been exposed
to malaria were used to assess reactivity of Pf34 (Wang et al., 2003a). The primary antibodies
were detected using anti-mouse, anti-rabbit or anti-human immunoglobulin conjugated to
horseradish peroxidase (Silenus) and developed as previously described (Black et al., 2001).
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2.5. Indirect Immunofluorescence Assays (IFA)

Plasmodium falciparum blood-stage parasites were cultured to approximately 8% parasitemia
as previously described (Wang et al., 1999). Blood smears were taken when the majority of
the parasites were at late trophozoite and schizont stages. IFA was performed as previously
described (Black et al., 2001). Polyclonal mouse anti-Pf34, rabbit anti-RAMA diluted 1:500
(provided by Dr. A. Topolska) and rabbit anti-AMA-1 diluted 1:500 (Apical Membrane
Antigen 1, provided by Dr. A. Hodder), were used as primary antibodies. Reactivity was
detected using Alexa Fluor 488-conjugated anti-mouse immunoglobulin and Alexa Fluor 568-
conjugated anti-rabbit immunoglobulin (diluted 1:3,000; Molecular Probes Inc.) as secondary
antibodies. Smears from asynchronous cultures were examined by widefield fluorescent
microscopy and selected samples were also examined by confocal fluorescent microscopy.

2.6. Isolation of detergent resistant microdomains (DRMs)

3. Results

Asynchronous P. falciparum blood-stage parasites were cultured to approximately 6%
parasitaemia as described previously (Wang et al., 1999). The parasites were harvested using
0.15% (w/v) saponin, washed with PBS and stored in 100 pL aliquots. To test the detergent
solubility of Pf34, three separate aliquots of parasites were each resuspended in 1 mL of ice-
cold TNET buffer (1% (w/v) TX-100, 25 mM Tris-HCI, 150 mM NacCl, 1 mM EDTA, pH 7.5)
containing a cocktail of protease inhibitors (Roche Diagnostics). Separate aliquots were
incubated as follows: (i) on ice for 30 min and centrifuged at 10,000 x g, 4°C for 10 min; (ii)
at 37°C for 30 min and centrifuged at 10,000 x g, room temperature for 10 min; (iii) on ice for
30 min and centrifuged at 10,000 x g, 4°C for 10 min. For sample (iii), the resulting soluble
and pellet fractions were collected. The insoluble pellet was further resuspended in 1 mL of
ice-cold TNET, incubated at 37°C for 30 min and centrifuged at 10,000 x g at room temperature
for 10 min. All samples were resolved by SDS-PAGE and immunoblotting. To confirm that
Pf34 was present in DRMs, parasite samples were fractionated by sucrose density flotation as
previously described (Wang et al., 2003b).

3.1. Pf34 identification, gene structure and orthologues

Global microarray analyses of asexual parasites of P. falciparum have revealed that most
known invasion-related genes are coordinately and maximally transcribed in schizont stage
parasites (Bozdech et al., 2003; Le Roch et al., 2003). We analysed previously uncharacterised
genes that showed coordinated transcription profiles with known invasion genes. One of these
genes, PFD0955w, is a single exon gene located on chromosome 4. PFD0955w encodes for a
325 amino acid protein with a predicted N-terminal signal sequence and a C-terminal
hydrophobic sequence preceded by a di-serine motif that is often found in sequences of
Plasmodium GPI-attachment sites (Fig. 1). The encoded protein was named Pf34 from its
apparent molecular mass on SDS-PAGE. It was shown to be radiolabelled following
biosynthetic labelling with glucosamine, indicating the presence of a GPI-anchor (Gilson et
al., 2006). No identifiable motifs other than the GPI-attachment motif or domains of known
function were identified in the Pf34 sequence.

Pf34 orthologues are present in other Plasmodium species. Alignment of the Pf34 amino acid
sequence with those of predicted orthologues in P. vivax and P. knowlesi show an overall
identity of 25.7% and similarity of 62% (Fig. 1B). Upon alignment, a central region
corresponding to residues 140-249 of the Pf34 sequence shows markedly higher cross-species
conservation (64% identity, 89% similarity) and may represent a conserved, functional domain.
Genomic synteny of the PFD0955w locus was found to be conserved in the P. vivax and P.
knowlesi genomes. Analysis of other available Plasmodium genomic sequences indicated that
Pf34 orthologues are present in the murine parasites P. chabaudi and P. berghei. Although the
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full sequence of these orthologues is currently incomplete, the available sequences show a high
degree of similarity to Pf34 and include putative GPI-anchor attachment sites preceding a
hydrophobic terminus (data not shown).

Efforts to characterise the Toxoplasma gondii rhoptry proteome identified 12 proteins with
orthologues in P. falciparum (Bradley et al., 2005), including a possible orthologue of Pf34
encoded by TGG_99455w (227295-226243) showing 50% amino acid similarity to Pf34. No
other matches were found amongst the available genomic sequences from other apicomplexan
parasites and further searching failed to identify any homologous sequences outside the phylum
Apicomplexa.

3.2. Expression of Pf34 recombinant fragments and reactivity to human immune sera

Three non-overlapping fragments spanning the length of the predicted mature Pf34
polypeptide, designated Pf34-A, Pf34-B and Pf34-C, (Fig. 1A) were produced as recombinant
GST fusion proteins in E. coli (Fig. 2A). In order to investigate the ability of Pf34 to elicit an
immune response in human infection, Pf34 fusion fragments were resolved alongside a GST
control and immunoblotted with immune sera from long-term residents from endemic regions
of PNG and Vietnam. All three recombinant proteins were recognised by PNG sera (Fig. 2A).
The Vietnam sera recognised Pf34-A with weak reactivity to the other two fragments
suggesting the immunodominant region of this protein is localised to the N-terminus. GST
alone was not recognised by any sera, and no reactivity was observed when all proteins were
probed with sera from naive, non-exposed residents of Australia (Fig. 2A).

3.3. Stage-specific expression of Pf34

Antisera to all three recombinant Pf34 proteins raised in mice reacted with the corresponding
immunised recombinant protein (data not shown). The anti-Pf34 sera were used to probe time-
course samples from a highly synchronised parasite culture (Fig. 2B). Consistent with previous
observations, all three antisera recognised a protein with a molecular mass of 34 kDa (Gilson
etal., 2006). This data suggests that the protein does not undergo proteolytic processing during
the asexual life cycle. Full-length Pf34 was first detected in late trophozoite samples (29-35 h
post invasion) and was present until schizont rupture, consistent with the reported maximal
transcription profiles for Pf34 (Bozdech et al., 2003;Le Roch et al., 2003). The samples were
also probed with RAMA-specific antisera which were able to detect RAMA from 22-28 h,
consistent with previously published data (Topolska et al., 2004a) (Fig. 2B). This suggests that
although RAMA and Pf34 expression are both detected from the late trophozoite stage, RAMA
expression appears to begin earlier than that for Pf34. Probing the samples with GRP(BIiP)
(Kumar et al., 1991) antisera demonstrated the increase in parasite material over the time
course. GRP(BIiP) expression was detected at all time points (Fig. 2B).

3.4. Localisation of Pf34 to the rhoptries

IFA was performed using antisera raised against Pf34 to determine its sub-cellular location in
P. falciparum parasites. The antisera were tested in dual labelling IFAs with either anti-RAMA
and anti-RhopH3 (rhoptry markers) or anti-AMA-1 (microneme marker) antibodies (Hodder
etal., 1996; Topolska et al., 2004a) (Fig. 3A). In segmented schizonts, Pf34 antisera produced
a punctuate pattern of fluorescence. Each of the developing merozoites has a single small
punctate Pf34-positive structure located in the apical end. Pf34 showed close localisation with
the rhoptry markers RAMA and RhopH3. The partial overlapping of the small, punctate Pf34-
or RAMA-positive areas with the larger and more diffuse AMA-1-positive area suggests that
Pf34 was not a micronemal protein (Fig. 3A).

Closer examination of the mature schizont (Fig. 3B, panel i) and extracellular merozoites (Fig.
3B, panel ii) revealed that there was limited co-localisation of RAMA and Pf34, with the Pf34-

Int J Parasitol. Author manuscript; available in PMC 2009 July 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Proellocks et al.

Page 6

positive area close to, but slightly anterior to, the RAMA-positive area. Confocal microscopy
of mature schizonts confirmed these observations (not shown). Confocal imaging of
extracellular merozoites resolved the two bulbous RAMA-positive areas of the rhoptries with
apparent overlapping of the Pf34-positive area toward the anterior (Fig. 3B, panels iii and iv).
Combined, this data suggests that Pf34 is compartmentalised to the rhoptry neck and absent
from the rhoptry bulb. This type of staining pattern has been previously demonstrated in the
T. gondii rhoptry neck proteins (Bradley et al., 2005). In schizonts, Pf34 was consistently co-
expressed with the rhoptry markers RAMA and RhopH3. However, in cells double-labelled
with Pf34 and AMA-1, many of the developing schizonts exhibiting the punctate Pf34-positive
staining were unstained with AMA-1 (Fig. 3C). Only a sub-population of schizonts was
positive for both Pf34 and AMA-1. Taken together, these results suggest that Pf34 is not a
micronemal protein, is indeed localised to the rhoptry neck and that it is expressed at an earlier
stage than AMA-1.

Pf34 staining was also detected in young rings as a rim of fluorescence surrounding the parasite
(Fig. 3D). Ring stage Pf34 staining shows co-localisation with RAMA, a protein that is known
to be transferred to the PV during invasion (Topolska et al., 2004a).

3.5. Pf34 is recruited into DRMs

Experimentally, DRMs are defined as being insoluble in cold non-ionic detergents (Brown and
London, 1997; Wang et al., 2003b). To determine whether Pf34 is associated with DRMs,
detergent-solublised parasite material was probed with anti-Pf34 antisera. Pf34 was partially
insoluble in TX-100 at 4°C, but completely soluble at 37°C in TX-100. Furthermore, when
insoluble material collected following treatment at 4°C was incubated at 37°C, the majority of
Pf34 was re-solublised (Fig. 4A).

Following solubilisation in cold non-ionic detergent and fractionation by sucrose density
gradient flotation, DRMs float within low density sucrose fractions whereas non-DRM
components remain in the high density loading fraction (Hiller et al., 2003; Wang et al.,
2003b). Following sucrose density gradient flotation, Pf34 was detected in low density
fractions (2—4). The same fractions were probed with antisera against the known DRM-
associated protein RAMA (Topolska et al., 2004a), which was found in fraction 2 only.
Antisera raised against heat shock protein 70 (HSP70), which is not associated with DRMs,
showed reactivity to the high density loading fractions (5-6) (Fig. 4B). Taken together, these
results indicate that Pf34 associates with DRMs.

4. Discussion

Gilson and colleagues (2006) recently demonstrated that Pf34 is a GPl-anchored protein that
is expressed in asexual RBC-stage P. falciparum parasites (Gilson et al., 2006). Using protein-
specific antibodies, we have shown that Pf34 is expressed in mature asexual stage parasites
and is localised to the rhoptry neck. Repeated attempts to localise Pf34 using immuno-electron
microscopy have not been successful. However, these ultrastructural observations did allow
evaluation of the anterior structures during merozoite formation. It was observed that the two
rhoptries and their ducts formed early in merozoite formation and it was only in the late stages
of merozoite formation that a number of micronemes appeared in the apical region of the
merozoite (not shown). These observations are consistent with previously published data
describing merozoite biogenesis (Margos et al., 2004). The delayed formation of the
micronemes relative to the rhoptries is consistent with the appearance of Pf34 and other rhoptry
markers in a greater number of schizonts than those positive for the micronemal protein AMA-1
(Fig. 3C). Pf34 is transferred to the PV of newly infected RBCs (Fig. 3D). Despite being visible
by immunofluorescence (0-2 h) in newly-invaded rings, we were unable to detect Pf34 by
immunoblotting in 4-10 h- old rings, suggesting loss of Pf34, perhaps by proteolytic
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degradation. This characteristic is common for rhoptry proteins, including RAMA (Kats et al.,
2006) and suggests that Pf34 functions earlier either during RBC invasion or the early steps
of PV formation.

The data presented here show that Pf34 associates with DRMs. These findings are inconsistent
with recent data that failed to detect Pf34 within the P. falciparum DRM proteome (Sanders
etal., 2005). The fractionation pattern observed for Pf34 was distinct from that of the previously
characterised DRM protein RAMA.. This observation supports the possibility of multiple
populations of DRMs located in the rhoptries. Distinct populations of RBC DRMs have been
demonstrated in other studies (Salzer et al., 2002; Murphy et al., 2004). Localisation to distinct
DRM populations might be consistent with the observation that RAMA traffics to the rhoptry
body and Pf34 to the rhoptry neck. Residence of both proteins in a single population of DRMs
would then require some form of sorting at the rhoptry membrane to partition them to distinct
regions of the rhoptry. If the proteins are present in different DRM populations then each
population could be trafficked separately to a different portion of the rhoptry. RAMA, the only
other GPI-anchored rhoptry protein, is implicated in chaperoning other rhoptry proteins to the
rhoptry body (Topolska et al., 2004a). It is not yet known if Pf34 has a similar role with respect
to secreted proteins that are sited at the rhoptry neck.

Pf34 is conserved across several Plasmodium species. All Pf34 orthologues identified to date
also possess a highly conserved region (Fig. 1B), indicating that this domain is likely to be
important to the parasite. The lack of similarity to any known protein domains suggests that
Pf34 and its orthologues are functionally unique. To date, no Pf34 orthologue has been
identified in P. yoelii, however the synteny of other available P. falciparum and P. yoelii
sequences, combined with the high degree of conservation between murine species suggests
that it is highly likely that an as yet unidentified orthologue is present in P. yoelii. Some
similarity exists between Pf34 and P. berghei reticulocyte binding protein (PbRBP; 41% amino
acid similarity). However, the lack of high similarity within the proposed central conserved
domain of Pf34 and the lack of a putative GPI attachment site suggests that PbRBP is not a
true orthologue of Pf34. It is not clear if Pf34 homologues are present in genera other than
Plasmodium. An open reading frame identified in T. gondii shows sequence similarity to Pf34
(Bradley et al., 2005). Together with putative rhoptry location and a GPI-attachment signal, it
is possible that the two proteins share a similar function. However, the sequence similarity is
scattered and the highly conserved region described here for Plasmodium Pf34 orthologues is
not evident in the T. gondii gene. This may reflect the divergence in the respective parasites’
host cell specificity and invasion mechanisms. It remains possible that the T. gondii protein
has been mistakenly identified as a Pf34 orthologue.

Pf34 was recognised by sera from Plasmodium-infected human populations but not by non-
immune sera from Australia. Interestingly, the PNG and Vietnam sera showed differing results.
The PNG sera reacted with epitopes across the entire protein whereas sera from Vietnam only
recognised the N-terminal fragment, which appears to harbour an immunodominant epitope in
each case. These data indicate that Pf34 is expressed in geographically distinct field isolates
during natural infection and is able to elicit an immune response. Differential reactivity to Pf34
may be a useful feature in further epidemiological studies. It would be interesting to examine
this differential reactivity with other putative rhoptry proteins.

In summary, we have characterised a novel DRM protein which is localised in the rhoptries of
P. falciparum. To date, Pf34 and RAMA are the only identified DRM-associated GPl-anchored
proteins localised to the rhoptries. It is therefore possible that Pf34, like RAMA, serves to
recruit other proteins into DRMs. Gene knockout studies are currently underway in an attempt
to elucidate the function of Pf34 in merozoite biology.
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Fig. 1.

Structure, features and conservation of Pf34. (A) Schematic representation of full-length Pf34,
a 325 residue protein. The N-terminus contains a predicted signal peptide (residues 1 — 23),
whereas the C-terminus contains a probable glycosylphosphatidylinositol (GPI) attachment
site (residue 306), followed by a hydrophobic anchor sequence (residues 307 — 325). Pf34 also
contains a central domain (residues 140 - 248) that is highly conserved in orthologues identified
in Plasmodium falciparum, Plasmodium vivax and Plasmodium knowlesi (shown in bold in
Fig. 1B). Fragments corresponding to residues 24 — 110 (Pf34-A), 110 — 256 (Pf34-B) and 260
— 307 (Pf34-C) were produced as glutathione-S-transferase fusion proteins. (B) Sequence
similarity between P. falciparum Pf34 and orthologues in P. vivax and P. knowlesi. Identical
(*), highly similar (:) and similar (.) residues are indicated. The central highly conserved region
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is shown in bold type. Probable GPI attachment sites are indicated by the di-serine motif
(underlined).
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Fig. 2.

Reactivity of human immune sera and stage-specific expression of Pf34. (A) The recombinant
proteins Pf34-A (lane A), Pf34-B (lane B) and Pf34-C (lane C) and glutathione-S-transferase
alone (lane D) were resolved under denaturing conditions. Shown are Coomassie-stained
samples and those immunoblotted with human immune sera from endemic areas of Vietnam
and Papua New Guinea, and non-immune sera from Australia. (B) Stage-specific expression
of Pf34. Synchronised parasite culture was sampled at various time points (indicated in hours)
and lysates resolved by SDS-PAGE. All samples were immunoblotted with antisera raised
against Pf34 fragments A, C and RAMA. Anti-GRP(BiP) sera was used as a loading control.
Pf34 expression is not convincingly demonstrable at 22-28 h.
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Fig. 3.

Localisation of Pf34 to the rhoptries. (A) Rhoptry localisation was demonstrated in late stage
parasites by immunostaining infected blood smears with anti-Pf34 and co-localising with either
anti-RAMA or anti-RhopH3 (both rhoptry markers) or anti-AMA-1 (microneme marker)
antibodies. (B) A mature schizont (i) and two extracellular merozoites (ii) showing the close
apposition of Pf34-positive (green) and RAMA-positive (red) structures in the apex of the
merozoite. Panels (iii) and (iv) show the apex of merozoites and the two rhoptries connected
to the Pf34-positive structure at the anterior when visualised by confocal microscopy. N —
nucleus; R — rhoptry. Bars represent 1 um in (i) and (ii) and 500 nm in (iii) and (iv). (C) Late
stage parasites were stained with anti-Pf34 (green) and anti-RAMA (red) (i) or anti-Pf34
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(green) and anti-AMA-1 (red) (ii) antibodies, highlighting the differential expression of the

rhoptry proteins (Pf34 and RAMA) when compared with AMA-1 (microneme protein). (D)
Ring stage expression of Pf34 was shown using anti-Pf34 co-localised with anti-RAMA.
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Fig. 4.

Pf34 is associated with detergent-resistant microdomains (DRMs). (A) Asynchronous parasites
were saponin treated (C) and resuspended in TX-100 at 4°C or 37°C. After incubation the
soluble (S) and pellet (P) fractions were resolved by SDS-PAGE. Enhanced solubility at 37°
C isindicative of proteins associated with DRMs. The samples were immunoblotted with anti-
Pf34-A sera. (B) Immunoblot detection of sucrose density gradient samples of Plasmodium
falciparum parasites. Asynchronous parasites were extracted in cold TX-100 and subjected to
sucrose density gradient flotation. Six gradient fractions were obtained (1-6), where fractions
2-4 contain floating material, and thus, DRMs. Fractions 5 and 6 represent the high density
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loading fraction. The samples were immunoblotted with anti-RAMA (positive control), anti-
HSP70 (negative control) and anti-Pf34-A and C antibodies.
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