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ABSTRACT

Plasmodium parasites must invade erythrocytes in order to cause the disease malaria.
The invasion process involves the coordinated secretion of parasite proteins from apical
organelles that include the rhoptries. The rhoptry is comprised of two compartments, the neck
and the bulb. Rhoptry neck proteins are involved in host cell adhesion and formation of the
tight junction that forms between the invading parasite and erythrocyte, whereas the role of
rhoptry bulb proteins remains ill-defined due to the lack of functional studies. In this study,
we show that the rhoptry associated protein (RAP) complex is not required for rhoptry
morphology or erythrocyte invasion. Instead, post-invasion when the parasite is bounded by a
parasitophorous vacuolar membrane (PVM), the RAP complex facilitates the survival of the
parasite in its new intracellular environment. Consequently, conditional knockdown of
members of the RAP complex leads to altered PVM structure, delayed intra-erythrocytic
growth and reduced parasitaemias in infected mice. This study provides evidence that rhoptry
bulb proteins localising to the parasite-host cell interface are not simply by-products of the

invasion process but contribute to the growth of Plasmodium in vivo.
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Introduction

Malaria is an infectious disease of global significance, caused by protozoan parasites
of the genus Plasmodium. In order to propagate and survive, Plasmodium parasites invade
and then remodel host erythrocytes using specialised invasion and protein export machineries
(reviewed in (de Koning-Ward et al., 2016; Weiss et al., 2016). The invasion of host
erythrocytes involves a complex multi-step process that includes initial attachment of the
parasite to the host cell, which is a reversible process, followed by reorientation of the
parasite to juxtapose its apical end to the host cell. Irreversible attachment and formation of a
tight junction with the host cell promptly ensues, with the parasite’s actin-myosin motor
powering its passage through this junction into the erythrocyte. Upon invasion, the parasite is
surrounded by a parasitophorous vacuole (PV) that is bounded by a membrane termed the
parasitophorous vacuole membrane (PVM). At distinct stages of the invasion process,
parasite proteins and lipids are released from organelles located at the apical end of the
parasite (the micronemes, rhoptries and dense granules) (Riglar et al., 2011) but only in
recent times have the molecular events that govern erythrocyte invasion begun to be resolved

(Weiss etal., 2016).

Of the apical organelles, the rhoptries are the most prominent. These organelles are
large membrane-bound structures with a distinctive neck and bulb region (Bannister et al.,
2000) - despite no obvious physical separation between the two regions, each harbours
diverse and distinct protein components that act at different stages of the invasion process
(Counihan et al., 2013). More than 30 proteins have been assigned as rhoptry proteins in the

human malaria parasite, P. falciparum (Sam-Yellowe et al., 2004; Kats et al., 2006;
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Counihan et al., 2013) and proteomic analysis in the rodent malaria species Plasmodium
yoelii has added a further 27 putative rhoptry proteins (Sam-Yellowe et al., 2008). Proteins
secreted from the rhoptry neck in P. falciparum, such as Rh1, 2a, 2b, 4 and 5, serve as
adhesins that bind to host cell receptors (Rayner et al., 2000; Rayner et al., 2001; Triglia et
al., 2001; Kaneko et al., 2002; Duraisingh et al., 2003; Hayton et al., 2008; Triglia et al.,
2009). Others, such as the rhoptry neck proteins (RON2, 4 and 5), are involved in formation
of the tight junction in combination with secreted micronemal proteins (Alexander et al.,
2005; Cao et al., 2009; Richard et al., 2010; Lamarque et al., 2011). Some of the Plasmodium
rhoptry neck proteins have homologues in other apicomplexan parasites such as Toxoplasma
and Eimeria (Bradley et al., 2005; Proellocks et al., 2010; Oakes et al., 2013). The
Plasmodium rhoptry bulb proteins (ROPs), however, lack homologues in other apicomplexan
species. Many of the ROPs in T. gondii, for example, are kinases with biological activities
that include interacting with host signaling pathways (reviewed in (Boothroyd and
Dubremetz, 2008; Lim et al., 2012), subverting host cell function (Bradley and Sibley, 2007)
and interfering with host cell immunity (Fentress et al., 2010; Ong et al., 2010; Steinfeldt et
al., 2010; Niedelman et al., 2012; Yamamoto and Takeda, 2012), processes which are crucial
for these parasites to survive within nucleated host cells and establish a chronic infection
(Fox et al., 2016). Conversely, none of the known Plasmodium ROPs have been shown to
have kinase activity. The extrapolation of functional insights gained from Toxoplasma ROPs
to Plasmodium is hindered by the lack of conservation between the Toxoplasma and
Plasmodium ROPs and by the very different host cells in which these parasites reside. To

date, Plasmodium ROPs have been assigned roles that include rhoptry biogenesis (Topolska
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et al., 2004; Kats et al., 2006), host cell invasion (Werner et al., 1998; Topolska et al., 2004),
PV formation (Hiller et al., 2003a) and host cell modification (Trenholme et al., 2000;
Nguitragool et al., 2011), however, functional data supporting these roles are limited in the

literature.

One of the Plasmodium protein complexes that initially localizes to the rhoptry bulb is
the rhoptry-associated protein (RAP) complex. Members of this complex are highly abundant
and consist of non-covalently associated proteins that include RAP1 and either RAP2 or
RAP3 in P. falciparum (Howard and Reese, 1990). RAP2 and RAP3 are paralogs, deriving
from a gene duplication event in an ancestor of P. falciparum (Baldi et al., 2002). Other
human malaria species and the rodent malaria species harbour only a single RAP2/3 gene.

The P. falciparum (Pf) RAP complex has been previously implicated in host cell
invasion as antibodies and peptides directed against PfRAP1 and PfRAP2 inhibited
erythrocyte invasion in vitro (Schofield et al., 1986; Harnyuttanakorn et al., 1992; Howard et
al., 1998). Moreover, individuals naturally exposed to P. falciparum develop antibodies
against RAP1 (Jakobsen et al., 1997; Stowers et al., 1997; Fonjungo et al., 1999) and
monkeys immunised with RAP1 and RAP2 are partially protected against a challenge
infection (Perrin et al., 1985; Ridley et al., 1990). However, this protection is inconsistent
with our present knowledge regarding the sequence of events during P. falciparum invasion,
in which the ROPs are secreted after the tight junction has formed and thus are inaccessible to
antibodies (Riglar et al., 2011). Moreover, truncation of RAP1 in P. falciparum did not affect
the ability of parasites to invade erythrocytes, nor their growth within erythrocytes (Baldi et

al., 2000; Baldi et al., 2002)(Baldi et al., 2000; Baldi et al., 2002)(Baldi et al., 2000; Baldi et
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al., 2002) although RAP2 trafficking was impaired, indicating RAP2 is non-essential for P.
falciparum survival in vitro (Baldi et al., 2000). However, it is possible that RAP3 was able
to complement RAP2 function in this line, although this was not formally proven. Subsequent
attempts to disrupt RAP1 in other P. falciparum lines like 3D7, W2mef and HB3 strains have
been unsuccessful (D. Baldi, personal communication), suggesting that RAP1 may provide an
important advantage for these parasites.

Interestingly, attempts to knock out RAP2/3 in the rodent malaria strain P. berghei
using standard targeted gene disruption technology have not been successful (Janse et al.,
2011). This suggests that RAP2/3 may play an essential role for asexual blood stage
development in vivo. In light of this, we attempted to dissect the functional roles of the RAP
complex in vivo using a combination of gene knockout, gene tagging and conditional
knockdown  approaches in P.berghei. In conjunction, we have undertaken detailed
characterization of RAP1 in P. falciparum. This study provides proof that RAPs are not
involved-in the invasion of host erythrocytes in vivo. Instead we present evidence supporting
a post-invasion role for the RAP complex in helping to remodel the interface between the
parasite and host cell to ensure intra-erythrocytic growth and survival of Plasmodium

parasites in vivo.
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RESULTS

RAPL1 is critical for P. berghei survival in vivo

As there are no previous reports as to whether RAP1 is essential for parasite survival
in vivo, this gene was targeted for deletion in P. berghei to generate a loss-of-function
mutant. The targeting construct pL0048 RAP1 was designed to replace the endogenous
RAP1 gene with the hDHFR-yFCU selectable marker cassette via double cross over
homologous recombination at the 5' and 3' targeting sequence (Fig. S1A). Although the first
two transfection experiments did not yield any parasites after drug selection with
pyrimethamine, pyrimethamine-resistant parasites were recovered after the third transfection
attempt. However, Southern blot analysis revealed that the recovered parasites were wild type
parasites harbouring the episomal version of the targeting construct and no band indicative of
the correct integration event was observed (Fig. S1B).

To assess whether the RAP1 locus is in fact amenable to gene targeting, we next
attempted to epitope tag the endogenous gene in P. berghei with a triple haemagglutinin
(HA) epitope and single streptavidin tag using a 3’ replacement strategy (Fig. S2A).
Diagnostic PCR (Fig. S2B) and Southern blot analysis (Fig. S2C) of genomic DNA (gDNA)
harvested from parasites resistant to pyrimethamine after transfection of the linearised
pRAP1-HA tagging construct revealed bands indicative of a successful 5 and 3'
recombination event in a population of the transgenic parasites, which were absent from the
wildtype line. Western blot analysis of parasite extracts harvested from the blood of infected
mice confirmed RAPL1 had been epitope-tagged as the anti-HA reacted with a protein species

around the predicted molecular mass of RAP1 (86 k Da) fused to the epitope tag (4.5 kDa) in
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the transgenic parasite line, with no labelling observed in control P. berghei wild-type lysates
as expected (Fig. S2D). While a monoclonal antibody that has been raised against P.
falciparum RAP1 (anti-PfRAP1) (Schofield et al., 1986) did not react well against P. berghei
ANKA parasites lysates by Western blot (data not shown) (in which there is 31% amino acid
identity and 78 % similarity between the two proteins), immunofluorescence analysis (IFA)
using the anti-HA antibody in conjunction with the anti-PfRAP1 antibody on schizont-stages
showed that the anti-PfRAP1 and anti-HA labelling co-localized, giving the same punctate
labelling pattern typical of rhoptry localisation (Fig. S2E). These experiments corroborated
that RAP1 could be epitope tagged in P. berghei and thus the failure to genetically disrupt
RAPL1 suggests that this protein is highly likely to be critical for parasite growth and survival

in vivo.

Conditional regulation of RAP1 and RAP2 expression in P. berghei

As the RAP1 gene could not be genetically deleted in P. berghei, a transgenic P.
berghei parasite line, termed PbRAP1 iKD was created in which the RAP1 gene was placed
under the transcriptional control of a conditional tetracycline (Tet) transcriptional regulation
system (Pino et al., 2012), which allows RAP1 transcription to be regulated by the addition of
anhydrotetracycline (ATc) (Fig. 1A). After transfection of P. berghei with the pRAP1 iKD
targeting construct, transgenic parasites could be recovered within 12 days of commencing
pyrimethamine selection. These parasites were assessed for integration by diagnostic PCR
(Fig. 1B) and Southern blot analysis (Fig. 1C), which confirmed successful integration of the

construct into the endogenous RAP1 gene locus.
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In addition, since P. berghei RAP2 had already been shown to be refractory to genetic
ablation via conventional knockout strategies (Janse et al., 2011), we directly opted for a
conditional knock down strategy to assess its function in vivo. Thus similar to RAPL, a
PbRAP2 iKD line was constructed using the ATc-regulatable system. Correct integration of
the targeting construct to the endogenous RAP2 locus was assessed by diagnostic PCR (Fig.
1B) and confirmed by Southern blot analysis (Fig. 1D).

The level of knockdown of RAP1 and RAP2 at the transcriptional level was next
analysed in the PbRAP1 iKD and PbRAP2 iKD lines, respectively by quantitative reverse
transcriptase PCR (QRT-PCR). For these experiments, ring-stage parasites that had been
harvested from infected mice were cultured in the absence or presence of 1 ug/ml ATc until
schizont stage, from which the abundance of RAP1 or RAP2 transcript was measured relative
to GAPDH as a control. These experiments revealed treatment with ATc led to a 3.7-fold
down regulation of RAP1 (Fig. 2A) and 2.4-fold down regulation of RAP2 gene expression
(Fig. 2B), respectively. IFA experiments using anti-PfRAP1 and anti-PfRAP2 antibodies
revealed RAP1 and RAP2 expression had also been reduced at the translational level in the
ATc-treated lines. For PbRAP1 iKD parasites, more than 90 % of parasites grown in the
presence of ATc exhibited weak RAP1 labelling relative to parasites grown in the absence of
ATc (n=100) (Fig. 2C). Similar results were observed with the PbRAP2 iKD parasites, with
84 % of the parasites treated with ATc showing very faint RAP2 expression compared to the
untreated control, and only 16 % showing a strong RAP2 signal comparable to that of
untreated parasites (Fig. 2D). Irrespective of the labelling intensity in the knockdown lines,

RAP1 and RAP2 appeared to be evenly distributed to each merozoite within individual
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schizonts, a similar finding to the residual AMAL expression observed by IFA after
conditional regulation of AMAL in P. falciparum using the dimerizable Cre recombinase

(Yap et al., 2014).

Knockdown of RAPs does not alter rhoptry morphology or maturation of merozoites

Since the RAP complex is very abundant in schizont stages, we were interested in
whether the absence of either of these proteins had any effect on rhoptry formation. Genetic
disruption of ROP1, the major T. gondii rhoptry antigen, which shows no sequence similarity
to P. falciparum RAPs, has been shown to alter rhoptry morphology (Soldati et al., 1995).
This was analysed in PORAP2 iKD parasites in comparison to P. berghei ANKA wildtype
parasites that had been harvested from mice and treated in vitro for 12 hours with either ATc
or vehicle control. However, no apparent difference in the electron density or morphology of
the rhoptries was observed (Fig. 3A), suggesting that RAP2 is not essential for rhoptry
formation in Plasmodium spp. Moreover, knockdown of either RAP1 or RAP2 expression did
not affect parasite maturation and replication, as there was no significant difference observed
in merozoite number or schizont formation compared to parasites grown in the absence of

ATc (Fig. 3B).

Trafficking of RAP2 but not other rhoptry proteins is affected by knockdown of RAP1
In P. falciparum targeting of the RAP complex to the rhoptry occurs via the N-
terminus of RAP1 through an unknown mechanism (Baldi et al., 2000). Thus it was

interesting to see the fate of members of the RAP complex as well as other rhoptry proteins in
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the PbRAPland PbRAP2 iKD lines. While IFA analysis of mature, untreated PbRAP1 iKD
schizonts and merozoites with anti-RAP2 antibodies revealed a punctate RAP2 labelling
typical of rhoptry staining, PORAP1 iKD parasites that had been treated with ATc showed a
diffuse RAP2 staining pattern in schizonts and no labelling in the extracellular merozoites,
indicating RAP2 trafficking was impaired (Fig. 3C). In contrast, knocking down the
expression of ‘RAP2 did not affect the trafficking of RAP1 (Fig. 3D). The trafficking and
distribution of several other rhoptry bulb (RAMA, RhopH3) and neck (RONG6) proteins was
investigated alongside that of a micronemal protein (AMAL) but the localisation of these
proteins were unaffected by the absence of either RAP1 or RAP2 (Fig. S3). This indicates

that the RAPs do not play a role in the trafficking of other proteins to the rhoptry.

The RAP complex is not essential for erythrocyte invasion

RAP1 has been previously suggested to play a role in erythrocyte invasion (Schofield
et al., 1986; Harnyuttanakorn et al., 1992; Howard et al., 1998), although P. falciparum
expressing truncated RAP1 can still invade erythrocytes in vitro. To verify whether the RAP
complex is essential for invasion, in vitro invasion assays of the P. berghei RAP1 knockdown
lines grown in the presence or absence of ATc were performed using two-colour flow
cytometric analysis. For this, purified schizont preparations of each parasite line were stained
with the DNA dye Hoechst and incubated with donor RBCs harvested from an uninfected
BALB/c mouse that had been stained with the amine-reactive fluorescent dye DDAO-SE.
Hence cells that stained with both Hoechst and DDAO represent new invasion events, which

were expressed as a percentage of donor erythrocytes (Fig. 4A). The analysis revealed that
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there was no significant difference in the invasion efficiency of parasites with depleted
expression levels of RAP1 and RAP2 (Fig. 4B), confirming that the RAPs are not required

for host cell invasion by the Plasmodium parasites.

Knocking down RAP expression affects parasite growth in vivo and the development of
parasites post-invasion

To assess the effect of RAP1 and RAP2 knockdown on the growth and/or replication
of the PbRAP1 iKD and PbRAP2 iKD, BALB/c mice (n=6 per group) pre-exposed to ATc or
vehicle control for 24hrs were infected with asynchronous 1 x 10° P. berghei ANKA wild
type parasites, PbORAP1 iKD or PbRAP2 iKD parasites. From day 3 post-infection (p.i) the
parasitaemia from each mouse was calculated on a daily basis. Unlike the growth of parental
P. berghei ANKA parasites, which was unaffected by the presence of ATc, PbRAP1 iKD and
PbRAP2 IKD parasites exposed to ATc grew significantly more slowly than the same
parasite lines grown in the absence of ATc (Fig. 5A).

As the trophozoite and schizont stages of the P. berghei sequester in the
microvasculature of mice, we next analysed parasite growth of the RAP knockdown lines in
vitro so that all the stages of the parasite growth could be carefully examined to gain insight
into the basis for their attenuated growth in vivo. For this, purified schizont-stage PbRAP1
iKD and PbRAP2 iKD parasites were intravenously injected into untreated mice or mice pre-
exposed to ATc to establish a synchronous infection. The parasites invaded erythrocytes and
developed normally into ring stages. Parasites were then harvested from one group of mice at

this point (Cycle-I parasites) or after next round of invasion (Cycle-Il parasites), and cultured
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in vitro in the presence/absence of ATc until schizont stage. Parasite growth and morphology
was monitored regularly by observing Giemsa stained blood smears.

Cycle-1 parasites of both the transgenic lines grown in the presence of ATc appeared
to grow normally and similar to the parasites growing in the absence of ATc (data not
shown), consistent with knockdown of RAP transcript not occurring until schizont stage in
the mouse. Moreover, the parasitaemias in the Giemsa-stained blood smears at the beginning
of both Cycle I and Cycle Il (Fig. 5B) showed no difference in the levels of invasion with
either parasite line, consistent with the results from the in vitro invasion assays. However
during Cycle-11, the maturation of ~30% of both PbRAP1iKD and PbRAP2iKD rings into
mature trophozoites was abrogated in the presence of ATc. A close examination of these
parasites revealed abnormal looking trophozoites with stunted morphology. PoORAP1iKD and
PbRAP2iKD treated with ATc were consistently localised at the periphery of the erythrocyte
and stained more intensely with Giemsa (Fig. 5B and Fig. S4, respectively). By the end of
Cycle I, the numbers of ATc-treated parasites relative to non-treated parasites was ~25%
less. The onset of schizogony in the remaining knockdown parasites was also delayed, such
that at 25 hpi, only 15 % of the RAP1 iKD parasites had developed into schizonts compared
to 73 % of parasites grown in the absence of ATc (Fig. 5B). Very similar results were
observed for the PbRAP2 iKD parasites (Fig. S4). This indicates that the RAPs play an
important role downstream of invasion and are required for parasite growth, such that
knocking down their expression affects parasite viability and the duration of the asexual

cycle.
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Electron microscopy of PbRAP2 knockdown parasites reveals a PVM defect

To further understand the defect in growth in parasites with depleted RAP expression,
ultrastructural studies were conducted on the trophozoite stages of the PbRAP2 inducible
knockdown parasites and P. berghei wildtype parasites (grown both in the presence and
absence of ATc) using transmission electron microscopy (TEM). PbRAP2 iKD parasites
displayed significant PVM differences, with numerous branched and ruffled reticulations of
the parasite membranes extending into the erythrocyte cytosol. In some cases these
protrusions appeared to be an extension of the PV only, while in other cases, this bleb
appeared to contain parasite cytosol, with the projection containing parasite ribosome-like
objects, indicating the parasite membrane may also be affected (Fig. 6). These protrusions
often contained regions of distorted membranous ruffles, rather than the smooth tubular
extensions (termed tubovesicular network or TVN) occasionally seen in wild type parasites,
and previously described in P. berghei and other Plasmodium species (Matz et al., 2015).
Although- membranous extensions into the host cell are not completely absent from ATc-
untreated parasites, the protrusions in the PbORAP2 iKD parasites are larger, more distorted,
and more numerous. Of 60 mid-trophozoite stage parasites scored from each condition, 62%
of the ATc treated PORAP2 iKD parasites had a clear PVM protrusion into the erythrocyte,
whereas only 17% of the untreated parasites had any membranous extension. This phenotype
in the knockdown parasites suggests that the structure of the PVM is impaired in the absence
of RAP2. However, by IFA, no difference in the localisation of the PVM protein, EXP2,
could be observed in the PORAP2 iKD parasites when grown in the presence or absence of

ATc (Fig. S5).
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RAP1 persists after erythrocyte invasion and is peripherally bound to the PVM

Since the effect of knocking down RAP1 or RAP2 was not apparent until parasites
reached the trophozoite stage, further molecular characterisation of RAP1 was performed in
P. falciparum, for which there is a greater availability of antibodies. An earlier study has
already shown that RAPL1 is carried into the rings after invasion (Richard et al., 2009), thus
IFA analysis was conducted to determine how long RAP1 persists in the newly-formed ring-
stage parasite and when new RAP1 is synthesized for the next replication cycle. Our IFA
analysis shows that RAP1 persists until the late ring stage (~15 hrs post invasion) but can no
longer be detected once the parasite starts forming haemozoin pigment (trophozoite stage)
(Fig. 7A). In accordance with published transcriptome data, new RAP1 is not synthesized
again until early schizont stage (Fig. 7A) (Bozdech et al., 2003) and newly formed protein
localises to the rhoptry with other ROP proteins such as RAMA and RhopH3 (Fig. S3A). The
prolonged persistence of RAPL in the ring stages is in keeping with a functional role
downstream of invasion. Differential solubilisation of P. falciparum schizont and ring-stage
infected erythrocytes revealed that RAP1 was not detected in the soluble fraction after
hypotonic lysis but instead required sodium carbonate for extraction. This indicates that
RAPL is peripherally associated with membranes both pre- and post-invasion (Fig. 7B).

To determine the compartment in which RAP1 resides, selective membrane
permeabilization was performed in conjunction with a protease protection assay. For this,
samples were treated with tetanolysin, which permeabilises the erythrocyte membrane but

keeps the PVM intact. Samples were then subjected to digestion with proteinase K. Samples
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were then analysed by Western blot (Fig. 7C). This revealed that RAP1 is protected from
proteinase K digeston, while the Maurer’s cleft protein, Skeleton Binding Protein 1 (SBP1) is
cleaved under these conditions, in keeping with previous studies (Cooke et al., 2006).
Parasitophorous Vacuole protein 1 (PV1) (Chu et al., 2011) and GAPDH (which resides in
the parasite cytoplasm) served as control proteins and their protection from proteinase K
digestion demonstrates the integrity of the PVM and parasite membrane. From these results it

can be inferred that RAP1 localises to the PV. (Chu et al., 2011)

The RAP interactome

Although RAP1 is required for trafficking of RAP2 (and presumably RAP3) to the
rhoptries, it is unknown whether the RAPs still exist as a complex post-invasion and whether
they interact with other proteins at the PV or PVM. To investigate, we performed a global
analysis of the P. falciparum RAP1 interactome at ring-stages by immunoprecipitating RAP1
with anti-PfRAP1 antibodies (with anti-GAPDH antibodies used as a control). The elution
fraction containing proteins that affinity purified with RAP1 were separated by SDS-PAGE.
Protein bands that were visually unique to the RAP1 pull-down after staining were excised,
as were the corresponding gel regions of the negative control and proteins were identified by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Fig. 8A).

In total we identified 32 parasite proteins that based on total peptide count
preferentially interacted with RAP1 (>4-fold enriched). All members of the RAP complex
were detected, as were proteins belonging to the RhopH complex (most notably RhopH2) and

RON3 (Fig. 8B). Of proteins that harboured a signal sequence or transmembrane domain, 13
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proteins were specifically enriched, as were 6 exported proteins (Tables 1 and 2). Notably,
the top hits amongst these proteins were four DNAJ-containing proteins, disulphide
isomerases (of which PDI-8 has been previously identified in the PV proteome (Nyalwidhe
and Lingelbach, 2006), components of the PTEX export machinery (de Koning-Ward et al.,
2009) and other transport proteins. As the ~37 kDa band in the control pull-down that most
likely corresponds to GAPDH was not excised from the protein gel, western blotting of the
eluates with either anti-PfGAPDH or anti-PfRAP1 was performed. This confirmed that
GAPDH and RAP1 had been specifically immunoprecipitated with the corresponding
antibody (Fig. 8C). In addition, we confirmed the interaction of RAP1 with the RhopH
complex was specific (via PfRhop3 antibody). In contrast, there was relatively little
enrichment of HSP101 when comparing the elution fraction to the unbound fraction or to the
elution fraction of the control pull-down, although we note that several other members of the
PTEX complex were also affinity purified. With respect to host erythrocyte proteins, we did
not expect an enrichment of erythrocyte membrane proteins in the RAP1 pull-down because
the bulk of these proteins are excluded from the PVM (Murphy et al., 2004). In fact the only
human  proteins that were enriched more than four-fold in the RAP pull-down were

cytoskeletal proteins 4.1 and 4.2 (Fig. S6).
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DISCUSSION

The molecular players involved in the early stages of Plasmodium invasion of
erythrocytes are beginning to be revealed with the aid of transfection technologies and live
cell imaging platforms, in conjunction with the use of antibodies or compounds that block
potential invasion ligands/receptors. In comparison, there has been very little progress in our
understanding of the functional role of proteins secreted from the rhoptry bulb during
invasion, including the RAP complex despite its early identification and being a very
abundant complex. Although parasites with a truncated RAP1 gene have been generated in
the D10 strain of P. falciparum, functional studies of the RAP complex in vivo have been
hampered because viable P. berghei parasites that lack the RAP1 (this study) or RAP2/3 gene
(Janse et al., 2011) have not been able to be recovered, even if very long targeting sequences
in transfection plasmids generated by recombineering are used to drive homologous
integration into the RAP locus (Gomes et al., 2015)(http://plasmogem.sanger.ac.uk/).
Although we could epitope tag the endogenous P. berghei RAP1 gene, we note that only a
portion of the parasites in the non-clonal population contained the expected integration event,
which may be the result of the modification of the RAP1 protein or the rapl locus incurring a
fitness cost. This necessitated the use of conditional gene knockdown approaches in this
study to conditionally regulate RAP1 and RAP2 expression.

Despite the abundance of the RAP complex during schizogony, knockdown of
PbRAP1 or PbRAP2 revealed that neither of these proteins are essential for rhoptry
biogenesis, nor are they required for erythrocyte invasion. However, depletion of RAP1 in P.

berghei affected the trafficking of RAP2 to the rhoptry, consistent with findings in P.
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falciparum using a RAP1 truncation mutant, which showed RAP1 serves an escorter protein
for RAP2 (Baldi et al., 2000). RAP1 is not a general escorter of proteins to the rhoptry,
however, as we did not observe defects in the trafficking of other rhoptry proteins after
knockdown of PbRAPL, nor after knockdown of PbRAP2.

Following secretion from the rhoptry, RAP1 is injected into the PV and peripherally
associates - with the PVM where it remains for the duration of ring stages.
Immunoprecipitation of P. falciparum RAPL1 at the ring-stage confirms that the RAP proteins
remain together as a complex following their secretion from the rhoptries. Furthermore, the
RAP complex associates with members of the higher molecular weight RhopH complex,
which like the RAPs are present in detergent-resistant membranes (DRMSs) in schizonts
(Hiller et al., 2003b; Sanders et al., 2007). After invasion RhopH2 has been shown to insert
into the newly forming vacuolar bilayer (Hiller et al., 2003b). RAP1 also affinity purified
processed forms of RON3 that are only present in parasites post-invasion (Ito et al., 2011).
RON3 is a mis-named protein because unlike other RON proteins which localise to the
rhoptry neck and which did not co-precipitate with RAPL, it localises to the rhoptry bulb;
moreover, it has been shown to co-localise with RAP1 in the ring-stages by IFA (lto et al.,
2011).

Several other proteins that harbour signal sequences or transmembrane domains were
also enriched in the RAP1 pull-down, notably molecular chaperones, components of the
PTEX complex (and some known exported proteins), transporters (of which the multidrug
resistant protein 2 has been previously localised by IFA to the periphery of the parasite)

(Kavishe et al., 2009) and PF3D7_0204100. The latter is a conserved protein of unknown
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function containing two trimeric LpxA-like enzyme domains and Sell repeats that typically
engage in protein-protein interactions and are commonly found in macromolecular complexes
such as those involved in signal transduction pathways. Given that lipid raft-like membranes
serve as assembly regions for membrane protein trafficking and signalling molecules, and the
RAP complex affinity purified diverse proteins implicated in these functions, the RAP
complex-may-serve as a scaffold to compartmentalise various cellular processes at the
interface between the parasite and host cell rather than serving as a molecular component of
different complexes per se. The PVM ultrastructural defects observed by TEM after depletion
of RAP2 from intracellular parasites suggests that the RAP complex at the host-parasite
interface contributes to the architecture of the PVM. Since the PVM is formed from the host
erythrocyte membrane during invasion (Lingelbach and Joiner, 1998) and parasite proteins
are subsequently incorporated into this membrane, it would be expected that interference with
this process would lead to altered phenotypes when the parasite is rapidly expanding to
accommodate its requirements. Indeed delays in the growth of parasites depleted of RAPs as
well as aberrant parasite morphology became apparent by the trophozoite stage of
development, which not only led to delayed schizogony but also led to parasite attrition in

vitro and slower parasite growths in vivo.
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EXPERIMENTAL PROCEDURES

Ethics

All experiments involving rodents were performed in accordance with the Australian
Government and National Health recommendations and the National Health and Medical
Research-Council Australian code of practice for the care and use of animals for scientific
purposes. The protocols were approved by the Animal Welfare Committee at Deakin

University (Approval No.: AWC A97/2010, A98/2010 and G37/2013).

Mice infections and growth analysis

Female BALB/c mice aged between 5-8 weeks were randomized into groups and infected
intraperitoneally with 10° P. berghei ANKA infected erythrocytes. The development of
parasites within erythrocytes was monitored by visualising Giemsa-stained blood smears.

Parasitemias were determined by counting a minimum of 1000 erythrocytes.

For the in vivo treatment of parasites with anhydrotetracycline (ATc), mice were randomized
into groups of five per experiment (n=2) and 24 hr prior to infection administered with
drinking water containing 0.2 mg/ml ATc (Sigma) made in 5 (w/v) % sucrose, with drinking
water containing 5% sucrose alone serving as a negative control. Mice were then infected
with.10° infected erythrocytes and maintained on drinking water containing either ATc or
vehicle control for the duration of the experiment. Parasitaemia was calculated on a daily
basis from day 3 post-infection (p.i). Mice were humanely culled when parasitaemias

exceeded 25%.
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For in vitro treatment of parasites with ATc, erythrocytes harvested from infected mice were
applied to a MACS CS column (Miltenyi Biotec) to remove late stage parasites. The purified
ring-stage parasites were cultured to schizont stage in RPMI 1640 medium containing L-
glutamine (Life Technologies) supplemented with 25mM HEPES, 0.2% bicarbonate, 20%

fetal bovine serum and 1 ug/ml ATc (or vehicle as a control) at 36.5°C for 16 h.

DNA constructs

The sequence of P. berghei (Pb) RAP1 (PbANKA 1032100) and RAP2 /3
(PbANKA 1101400) were retrieved from the on-line Plasmodium genome database,
PlasmoDB (Aurrecoechea et al., 2009). For targeted gene deletion of PbRAP1, fragments of
the 5" UTR and 3" UTR that would serve as targeting regions to drive integration into the
endogenous locus were PCR-amplified from P. berghei ANKA genomic DNA (gDNA) using
gene-specific primers (163F/164R and 93F/90R). The 5" UTR and 3" UTR homologous
sequences-were digested with Kpnl/ Sall and Scal/BamHI, respectively and sequentially
inserted into the corresponding sites of the vector pL0048 (Lin et al., 2011) to generate the
construct pL0048_RAP1. The construct was sequenced to ensure no mutations had been
introduced during the PCR. Prior to transfection, pL0048 RAP1 was digested with the

restriction enzymes Hindlll and Xhol to remove the vector backbone.

To epitope tag the endogenous PbRAP1 gene, ~2 Kb of RAP1 coding sequence immediately
upstream of the stop codon served as the targeting region for homologous recombination into
the PbRAP1 endogenous locus. This was PCR-amplified from PbANKA gDNA in roughly

two equal parts (RAPla and RAP1b) using the oligonucleotides 186F/187R (5' targeting
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region) and 188F/189R (3’ targeting region). The RAP1 a and b fragments were digested with
Sacll/Spel and Spel/Avrll, respectively and sequentially inserted into the corresponding sites
of the vector pB3 vector (Waters et al., 1997). This created a Spel site between the two
adjacent 5’ and 3’ sequences that would later be used to linearize the DNA prior to
transfection into P. berghei ANKA, and placed a triple hemagglutinin (HA) epitope tag
adjacent to the 3’ targeting region of RAPI, to give the final epitope-tagging construct,

PRAP1-HA.

The targeting vector for inducible knockdown of PbRAP1 and PbRAP2 was based on pPRF-
TRADA4-Tet07-HAPRFhDHFR (Pino et al., 2012) that had been modified to include a Nhel
restriction site downstream of the profiling coding sequence and a BssHII restriction enzyme
site between the profilin 5" untranslated region and the TRAD4 sequence (Elsworth et al.,
2014). This enabled cloning of the first 1.5 kilobases (kb) of the RAP1 coding sequence
including its signal sequence (amplified with 91F/75R) into the Pstl and Nhel sites and 1.3
kb of the RAP1 5’ untranslated region (amplified using oligonucleotides 76F/77R) into the
Nhel and BssHII sites. For the RAP2 inducible knockout construct, the first 1.67 kb of the
RAP2 cds (amplified with 147F/83R) and 1.15 kb of the RAP2 5’ untranslated region
(amplified with 80F/156R) was cloned into the Pstl/Nhel and Nhel/BssHII sites of the
modified pPRF-TRAD4-Tet07-HAPRFhDHFR vector, respectively. Prior to transfection, the

constructs were linearized with Nhel.

Parasite transfection
Transfection of P. berghei and selection of the transgenic parasites was performed as

previously described (Janse et al., 2006). Briefly, Nycodenz (Axis-Shield) -purified P.
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berghei schizonts were prepared for transfection and DNA constructs were introduced using
the Nucleofector® electroporation device (AMAXA). The resulting DNA mixture was
injected intravenously into 6- to 8-week-old BALB/c mice and drug selection with
pyrimethamine (0.07 mg ml—1) of genetically transformed parasites begun at day 1 post

transfection.

Nucleic acid analysis

Correct 5" and 3’ integration of the transfected plasmids into the respective P. berghei
endogenous gene locus was analysed by diagnostic PCR on parasite DNA isolated from
infected rodent blood. The following oligonucleotide combinations were used for this
analysis: Pb RAP13XHA: a-154F/b-233R, c-45F/d-311R; PbiRAP1KD: a-181F/b-T51R, c-
213F/d-311R; PbiRAP2KD: a-183F/b-T51R, c-213F/d-182R. The genotypes of the
transgenic parasite line were confirmed by Southern blot analysis. Nucleic acid probes were
synthesized using the DIG PCR Probe Synthesis kit (Roche) and detection was performed
with the DIG Luminescent Detection kit (Roche) in accordance with the manufacturer’s

protocol.

To detect the level of the gene knockdown at the transcriptional level, quantitative real time
(gRT) PCR was performed. RNA was extracted from the blood stage parasites using Trisure
(Invitrogen) followed by treatment with DNasel (Invitrogen). cDNA was then made using the
Omniscript RTKit (Qiagen) in accordance with the manufacturer’s protocol. The cDNA of
the ATc-treated and untreated parasites was used in PCR reactions using the oligonucleotides
to detect RAP1 (527F/528R and 529F/530R), RAP2 (569/570 and 571/572) and parasite

GAPDH (567F/568R) as the reference gene. The expression levels of RAP1 and RAP2 were
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normalised against the gapdh house-keeping gene, with gene expression values calculated

based on the 2AACt method.

Western blot analysis

For immunoblots, infected rodent blood was collected and depleted of leucocytes by passage
through a CF11 column (Whatman) and then lysed using 0.02% saponin for 15 min on ice,
followed by centrifugation at 20 000 g for 5 min. After three washes with ice-cold mouse

tonicity (MT) PBS (150 mM NaCl, 16 mM Na,HPO,, 4 mM NaH,PO,) containing 1X
complete protease inhibitors (Roche), the parasite pellet was resuspended in 1X reducing

sample buffer. Parasite lysates were separated on 4-12% gradient SDS-PAGE gels
(Invitrogen) and transferred onto 0.45 pm nitrocellulose membrane (Millipore) using SDS
transfer buffer with methanol and a wet transfer blotting device (Bio-Rad). The membranes
were blocked in 5 (w/v) % skim milk in PBS and probed with mouse P. falciparum anti-
RAP1 (1:3000 dilution), rabbit anti-PfRAMA-D (1:3000 dilution), rabbit anti-PfEXP2
(1:1000 dilution), rabbit anti-PfHSP101(1:1000 dilution), rabbit anti-PfSERA5 (1:1000
dilution), anti-PfRhopH3 (1:1000) or rabbit anti-HA (1:1000). Detection was performed

using Super Signal enhanced chemiluminescence (Thermo Fischer Scientific).

Differential solubility analysis

P. falciparum-infected erythrocytes (rings or schizonts) at 5 % parasitaemia were saponin
lysed (0.02%) and the resulting pellet after centrifugation at 5000 g was resuspended in 600
ML hypotonic lysis buffer (ImM HEPES, pH 7.4), containing complete protease inhibitor

cocktail (Roche) and incubated at 4°C for 30 mins. The lysate was centrifuged at 100 000 g
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for 30 mins at 4°C and the supernatant representing soluble protein fraction was collected.
The pellet was resuspended in 500 pl 0.1M Na2CO3 (pH 11.5), and kept on ice for 30 min to
extract peripheral membrane proteins, which are present in the supernatant fraction after
centrifugation at 100 000 g for 30 mins at 4°C. To extract integral membrane proteins, the
resulting pellet was treated with 1% Triton X-100 on ice for 30 min and then centrifuged
again at 100-000 g for 30 mins at 4°C. Equivalent amounts of the samples were analysed by

Western blot.

Protease protection assay

Aliquots of P. falciparum-ring stage parasites (~5x10°) were treated with 3 U of tetanolysin
(purchased from Sigma and resuspended in PBS) for 10 min at room temperature with
vigorous shaking at 600 rpm. Half of the aliquots were then treated with 20 pug/ml proteinase
K for 20 min at 37°C with shaking at 600 rpm. Protease inhibitor cocktail (Roche, 10x) + 1
mM PMSF was then added to each aliquot and the samples incubated for a further 3 min.
After centrifugation at 2000 g, the pellets were resuspended in reducing sample buffer and
analysed by Western blot. Antibodies raised against P. falciparum SBP1, and GAPDH were

all used at 1:1000.

Immunofluorescence analysis

For immunofluorescence analysis (IFA), erythrocytes infected with P. berghei were fixed
with ice-cold 90% acetone/10% methanol for 2 min. All antibody incubations were
performed in 3% BSA/PBS. Primary antibodies for P. berghei blood stages were used at the

following concentrations: rabbit anti-HA (1:500)(Sigma), mouse anti-PfRAP1 (7H8/50)
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(Schofield et al., 1986) (1:300), mouse anti- PfRAP2 (7B2/1H1)(1:200), rabbit anti-
PfRAMA-D (Topolska et al., 2004) (1:300), rabbit anti- PfRhopH3 (1:300)(gift from Ross
Coppel), rabbit anti- PfRON6 (1:300), mouse anti- PFAMAL (1:300), rabbit anti-PbMSP1
(1:1000)(de Koning-Ward et al., 2003), rabbit anti- PfRESA (1:2000)(gift from Robin
Anders) and rabbit anti- PfEXP2 (1:500). After three washes with mouse tonicity PBS, the
appropriate ‘Alexa Fluor 488/568-conjugated secondary antibodies were used at 1:2000
(Molecular Probes) with DAPI (0.5 [[]gml). Images were acquired with an Olympus 1X70,
Leica TCS SP2 microscope and images were processed using NIH ImageJ version 1.47d

(http://rsbweb.nih.gov/ij/) or Adobe CS6 Photoshop.

Quantitation of parasite invasion of erythrocytes using flow cytometry

Schizont stage parasites were stained for 20 mins at room temperature in the dark with the
DNA dye Hoechst 34580 (2 uM) (Invitrogen) made in RPMI-1640. After staining, the cells
were washed three times with 1 x PBS. In parallel, erythrocytes (BALB/c mouse blood for
P. berghei assays) were labelled with 10 uM amine-reactive fluorescent dye 7-hydroxy-9H-
(1,3-dichloro-9,9-dimethylacridin-2-one) succinimidyl ester (Cell Trace Far Red DDAO-SE)
(Invitrogen) in RPMI-1640 for 1 h at 37°C according to manufacturer’s protocol. The stained
schizonts and erythrocytes were mixed in the ratio of 1:50, then shaken at 250 rpm for 60
mins in the dark prior to washing 3 times in PBS. Stained samples were examined using a BD
FACS Canto Il flow cytometer (BD Biosciences). Hoechst 34580 was excited using the 405
nm laser and detected through a 460/50 filter, whilst DDAO was excited by using the 633
laser and detected through 660/20 filter. For each sample, 100,000 events were recorded. The

collected data was then further analysed with FlowJo software (Tree Star, Ashland, Oregon).
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The number of double positive cells (representing erythrocytes invaded by parasites and
typically in the range of 0.3-1%) compared to uninfected DDAO-SE singly-stained
erythrocytes was calculated. Experiments were carried out in triplicate and the data presented
as the mean + SEM. GraphPad Prism (GraphPad Software, La Jolla, CA) was used to plot the

data and to statistically analyse the data.

Immunoprecipitation

Synchronised ring-stage P. falciparum parasites were applied to a MACS CS column
(Miltenyi Biotec) to remove any contaminating late stage parasites and then lysed with 0.02%
(w/v) in PBS. Pelleted parasite material was resuspended in 1% (v/v) Triton X-100 in PBS
containing cOmplete™ protease inhibitors (Roche). After a 30 minute incubation on ice, the
material was centrifuged at 17,000 g for 10 minutes at 4°C. Protein G—conjugated agarose
beads (30 pL) that had been precleared with parasite lysate was then added to parasite lysate
that had been incubated overnight at 4°C with either monoclonal anti-PfRAP1 or rabbit anti-
PfGAPDH. After a further 4 hour incubation at 4°C, the mixture was placed on a spin column
(Biorad) and unbound material was collected by gravity flow. Beads were then washed twice
with L. mL 0.5% (w/v) Triton X-100 in PBS containing cOmplete™ protease inhibitors
(Roche). Bound proteins were eluted with 100 uL 1x non-reducing sample buffer and the
proteins were electrophoresed by SDS-PAGE. After staining the gel with Imperial Protein
Stain (Thermo Scientific), bands that appeared to be unique to the RAP1 pull-down were
excised as was the corresponding area of the gel from the GAPDH pull down to identify

affinity purified proteins by mass spectrometry.
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Mass spectrometry

Protein bands manually excised from preparative SDS-PAGE gels were subjected to manual
in-gel reduction, alkylation, and tryptic digestion as previously described (Matthews et al.,
2013). Extracted peptides were injected and fractionated by nanoflow reversed-phase liquid
chromatography on an Orbitrap Lumos mass spectrometer (Thermo Scientific) fitted with
nanoflow reversed-phase-HPLC (Ultimate 3000 RSLC, Dionex). The nano-LC system was
equipped with an Acclaim Pepmap nano-trap column and an Acclaim Pepmap RSLC
analytical column. 1 pL of the peptide mix was loaded onto the enrichment (trap) column at
an isocratic flow of 5 pL/min of 3% CH3CN containing 0.1% formic acid for 6 min before
the enrichment column was switched in-line with the analytical column. The eluents used for
the LC were 0.1% v/v formic acid (solvent A) and 100% CH3;CN/0.1% formic acid v/v
(solvent B). The gradient used was 3% B to 20% B for 95 min, 20% B to 40% B in 10 min,
40% B to 80% B in 5 min and maintained at 80% B for the final 5 min before equilibration
for 10 min at 3% B prior to the next sample. The mass spectrometer was equipped with a
NanoEsi nano-electrospray ion source (Thermo Fisher, USA) for automated MS/MS. The
resolution was set to 120000 at MS1 with lock mass of 445.12003 with HCD Fragmentation
and MS2 scan in ion trap. The top 3 second method was used to select species for
fragmentation. Singly charged species were ignored and an ion threshold triggering at le4

was employed. CE voltage was set to 1.9kv

Transmission electron microscopy
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P. berghei trophozoite or schizont stage parasites were fixed in 1% glutaraldehyde in RPMI-
HEPES on ice for 60 min. Samples were washed in RPMI HEPES and water, then transferred
to low-melt agarose before being dehydrated in ethanol, and embedded in LR White Resin
(ProSciTech). Resin was heat polymerized, then 90-100nm sections were cut, post-stained
with uranyl acetate (6 min) and lead citrate (12 min), and viewed on a Tecnai Spirit

transmission-electron microscope at 120kV.

Statistics

All graphs and data generated in this study were analysed using GraphPad Prism6.0b
Software (MacKiev). A Student’s t-test using parametric distribution was used to measure
differences in parasite growth and replication, RAP1 and RAP2 knockdown and erythrocyte

invasion. A P value < 0.05 was considered significant.
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FIGURE LEGENDS

Fig. 1. Generation of PbRAP1 and PbRAP2 inducible knockdown parasite lines

A. Schematic representation of the endogenous RAP1 locus and the RAP1 locus after
integration of the targeting construct. The oligonucleotide primers used to detect 5’
integration (a/b), 3' integration (c/d) and either the RAP1 locus (e/f) or RAP2 locus (g/h) are
shown. The K; Kpnl; S, Spel restriction enzyme fragments and the region used as a probe for
Southern blot analysis are indicated. A similar strategy was used to generate PbRAP2 iKD
parasites.

B. Analytical PCR shows the presence of the successful 5’ (5' INT) and 3’ integrant (3' INT)
bands at 1.4 Kb and 2.4 kb, respectively for PbORAP1 iKD parasites, and 1.5 Kb and 2.34 Kb,
respectively for PoRAP2 iKD parasites, which were absent in wildtype (WT) parasites.

C,D. Southern blot analysis of genomic DNA shows the presence of the expected integrant
band (In) in PbRAP1 iKD (C) and PbRAP2 iKD (D) parasites with corresponding loss of a

band of an intact RAP1 locus.

Fig. 2. Expression of RAP1 and RAP2 can be regulated by anhydrotetracycline (ATc)
A,B. Effect of ATc treatment on the RAP1 (a) and RAP2 (b) gene expression at the
transcriptional level by RT-PCR. Expression of RAP1 and RAP2 was knocked down by 3.7-
and 2.3-fold, respectively with ATc treatment.

C,D. Immunofluorescence analysis (IFA) confirms the reduction of RAP1 and RAP2

expression in parasites treated with ATc. The fluorescent intensity of labelling in schizonts
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(n=100) was quantitated and scored as very low (+), low (++) or similar to wildtype (+++)

signals.

Fig. 3. The gross ultrastructure of rhoptries and maturation of merozoites is not
affected by depletion of RAP2 but RAP1 knockdown affects RAP2 trafficking

A. Transmission electron microscopy images of PbWT and PbRAP2 iKD merozoites
showing normal rhoptry morphology (as depicted by arrowheads). All scale bars are 1
micron.

B. Column graph depicting the number of merozoites formed per mature schizont in the
PbRAPL iKD and PbRAP2 iKD parasite lines in the presence or absence of ATc (n = 50).
Error bars represent £+ SEM.

C. Schizonts and merozoites labelled with anti-RAP2 antibodies show depletion of RAP1
expression with ATc affects the trafficking of RAP2 to the rhoptries.

D. Schizonts and merozoites labelled with anti-RAP1 antibodies show characteristic punctate

labelling typical of rhoptry staining despite the depletion of RAP2 expression.

Fig. 4. RAP1 and RAP2 are not essential for erythrocyte invasion of P. berghei.
A. Representative FACS plots showing similar invasion efficiency in both PbRAP1-ATc and
PbRAP1+ATc. Parasite DNA is stained with Hoechst while donor erythrocytes are stained

with DDAO.
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B. Quantitation of invasion rate of PORAP1 iKD (left panel) and PbRAP2 iKD (right panel)
parasites grown in the presence of ATc relative to when grown in the absence of ATc (n=3).

Error bars represent £+ SEM.

Fig. 5. Depletion of RAP1 or RAP2 in P. berghei leads to altered growth phenotypes.

A. Growth curves of RAP1 iKD parasites (left panel) or RAP2 iKD parasites (right panel) in
BALB/c mice administered drinking water containing ATc or vehicle control. Each data
point represents the mean £ SEM, n = 5 mice per group. *P<0.05; **P<0.01, ***P<0.001 as
determined by unpaired t-test.

B. In vitro growth analysis of PbORAP1IKD Cycle-11 parasites shows a delayed growth
phenotype when RAP1 is depleted with ATc, leading to the generation of parasites with

abnormal morphology by Giemsa smear and death of ~25% of the parasite population.

Fig. 6. PVM morphology is affected when RAP2 expression is depleted

A,B. PbRAP2 iKD treated with ATc contain ruffled perturbations at the periphery of the
parasite, extending into the erythrocyte cytosol. These do not appear to be normal
membranous blebs into the erythrocyte as they contain parasite cytosolic material.
Arrowheads indicate perturbations to the parasite periphery.

C,D. Parasite protrusions into the host were rarely observed in the PORAP2 iKD parasites
grown “in the absence of ATC, or in wild type parasites treated with ATC (E,F), and
protrusions in these negative controls were much smaller and less distorted. All scale bars are

1 micron.
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Fig. 7. Characterisation of RAP1 in P. falciparum

A. IFA with anti-RAP1 antibody at different time points across the parasite cell cycle shows
RAPL1 persists up to 15 hrs post-invasion. New RAP1 is not synthesized again until schizont
stage when the parasites are beginning to segment.

B. Western blot analysis of fractions from solubility assays of erythrocytes infected with P.
falciparum at the schizont (left panel) and ring stage (right panel). Blots were probed with the
antibodies as indicated. SERA5/GAPDH, HSP101 and EXP2 serve as soluble, peripherally-
associated membrane proteins and integral membrane protein controls, respectively. Lanes
represent soluble proteins after hypotonic lysis, Na,COs-extraction and Triton X-100-
extraction. Integral membrane proteins remain in the Triton-X insoluble fraction.

C. Western blot analysis of pelleted tetanolysin-lysed cells incubated in the presence (+) or

absence (-) of proteinase K. SBP1, PV1 and GAPDH western blots serve as controls.

Fig. 8. Identification of the RAP1 interactome in ring stages of P. falciparum

A. SDS-PAGE gel of material eluted from immunoprecipitations performed using RAP1 or
GAPDH antibodies as a control on P. falciparum 3D7 lysates from purified ring-stages. The
asterisks indicate the regions of the gel that were excised for mass-spectrometry.

B. The total number of peptides of rhoptry proteins and other classes of proteins present in all
excised bands.

C. Western blot analysis of immunoprecipitations performed with GAPDH (control) or RAP1

antibodies with the indicated antibodies.
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Table 1. Proteins containing a signal sequence or transmembrane domain(s) that

affinity purified with RAP1

No. Unique ss
PlasmoDB Gene Annotation Peptides or
ID TMD
RAP1 Control

PF3D7 0917900 | Heat shock protein 70 106 15 SS
(HSP70-2)

Pf3D7_1116800 | Heat shock protein 101 83 31 SS
(HSP101)

PF3D7_0823800 | DNAJ protein, putative 34 8 2-3 TMD

PF3D7 0204100 | Conserved Plasmodium 28 0 SS
protein, unknown function

PF3D7_0827900 | Disulphide isomerase 27 2 SS
(PDI-8)

PF3D7_1134100 | Disulphide isomerase 18 0 SS
(PDI-11)

PF3D7 1229100 | Multi-drug resistance- 16 0 10 TMD
associated protein 2 (MRP2)

Pf3D7_ 1436300 | Translocon component 13 0 SS
PTEX150 (PTEX150)

PF3D7_0629500 | Amino acid transporter, 8 0 9 TMD
putative

Pf3D7_0831700 | Heat shock protein HSP70 8 1 SS
(HSP70-x)

PF3D7_1033200 | Early transcribed membrane 7 0 SS, TMD
protein 10.2 (ETRAMP10.2)

PF3D7_1459400 | Conserved Plasmodium 7 0 TMD
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protein, unknown function

Pf3D7_1105600

Translocon component 7
PTEX88 (PTEX88)

SS

Table 2. Exported proteins that affinity purified with RAP1

No. Unique Peptides

PlasmoDB Gene Annotation
\a RAP1 Control

PF3D7 1108700 | Heat shock protein DNAJ homologue (PfJ2) 26 0

PF3D7_0102200 | Ring-infected erythrocyte surface antigen 22 1
(RESA) - contains DNAJ domain

PF3D7 1149200 | Ring-infected erythrocyte surface antigen — 16 0
contains DNAJ domain

PF3D7_0703500 | Erythrocyte membrane associated antigen 11 0

PF3D7_0424500 | Serine/threonine protein kinase FIKK family 9 0
(FIKK4.1)

PF3D7_0731300 | Plasmodium exported protein (PHISTB) 7 0
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