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Abstract

Host cell infection by apicomplexan parasites plays an essential role in lifecycle progression for these obligate intracellular
pathogens. For most species, including the etiological agents of malaria and toxoplasmosis, infection requires active host-
cell invasion dependent on formation of a tight junction - the organising interface between parasite and host cell during
entry. Formation of this structure is not, however, shared across all Apicomplexa or indeed all parasite lifecycle stages. Here,
using an in silico integrative genomic search and endogenous gene-tagging strategy, we sought to characterise proteins
that function specifically during junction-dependent invasion, a class of proteins we term invasins to distinguish them from
adhesins that function in species specific host-cell recognition. High-definition imaging of tagged Plasmodium falciparum
invasins localised proteins to multiple cellular compartments of the blood stage merozoite. This includes several that
localise to distinct subcompartments within the rhoptries. While originating from the same organelle, however, each has
very different dynamics during invasion. Apical Sushi Protein and Rhoptry Neck protein 2 release early, following the
junction, whilst a novel rhoptry protein PFF0645c releases only after invasion is complete. This supports the idea that
organisation of proteins within a secretory organelle determines the order and destination of protein secretion and provides
a localisation-based classification strategy for predicting invasin function during apicomplexan parasite invasion.
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Introduction [3] and the possession of a specialised set of apical secretory
organelles characteristic of the phylum (reviewed in [4]).

Across the phylum several distinct mechanisms are used for
invasion. Host-cell entry by haemosporidan and coccidian
parasites, such as Plasmodwum zoites (sporozoites and merozoites)
or Toxoplasma gondii tachyzoites, is defined by the formation of a
specialised tight or moving junction (reviewed in [5]). By electron
microscopy (EM) this structure appears as a circular electron dense
interface that forms between the parasite and host cell during entry
and constitutes an aperture through which the parasite passes en
route to intracellular infection [6,7]. The junction functions as an
intersection around which the key events for invasion are
organised [8]. This includes the coordinated secretion of the

The phylum Apicomplexa includes a diverse and ancient group
of obligate intracellular parasites responsible for a wide variety of
major diseases of humans and animals. Among their ranks are the
causative agents of malaria, from the genus Plasmodium, and
parasites responsible for toxoplasmosis and cryptosporidiosis,
significant diseases of pregnant women and the immunocompro-
mised [1,2]. Despite the vast range of species and tissues affected
by these single-celled pathogens, they are unified by a requirement
to invade host cells at various stages of their complex lifecycles and
by their overall cellular architecture. Host-cell invasion is achieved
by motile extracellular forms called zoites, which rely on the
activity of a conserved actomyosin motor that powers cell motility
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apical organelles the rhoptries, micronemes and dense granules
[8,9], activation of the actomyosin motor [10] and the shedding of
surface bound proteins [7,11,12]. The tight junction also marks
the point at which a new membrane-bound cellular compartment
is formed, the parasitophorous vacuole (PV), which likely arises
from both host and parasite derived lipids [13,14,15]. This
constitutes a protected cellular space within the infected host cell in
which the parasite resides for the duration of its intracellular
development.

However, tight junction formation is not required for host-cell
traversal and is not a feature of all apicomplexan parasite host cell
entry. Cryplosporidium spp. penetrate host cells without employing a
conventional apicomplexan tight junction. Instead they stimulate
host-cell actin polymerisation and formation of thin cytoplasmic
extensions to invade [16,17,18]. While invasion still involves the
concurrent formation of a PV, this compartment is nonconven-
tional when compared to those formed by Toxoplasma and
Plasmodwm spp., in that while intracellular it is extracytoplasmic
and separated from the host cell by an electron dense host-cell
membrane [18,19]. In contrast, the ookinete, the motile Plasmo-
dwum zoite responsible for colonisation of the mosquito midgut,
traverses midgut epithelial cells without forming either a
traditional tight junction or PV [20]. As such, tight junction
dependent invasion is a distinct process intimately associated with
PV formation and the absence of host-cell phagocytosis.

In spite of its distinct nature to date only a few proteins have
been described that are specific to the process of tight junction
dependent invasion and conserved across apicomplexan species
that invade by this means. Drawing an analogy with terminology
for bacterial host-cell entry [21], we refer to these here as wmvasins,
to distinguish them from conserved proteins involved in either
general apicomplexan cell motility [22] or adhesins involved in
species or lifecycle dependent host-cell recognition [23]. Of the
invasins described, several have been localised definitively to
follow the tight junction constriction during entry, and therefore
likely constitute the core structural basis for its formation. First
identified in 7. gondii these include the RhOptry Neck proteins,
RON2, RON4, RON5 and RONS (the latter restricted to
Cloccidia), which form a macromolecular complex [24,25,26,27].
In support of a key role for this complex, PPRON4 has recently
been shown to be important, and likely essential, for zoite invasion
[28]. The micronemal protein Apical Membrane Antigen 1
(AMALI) has been shown to interact with the RON complex in
both Toxoplasma and Plasmodium spp. [24,29,30,31] with the
combined RON-AMALI interaction believed to span both sides
of the junction. AMAL is anchored to the zoite surface and the
RON complex anchored in the host cell membrane via RON2
[32,33,34] with RON4 secreted inside the target host cell [8,25].
This embedded molecular interaction between an extracellular
loop of RON2 with AMAI has been proposed as the basis for the
traction potential of the junction for invasion [33,34,35].
However, recent demonstration of the nonessentiality of AMAI
to invasion during tachyzoite and malaria parasite liver stage
mnvasion of host cells [28] suggests that whilst involved, this
Interaction may not be integral to junction structure and function.

Although several groups have confirmed conservation of the
RON-AMAI  complex interaction in  Plasmodium  zoites
[30,31,36,37], imaging of parasites (only merozoites to date)
during invasion has only convincingly localised the invasins RON4
(specifically) and AMAI1 (in part) to the junction constriction
during invasion [8]. Preliminary evidence suggests that RON2
may also follow this path [32,37,38]. Whilst parallels with
Toxoplasma data support the importance of each of these
components, and by inference the other conserved member
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RONS5, to tight junction formation, our understanding of the
broad process of tight junction dependent host cell invasion is still
clearly incomplete, especially now that the essentiality of AMAI in
junction formation has come into question [28].

Several studies have used i silico search strategies to identify
novel proteins, that are either conserved across apicomplexan
genera or restricted to individual species, that function during the
process of host-cell invasion or motility (e.g. [39,40,41]). However,
to date no study has attempted to identify invasins specifically.
Here we have devised just such an approach, using available
genomic, proteomic and transcriptomic data to define conserved
proteins that are specific to true tight junction dependent invasion
but absent in motile parasite forms that either do not form a
conventional junction when they invade (3] (Cryptosporidium spp.)
or do not truly invade host cells [20] (Plasmodium insect stage
ookinetes). Using an endogenous gene tagging strategy we have
explored invasin spatial localisation in Plasmodium_falciparum and P.
berghei blood stage parasites, with a specific focus on high definition
imaging of merozoite invasion. The strategy has identified several
novel invasins, resident in multiple cellular compartments and not
limited to tight junction localisation, which define distinct cellular
events during the conserved process of host-cell entry.

Results

Integrative genomic search strategy for candidate
invasins

The tight junction acts as an organising nexus where several
core processes underlying apicomplexan host-cell invasion meet.
However, it is not part of all apicomplexan parasite host cell entry
strategies or Plasmodium ookinete colonisation of the mosquito
midgut. To search for proteins that are specific for tight junction
dependent invasion, a class of proteins we term invasins, we devised
an n silico search strategy based on these general principles
(Figure 1A). A primary list of proteins was assembled which have
orthologues present in each of the six major Plasmodium species
with annotated genomes (P. falciparum, P. berghei, P. chabaudi, P.
vivax, P. yoelit and P. knowlest) along with T. gondii but are absent in
Cryptosporidium spp. (C. paroum and C. hominus). This resulted in a
candidate list of 868 genes (including gene paralogues) out of an
mitial 5104 P. falciparum annotated genes. Genes likely involved
with motility but not in the specific process of tight junction
dependent invasion were then removed based on the presence of
protein or transcript in Plasmodium ookinete proteomic and EST
datasets, leaving a list of 687 candidates (T'able S1). Proteins that
function in the process of host-cell invasion have a gene expression
profile that is often maximal in the late stages of the blood-stage
asexual life cycle (during merozoite formation) and are predicted
to have high relative protein abundance levels in invasive
merozoite and sporozoite parasite forms. As such, genes were
ranked according to each of: (i) their observed P. falciparum asexual
cycle transcriptome maximum fold change in expression; (ii)
measure of protein abundance in the P. falciparum sporozoite
proteome and (iii) measure of protein abundance in the P.
Jalciparum merozoite proteome (Table S2). A combined average of
these ranks was used to arrive at a shortlist of 50 candidate genes
(Figure 1B). Consideration of the asexual expression profiles within
the shortlist revealed a variety of peak expression profiles. Twelve
of the shortlisted 50 genes encoded a predicted signal peptide, a
common feature of invasion related proteins, and 19 contained at
least one predicted transmembrane domain. Of note, no
candidates contained a defined PEXEL sequence, a pentameric
trafficking motif common to exported proteins associated with
host-cell remodeling during intra-erythrocytic development, sup-
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Cryptosporidium spp. do
not form conventional TJ/PV

Plasmodium spp./
Toxoplasma

Cryptosporidium spp.

Glass side microarray 0 - 48 hr p.i

A3
B
Rank P falciparumID TM SP  Affy Max Expr.

1 PF3D7_1133400 1 Yes Late Schizogony
2 PF3D7_1460600 Gametocyte

3 PF3D7_1452000 1 Yes Early Schizogony
4  PF3D7_1252100 3 Yes Late Schizogony
5 PF3D7_1116000 Early Schizogony
6 PF3D7_0819600 Gametocyte

7 PF3D7_0613300 7 -

8 PF3D7_1230400 Late Trophozoite
9 PF3D7_0417500 Early Schizogony
10 PF3D7_1237700 5 Early Schizogony
11 PF3D7_1322000 1 Yes Early Schizogony
12 PF3D7_0512700 Early Trophozoite
13 PF3D7_0316600 6 Early Trophozoite
14 PF3D7_0420300 Late Schizogony
15 PF3D7_0926700 Early Trophozoite
16 PF3D7_0212600 Yes Late Schizogony
17 PF3D7_0405900 1 Yes Late Schizogony
18 PF3D7_0920500 Late Schizogony
19 PF3D7_0613800 -
20 PF3D7_1136200 Yes Early Schizogony
21 PF3D7_1129900 12 Early Trophozoite
22 PF3D7_1224000 Early Trophozoite
23 PF3D7_0927100 Gametocyte
24 PR3D7_1471200 M Early Schizogony
25 PF3D7_1459400 1 Early Ring
26 PF3D7_1239200 Early Schizogony
27 PF3D7_0410700 Yes Early Schizogony
28 PF3D7_0903300 4 Early Schizogony
29  PF3D7_1439600 1 Early Schizogony
30 PF3D7_0810500 Gametocyte
31 PF3D7_0916500 2 Yes Early Schizogony
32 PF3D7_0416400 Early Schizogony
33 PF3D7_1333000 Yes Early Trophozoite
34 PF3D7_1464600 Yes  Early Trophozoite
35 PF3D7_0512200 Late Trophozoite
36 PF3D7_1439700 Early Schizogony
37 PF3D7_0708700 1 Gametocyte
38 PF3D7_0320500 Early Schizogony
39 PF3D7_1113100 Merozoite
40 PF3D7_0318100 Early Trophozoite
41 PF3D7_1143800 1 Merozoite
42 PF3D7_1239800 Early Schizogony
43 PF3D7_1012900 Early Trophozoite
44 PF3D7_1213200 Early Trophozoite
45 PF3D7_1014300 8 Gametocyte
46 PF3D7_0203900 Yes Early Trophozoite
47 PF3D7_1142100 Early Ring
48  PF3D7_1011500 4 Merozoite
49 PF3D7_0605900 7 -

50 PF3D7_1006000 Gametocyte
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Comparative Proteomics
/Transcriptomics

Plasmodium ookinetes traverse
but do not invade host cells

Plasmodium spp./
Toxoplasma

Pb/Pg ookinetes

OUTPUT

Gene Description

apical membrane antigen 1 (AMA-1)

conserved Plasmodium protein, unknown function

rhoptry neck protein 2 (RON2)

rhoptry neck protein 3 (RON3)

rhoptry neck protein 4 (RON4)

conserved Plasmodium protein, unknown function

integral membrane protein, putative

heat shock protein hslv

memao-like protein

conserved Plasmodium membrane protein, unknown function
adenosine-diphosphatase, putative

orotate phosphoribosyltransferase

formate-nitrite transporter, putative

transcription factor with AP2 domain(s), putative

NAD synthase, putative

secreted protein altered thrombospondin repeat protein (SPATR)
apical sushi protein (ASP)

ADP-ribosylation factor, putative

transcription factor with AP2 domain(s), putative

conserved Plasmodium protein, unknown function
fransporter, putative

GTP cyclohydrolase |

conserved Plasmodium protein, unknown function

inorganic anion exchanger, inorganic anion antiporter
conserved Plasmodium protein, unknown function
transcription factor with AP2 domain(s), putative

GTPase, putative

conserved Plasmodium membrane protein, unknown function
conserved Plasmodium protein, unknown function

protein phosphatase, putative

apicoplast Ufd1 precursor

histone acetyltransferase, putative

cochaperonin

phosphatase, putative

glutathione synthetase

leucine carboxyl methyltransferase, putative

Cg8 protein

conserved Plasmodium protein, unknown function

protein tyrosine phosphatase

band 7-related protein

conserved Plasmodium protein, unknown function

conserved Plasmodium protein, unknown function

conserved Plasmodium protein, unknown function

conserved Plasmodium protein, unknown function

conserved protein, unknown function

5'-3' exonuclease, N-terminal resolvase-like domain, putative
conserved Plasmodium protein, unknown function

conserved Plasmodium membrane protein, unknown function
long chain polyunsaturated fatty acid elongation enzyme, putative
conserved Plasmodium protein, unknown function
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Figure 1. /n silico integrative genomic search strategy to identify P. falciparum invasins. (A) To compile a list of proteins that include
invasins, P. falciparum genes with homologues in the tight junction forming T. gondii, P. berghei, P. chabaudi, P. vivax, P. yoelii and P. knowlesi were
selected (blue). Orthologues found in the non-tight junction forming C. parvum and C. hominus (pink) were removed from the dataset. Transcriptomic
and proteomic data from P. berghei and P. gallinaceum ookinetes (brown) was used to remove proteins involved in motility but not invasion (see
Table S1 and Supplemental Experimental Procedures for data sources). (B) The top 50 candidate invasins ranked according to P. falciparum asexual
cycle maximum fold change in transcript expression and relative protein abundance in P. falciparum merozoite and sporozoite proteomes (see Table
S2). Accession numbers are from PlasmoDB version 8.2. Number of transmembrane domains (TM), presence of a signal peptide (SP) and expression
maximum during intra-erythrocytic cycle are listed. Heat diagram demonstrate intra-erythrocytic expression levels, given across 48 hr lifecycle with
red representing high relative and green low relative expression. Proteins tagged in this study with an HA epitope are highlighted in yellow, and
proteins where tagging was attempted but unsuccessful are highlighted blue.

doi:10.1371/journal.pone.0046160.9001

porting selectivity of the strategy. Furthermore, the top ten
candidate invasins included known apicomplexan tight junction
proteins AMAI, RON4 and RON2 as well as RON3, a protein
that whilst uncharacterised with respect to invasion is implicated in
tight junction dependent merozoite entry [42].

Selection and tagging of candidate invasins in P.
falciparum

Upon consideration of the 50 candidate invasins, nine P.
Jalciparum genes were initially selected for analysis by endogenous
tagging based on their blood stage expression profiles and protein
features with a particular emphasis on putative rhoptry proteins,
the organelle that houses many core invasion dependent proteins
(Figure 1B). This strategy produced five successfully tagged
proteins for detailed cellular analysis (Figure 2A), including the
already implicated junction protein PF14_0495/PF3D7_1452000,
RhOptry Neck protein 2, PFRON2 (ID name is according to
PlasmoDB old and new versions, see Supplemental Experimental
Procedures), the hypothetical protein PFF0645c/
PF3D7_0613300, a protein PFD0295¢/PF3D7_0405900 previ-
ously characterised as Apical Sushi Protein (ASP, [43,44]) and
hypothetical proteins PF14_0375/PF3D7_1439600 and
PF14_0578/PF3D7_1460600. Others (Figure 1B) proved refrac-
tory to PCR amplification or endogenous gene tagging, despite
several attempts (data not shown).

PfRONZ2, originally identified in 7. gondi, is an established
component of the RON-AMA1 complex of proteins in Plasmodium,
directly interacting with AMAL [29,32,33,34,35,37]. Its conserved
rhoptry localisation has been confirmed in both parasite genera
and evidence supports its localisation to the tight junction
definitively in 7. gondii [25,33,34] and tentatively during Plasmo-
dium merozoite invasion of the erythrocyte [32,37,38]. The T.
gondu orthologue of the multitransmembrane domain containing
protein PFF0645¢ (TgROP14, TGME49_115220) was identified
in a proteomic screen of rhoptry proteins and annotated as a
possible transporter [45]. It has been suggested as a candidate for
the pore that forms post zoite entry in the parasitophorous vacuole
membrane (PVM) [46], however, the Plasmodium orthologue has
remained entirely uncharacterised to date. ASP contains a sushi
domain in its extracellular domain [43], a C-terminal hydrophobic
GPI anchor attachment region and has been localised to the
rhoptry neck [44], though its function in P. falciparum is unknown.
The single transmembrane domain protein PF14_0375 has not
been characterised in any species. PF14_0578 was recently
identified as a putative P. falciparum inner-membrane complex
(IMC) protein [39].

Integration of a 3 triple haemagglutinin (HA) epitope into the
five candidate invasin genes was confirmed by immunoblot of
schizont extracts, with the size of the protein roughly consistent
with expected molecular weights for all proteins, taking into
account amino acid sequence and predicted overall charge
(Figure 2B-C). Successful HA epitope tagging of PIRON2 at the
C-terminus in P. falciparum mirrored a similar strategy to modify
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the same protein in the mouse malaria parasite P. berghei, where a
myc epitope has previously been successfully integrated [38] both
running consistent with their predicted sizes (Figure 2B).
PFF0645c-HA ran as a protein product somewhat reduced in
size to the expected molecular weight of 175 kDa and also showed
evidence of breakdown products (Figure 2C), though their
specificity could not be confirmed. Similarly, PPASP-HA appeared
to run with a predominant band of a reduced size (around 50 kDa)
with the presence of an additional ~100 kDa and ~25 kDa
species. This pattern is consistent with previous findings that
detected multiple PfASP fragments under reducing conditions with
a dominant species at ~50 kDa [43,44]. Of note, C-terminal
tagging of PfASP was successful despite the fact that mature
protein possesses a C-terminal GPI anchor [47], a modification
that would require C-terminal cleavage of the protein. This
suggests that the GPI anchor may not be essential for complete
PfASP function, that PfASP is dispensable for parasite viability or
that successfully tagged parasites contain a pool of C-terminally
cleaved and GPI modified ASP sufficient for survival but not
detectable by immunoblot with anti-HA antibodies. Tagged
PF14_ 0375 and PF14_0578 proteins ran as single products
approximately consistent with their expected sizes (Figure 2C).

Subcellular localisation of candidate invasins in

intracellular parasites

To determine the subcellular compartments associated with the
candidate invasins, tagged proteins were localised in schizonts by
immunofluorescence assay (IFA) (Figure 3A). PfRON2-HA
schizonts were colabeled with anti-PfRON4, a marker of the
rhoptry neck in developing merozoites [31], and demonstrated
consistent coincidence of fluorescence as per previous reports [29]
(Figure 3A). PFF0645¢ and PfASP each displayed a similar apical
localisation in schizonts, showing overlap (though not complete) of
labeling with PfRON4, supporting a broad rhoptry localisation
(Figure 3B,C), the latter consistent with recent EM results [44].
PF14_0375-HA labeling appeared as a single point of fluorescence
located on one side of developing merozoites (Figure 3D). This
asymmetrical labeling (maintained throughout merozoite invasion
of the erythrocyte, Figure S1) is consistent with localisation in
proximity to microtubules or the closely associated organelles, the
mitochondrion and apicoplast [48]. Whilst labeling with the
apicoplast marker acyl carrier protein (ACP) [49] showed no
overlap in labeling, mitochondrial labeling with MitoTracker®
strongly implied that PF14 0375 is a mitochondrial or a
mitochondria—associated protein (Figure 3D).

PF14_0578-HA labeling was peripheral in late stage schizonts
(Figure 3E), suggestive of an inner-membrane complex (IMC) or
plasma membrane localisation. Attempts at a definitive localisation
to the IMC (with other markers) during asexual development
were, however, inconclusive (data not shown).

In parallel to attempts to tag proteins in P. falciparum, two of the
candidate hypothetical invasins were also chosen for tagging in
Toxoplasma gondii using a recently developed endogenous gene
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Figure 2. Endogenous gene tagging of candidate invasins in P. falciparum and P. berghei. (A) Features of the five tagged candidate invasins
showing amino acid (a.a.) length, transmembrane domains (TM), signal peptides (SP), crambin-like and sushi domains and hydrophobic GPI
attachment regions (GPI site). PlasmoDB version 8.2 and earlier. (B) Immunoblots of HA and myc-tagged parasite lines (left lanes) compared to
wildtype controls (right lanes) with protein markers shown in kDa. Predicted weights of each protein (incorporating the HA tag) is given in brackets.

doi:10.1371/journal.pone.0046160.9002

tagging strategy [50]. We chose to focus on the uncharacterized
rhoptry protein PFF0645¢ (TGME49_115220) and the potential
IMC protein PF14_0578 (TGME49_116540) as, with the latter,
the use of 7. gondii allows definitive localisation to either the
parasite plasma membrane or the IMC. The C-terminal YFP-
tagged TGME49_115220 line showed a clear immunofluores-
cence labeling pattern at the intracellular tachyzoites apex distinct
from the IMC marker GAP45 and micronemal protein MIC2
(Figure 3F), in line with rhoptry localisation [45]. In contrast, the
C-terminal mCherryHA-tagged TGME49_116540 line gave a
labeling pattern through intracellular growth entirely consistent
with IMC development from early through late stages [51],
eventually coincident with GAP45 in fully mature tachyzoites
(Figure 3G, intracellular early and late). Following treatment with
Clostridium septicum alpha-toxin, a pore-forming toxin that facilitates
swelling of the plasma membrane away from the IMC [52],
localisation could be clearly seen as separate and internal to the
plasma membrane marker SAG1 (Figure 3G, extracellular). Thus
PF14_0578 and its orthologue in 7. gondii are IMC proteins,
incorporated into the IMC during the early stages of its
development before assembly of the actomyosin motor complex
[62,53].

The multiple localisations of candidate invasins (and seeming
conservation across species) to different compartments in invasive
apicomplexan parasites may be indicative of multiple cellular
processes underlying junction dependent invasion. As a caution,
the small sizes of PF14_0375 and PF14_0578 may result in their
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poor representation in proteomic or EST analyses, resulting in a
failure to remove them from our search strategy. The role of the
IMC and mitochondria in general motility would support this.

Localisation of rhoptry proteins during merozoite
invasion of the erythrocyte

To investigate the function of different invasins in erythrocyte
entry, and given the large number of rhoptry proteins already
implicated in host-cell invasion, we attempted high-definition
imaging-based analysis on the three clear merozoite rhoptry-
associated proteins PFRON2, PFF0645c and ASP. To investigate
the fates of each invasin during host cell entry we localised the
tagged protein using antibodies specific to the HA epitope during
the process of merozoite invasion of the erythrocyte. Antibodies
against the validated tight junction marker PERON#4 [8] were used
to mark invading parasites and determine the stage of invasion
captured.

Localisation of RON2. In line with its invasion profile in 7.
gondir, we found that PPIRON2-HA follows PIRON4 at the tight
junction at all stages of invasion (Figure 4A). Early in invasion both
PfRON2-HA and PfRON4 are found at the interface of the
merozoite and erythrocyte at the apical tip of the parasite
(Figure 4A, Early). As the merozoite moves into the forming PV,
PIRON2-HA follows PIRON4 to form a circumferential zone of
labeling around the parasite, which appears as a ring in three
dimensions or two points of fluorescence in two-dimensional cross
sections of invading parasites (Figure 4A, Mid). At the end of
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Figure 3. Cellular localisation of invasins in P. falciparum schizonts and T. gondii tachyzoites. (A-E) IFA of schizonts from HA tagged P.
falciparum parasite lines labeled with anti-PfRON4, to mark the rhoptry neck, DAPI, to mark nuclei and anti-HA. (A) PfRON2 (B) PFF0645c (C) PfASP
and (E) PF14_0578. (D) PF14_0375 was also colabeled with MitoTracker® Deep Red, labeling mitochondria, and anti-PfACP, labeling apicoplasts. (F)
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throughout.
doi:10.1371/journal.pone.0046160.g003

invasion, PFRON2-HA sits with PIRON4 at the base of the fully
invaded parasite (Figure 4A, Late). Within ~10 min post-invasion
PfRON4 has been shown to redistribute to surround the new
intracellular parasite where it likely sits at the erythrocytic face of
the PVM [8]. PIRONZ2 appears to share the same fate (Figure 4A,
<10 min). Each of these stages of invasion were captured by IEM
using immunogold labeling of the HA epitope (Figure 4B). Of
note, secretion of PFRON2-HA from the rhoptry neck could be
seen with gold particles associated with either the erythrocyte
plasma membrane or intraerythrocytic membranous material at
the point of apical attachment (Figure 4B, Early). In one instance
of invasion a pattern of labeling consistent with a ring of
immunogold could be seen at the sealing tight junction
(Figure 4B, Late). Following vacuolar sealing and within 10 min-
utes of intracellular development, immunogold labeling of
PfRON2-HA was observed at the PVM. Attempts to validate
the localisation by IFA using a previously published native
antibody to the PARON2 N-terminus [29,37] were not successful
under any of our fixation protocols (data not shown). However, we
could extend the generality of this observation to P. bergher by
visualising invading merozoites from a parasite line in which the
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PbRON2 homologue (PBANKA_131570) has been endogenously
tagged with a double c-myc epitope [38]. Merozoite invasion
preparations colabeled with anti-myc and an antibody that
specifically recognises parasite actin (in the absence of a marker
for PbRON4), which also follows the tight junction within
invading P. falciparum and P. bergher merozoites [54], demonstrated
a clear ring of labeling consistent with that seen in P. falciparum
(Figure 4C).

Several groups have determined the topology of the RON
protein complex interaction in 7. gondii, where TgRONZ2 is placed
within the host cell plasma membrane interacting with TgAMAL1
at its C-terminus and presumably TgRON#4 (directly or indirectly)
at its N-terminus [33,34,35]. To explore this topology during
merozoite invasion, preparations were visualised by 3D fluores-
cence structured illumination microscopy (SIM) [55,56]. Mid way
through invasion, PIRON2-HA clearly lies in the plane of, but
within, the circumference of PFRON4 labeling when visualised by
3D SIM (Figure 4D). The localisation concentric to the PIRON4
ring is entirely in line with the topology determined in 7. gondii,
and supports the model in which RON4 is secreted inside the host
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cell, RON2 into the host cell plasma membrane, leaving AMAI
on the invading zoite surface [8,25,33,34,35].

Combined our data entirely validate a conserved function for
RON2 as a core component of Plasmodium, and specifically
merozoite, tight junction dependent invasion as in other
Apicomplexa.

Localisation of PFF0645c. In marked contrast to the protein
redistribution seen during invasion for RON2, PFF0645c-HA
originates in the rhoptry bulb (as determined by IEM, Figure 5A)
and remains apical throughout invasion (Figure 5B, early, mid and
late). However, post-invasion (<10 min) PFF0645c-HA was
secreted to surround the intracellular parasite (Figure 5A, C). To
study the location of PFF0645c-HA immediately post-invasion, P.
Jaleiparum merozoites were fixed within 10 min of invasion at the
start of intracellular development and colabeled with PIRON4, to
mark the PVM, RAPI, to mark the PV space and MSP1-19 to
label the parasite plasma membrane [8]. Since PFF0645c has
seven predicted transmembrane domains it is likely that its
destination is either the PVM itself or the parasite plasma
membrane. By IFA PFF0645¢c-HA surrounds the parasite, and was
often observed as a series of distinct foci of labeling (Figure 5C).
However, its precise membrane location could not be resolved,
including via immunogold labeling where labeling to both
membranes likely arose as an artifact of the fixation and
dehydration process for EM (Figure 5A). Combined, this data
suggests PFF0645c¢ 1s the first Plasmodium rhoptry protein, to our
knowledge, which is secreted only after zoite invasion has been
completed.

Localisation of RON2. In apically attached parasites,
PfASP-HA was located at the apical tip of the merozoite at the
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same point as PIRON4 (Figure 6A, Early), consistent with its
localisation by IEM to the rhoptry neck in intracellular parasites
[44]. Mid invasion, however, when PIRON% labeling expands to
form a ring around invading parasites at the tight junction, PFASP-
HA was found either predominantly retained at the apical tip of
the merozoite or associated with the tight junction (Figure 6B, C,
Mid). This pattern of labeling is similar to other proteins released
onto the parasite surface (including PPAMAI1 and rhoptry protein
Rh2 [57]), where a proportion can be left unsecreted during
invasion, with the rest seen surface bound, often concentrated at
the tight junction [8,58]. Late in invasion as the tight junction
moved to the base of the merozoite, PFASP-HA continued to
localise either near the tight junction or at the apical tip (Figure 6B,
C, Late). The absence of broad surface localisation of PFASP-HA
pre-invasion, as may be expected for a GPI-anchored protein, and
the inconsistency in labeling seen mid-invasion may be due to
disruption of the terminal GPI anchor site at the PfASP C-
terminus [47] caused by inclusion of a terminal HA epitope. These
data do, however, suggest that at least a portion of PfASP is
secreted from the rhoptries at an early stage of invasion and may
track the junction during invasion.

Rhoptry protein organisation reflects secretion order
during invasion

RON2 (from both P. faleiparum and P. bergher), PFF0645¢ and
PfASP each show distinct dynamics during merozoite invasion of
erythrocytes, despite originating from the same organelle. The late
secretion of PFF0645¢ 1s very different to that seen for the RON
proteins and the rhoptry bulb marker RAP1 for example, each of
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which are secreted either early on during invasion or contiguous
with PV formation [8]. This supports the idea that different
localisations within the rhoptry organelle (traditionally limited to
rhoptry neck and body [45]) may determine timing of release into
the infected host cell. To investigate this concept further, we
performed immunoelectron microscopy (IEM) on free merozoites

rhoptry body protein RAP1 [59]. Previous studies have demon-
strated that PIRON2 localises to the rhoptry neck in intracellular
parasites [29]. Colabeling with RAP1 in free parasites indicated
that PIRON2-HA is indeed located anterior to the bulb marker,
which is consistent with previous reports for PPRON4 (Figure 7A)
[31,60]. In contrast, PFF0645¢ had a more posterior or contiguous

localisation to RAP1, frequently located towards the peripheral
regions of the rhoptry (Figure 7B). Given the multiple transmem-

to compare the subcompartments to which epitope tagged
PfRON2 and PFF0645c reside relative to the well-characterised
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brane domains within PFF0645c¢, this is consistent with it either
localising to the rhoptry bulb membrane or internal membrane
structures at the periphery of the organelle [61]. Fluorescent
imaging demonstrates that the reticulocyte binding protein
homologue PfRh2; which resides at the rhoptry neck or tip [57],
is secreted prior to, or at, parasite egress from the infected
erythrocyte (Figure 7C). In contrast, tagged PFRON2 and PfASP,
to a degree, are secreted at junction formation (Figure 4A, 6B, 7D,
E), prior to release of the rhoptry bulb marker RAP1 [8]
(Figure 7F). Finally, PFF0645c is only released post-invasion
(Figure 5B, C, 7G). Combined, this suggests that the architecture
of the rhoptry facilitates the timing of protein release and therefore
the timing of establishment of key structures — the junction,
nascent vacuole, and post-invasion PVM respectively (Figure 8).
This supports the idea that the spatial localisation of conserved
invasins, particularly those within the rhoptry, facilitates the multi-
step process of parasite entry into target host cells.

Discussion

In this study we have used both i silico and i vivo approaches
for the identification and investigation of novel P. falciparum
proteins involved in tight junction dependent host cell invasion, a
class of proteins we refer to as nwasins. Several candidate invasins
were targeted for study, and five successfully tagged. Given the
defined role of the rhoptry organelle in the invasion process we
focused our detailed analysis on three rhoptry proteins during
merozoite entry: PFRON2, PFF0645c and PfASP. Our study
reveals that these proteins localise to distinct subcompartments
within the rhoptry, which correlates with their timing of release
and, as such, predicted function during the process of invasion.

The compartmentalisation of proteins within distinct organelle
subclasses in apicomplexan zoites is an already well-characterised
mechanism that facilitates the timing of key invasion dependent
events. This feature is exemplified by the step-wise secretion of the
core apical organelles the micronemes, rhoptries and dense
granules that are broadly associated with the processes of
attachment, invasion and post-invasion development respectively
[8,62]. The recent addition of the exoneme to this list, involving
proteins released pre-invasion that facilitate egress, adds an
additional compartmented class of proteins [63]. We now provide
clear evidence that this compartmentalisation extends to within
the rhoptries themselves, where spatial localisation of proteins
within the rhoptry (apex/neck, body and periphery/membrane
associated) is likely a key organising principle that facilitates the
different roles of proteins during tight junction dependent zoite
invasion.

The concept of compartmentalisation within the rhoptry is not
an entirely new idea. Indeed several studies have noted the
distinction between proteins that reside within the neck and body
of T. gondu rhoptries, an observation that gave rise to the naming
of ROP and RON proteins [45], and the correlation between
these two compartments and the timing of secretion during
invasion (reviewed in [64]). For example, the rhoptry bulb protein
ROPI is secreted to the vacuole membrane during invasion
[62,65] while the bulb proteins ROP2, ROP4, ROP5, ROP7 and
ROP18 have been found at the PVM immediately post-entry, and
may be secreted during or immediately following invasion [64,66].
Although different ROP proteins lack direct orthologues among
Plasmodium spp. and other Apicomplexa, conservation of rhoptries
in all zoites that enter host cells in a tight junction dependent
fashion, and their absence in the Plasmodium ookinete, which does
not invade host cells, already points to their clear central role in
the process of host-cell invasion [22]. As such, it is not surprising
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that an w silico strategy aimed at identifying invasins identifies most
of the core conserved rhoptry proteins. It should be noted,
however, that non-rhoptry proteins are clearly also included in this
class (Figure 1), for example AMA1 [24,31] and SPATR, both of
which are micronemal proteins [67,68].

Of the rhoptry proteins studied here, RON2 is already well
established as a tight junction marker in Toxoplasma [25,33,34]
and, to a limited extent, in Plasmodium [32,37]. The timing of its
secretion 1s right at the commencement of invasion concurrent
with junction formation (Figure 4), a dynamic that matches the
pattern for another member of the RON complex, RON4 [8].
PfASP appears to follow a similar path, variably associating with
the junction during invasion (Figure 6). The localisation of both
PfRON2 and PfASP to the rhoptry neck (Figure 4,6) [29,44], and
as such a position nearest to the site of release into the extracellular
milieu, would fit with their early release (and therefore function)
during invasion. Further work will be necessary to explore the
possibility that ASP is a component of the tight junction itself.
RAPI1, a well characterised resident of the rhoptry bulb [8,59], has
been shown to be released only concurrent with invasion but not
until the junction (or signals for its formation) has been activated
[8]. Its residence posterior to the rhoptry neck again is clearly in
line with the architecture of the rhoptry facilitating timing of
release, with proteins further from the neck and aperture being
released later. RAP1 appears to be conserved only within
Plasmodwm spp. but is likely in a similar category of proteins
conserved across the phylum, perhaps analogous in function to
members of the 7. gondii ROP family of proteins [64]. PFF0645c,
the orthologue of rhoptry protein TGME49_115220/TgROP14
in Toxoplasma [45] associates either with the membrane of the
rhoptry bulb or membranous material at the periphery of the
rhoptry body. It defines a relatively uncharacterised class of
rhoptry proteins, clearly being released only post-invasion once the
PV has been established and, given its generally posterior
localisation to both RAPI and the rhoptry neck, suggests the
rhoptry bulb periphery/membrane is the last compartment to be
fully secreted during invasion.

Combined with other classes of rhoptry protein (both conserved
and specific to individual species) these observations establish that
it is the compartmentalisation of the rhoptry into early, mid and
late secreting compartments (beyond the traditional rhoptry neck
and body differentiation [45]), and the organisation of proteins
within these compartments pre-invasion, that facilitates the distinct
stages of the stepwise process of host-cell entry.

This intuitive explanation, now established with experimental
observations, is further supported by earlier data demonstrating
that the merozoite invasion adhesins, the reticulocyte binding
protein homolog family (PfRh), are secreted before invasion even
begins [57,58], likely prior to egress from the infected erythrocyte
(Figure 7). These proteins lie within the rhoptry neck and are
either contiguous with or possibly anterior to PfRON2 and
PfRON4 in their spatial positioning in the organelle as determined
by IEM [57,58]. Recent data that defines a trafficking motif to the
different subcompartments within the rhoptry also supports the
idea that compartmentalisation is key to protein function [60].
Combining our observations here with this previous data, we
propose a model in which rhoptry proteins can be divided into
four broad classes based on their arrangement within the rhoptry
pre-invasion and subsequent secretion profile (Figure 8): Class 1
contains those proteins such as the PfRhs that originate from the
rhoptry neck and are secreted pre- or early in invasion onto the
merozoite surface. Since these were not identified in our i silico
screen, they would be expected to include those proteins associated
with host-cell specific recognition and therefore distinct to each
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doi:10.1371/journal.pone.0046160.g007

species or lifecycle stage. This fits with the functional comple-
mentarities of PfRh proteins and the micronemal adhesins the
erythrocyte binding antigens (EBAs) [69]. Any protein matching
their localisation would therefore be expected to be involved in
host cell adhesion or recognition. The second class (Class 2) is
comprised of the rhoptry neck proteins secreted following apical
reorientation into the erythrocyte (data here and [8]). Since this
class includes several members of the tight junction RON
complex, other proteins with a similar localisation would be
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predicted to be either components or associated with the tight

junction itself. Class 3 proteins, such as RAPI, include those

proteins whose secretion from the rhoptry body into the PV is
simultaneous with invasion and therefore suggestive of a role in PV
establishment. The final class (Class 4) is defined by PFF0645c,
which is found in the rhoptry body/membrane and remains within
the merozoite until invasion is completed. Proteins that colocalise
with this class of protein would be expected to function post-PV
establishment, possibly functioning in either remodeling or
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nutrient uptake by the early-intracellular parasite. More broadly,
our model presents a functional imaging-based classification
strategy for further invasins based on localisation within the pre-
invasion rhoptry.

The characterisation of PFF0645c and its distinct localisation
and dynamics during the invasion process highlights a previously
unappreciated function for the rhoptries in the establishment of
early intracellular development, a function normally associated
with dense granules [9]). While its precise function is unknown, the
possession of at least seven predicted transmembrane domains and
its homology to lipase maturation factors (via BLAST search, data
not shown), a class of proteins involved in protein folding in the
endoplasmic reticulum, support a role in mediating either protein
trafficking or nutrient transport [46]. Further work will be
necessary to define this function biochemically.

Beyond the localisation of PfASP to the rhoptries together with
its apparent secretion during invasion and partial association with
the tight junction, its function remains unknown. While here we
found evidence for association of PfASP with the merozoite
junction, it should be noted that the addition of a C-terminal tag at
the endogenous locus may have disrupted GPI modification of the
protein and thus impacted its localisation. PfASP also contains an
N-terminal signal sequence peptide for entry into the endomem-
brane system, a sushi domain [43] and a crambin-like domain
(PlasmoDB). Sushi domains are typically found in proteins
regulating the complement system and mediate protein-protein
interactions (reviewed in [70]) and crambin like domains are found
in plant thionins, small toxins that attack animal cell membranes
[71]. Thus, PfASP may play a role in binding host receptors
during invasion along with a parallel function in creating an initial
breach of, or fusion event, with the erythrocyte cell membrane to
allow secretion of the RON complex into erythrocytes to initiate
junction formation. This class of protein remains to be identified in
Plasmodium blood stages in the absence of expression of a perforin-
like protein in the merozoite [72].

Our demonstration that RON2 clearly traces the tight junction
during both P. falciparum and P. berghet merozoite invasion confirms
the conserved role of this protein across apicomplexan genera.
However, while it is clear that RONZ2 is found at this site, its role,
and indeed the role of other confirmed junction proteins, still
remains unclear. For example, despite extensive functional
evidence that RON2 interacts with AMAI1 [33,34,35], the latter
has recently been demonstrated as nonessential for successful
Toxoplasma tachyzoites or P. berghei sporozoite tight-junction
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dependent invasion [28]. AMATI still appears to be important for
merozoite invasion [8,73], where it may function predominantly in
mediating early recognition and attachment events rather than in
forming a core part of the junction during invasion. Nonetheless,
the broad conservation of AMAI across apicomplexan certainly
supports its role in mediating conserved, rather than host-cell
specific, invasion events. Notably, parasites from the apicomplexan
genus Theileria, which do not form tight junctions and instead
invade using a zipper mechanism [74], have homologues to
AMAI1 and RON2 [75], however the potential roles of these
proteins in host cell invasion remain uninvestigated. The use of
validated tagged tight junction lines, in the form of P. falciparum
RON2-HA and P. berghet RON2-MYC, will no doubt prove to be
mvaluable tools in the elucidation of this fundamentally important
aspect of invasion.

Along with the identification of proteins found in merozoite
apical organelles the candidate invasin selection strategy used
also implicates an IMC protein, PF14 0578, and likely
mitochondrial protein or microtubule associated protein,
PF14_0375, in playing conserved roles specifically in tight
junction dependent invasion. Given the small size of both it is,
however, possible that both constitute false positives, included
because of their low abundance or below detection levels of
peptide in proteomic studies with transmission stages. For
example, PF14_0375 was present in the Patra et al. ookinete
dataset [76] with a peptide count of 1, and seen therefore as a
likely false-positive ookinete protein, when in fact it may have
been a bone fide peptide linking PF14_0375 to general (but not
invasion-specific) motility. If they are confirmed as true invasins
the presence of an IMC protein is not wholly surprising given the
known function of this structure in driving parasite motility [39],
however the basis for a restricted function to invasion, and not
general motility, remains unclear.

In conclusion, our study has developed an i silico strategy for
identifying proteins that function in the restricted process of tight
junction dependent invasion. Further interrogation of our list of
top 50 candidates is likely to reveal other potentially key invasins.
Importantly, the availability of validated tagged markers for a
variety of key structures and classes of protein and their detailed
description during invasion provides a strong foundation to
facilitate further molecular dissection of how apicomplexan
parasites, malaria parasites in particular, achieve the remarkable
feat of establishing intracellular infection across such a wide variety
of host species and tissues.
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Materials and Methods

Ethics Statement

The culture of P. falciparum parasites using donated blood from
the Australian Red Cross Society and use of mice for growing P.
berghei have been approved by The Walter and Eliza Hall Institute
Human Ethics (HEC 86/17) and Animal Ethics Committees (AEC
Project 2009-023).

In silico strategy to identify candidate invasins

All data sources used in the in silico integrative genomic,
transcriptomic and proteomic search strategy are listed in
Supplemental Experimental Procedures. Comparative genomic
screens employed in the search strategy were achieved using
phyletic queries of the OrthoMCL database (version 2) (www.
orthomcl.org). Genes were selected with ortholog members
present in Plasmodium falciparum, P. berghei, P. yoelii, P. vivax, P.
chabaudi, P. knowlesi and Toxoplasma gondu, while absent from
Cryptosporidium  paroum and C. hominus. Of these, genes were
removed by virtue of their presence in Plasmodium species’ ookinete
proteomic and EST datasets and mapped to P. falciparum genes
using OrthoMCL. These datasets consisted of 1091 P. berghei
ookinete proteins, 749 P. gallinaceum ookinete proteins and 345 P.
berghei ookinete microneme proteins. Microneme proteins classed
as ‘probable contaminants’, ‘probable blood stage contaminants’
or ‘blood stage contaminant confirmed by IFA’ were not
considered [77]. Proteins involving a single peptide in P. gallinaceum
ookinete datasets were not considered, given the reported false
positive rate of 38.9% (Patra et al., 2008). P. berghet ESTs were
sourced from an i vitro transformed P. berghe: ookinete EST library
and were mapped to P. berghe: transcripts (PlasmoDB version 5.5)
using BLAST prior to identifying P. falciparum orthologs using
OrthoMCL (Table Sl1). Following removal of ookinete genes,
candidate invasins were ranked according to their maximum fold
change (MFC) of transcript abundance during the asexual blood
stage. This rank comprised the average of separate ranks derived
from the MFC observed during the Affymetrix and two-colour
microarray time-course studies. Candidate invasins were also
ranked according to their exhibited protein abundance (peptide
coverage) within the P. falciparum merozoite proteome (Leiden
Malaria Group, unpublished) and protein abundance (emPAI score)
within the P. falciparum sporozoite protcome. An average of these
three rankings (MFC transcript abundance, merozoite protein
abundance and sporozoite protein abundance) was used to select
the top 50 candidates (Table S2), which were manually curated for
the presence of a N-terminal signal peptide using SignalP,
transmembrane domains using TMHMM and the possession of
a pentameric PEXEL motif using ExportPred. Reported subcel-
lular localisations were retrieved from ApiLoc.

Parasite culture and maintenance

P. falciparum, P. bergher and T. gondii parasites were each
maintained using standard culturing procedures. P. falciparum
cultures were grown in human O+ erythrocytes at 4% hematocrit
with 0.5% wt/vol Albumax II (Life Technologies). Cultures were
maintained in synchrony using 5% Sorbitol treatment or via
treatment with 30 IU (approximately 230 pug/mL) heparin (Pfizer)
[12]. All tagged P. falciparum parasites were derived from 3D7, a
clone itself derived from NF54, provided by the late David
Walliker at Edinburgh University, UK. For imaging with RAPI
(see below) a line derived from P. falciparum D10 were used [12]. P.
berghei parasites were maintained in Balb/c mice using standard
protocols. The PbRON2-myc line used [38] was generously
provided by Robert Sinden, Imperial College London, UK. T.
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gondu parasites were propagated in human foreskin fibroblasts
(HFF, ATCC biological resource centre) grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 1% fetal calf serum
(GIBCOBRL). For a-toxin treatment, needle passaged tachyzoites
were incubated in 50 pL of Clostridium septicum culture supernatant
(generously provided by Dena Lyras and Anjana Chakravorty
Monash University, Victoria, Australia) and prepared as described
[52]. Tagged 7. gondii parasites were derived from the AKu80 line
[50].

Zoite invasion preparation

Blood stage P. falciparum and P. berghe: (ANKA) parasites were
cultured through to schizogony and prepared for merozoite
invasion by filtration through a 1.2 um, 32 mm syringe filter
(Sartorius Stedim Biotech) as described [8,12] and incubated with
human or mouse erythrocytes prior to fixation. To prevent
complete schizont rupture, P. falciparum schizonts were treated with
10 uM of the cysteine protease inhibitor E64 (Sigma) for 6-8 hr.

Cloning of tagging constructs and transfection

For endogenous tagging of P. falciparum invasin candidates with
a 3’ triple haemagglutinin (HA) epitope, flank sequences encoding
450 bp-1100 bp of candidate invasin genes were amplified by
PCR from 3D7 gDNA using specific primers (available on request)
and cloned into the Bglll-PstI cloning site of the pD3HA vector.
This vector is derived from the pARL vector, which carries the
hDHFR resistance cassette for drug selection [78], where a triple
haemagglutinin (3¥*HA) tag is placed upstream of the (XkoI site) 3
untranslated region of PbDHFR. Cloning PCR products with an
addition 3’ guanine residue (XXg) into the BgllI-Pst[ site results in
a read through at the C-terminus of the invasin of interest to
encode a triple alanine spacer followed by the triple HA tag:
agatctXXgctgeagcaTACCCGTACGACGTCCCGGACTACGCT-
GGCTATCCCTATGATGTGCCCGATTATGCGTAT-
CCGTACGATGTTCCAGATTATGCCGCTtaaccatggtgacgtc-
accggttelegag (AAAYPYDVPDYAGYPYDVPDYAYPYDVP-
DYAA). P. falctparum transfection followed standard protocols
[78]. T. gondii proteins were tagged at the 3’ end of the endogenous
gene using the AKu80 parasite line [50] where a 3" flank of the
candidate gene was PCR amplified from 7. gondii RH strain
genomic DNA (primers available on request) and inserted into
pmCherryHA3.LIC.HX (generously provided by Christopher
Tonkin, Walter & Eliza Hall Institute) or pYFP.LIC.HX vectors
by ligation independent cloning strategy [50]. Plasmids were
linearised within the gene flank for efficient homologous integra-
tion after transfection with integrants selected and maintained
according to standard protocols.

Western Blotting

Saponin lysed parasite pellets from late schizont stage P.
Jalciparum and P. berghei cultures were separated in sample buffer by
SDS-PAGE using either 4-12% bis-tris or 3-8% tris-acetate
NuPAGE® gels (Life Technologies) under reducing conditions and
transferred to nitrocellulose membranes using an iBlot® (Life
Technologies) or wet transfer protocol (Whatman). Membranes
were blocked in 0.1% Tween 20-phosphate-buffered saline (PBS)
with 10% (w/v) skim milk and probed with primary antibodies rat
anti-HA clone 3F10 (Roche) [1:500] or mouse anti-c-Myc clone
9E10 (kindly provided by Kaye Wycherley, WEHI Monoclonal
Facility, Melbourne, Australia) [1:2000] and horseradish peroxi-
dase (HRP) conjugated secondary antibodies rabbit anti-rat HRP
(Dako) [1:1000] or goat anti-mouse HRP (Millipore) [1:1000]
diluted in 0.1% Tween 20- PBS with 1% (w/v) skim milk.
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Immunoblots were developed using enhanced chemiluminescence
(ECL, Amersham).

Immunofluorescence assay (IFA), three dimensional
structured illumination microscopy (3D SIM) and
immuno-electron microscopy (IEM)

Plasmodium samples were processed for IFA in solution (invasion
assay samples) or on slides (schizont cultures) as described [79].
Briefly, samples were fixed in 4% paraformaldehyde 0.0075%
gluteraldehyde (Electron Microscopy Sciences) in PBS for 30 min,
incubated with 0.1% (w/v) Triton-X-100 (Bio-Rad) in PBS for
10 min, blocked in 3% (w/v) bovine serum albumin (BSA, Sigma)
in PBS overnight at 4°C (invasion assay samples) or for 1 hr at
room temperature (schizont samples) and incubated with primary
and secondary antibodies diluted in blocking solution for 1 hr
(Supplental Experimental Procedures). Samples were settled onto
type 1.5 coverslips (Zeiss) coated with 1% w/v polyethyleneimine
(PEI) in water (invasion assay samples) and mounted in 0.1 ng/pL
4’ 6-Diamidino-2-phenylindole dihydrochloride (DAPI) in Vecta-
Shield® (Vector Laboratories). For mitochondrial imaging, schiz-
onts were purified over a magnetic column (Miltenyi Biotec) and
incubated at 37°C for 30 min with 100 nM MitoTracker® Deep
Red (Life Technologies) in complete culture media. Cells were
washed once in PBS, pelletted, smeared onto slides and processed
for IFA. Free T. gondii tachyzoites from culture supernatant or
infected host cells were fixed on coverslips in 4% paraformalde-
hyde (Electron Microscopy Sciences) for 10 min, permeabilised in
0.1% Triton X-100/PBS for 10 min, and blocked in 3% BSA/
PBS for 1 hr. Incubation with primary antisera in 3% BSA/PBS
was for 1 hr followed by four 5 min washes in PBS and subsequent
incubation with secondary antibodies (Supplemental Experimental
Procedures). Fluorescence microscopy was undertaken using an
inverted Axiovert 200 M motorized microscope (Zeiss) via a Plan-
Apochromat 100x/1.40 NA Ph3 oil immersion lens (Zeiss) and
equipped with an AxioCam MRm camera (1388x1040 pixels,
Zeiss). Illumination was from a mercury lamp and light was
collected via high efficiency filters from Zeiss, Ex 365/Em 445/50
(DAPI), Ex 470/40/Em 525/50 (Alexa488) and Ex 587/25/Em
647/70 (Alexa>94). Where appropriate, Z-stacks were taken well
above and below parasites and images were corrected for effects of
chromatic aberration and underwent deconvolution (fast iterative
or iterative setting) using Axiovision release 4.8 software.

3D-SIM imaging was performed using a DeltaVision OMX 3D
Structured Illumination Microscopy System® (Applied Precision
Inc). Solid state lasers (405, 488, 593 nm) provided widefield
illumination for simultaneous multichannel image capture using 3
Photometrics Cascade (Photometrics) back-illuminated EMCCD
cameras (512x512 CCD, on-chip charge multiplication) and an
Olympus UPlanSApo 100x1.4NA oil objective. 3D-SIM images
were sectioned using a 125 nm Z-step size, and reconstructed as
previously described [55,56].

IEM of free, invading or post-invasion P. falciparum parasites
were obtained via fixation of invasion preparations (as above) in
1% glutaraldehyde (ProSciTech, Australia) on ice for 30 min.
Samples were pelleted in low-melt agarose (Bio-Rad Laboratories)
before being transferred into water. After washing with water,
samples were dehydrated with ethanol and embedded in LR Gold
Resin  (ProSciTech, Australia). Following polymerisation with
benzoyl peroxide (SPI-Chem, USA) ultrathin sections (80—
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90 nm) were cut on a Leica Ultracut R ultramicrotome (Wetzlar).
Immunolabeling was performed with mouse anti-HA (Roche
Applied Science) clone 12AC5 [1:100] or rabbit-anti HA (Sigma-
Aldrich) [1:10]. Samples were washed and incubated with 18 nm
colloidal gold conjugated goat anti-mouse or anti-rabbit secondary
antibodies (Jackson ImmunoResearch, Baltimore, USA) [1:20].
Double labeling was carried out with a mixture of rabbit-anti HA
(Sigma-Aldrich) [1:10] and mouse anti-RAP1 [1:200] primary
antibodies. Samples were washed and incubated with secondary
labels 18 nm and 12 nm colloidal gold conjugated goat anti-rabbit
and anti-mouse antibodies (Jackson ImmunoResearch, Baltimore,
USA) [1:20]. After post-staining with 2% aqueous uranyl-acetate
and 5% lead citrate sections were examined at 120 kV on a Philips
CM120 BioTWIN Transmission Electron Microscope.

General Image Processing

Reconstructed fluorescence deconvolution images and 3D-SIM
images were rendered in 3D, with interpolation, using IMARIS
version 7.2.2 (Bitplane Scientific). Whilst minimal adjustment of
levels was used for presentation, no adjustment of gamma settings
was undertaken. Images were assembled using Adobe Photoshop
and Illustrator CS5 (Adobe Systems).

Supporting Information

Text S1 Supplemental materials and methods.
DOCX)

Figure S1 PF14_0375 retains an asymmetrical localisa-
tion during merozoite invasion. Widefield 3D imaging of
PF14_0375-HA merozoites labeled with anti-HA, anti-PfRON4
and DAPI showing early invasion, mid and late invasion events.
Scale bar =5 pm. 3D reconstruction with 0.2 um grid intervals.

(JPG)

Table S1 Integrative genomic, transcriptomic and pro-
teomic search strategy to indentify P. falciparum
proteins conserved across Plasmodium spp. and T.
gondii but absent in Cryptosporidium spp. and ookinete
proteomic and EST data sets.

(XLSX)

Table S2 Ranking strategy of P. falciparum proteins
from Table S1 to identify candidate invasins.

(XLSX)

Acknowledgments

We thank Christopher Tonkin (Walter & Eliza Hall Institute) for provision
of reagents and technical help with TZoxoplasma gondii cultures, Alan
Cowman (Walter & Eliza Hall Institute), Takafumi Tsuboi (Ehime
University) and Geoffrey McFadden (University of Melbourne) for
generously providing antibodies, Robert Sinden (Imperial College London)
for generously providing the PbRON2-myc parasite line and the Walter &
Eliza Hall Institute Bioservices for animal support. Human erythrocytes
were kindly provided by the Red Cross Blood Bank (Melbourne).

Author Contributions

Conceived and designed the experiments: ESZ AMG SAR TPS ]B.
Performed the experiments: ESZ AMG CD DSM FA LT DTR KLR.
Analyzed the data: ESZ AMG LT DTR KLR CBW SAR TPS JB. Wrote
the paper: ESZ AMG ]JB.

2. Robert-Gangneux F, Darde ML (2012) Epidemiology of and diagnostic
strategies for toxoplasmosis. Clin Microbiol Rev 25: 264-296.

September 2012 | Volume 7 | Issue 9 | e46160



12.

21.

22.

23.

24.

28.

29.

30.

31.

32.

. Frenal K, Soldati-Favre D (2009) Role of the parasite and host cytoskeleton in

apicomplexa parasitism. Cell Host Microbe 5: 602-611.

. Blackman MJ, Bannister LH (2001) Apical organelles of Apicomplexa: biology

and isolation by subcellular fractionation. Mol Biochem Parasitol 117: 11-25.

. Besteiro S, Dubremetz JF, Lebrun M (2011) The moving junction of

apicomplexan parasites: a key structure for invasion. Cell Microbiol 13: 797—
805.

Schupp E, Michel R, Raether W, Niemeitz H, Uphoff M (1978) [Invasion of
erythrocytes by toxoplasma gondii (author’s transl)]. Z Parasitenkd 55: 189-193.

. Aikawa M, Miller LH, Johnson J, Rabbege J (1978) Erythrocyte entry by

malarial parasites. A moving junction between erythrocyte and parasite. J Cell

Biol 77: 72-82.

. Riglar DT, Richard D, Wilson DW, Boyle MJ, Dekiwadia C, et al. (2011) Super-

Resolution Dissection of Coordinated Events during Malaria Parasite Invasion
of the Human Erythrocyte. Cell Host Microbe 9: 9-20.

. Torii M, Adams JH, Miller LH, Aikawa M (1989) Release of merozoite dense

granules during erythrocyte invasion by Plasmodium knowlesi. Infect Immun 57:

3230-3233.

. Dobrowolski JM, Sibley LD (1996) Toxoplasma invasion of mammalian cells is

powered by the actin cytoskeleton of the parasite. Cell 84: 933-939.

. Bannister LH, Butcher GA, Dennis ED, Mitchell GH (1975) Structure and

invasive behaviour of Plasmodium knowlesi merozoites in vitro. Parasitology 71:
483-491.

Boyle MJ, Wilson DW, Richards JS, Riglar DT, Tetteh KK, et al. (2010)
Isolation of viable Plasmodium falciparum merozoites to define erythrocyte
invasion events and advance vaccine and drug development. Proc Natl Acad Sci

USA 107: 14378-14383.

. Charron A]J, Sibley LD (2004) Molecular partitioning during host cell

penetration by Toxoplasma gondii. Traffic 5: 855-867.
Suss-Toby E, Zimmerberg J, Ward GE (1996) Toxoplasma invasion: the
parasitophorous vacuole is formed from host cell plasma membrane and pinches

off via a fission pore. Proc Natl Acad Sci U S A 93: 8413-8418.

. Lingelbach K, Joiner KA (1998) The parasitophorous vacuole membrane

surrounding Plasmodium and Toxoplasma: an unusual compartment in infected
cells. J Cell Sci 111: 1467-1475.

. Elliott DA, Clark DP (2000) Cryptosporidium parvum induces host cell actin

accumulation at the host-parasite interface. Infect Immun 68: 2315-2322.

. Elliott DA, Coleman DJ, Lane MA, May RC, Machesky LM, et al. (2001)

Cryptosporidium parvum infection requires host cell actin polymerization. Infect
Immun 69: 5940-5942.

. Lumb R, Smith K, O’Donoghue PJ, Lanser JA (1988) Ultrastructure of the

attachment of Cryptosporidium sporozoites to tissue culture cells. Parasitol Res
74: 531-536.

. Vetterling JM, Takeuchi A, Madden PA (1971) Ultrastructure of Cryptospo-

ridium wrairi from the guinea pig. J Protozool 18: 248-260.

. Torii M, Nakamura K, Sieber KP, Miller LH, Aikawa M (1992) Penetration of

the mosquito (Aedes aegypti) midgut wall by the ookinetes of Plasmodium
gallinaceum. J Protozool 39: 449-454.

Pizarro-Cerda J, Cossart P (2006) Bacterial adhesion and entry into host cells.
Cell 124: 715-727.

Baum J, Gilberger T-W, Frischknecht F, Meissner M (2008) Host-cell invasion
by malaria parasites: insights from Plasmodium and Toxoplasma. Trends
Parasitol 24: 557-563.

Farrow RE, Green J, Katsimitsoulia Z, Taylor WR, Holder AA, et al. (2011)
The mechanism of erythrocyte invasion by the malarial parasite, Plasmodium
falciparum. Semin Cell Dev Biol 22: 953-960.

Alexander DL, Mital J, Ward GE, Bradley P, Boothroyd JC (2005) Identification
of the Moving Junction Complex of Toxoplasma gondii: A Collaboration
between Distinct Secretory Organelles. PLoS Pathog 1: el7.

. Besteiro S, Michelin A, Poncet J, Dubremetz JF, Lebrun M (2009) Export of a

Toxoplasma gondii rhoptry neck protein complex at the host cell membrane to
form the moving junction during invasion. PLoS Pathog 5: ¢1000309.

. Lebrun M, Michelin A, El Hajj H, Poncet J, Bradley PJ, et al. (2005) The

rhoptry neck protein RON4 re-localizes at the moving junction during
Toxoplasma gondii invasion. Cell Microbiol 7: 1823-1833.

Straub KW, Cheng SJ, Sohn CS, Bradley PJ (2009) Novel components of the
Apicomplexan moving junction reveal conserved and coccidia-restricted
elements. Cell Microbiol 11: 590-603.

Giovannini D, Spath S, Lacroix C, Perazzi A, Bargieri D, et al. (2011)
Independent roles of apical membrane antigen 1 and rhoptry neck proteins
during host cell invasion by apicomplexa. Cell Host Microbe 10: 591-602.
Cao J, Kancko O, Thongkukiatkul A, Tachibana M, Otsuki H, et al. (2009)
Rhoptry neck protein RON2 forms a complex with microneme protein AMA1
in Plasmodium falciparum merozoites. Parasitol Int 58: 29-35.

Collins CR, Withers-Martinez C, Hackett F, Blackman M]J (2009) An inhibitory
antibody blocks interactions between components of the malarial invasion
machinery. PLoS Pathog 5: ¢1000273.

Richard D, MacRaild CA, Riglar DT, Chan J-A, Foley M, et al. (2010)
Interaction between Plasmodium falciparum apical membrane antigen 1 and the
rhoptry neck protein complex defines a key step in the erythrocyte invasion
process of malaria parasites. ] Biol Chem 285: 14815-14822.

Hossain ME, Dhawan S, Mohmmed A (2011) The cysteine-rich regions of
Plasmodium falciparum RON2 bind with host erythrocyte and AMAI during

merozoite invasion. Parasitol Res 110: 1711-1721.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

59.

60.

Invasins: Conserved Apicomplexan Invasion Proteins

. Lamarque M, Besteiro S, Papoin J, Roques M, Vulliez-Le Normand B, et al.

(2011) The RON2-AMAL interaction is a critical step in moving junction-
dependent invasion by apicomplexan parasites. PLoS Pathog 7: e1001276.
Tyler JS, Boothroyd JC (2011) The C-terminus of Toxoplasma RON2 provides
the crucial link between AMA1 and the host-associated invasion complex. PLoS
Pathog 7: €1001282.

. Tonkin ML, Roques M, Lamarque MH, Pugniere M, Douguet D, et al. (2011)

Host cell invasion by apicomplexan parasites: insights from the co-structure of
AMALI with a RON2 peptide. Science 333: 463-467.

Narum DL, Nguyen V, Zhang Y, Glen J, Shimp RL, et al. (2008) Identification
and characterization of the Plasmodium yoclii PyP140/RON4 protein, an
orthologue of Toxoplasma gondii RON4, whose cysteine-rich domain does not
protect against lethal parasite challenge infection. Infect Immun 76: 4876-4882.
Srinivasan P, Beatty WL, Diouf A, Herrera R, Ambroggio X, et al. (2011)
Binding of Plasmodium merozoite proteins RON2 and AMAL triggers
commitment to invasion. Proc Natl Acad Sci U S A 108: 13275-13280.
Tufet-Bayona M, Janse CJ, Khan SM, Waters AP, Sinden RE, et al. (2009)
Localisation and timing of expression of putative Plasmodium berghei rhoptry
proteins in merozoites and sporozoites. Mol Biochem Parasitol 166: 22-31.
Kono M, Herrmann S, Loughran NB, Cabrera A, Engelberg K, et al. (2012)
Evolution and Architecture of the Inner Membrane Complex in Asexual and
Sexual Stages af the Malaria Parasite. Mol Biol Evol [Epub ahead of print].
Chen Z, Harb OS, Roos DS (2008) In silico identification of specialized
secretory-organelle proteins in apicomplexan parasites and in vivo validation in
Toxoplasma gondii. PLoS One 3: e3611.

Hu G, Cabrera A, Kono M, Mok S, Chaal BK, et al. (2010) Transcriptional
profiling of growth perturbations of the human malaria parasite Plasmodium
falciparum. Nature Biotechnology 28: 91-98.

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

O’Keeffe AH, Green JL, Grainger M, Holder AA (2005) A novel Sushi domain-
containing protein of Plasmodium falciparum. Mol Biochem Parasitol 140: 61—
68.

Srivastava A, Singh S, Dhawan S, Mahmood Alam M, Mohmmed A, et al.
(2010) Localization of apical sushi protein in Plasmodium falciparum merozoites.

Mol Biochem Parasitol 174: 66—69.

. Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, et al. (2005) Proteomic

analysis of rhoptry organelles reveals many novel constituents for host-parasite
interactions in Toxoplasma gondii. J Biol Chem 280: 34245-34258.

Desai SA, Krogstad DJ, McCleskey EW (1993) A nutrient-permeable channel on
the intraerythrocytic malaria parasite. Nature 362: 643-646.

Gilson PR, Nebl T, Vukcevic D, Moritz RL, Sargeant T, et al. (2006)
Identification and stoichiometry of glycosylphosphatidylinositol-anchored mem-
brane proteins of the human malaria parasite Plasmodium falciparum. Mol Cell
Proteomics 5: 1286-1299.

Bannister LH, Hopkins JM, Fowler RE, Krishna S, Mitchell GH (2000) A brief
illustrated guide to the ultrastructure of Plasmodium falciparum asexual blood
stages. Parasitol Today 16: 427-433.

Waller RF, Keeling PJ, Donald RG, Striepen B, Handman E, et al. (1998)
Nuclear-encoded proteins target to the plastid in Toxoplasma gondii and
Plasmodium falciparum. Proc Natl Acad Sci U S A 95: 12352-12357.

Huynh MH, Carruthers VB (2009) Tagging of endogenous genes in a
Toxoplasma gondii strain lacking Ku80. Eukaryot Cell 8: 530-539.

Hu K, Mann T, Striepen B, Beckers CJ, Roos DS, et al. (2002) Daughter cell
assembly in the protozoan parasite Toxoplasma gondii. Mol Biol Cell 13: 593—
606.

Gaskins E, Gilk S, DeVore N, Mann T, Ward G, et al. (2004) Identification of
the membrane receptor of a class XIV myosin in Toxoplasma gondii. J Cell Biol
165: 383-393.

Johnson TM, Rajfur Z, Jacobson K, Beckers CJ (2007) Immobilization of the
type XIV myosin complex in Toxoplasma gondii. Mol Biol Cell 18: 3039-3046.
Angrisano F, Riglar DT, Sturm A, Volz JC, Delves MJ, et al. (2012) Spatial
localisation of actin filaments across developmental stages of the malaria
parasite. PLoS One 7: ¢32188.

Schermelleh L, Carlton PM, Haase S, Shao L, Winoto L, et al. (2008)
Subdiffraction multicolor imaging of the nuclear periphery with 3D structured
illumination microscopy. Science 320: 1332-1336.

Gustafsson MG, Shao L, Carlton PM, Wang CJ, Golubovskaya IN; et al. (2008)
Three-dimensional resolution doubling in wide-field fluorescence microscopy by
structured illumination. Biophys J 94: 4957-4970.

Duraisingh MT, Triglia T, Ralph SA, Rayner JC, Barnwell JW, et al. (2003)
Phenotypic variation of Plasmodium falciparum merozoite proteins directs
receptor targeting for invasion of human erythrocytes. Embo J 22: 1047-1057.
Triglia T, Chen L, Lopaticki S, Dekiwadia C, Riglar DT, et al. (2011)
Plasmodium falciparum merozoite invasion is inhibited by antibodies that target
the PfRh2a and b binding domains. PLoS Pathog 7: ¢1002075.

Bushell GR, Ingram LT, Fardoulys CA, Cooper JA (1988) An antigenic complex
in the rhoptries of Plasmodium falciparum. Mol Biochem Parasitol 28: 105-112.
Richard D, Kats LM, Langer C, Black CG, Mitri K, et al. (2009) Identification
of rhoptry trafficking determinants and evidence for a novel sorting mechanism
in the malaria parasite Plasmodium falciparum. PLoS Pathog 5: ¢1000328.

September 2012 | Volume 7 | Issue 9 | e46160



61.

62.

66.

67.

68.

69.

70.

Bannister LH, Mitchell GH, Butcher GA, Dennis ED (1986) Lamellar
membranes associated with rhoptries in erythrocytic merozoites of Plasmodium
knowlesi: a clue to the mechanism of invasion. Parasitology 92: 291-303.

Carruthers VB, Sibley LD (1997) Sequential protein secretion from three distinct
organelles of Toxoplasma gondii accompanies invasion of human fibroblasts.

Eur J Cell Biol 73: 114-123.

. Yeoh S, O’Donnell RA, Koussis K, Dluzewski AR, Ansell KH, et al. (2007)

Subcellular discharge of a serine protease mediates release of invasive malaria
parasites from host erythrocytes. Cell 131: 1072-1083.

. Dubremetz JF (2007) Rhoptries are major players in Toxoplasma gondii

invasion and host cell interaction. Cell Microbiol 9: 841-848.

Saffer LD, Mercereau-Puijalon O, Dubremetz JF, Schwartzman JD (1992)
Localization of a Toxoplasma gondii rhoptry protein by immunoelectron
microscopy during and after host cell penetration. J Protozool 39: 526-530.
Boothroyd JC, Dubremetz J-F (2008) Kiss and spit: the dual roles of Toxoplasma
rhoptries. Nat Rev Microbiol 6: 79-88.

Healer J, Crawford S, Ralph S, McFadden G, Cowman AF (2002) Independent
translocation of two micronemal proteins in developing Plasmodium falciparum
merozoites. Infect Immun 70: 5751-5758.

Kawase O, Nishikawa Y, Bannai H, Igarashi M, Matsuo T, et al. (2010)
Characterization of a novel thrombospondin-related protein in Toxoplasma
gondii. Parasitol Int 59: 211-216.

Lopaticki S, Maier AG, Thompson J, Wilson DW, Tham WH, et al. (2011)
Reticulocyte and erythrocyte binding-like proteins function cooperatively in
invasion of human erythrocytes by malaria parasites. Infect Immun 79: 1107—
1117.

Kirkitadze MD, Barlow PN (2001) Structure and flexibility of the multiple
domain proteins that regulate complement activation. Immunol Rev 180: 146
161.

PLOS ONE | www.plosone.org

15

72.

73.

74.

76.

77.

78.

79.

Invasins: Conserved Apicomplexan Invasion Proteins

. Vernon LP, Evett GE, Zeikus RD, Gray WR (1985) A toxic thionin from

Pyrularia pubera: purification, properties, and amino acid sequence. Arch
Biochem Biophys 238: 18-29.

Kaiser K, Camargo N, Coppens I, Morrisey JM, Vaidya AB, et al. (2004) A
member of a conserved Plasmodium protein family with membrane-attack
complex/perforin  (MACPF)-like domains localizes to the micronemes of
sporozoites. Mol Biochem Parasitol 133: 15-26.

Triglia T, Healer J, Caruana SR, Hodder AN, Anders RF, et al. (2000) Apical
membrane antigen 1 plays a central role in erythrocyte invasion by Plasmodium
species. Mol Microbiol 38: 706-718.

Shaw MK (2003) Cell invasion by Theileria sporozoites. Trends Parasitol 19: 2—
6

Gardner MJ, Bishop R, Shah T, de Villiers EP, Carlton JM, et al. (2005)
Genome sequence of Theileria parva, a bovine pathogen that transforms
lymphocytes. Science 309: 134-137.

Patra KP, Johnson JR, Cantin GT, Yates JR, 3rd, Vinetz JM (2008) Proteomic
analysis of zygote and ookinete stages of the avian malaria parasite Plasmodium
gallinaceum delineates the homologous proteomes of the lethal human malaria
parasite Plasmodium falciparum. Proteomics 8: 2492-2499.

Lal K, Prieto JH, Bromley E, Sanderson SJ, Yates JR, 3rd, et al. (2009)
Characterisation of Plasmodium invasive organelles; an ookinete microneme
proteome. Proteomics 9: 1142-1151.

Crabb BS, Rug M, Gilberger TW, Thompson JK, Triglia T, et al. (2004)
Transfection of the human malaria parasite Plasmodium falciparum. Methods
Mol Biol 270: 263-276.

Tonkin CJ, van Dooren GG, Spurck TP, Struck NS, Good RT, et al. (2004)
Localization of organellar proteins in Plasmodium falciparum using a novel set
of transfection vectors and a new immunofluorescence fixation method. Mol
Biochem Parasitol 137: 13-21.

September 2012 | Volume 7 | Issue 9 | e46160



