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Abstract
Secretion of microneme proteins is essential to Plasmodium invasion but the molecular composition
of these secretory organelles remains poorly defined. Here, we describe the first Plasmodium
microneme proteome. Purification of micronemes by subcellular fractionation from cultured
ookinetes was confirmed by enrichment of known micronemal proteins and electron microscopy.
Quantitation of electron micrographs showed >14-fold microneme enrichment compared to the intact
ookinete, such that micronemes comprised 85% of the identifiable organelles in the fraction. Gel
LC-MS/MS of the most abundant protein constituents of the fraction identified three known
micronemal proteins chitinase, CTRP, SOAP, together with protein disulphide isomerase (PDI) and
HSP70. Highly sensitive MudPIT shotgun proteomics described a total of 345 proteins in the fraction.
M1 aminopeptidase and PDI, the former a recognised target of drug development, were both shown
to have a micronemal location by IFA. We further identified numerous proteins with established
vesicle trafficking and signaling functions consistent with micronemes being part of a regulated
secretory pathway. Previously uncharacterised proteins comprise the largest functional group of the
microneme proteome and will include secreted proteins important to invasion.
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1 Introduction
Despite our best efforts malaria remains a disease of global significance with some 40% of the
world's population at risk. Each year malaria kills up to 2.7 million people in Africa alone and
global GDP losses are estimated to be of the order of $20 billion. Resistance of the parasite to
drugs and of the mosquito to insecticides, requires that we search for new rational therapies.
One approach has focused on the mechanisms by which the parasite invades host cells, an
essential component of development in both man and the mosquito. The merozoite must
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recognise, enter and grow within the red blood cell; the sporozoite must lyse and traverse
mosquito salivary gland cells, mammalian Kupffer cells and hepatocytes, prior to its final entry
and development in the hepatocyte, and the ookinete has to lyse and traverse the mosquito
midgut epithelium [1]. All invasive stages contain the apical complex of regulated secretory
vesicles, which function in critical and sequential roles in the recognition and invasion of the
host. Component vesicles include the micronemes (with roles in host cell adhesion and rupture);
rhoptries (required for host cell modification and formation of the parasitophorous vacuole
(PV)), and dense granules (required for late host cell modification) [2].

Despite the critical role that micronemes play in host invasion, very little is known of the
proteins important to microneme biogenesis, signaling and exocytosis. Past efforts to determine
the structure and function of these secretory vesicles have relied heavily on cell fractionation
techniques notably in the readily accessible parasites Toxoplasma [3], Eimeria [4],
Cryptosporidium [5], Sarcocystis [6,7] and only one study in Plasmodium has described the
merozoite rhoptry proteome [8]. Despite the elegance of these studies, there has always been
the problem that the originating parasite contained more than one of the apical complex vesicle
populations. Microscopic evidence suggests ookinetes possess neither rhoptries nor dense
granules and therefore offers an excellent opportunity to fractionate and describe the proteome
of just one class of secretory organelle – the microneme.

Many secreted microneme proteins are essential and thus are considered to be vaccine
candidates e.g. thrombospondin-related anonymous protein (TRAP) [9], apical membrane
antigen 1 (AMA-1) [10] and erythrocyte binding antigen 175 (EBA-175) [11]. Once secreted,
microneme cargo proteins are important at distinct steps in ookinete invasion; circumsporozoite
and TRAP related protein (CTRP) is the receptor component of the ‘glideosome’ complex
which powers movement and invasion [12], secreted ookinete adhesive protein (SOAP) is
important to host adhesion [13], the perforin-domain containing membrane attack ookinete
protein (MAOP) is essential for host cell lysis [14] and cell traversal protein of Plasmodium
ookinetes and sporozoites (CelTOS) is critical to host cell traversal [15].

Electron microscopy has shown that microneme biogenesis occurs at the Golgi apparatus
[16,17]. Pro-microneme vesicles containing cargo proteins such as AMA-1, are transported
along subpellicular microtubules to the apical pole [16], where they reside. Microneme contents
are discharged from the apical tip in response to a calcium mediated signal [18], possibly
triggered by a specific host stimulus.

Bioinformatic searches for novel microneme proteins has been hindered by the lack of a clear
micronemal targeting signal possibly because microneme proteins can be targeted by distinct
escorter proteins [19]. To achieve this, the first biochemical characterisation of a
Plasmodium microneme proteome, we capitalise on three advantages of the ookinete; it is large
size relative to other Plasmodium invasive stages, the reported absence of rhoptries and dense
granules and our recently developed ability to produce ookinetes in bulk. We identify a cell
fraction in which known micronemal proteins are concentrated, undertake a morphological
analysis which demonstrates that it is very highly enriched for micronemes and proteomic
analyses of the fraction demonstrate enrichment of verified micronemal proteins. Putative
novel micronemal proteins were verified by immunofluorescence assays (IFA), these included
M1 aminopeptidase (A-M1) and the chaperone, protein disulphide isomerase (PDI). The
derived microneme proteome contains proteins consistent with a eukaryotic regulated secretory
pathway, together with the largest category of proteins, of unknown function, which is likely
to include proteins important to host invasion.
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2 Materials and methods
A schematic of the method followed is shown in Figure 1.

2.1 Ookinete production, purification and microneme enrichment
Plasmodium berghei (Pb) strain ANKA 2.34 ookinetes were produced from rat blood as
described [20] with significant adaptations. Adult female brown Norway rats were pre-treated
with phenyl hydrazine and injected with blood stage parasites i.p. Approximately 2/3 of
inoculated rats developed high blood parasitemia after 4 days. Infected blood was harvested
from 20 to 25 rats and placed into culture such that the gametocytes developed into ookinetes
after 22−24 h at 19°C [21]. Ookinetes were purified by ammonium chloride lysis of red blood
cells and Nycodenz density gradient separation [12] to 95−99% purity, as assessed by Giemsa
stained smears. Contamination by asexual and sexual blood stage parasites was less than 1 and
2%, respectively. The 5×108 purified ookinetes were resuspended in 2 mL HM buffer (250
mM sucrose, 1 mM EDTA, 5 mM triethanolamine, pH 7.5 with protease inhibitors) [4,6] and
sonicated at 2 μm on ice for 60 s in 10 s intervals, resulting in <98% cell lysis (minimising
microneme membrane disruption). Intact cells and nuclei were removed by centrifugation at
800×g for 10 min. Parasite ‘post-nuclear’ fractions were applied to the top of 12 mL sucrose
gradients (1.6−0.5 M). Samples were centrifuged at 70 000×g for 2 h at 4°C with no brake in
a SW40Ti swing out rotor (Beckman). Fractions (1 mL) were collected and the sucrose
concentrations were measured by refractometry. The protein content of each fraction was
estimated using the bicinchoninic protein assay (Pierce).

2.2 Electron microscopy
The 1.1 M sucrose fraction was diluted 1:5 in HM buffer and the organelles pelleted at 130
000×g for 30 min. The pellet was fixed overnight in 2% glutaraldehyde, 250 mM sucrose in
PBS (4°C) and prepared for transmission electron microscopy as described previously [21].
The organellar composition of the preparation was determined by morphometry. A regular
point lattice was superimposed on random micrographs and the underlying organelles scored
for 1029 random data points [22]. EM micrographs of intact ookinetes were similarly analysed
for 2904 random points.

2.3 1-D PAGE analysis (GEL LC-MS/MS)
Thirty microlitres of the microneme-enriched fraction was separated on a 16 cm 12%
acrylamide gel and stained with colloidal Coomassie [23]. Protein abundance was estimated
by band density of scanned images and the five most abundant bands were excised and digested
with trypsin and subjected to MS/MS analysis as described [23]. The resulting MS/MS spectra
were submitted to MASCOT and searched against a locally installed protein database
composed of Plasmodium falciparum (Pf) and Pb ORFs and annotated proteins
(plasmoDB-5.2). The MASCOTscores and the number of peptides detected are shown in
Supporting Information Table 1.

2.4 Multidimensional protein identification technology (MudPIT)
Four independent microneme-enriched preparations, originating from independent ookinete
cultures, were separated into soluble and insoluble components which were analysed by
MudPIT. Microneme-enriched samples (1.1 M sucrose) were solubilised in 2 M urea 10 mM
Tris-HCl pH 8.5 and centrifuged at 16 000×g for 30 min at 4°C to separate soluble from
insoluble fractions. Both fractions were digested with endoproteinase Lys-C and trypsin [24].
Peptide mixtures were analysed by MudPIT [25]. A quaternary Agilent 1100 series HPLC
coupled directly to a Finnigan LTQ-IT mass spectrometer (Thermo, San Jose, CA, USA)
equipped with a nano-LC ESI source [26] resolved peptide mixtures by strong cation exchange
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LC upstream of RP LC [27]. Fully-automated five step chromatography was carried out on
each sample. Good quality spectra were filtered as described [28] and compared, using
SEQUEST (version 27), to a database containing Pb and P. yoelli predicted proteins [29,30]
supplemented with a common contaminant NCBI database including rat proteins [31] and a
reverse sequence database included to estimate the false positive rate. No enzyme specificity
was considered for any search. All searches were parallelised and performed on a Beowulf
computer cluster consisting of 100 1.2 GHz Athlon CPUs [28]. Results were assembled and
filtered using DTASelect (version 2.0) to estimate the false positive rate (<5%). Ten soluble
and eight insoluble fractions were analysed and combined to create a non-redundant catalogue
(Supporting Information Table 2), exceeding the 10 MudPIT analysis necessary to achieve
95% coverage of complex mixtures [32].

2.5 In silico analysis of identified proteins
All proteins identified were manually assigned a functional classification using the MIPS
functional catalogue database (FunCatDB) [33] as modified for Plasmodium [34] (Supporting
Information Table 2). Proteins associated with the eukaryotic secretory pathway were
identified by the presence of either a signal peptide or transmembrane domain(s), assessed by
SignalP 3.0 [35] and ConPred [36], respectively. Recognising that the Pb genome is not fully
sequenced and many gene predictions are incomplete, Pf orthologues (identified using
InParanoid [37]) were also analysed. Secretory proteins retained in the ER were identified by
the sequence motifs SDEL [38], KDEL [39] or HDEL [40], whilst those imported to the
apicoplast were identified with PATS [41]. Cytoplasmic proteins imported to the nucleus or
mitochondria were identified with NucPred [42] and PlasMit [43], respectively.

2.6 Immunoblotting
Equal volumes of each sucrose fraction were analysed for the micronemal proteins, CTRP and
SOAP and the surface protein Pb28 by Western blots. Standard protocols were followed using
the anti-SOAP mouse polyclonal antibody [13], 13.1 mAb to Pb28 [44] and a rabbit polyclonal
antibody raised to recombinant C-terminus of CTRP (amino acids 1864−1904). Pb ookinetes
were probed with an anti-peptide antibody (MAP1) to Pf M1 family zinc aminopeptidase (A-
M1) [45] and another antibody to PfPDI [46]. Secondary antibodies used were either anti-rabbit
or anti-mouse ECL™ IgG horse radish peroxidase (HRP), which were detected with the ECL
plus Western blotting detection system (Amersham).

2.7 Immunofluorescence assays (IFA)
Cultured ookinetes were smeared on to glass slides in foetal bovine serum, fixed with 4%
formaldehyde in PBS pH 7.4 for 10 min at room temperature, washed once with TBS,
permeablised with 0.2% Triton X-100 for 5 min, then washed three times in TBS for 5 min
each. Fluorescence was quenched with 0.1% sodium borohydride in TBS for 5 min. Slides
were washed in TBS for 5 min, blocked with 3% BSA/5% Goat sera for 15 min and then
incubated with either MAP1 antibody (1:200) or anti-PDI (1:500) together with 3A5 (mouse
monoclonal to CTRP 1:100) for 2 h [12]. Primary antibodies were detected with anti-rabbit
Alexa 488 and anti-mouse Alexa 546 (Molecular Probes each 1:1500) for 1 h in the dark. Slides
were washed and mounted with Mowiol, 25 mg/mL DABCO and 25 μg/mL DAPI. Images
were captured using a Zeiss confocal microscope with LSM510 software. Excitation lasers
used were 405, 488 and 543 nm and the detection ranges were 420−480 nm, 505−550 nm and
LP560 nm, respectively. Images were compiled in Adobe Photoshope 6.0.
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3 Results
3.1 Enrichment of ookinete micronemes by subcellular fractionation

3.1.1 Co-sedimentation and enrichment of microneme proteins CTRP and SOAP
—Subcellular fractionation of ookinetes resulted in co-sedimentation of two known
micronemal markers, CTRP and SOAP in the 1.1 M sucrose fraction (Fig. 2), consistent with
microneme sedimentation recorded in other Apicomplexa [5,47]. Semi-quantitative analysis
of scanned Western blots, suggests that 40% of the total CTRP and 24% of SOAP present on
the entire gradient is found in the 1.1 M sucrose fraction (minimal estimations as Western blot
exposures are non-linear). In contrast, protein assays show this fraction contains just 2−3.8%
of the total protein (Fig. 2), indicating significant enrichment of the micronemal proteins CTRP
and SOAP. The very abundant cell surface protein Pb28 [48], whilst detectable in the 1.1 M
sucrose fraction, concentrates in the 0.75 M sucrose fraction (containing 23% of total Pb28
and 12% of the total protein) (Fig. 2).

3.1.2 Enrichment of microneme-like electron dense vesicles—Transmission
electron microscopy of the 1.1 M sucrose fraction revealed significant microneme enrichment
(Fig. 3). The bottle shaped electron dense vesicles (∼80 nm diameter) possess distinguishable
bulb and neck regions [16]. Micro-nemes represent ∼85% (873:1029) of the total structures
seen in this fraction. In contrast, examination of intact ookinetes found micronemes comprise
only ∼6% (188:2904) of the ookinete cell mass-suggesting over 14-fold enrichment. Neither
rhoptries, which can be distinguished from micronemes by their size (diameter ∼350 nm in Pf
merozoites [49]) and containing intravesicular membranes [50,51], nor dense granules were
found in our preparations. Whilst a limited number of unidentified membranes are present in
the preparation no other identifiable organelles were seen.

3.1.3 Abundant proteins are predominantly verified micronemal proteins—The
five most abundant proteins in the 1.1 M sucrose fraction were visualised by SDS PAGE and
Coomasie stain (Fig. 4) and were sequenced by LC MS/MS. The pre-dominant protein in each
band is listed (Supporting Information Table 1). In order of protein band abundance, chitinase,
SOAP together with the highly abundant surface protein Pb28, PDI, CTRP and heat-shock
protein 70 (HSP70). Chitinase [52], SOAP and CTRP are previously verified micronemal
proteins and we localise PDI to the micronemes in this study (Section 3.3, Fig. 6).

3.1.4 The microneme-enriched fraction is depleted of proteins from other
organelles—MudPIT shotgun proteomics detected 345 proteins in the 1.1 M sucrose fraction
(Supporting Information Table 2). Of the proteins detected 49% have signal peptides or
transmembrane domains compared to 12% in the ookinete whole cell proteome. This suggests
over four-fold enrichment of proteins from the secretory pathway.

Seven of the known ookinete micronemal proteins were detected in the microneme proteome
i.e. CTRP, SOAP, chitinase, CelTOS [15], von Willebrand Factor A domain-related protein
(WARP) [53] and PDI and A-M1 which we show to be micronemal in this study (Section 3.3
and Fig. 6). We did not find the other reported ookinete micronemal proteins subtilisin 2 (Sub
2) [54] or MAOP [14]. Interestingly, Sub 2 is present in the ookinete inside the mosquito midgut
[54] but has not been demonstrated in ookinetes produced ‘in vitro’ (in our analysis or the Pb
whole cell ookinete proteome [30]) and may be developmentally regulated to a different
ookinete maturation point. Our lack of detection of MAOP may be due to technical limitations
in achieving ∼95% coverage of protein detection in proteomic analyses [32].

Ribosomal proteins being highly abundant cellular proteins, are a common contaminant of
sucrose gradient fractionations [4,6], and unsurprisingly we detect 68 ribosomal proteins. We
therefore recognise that not all the proteins present in the microneme-enriched fraction are
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bona-fide micronemal proteins. Thus we assessed the microneme-enriched proteome for co-
enrichment of proteins located at the ER, apicoplast, mitochondria or nucleus. Of the 175 Pb
predicted proteins containing ER retention signals SDEL [38], KDEL [39] or HDEL [40], we
find only six in the microneme-enriched proteome. PATS predicts 22% of Pf proteins on
chromosome 2 locate at the apicoplast [41] but predicts only 10% of the microneme-enriched
fraction locates at the apicoplast (likely overestimated as includes the micronemal proteins
CTRP and SOAP). PlasMit predicts 22% of Pf predicted proteins transit through mitochondria,
but only 9% of the microneme-enriched proteome are similarly predicted [43]. NucPred
predicts 5% of the ookinete whole cell proteome target to the nucleus, compared to 2% of the
microneme-enriched proteome. Thus, the microneme-enriched fraction is depleted of ER,
mitochondrial, apicoplast and nuclear proteins.

We observed 1% asexual contamination of the initial ookinete cell preparation and thus
anticipated detection of highly abundant blood stage proteins. We detect the microneme protein
AMA-1, however IFAs demonstrate it is absent from the ookinete (data not shown), suggesting
the proteomic detection originates from merozoite contamination. Merozoite surface proteins
were detected e.g. Small exported protein 1 (Sep1), despite IFAs showing Sep1 is absent from
the ookinete (data not shown). We also identify rhoptry proteins, albeit at significantly lower
spectral count numbers compared to the blood stage proteome (Supporting Information Table
3). IFA analyses of RhopH3 confirms it is absence in the ookinete (data not shown), strongly
suggesting these proteins, being of common origin, are blood stage contaminants and not
derived from ookinete micronemes.

3.2 Proteomic survey of the ookinete microneme-enriched fraction
We identified 345 proteins in the microneme-enriched proteome (Supporting Information
Table 2 and Fig. 5). In addition to the identification of nine established micronemal proteins
described above (Section 3.1.4), we detect a further 24 proteins with described roles in apical
organelles or at the cell surface, in other malarial life cycle stages or other Apicomplexa. For
example Plasmodium perforin-like protein 4 (PPLP4) from the same protein family as the
micronemal protein MAOP, was readily detected. Micro-nemal proteins are known to include
proteases, we detected A-M1, cathepsin c, falcilysin, falcipain-1 pepsinogen and plasmepsin.
Micronemal proteins commonly form complexes and we found 23 chaperones, including PDI.
However, the largest functional category of proteins detected were hypothetical proteins (n =
104), 59 of which have secretory features.

A further 23 proteins with established vesicular trafficking roles were found, including sortilin,
Rab11a, and the soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs): Vesicle-associated membrane protein (VAMP) and Syn13, clathrin, dynamin, N-
ethylmaleimide-sensitive factor NSF and EPS homology (EH) domain containing protein (with
EPS15 and dynamin domains). Eleven putative signaling molecules were found, including
calcium dependent protein kinase (CDPK) 4 and the hypothetical protein PB000924.02.0 (with
EF hand domains). Proteins known to be present in the parasite actomyosin motor, namely
actin, myosin A, aldolase, myosin A-tail interacting protein (MTIP) were also present in the
fraction.

3.3 Intracellular localisation of proteins identified in the microneme-enriched fraction
PDI was the third most highly represented protein in the microneme-enriched fraction. Western
blots of Pb ookinete whole cell lysate probed with anti-PfPDI antibody detected one band of
the expected mobility, 51 kDa (Fig. 6A). Immunofluorescence assays show PDI locates
apically in the ookinete and co-localises with the micronemal protein CTRP (Fig. 6C). PDI
also shows a perinuclear and anteriad distribution consistent with ER and Golgi localisations,
respectively.
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PbA-M1 shares 67% sequence identity to its Pf orthologue, including complete sequence
conservation at the active site (468−494aa of PbA-M1) and the aminopeptidase specific
GAMEN motif (435−439aa of PbA-M1). Western blot analysis of Pb ookinetes with anti-PfA-
M1 antibody, detected two bands at 68 and 40 kDa (Fig. 6B), suggesting proteolytic cleavage
of the predicted 123 kDa protein. PfA-M1 similarly produces a 120 kDa precursor which is
processed to 96 and 68 kDa [55]. IFA shows PbA-M1 co-localises with the micronemal protein
CTRP at the apical pole (Fig. 6D), consistent with a micronemal localisation. PbA-M1 is
additionally found in a perinuclear position, where it is possibly in transit through the ER.

4 Discussion
In compiling this microneme proteome we broaden our horizons of microneme biology. We
identify putative microneme cargo with potentially critical roles in invasion including several
proteases. Moreover we identify likely candidates in microneme biogenesis, signaling,
exocytosis and fusion with the plasma membrane.

Microneme cargo includes proteins essential to host invasion and we identify 59 hypothetical
proteins in the microneme proteome with secretory features, whose possible roles in invasion
deserve to be investigated. Proteases are important to host invasion and we here demonstrate
A-M1 to be a micronemal protein. PfA-M1 has been localised to the digestive vacuole in
trophozoites and to spots in the schizont and a single spot in free merozoites [55], which our
evidence now suggests may correspond to micronemes. PfA-M1 is reported to additionally
locate at the nucleus in trophozoites [56] and we find it perinuclear in the ookinete. Inhibitor
studies and the failure of attempts to ‘knock out’ PfA-M1 [56] suggest it is important to
Plasmodium blood stage growth and thus is the target of drug development [57]. Similar to
established micronemal proteases, A-M1 may regulate adhesion or micronemal protein
processing critical to host invasion, essential for asexual parasite growth. The protease
Rhomboid 1 (ROM1) has been described as a micronemal protein in Toxoplasma gondii [58]
and alternatively in the novel mononeme vesicles in Pf merozoites [59]. Interestingly, we do
not detect rhomboids in the ookinete microneme proteome and other proteomic analyses failed
to detect ROM1 in the ookinete of either Pb [30] or P. gallinaceum [60]. However, proteins
may remain undetected if less abundant, developmentally limited or not easily amenable to
MudPIT analysis.

We detect a multitude of chaperones, the most abundant being PDI, which we demonstrate to
be micronemal. PDI has previously been reported in Neospora caninum micronemes and is
important to binding to the host cell [61]. In Pf schizonts, PDI also locates at peripheral punctate
dots [46], which may correspond to micronemes. Moreover, PDI is found on the surface of T.
gondii [62,63] and PDI is a major constituent of the calcium induced secreted fraction [64],
which is consistent with PDI secretion via the micronemes. PDI, an established ER chaperone,
forms and maintains protein disulphide bridges. As many micronemal proteins have a high
number of disulphide bridges, PDI may act as a chaperone and preserve their correct molecular
structure. Consistent with this hypothesis, expression of disulphide rich Pfs25 in Pichia
pastoris is enhanced by co-expression with PDI [65].

We detect proteins with established critical roles in regulated exocytosis. Proteins important
to vesicle biogenesis, budding and fusion, including sortilin [66], clathrin and dynamin [67].
These proteins may play similar roles in microneme biogenesis. Additionally, EPS15
reportedly regulates clathrin mediated vesicle budding [68] and detection of the EH domain
containing protein (with EPS15 and dynamin domains), implicates this protein in microneme
biogenesis. In mammalian systems Rab11 binds myosin V and drives vesicle movement in
regulated exocytosis. In T. gondii tachyzoites Rab11a locates at another secretory vesicle (the
rhoptry) [3] and our detection of Rab11a in the microneme proteome suggests a conserved role
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in the secretion of apical organelles. In mammalian cells, NSF and SNAREs form complexes
and are important to vesicle fusion [69,70]. Located at micronemes, NSF and SNAREs may
be important to fusion with the plasma membrane. Consistent with this role, PfNSF and
mammalian NSF located at the regulated secretory synaptic vesicles, share similar membrane
attachment properties [71]. SNAREs are reported to determine specificity to membrane fusion
events and accordingly we detect only two SNAREs, VAMP and Syn13, from this large protein
family (18 members in Pf). Plasmodium Syn13 is a highly divergent SNARE protein, with not
one but two transmembrane regions [72], consistent with a role at specialised vesicles, the
micronemes.

In the Apicomplexan T. gondii, microneme exocytosis is reportedly triggered by calcium
signaling [18,73]. We found calcium sensitive PbCDPK4, the orthologue of TgCDPK1 which
has been implicated in microneme release [74]. CDPK4 has a putative N-myristoylation site
[75] which may target it to microneme membranes, where it may sense the calcium flux, thus
triggering exocytosis. Additionally, we identify a hypothetical protein, PB000924.02.0 with
EF hand domains, which may point to a similar role [76].

Even though actin polymerisation is not required for microneme exocytoisis [77,78], we detect
glideosome proteins in the microneme proteome; CTRP, aldolase actin, myosin A and MTIP.
Aldolase reportedly locates on the cytoplasmic face of micronemes in sporozoites and
Toxoplasma tachyzoites [79,80]. Also, myosin A [81], MTIP [82] and actin [83], all exhibit
an apical distribution, consistent with a microneme associated localisation. Additionally,
aldolase re-localises with the microneme TRAP-like receptor TgMIC2 during microneme
exocytosis [80]. Thus it is possible that glideosome components are delivered to the plasma
membrane/subpellicular cavity during the exocytosis of micronemes.

We note with interest that the micronemal protein AMA-1, which is critical to merozoite and
sporozoite invasion, is absent from the ookinete (confirmed by IFA, data not shown). AMA-1
is essential to tight junction formation during host invasion [84]. However, it is not clear if the
tight junction forms an anchor from which the parasite propels itself forward or if it is important
to creation of the PV. Similar to other Apicomplexa the ookinete powers host cell entry, but a
PVis not formed. This suggests AMA-1 and the tight junction are not necessary for host entry
but may be important to PV formation.

This global approach to the identification of novel microneme proteins develops our
understanding of microneme cell biology and identifies novel proteins with potential roles in
invasion worthy of further investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The experimental protocol followed: Pb infected blood was harvested from ∼25 rats and
ookinetes cultured. Ookinete purification by nycodenz gradient was followed by lysis by
sonication. Remaining intact cells and nuclei were removed by centrifugation at 800×g. The
post-nuclear fraction was separated on a sucrose gradient, 1 mL fractions were removed for
analysis by Western blot. The 1.1 M sucrose fraction was characterised by TEM, abundant
proteins were sequenced by LC-MS/MS and a global survey was conducted by MudPIT
shotgun proteomics. The localisation of selected proteins were analysed by IFA.
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Figure 2.
Micronemal proteins co-segregate and enrich at 1.1 M sucrose and separate from the surface
protein Pb28: Western blot analysis of sucrose gradient fractions for the micronemal marker
proteins CTRP and SOAP and the surface protein Pb28. CTRP and SOAP enrich at 1.1 M
sucrose, whilst Pb28 enriches at 0.75 M sucrose but extends into the 1.1 M fraction. The graph
shows the protein concentration profile of the post-nuclear fraction across the sucrose gradient
and semi-quantitative analysis of the CTRP and SOAP Western blot bands (shown above),
which are represented as a percentage of the total present across the gradient. The 1.1 M fraction
contains over 40% of CTRP and 24% of SOAP but less than 4% of the total protein,
demonstrating the enrichment of micronemal proteins.
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Figure 3.
Electron dense vesicles enrich at 1.1 M sucrose: (A) TEM of the 1.1 M sucrose fraction
demonstrates enrichment of microneme-like electron dense vesicles. (B) Higher magnification
shows the diameter to be ∼80 nm consistent with microneme dimensions. Ookinete
micronemes clearly have bulb and neck parts.
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Figure 4.
The major constituents of the microneme-enriched fraction are verified micronemal proteins:
the microneme-enriched fraction was separated by SDS-PAGE and stained with colloidal
coomasie. Protein band concentrations were estimated by densitometry and the greyscale is
plotted. The abundant bands were analysed by LC-MS/MS and the results analysed by
MASCOT and BLAST. CTRP, chitinase and SOAP are verified micronemal proteins
confirming microneme enrichment. Identification of PDI suggests a micronemal localisation.
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Figure 5.
Functional categories of proteins identified in the microneme proteome by MudPIT: the
microneme-enriched fraction was analysed by MudPIT shotgun proteomics. Homology to
better characterised proteins allowed functional categorisation (Supporting Information Table
2) and the number of proteins in each category are depicted. Over a quarter of the proteins
detected are of unknown function. Several proteins attributed a metabolic role include proteases
which may play additional roles at micronemes.
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Figure 6.
PDI and A-M1 locate at micronemes in ookinetes: ookinete lysate probed with (A) anti-PfPDI
detects a protein of 51 kDa as expected for PDI and (B) anti-PfA-M1 (MAP1) detects two
bands at 68 and 40 kDa, likely processed forms of PbA-M1, predicted to be 123 kDa. IFA of
ookinetes probed with (C) PDI (green) co-stained with CTRP (red) and (D) A-M1 (green) co-
labelled with CTRP (red). AM-1 and PDI clearly locate at the apical end of ookinetes and co-
localise with CTRP. Additional perinuclear localisation of A-M1 and PDI is likely to be the
ER and Golgi.
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