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(Background: To survive, Plasmodium falciparum parasites export proteins into their host cell.
Results: We have characterized the localization, synthesis, and macromolecular-arrangement of the protein export machinery

Conclusion: This machinery is carried into the host-cell and is present as a large macromolecular complex.
Significance: These data fill current gaps in the field relating to the biochemical nature of Plasmodium falciparum protein

N
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To survive within its host erythrocyte, Plasmodium falcipa-
rum must export hundreds of proteins across both its parasite
plasma membrane and surrounding parasitophorous vacuole
membrane, most of which are likely to use a protein complex
known as PTEX (Plasmodium translocon of exported proteins).
PTEX is a putative protein trafficking machinery responsible for
the export of hundreds of proteins across the parasitophorous
vacuole membrane and into the human host cell. Five proteins
are known to comprise the PTEX complex, and in this study,
three of the major stoichiometric components are investigated
including HSP101 (a AAA* ATPase), a protein of no known
function termed PTEX150, and the apparent membrane com-
ponent EXP2. We show that these proteins are synthesized in
the preceding schizont stage (PTEX150 and HSP101) or even
earlier in the life cycle (EXP2), and before invasion these com-
ponents reside within the dense granules of invasive merozoites.
From these apical organelles, the protein complex is released
into the host cell where it resides with little turnover in the para-
sitophorous vacuole membrane for most of the remainder of the
following cell cycle. At this membrane, PTEX is arranged in a
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stable macromolecular complex of >1230 kDa that includes an
~600-kDa apparently homo-oligomeric complex of EXP2 that
canbe separated from the remainder of the PTEX complex using
non-ionic detergents. Two different biochemical methods
undertaken here suggest that PTEX components associate as
EXP2-PTEX150-HSP101, with EXP2 associating with the vacu-
olar membrane. Collectively, these data support the hypothesis
that EXP2 oligomerizes and potentially forms the putative
membrane-spanning pore to which the remainder of the PTEX
complex is attached.

Malaria remains one of mankind’s greatest health challenges.
The causative agents of this disease are protozoan parasites
belonging to the genus Plasmodium, which during invasion of
their host erythrocyte become encased within a parasito-
phorous vacuole membrane (PVM).” In what is considered to
be a crucial aspect of parasite pathogenesis and survival, the
human malaria parasite Plasmodium falciparum exports hun-
dreds of proteins across the PVM into the erythrocyte cytosol
(1-3). The mechanisms by which proteins destined for export
are trafficked from their endoplasmic reticulum origins to their
final destination within the host cell cytosol have been exten-
sively investigated in recent years (4). Within this paper we

® The abbreviations used are: PVM, parasitophorous vacuole (PV) membrane;
PTEX, Plasmodium translocon of exported protein; BN, Blue Native; DSP,
dithiobis(succinimidyl propionate); TRX2, thioredoxin; EXP2, exported pro-
tein 2; bis-tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; RIPA, radioimmune precipitation assay buffer; RESA, ring-infected
erythrocyte surface antigen.
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investigate the biochemical characteristics of a key component
of this export pathway, the plasmodium translocon of exported
proteins (PTEX) (5). This proteinaceous complex resides at the
PVM and is considered to provide the most likely means by
which parasite-derived proteins cross the PVM and enter the
erythrocyte cytosol.

Definitive proof of PTEX functioning as a protein-exporting
translocon is currently lacking; however, despite this the con-
stituent parts of this complex have been shown to specifically
bind exported proteins and satisfy many criteria expected for
such a machinery. First, one of the five proteins comprising
PTEX, HSP101, is a AAA™ ATPase chaperone that hydrolases
ATP to putatively unfold protein cargo before driving it across
the PVM. HSP101 is, therefore, likely to function similarly
although in the reverse direction to the related ClpC chaperone
found in plant and algal chloroplasts, which is used by the Tic/
Toc protein translocon system to import proteins into this
organelle (6). The other PTEX components are a thioredoxin
(TRX2), Exported Protein 2 (EXP2), and two hypothetical pro-
teins termed PTEX150 and PTEX88, so named because of the
size they migrate at by SDS-PAGE (5). These latter two proteins
have no conserved domains diagnostic of putative function, and
thus their roles within the complex remain unknown. Each of
these components is, however, unique to the Plasmodium
genus.

To enable passage of exported proteins across the PVM, it is
assumed that PTEX contains a membrane-spanning channel.
Although immunofluorescence microscopy and differential
solubilization of infected erythrocytes has indicated that PTEX
resides at the PVM (5), none of its proteins possess classic trans-
membrane domains. EXP2 is, however, emerging as a possible
candidate for this putative role. Experiments with schizont-
stage parasites have shown that EXP2 resists extraction from
membrane fractions in high salt (7) and associates strongly with
the carbonate-insoluble fraction during carbonate extraction
(5, 7). Recently, modeling of the predicted structure of EXP2
strengthened its putative membrane provenance by predicting
similarity with the a-pore-forming toxin of Escherichia coli,
HIyE (5), which has been shown to form a dodecameric 12-mer
or 13-mer pore within host cell membranes (8-11). Subse-
quently, it is of particular interest if EXP2 can oligomerize to
form a protein-translocating pore within the PVM.

Here we investigate the biosynthesis, localization, and mac-
romolecular arrangement of the PTEX complex. We show that
three of the major PTEX components (EXP2, HSP101, and
PTEX150) are present in the dense granules of extracellular
merozoites before invasion and are released into the newly
formed PVM. Interestingly, we have found that whereas
HSP101 and PTEX150 are translated in schizonts, EXP2 is
made earlier in the erythrocytic cycle; thus, expression of these
translocon components does not appear to be co-regulated
despite ending up in the same localities of the dense granules
and ring-stage PVM. We show that PTEX is present as a
>1230-kDa complex containing an ~600-kDa EXP2 homo-
oligomeric species, of which a dimer is likely to be the core
subunit. EXP2 is the most strongly membrane-associated
PTEX component throughout the intraerythrocytic life cycle,
conducive with it forming a membrane pore. Last, we provide
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evidence that the PTEX components associate at the PVM via
EXP2-PTEX150-HSP101. Collectively, data shown here are
consistent with EXP2 potentially forming a membrane-associ-
ated pore to which the remainder of the large PTEX complex is
attached.

EXPERIMENTAL PROCEDURES

Continuous Culturing of P. falciparum—Blood stage P. fal-
ciparum 3D7 parasites transfected with plasmid constructs
outlined in de Koning-Ward et al. (5) were cultured continu-
ously as previously described (12). Parasite strains D10 and D10
PfM3’ parasites (13) were similarly cultured.

Freeze/Thaw Preparation of Parasite Pellets—Infected eryth-
rocytes were pelleted (3750 rpm/10 min), snap-frozen in dry
ice, and subsequently thawed at room temperature. This was
repeated 5 times before re-pelleting (7000 X g for 1min) and
gentle rinsing in PBS until excess hemoglobin was removed.

Recombinant EXP2 Protein Expression—The EXP2 (PF14_
0678) fragment (73— 864 bp) encoding Asp-25 to Glu-287 was
cloned into the Xhol/BamHI sites of the vector pEU-E01-GST-
TEV-N2 specifically designed for the wheat germ cell-free pro-
tein expression system (CellFree Sciences, Matsuyama, Japan)
(14). The GST fusion EXP2 fragment was expressed in a wheat
germ cell-free expression system (CellFree Sciences) and was
purified by passing the supernatant through the glutathione-
Sepharose 4B column (GE Healthcare) followed by tobacco
etch virus protease (Invitrogen) cleavage to remove the GST tag
(15). Concentration of affinity-purified EXP2 protein was
determined using the Bradford protein assay kit (Bio-Rad).
Rabbit antiserum was raised to recombinant EXP2 after stan-
dard protocols at The Walter and Eliza Hall Institute Monoclo-
nal Facility.

Immunofluorescence Assays—Infected erythrocytes were
either smeared onto slides and fixed in ice-cold methanol for 5
mins before blocking in 1% casein, or invading purified mero-
zoites (16) were pelleted (2000 X gfor 2 min) and washed in PBS
before fixation in 4% paraformaldehyde, 0.0075% glutaralde-
hyde, PBS as outlined in Tonkin et al. (17) before blocking in
BSA. Cells were probed with rabbit anti-EXP2 (50 pug/ml), rab-
bit anti-HSP101 (80 png/ml), anti-RESA mAb 1812 (20 pg/ml),
anti-AMA1 mAb 1F9 (25 pg/ml; both RESA and AMA1 mAbs
were kind gifts from Robin Anders), anti-Rapl mAb 7H8150
(35 ng/ml), and rabbit anti-RON4 (2.6 wg/ml) and then labeled
with AlexaFluor secondary antibodies (1:2000) for 1 h before
mounting in Vectashield with DAPI (Vector). All imaging was
completed on a Zeiss Axio Observer Z1 using Axiovision soft-
ware. Deconvolution of images was performed with Huygens
Deconvolution Image platform using default settings and the
parameters obtained from the Axiovision zvi file. Pearson’s
colocalization coefficients were calculated with the JACoP
Image] plugin, and images were manipulated with ImageJ and
Photoshop.

Immunoelectron Microscopy—Merozoites used for immu-
noelectron microscopy were prepared as described previ-
ously (16). Briefly, synchronous, magnetically-purified D10 and
PTEX150-HA (5) late schizonts were treated with 10 um E64
protease inhibitor for 6 -8 h. Unfiltered D10 parasites were
collected at this point. Filtered merozoites were obtained by
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filtration through a pre-wet 1.2-um Acrodisc 32-mm syringe
filter. Merozoites were fixed with 1% glutaraldehyde, 30 min on
ice. Fixed cells were pelleted (20,000 X g for 1 min) and washed
3 times in ice-cold PBS, equilibrated into water, deposited into
low melting point agarose, dehydrated in ethanol, and embed-
ded in LR gold resin (ProSciTech) that was polymerized with
benzoyl peroxide (SPI-Chem). 100-nm sections were obtained
with an Ultracut R ultramicrotome (Leica) and labeled with
rabbit anti-EXP2 (20 pg/ml) or anti-HA mAb (0.7 ug/ml
12CAS5, Roche Applied Science) followed by anti-rabbit and
mouse IgGs conjugated to 18-nm gold (1:20, Jackson Immu-
noResearch). The sections were then post-stained and observed
at 120 kV on a CM120 BioTWIN transmission electron micro-
scope (Philips).

Blue Native PAGE Analysis—Mixed stage P. falciparum par-
asites were saponin-lysed and resuspended in Triton X-100
with mixing at 4 °C/30 min. Insoluble material was pelleted
(14,000 X g for 30 min at 4 °C), and supernatant fractions were
collected. Samples were electrophoresed and transferred to
PVDF as per the manufacturer instructions (Invitrogen). Blots
were blocked in 1% casein in PBS and probed with either rabbit
anti-EXP2 (5 pg/ml), mouse anti-EXP2 (mAb 7.7, 5 pug/ml, a
kind gift from Drs Jana McBride and David Cavanagh (7)), rab-
bit anti-HSP101 (10 pg/ml) (5), rabbit anti-PTEX150 (10
pg/ml) (5), mouse anti-HA (mAb 12CAS5, 10 pg/ml), or chicken
anti-HA (1:1000, Abcam). Fluorescent secondary antibodies
were from Rockland Immunochemicals. Bound antibody
probes were detected with LiCor Odyssey Fc infrared imager
followed by analysis with Odyssey v1.2 software.

Pulse-Chase Analysis—PTEX150-HA or HSP101-HA para-
sites (~6% parasitemia) were sorbitol-synchronized and grown
to either 38 —42 h schizonts or 4 — 8 h rings and rinsed in methi-
onine/cysteine-free media. 200 uCi/ml *°S (Easytag
Expre®’S®*S cysteine/methionine) was added and pulsed for
1 h. Parasites were pelleted (1200 X g for 5 min), and >°S was
removed by washing twice in standard RPMI-HEPES media.
Cleaned cells were resuspended in 25 ml of 4% hematocrit
RPMI-HEPES media, and a 5-ml sample was taken immediately
(time point 0) and every subsequent 12 h for a total 48 h. All
samples were frozen at —80 °C, and upon thawing, samples
were incubated in equal volume 2% Triton X-100 with Com-
plete protease inhibitors (Roche Applied Science) for 6 h at
room temperature. Lysate was cleared (3750 rpm for 15 min),
and 50 ul of goat polyclonal anti-HA beads (Abcam) was added
overnight at 4 °C. After washing, bound proteins were eluted in
75 pl of 1X NRSB (0.05 M Tris-HCI, pH 6.8, 10% glycerol, 2 mm
EDTA, 2% SDS, bromphenol blue) before electrophoretic sep-
aration and subsequent Western blotting. After blocking in 1%
casein, blots were probed with chicken anti-HA, rabbit anti-
EXP2, rabbit anti-HSP101 (5), or rabbit anti-PTEX150 (5) over-
night at 4 °C before imaging using the Odyssey Fc imaging sys-
tem. Blots were subsequently air-dried and exposed to a
Typhoon PhosphorIlmager (GE Healthcare) cassette for 14 days
before imaging.

Chemical Cross-linking—P. falciparum mixed stage parasites
were harvested, and whole infected erythrocytes were cross-
linked using dithiobis(succinimidyl propionate) (DSP) as previ-
ously described (18). Cells were subsequently saponin-lysed
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and resuspended in 1X NRSB. 0, 3, 6, 20, 60, or 200 mm DTT
was titrated in before incubation at 80 °C for 5 min. Samples
were electrophoresed and Western-blotted.

Affinity Purification Assays Using Chemical Cross-linking—
Mixed stage PTEX150-HA parasites were chemically cross-
linked, and proteins were denatured in 1% SDS for 30 min. SDS
was diluted out to 0.1% by the addition of PBS before the addi-
tion of 20 ug of anti-HA (mAb 12CAS5), rabbit anti-EXP2, or
rabbit anti-HSP101 IgG (5) for 16 h at 4 °C. 100 ul of 50/50
slurry of protein G-Sepharose was to the lysate, and nonspecific
proteins were removed by rinsing resin in 1% Triton X-100
before elution of bound proteins in 1 X NRSB. Cross-links were
reduced by the addition of 100 mm DTT (80 °C for 30 min).
Samples were electrophoresed and Western-blotted.

Affinity Purification Assays with Differential Washing—Sap-
onin-lysed 3D7 schizonts were solubilized in 10X pellet volume
of 1% Triton X-100 with Complete protease inhibitors at room
temperature for 6 h. Insoluble material was pelleted (14,000
rpm for 15 min), and 50 ug of either rabbit anti-EXP2 or
anti-HA was added to the supernatant (16 h at 4 °C). 500 ul of
protein G-Sepharose (1 h at 4 °C) was added to the lysate, and
unbound material was removed by washing in 5 X 1 ml of either
1% Triton X-100, 0.5 radioimmune precipitation assay buffer
(1% Triton X-100, 0.5% sodium deoxycholate, 0.05% SDS, 75
mM NaCl, 12.5 mm Tris-HCIL, pH 8, in PBS) radioimmune pre-
cipitation assay buffer (1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 150 mm NaCl, 25 mm Tris-HCI pH 8 in PBS),
500 mMm NaCl in 1% Triton X-100, or 1 M NaCl in 1% Triton
X-100. Bound proteins were eluted in 1X NRSB and analyzed
by Western blotting. Bound antibody probes were as above, and
densitometry of individual bands was calculated using Image]
software.

Proteomic Analysis of PTEX and Cargo—150 ml of
PTEX150-HA and HSP101-HA-mixed schizont and rings
stages were grown and treated with tetanolysin (Sigma) as
described previously (5) to permeabilize infected RBCs. After
washing in PBS to remove the hemoglobin, immunoprecipita-
tions were performed as specified for the pulse-chase analyses.
After elution in 0.1 M glycine, pH 2.8, followed by 1X NRSB,
samples were fractionated by SDS-PAGE in 4 —12% bis-tris gels
(Invitrogen). Gels were stained with GelCode Blue Safe Protein
Stain (Pierce), and the protein constituents of excised bands
were identified by LC/MS-MS at the Joint Proteomics Services
Facility (Ludwig Institute for Cancer Research, Australia).

RESULTS

PTEX Components Reside in Merozoite Dense Granules and
Subsequently in the PVM throughout the Ring Stage; the Time at
Which PTEX Is Considered to Be Functional—Both PTEX150
and HSP101 have been localized previously to the apical region
of merozoites, but the location of EXP2 at this cell cycle stage
was unknown (5). We anticipated that EXP2 might be similarly
located to the apical region as these three proteins are in a
complex (5). Here we show by immunofluorescence micros-
copy that EXP2 does indeed co-localize with HSP101 at the
merozoite apex (Fig. 14).

To determine in which apical merozoite organelle the PTEX
complex resides, immunofluorescence analyses of schizonts
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and merozoite stages were performed using rabbit anti-HSP101
antibodies in conjunction with mouse monoclonal antibodies
to either the rhoptry-resident RAP1 protein, the microneme-
resident AMA1 protein, or the dense-granule resident RESA
protein (Fig. 1B). Because all three organelles form closely
located punctate structures, it was difficult to definitively assign
HSP101 to one of these compartments by eye (Fig. 1B). Pear-
son’s coefficients were, therefore, measured for the images,
with values close to one indicating a high degree of colocaliza-
tion. The highest coefficients for HSP101 were found with
RESA, indicating that the PTEX complex most likely resides
within the dense granules.

To further validate these observations, immunoelectron
microscopy was performed on merozoites purified from hem-
agglutinin-tagged PTEX150 (PTEX150-HA)-expressing para-
sites (Fig. 1, C and D). Cells were immunolabeled with anti-
EXP2 or anti-HA antibodies. In both cases the immunogold
label predominantly localized to small, round, electron dense
vesicular structures of similar shape and size to that previously
reported for dense granules (19) (Fig. 1, C and D). To exclude
nonspecific labeling, anti-HA antibodies were used to label wild
type parasites under the same conditions, and no labeled para-
sites were observed (supplemental Fig. 1).

The localization of PTEX components to the dense granules
in merozoites suggested that PTEX is likely to be carried into
the newly forming parasite and released into the developing
PVM ofring stages. This was investigated through immunofluo-
rescence assays of invading merozoites co-labeled for the tight
junction marker RON4 (28) and PTEX components EXP2 and
HSP101 (Fig. 2, A and B). During invasion, the tight junction is
clearly visualized moving rearward along the parasite (RON4
label), whereas HSP101 and EXP2 labeling remains around the
periphery of the parasite. This is consistent with localization to
the dense granules that have been shown previously by immu-
noelectron microscopy to release their contents into the newly
formed PV after invasion (21). Given that the remainder of the
PTEX components (TRX2 and PTEX88) form a complex with
HSP101, EXP2, and PTEX150, it is likely that these proteins
also localize to the dense granules in merozoites and are thus
similarly trafficked to the PV during invasion, but this remains
to be formally demonstrated.

Examination of later ring stage parasites reveals that
throughout these stages EXP2 and HSP101 continue to co-lo-
calize as distinct puncta in the PVM, indicative perhaps of dis-
tinct domains within this membrane (Fig. 2C). Previous immu-
noelectron microscopy of ring-stage parasites had indicated
EXP2 resides at the PVM, occasionally to electron dense struc-
tures (7). In keeping with this, immunofluorescence analysis
demonstrated HSP101 and PTEX150 do not co-localize with
the parasite plasma membrane marker, MSP1 (5). However,

Biosynthesis of the Malaria Protein Export Complex

given the extremely close apposition of the parasite plasma
membrane and the PVM in ring-stage parasites, to definitively
confirm the localization of PTEX at the PVM, we examined the
location of EXP2 in schizont stages where the PVM is often
more spatially separated from the plasma membrane of devel-
oping merozoites. For these experiments, sacks of unfiltered
merozoites were prevented from bursting from their erythro-
cyte hosts by the protease inhibitor E64. These parasites were
treated in an identical manner to the isolated merozoites in
Figs. 1, C and D, with the exception that they were not filtered
through a 1.2-um filter before fixation. As can be seen in Fig.
2D, the anti-EXP2 antibody localized predominantly to the
PVM, which is clearly distinguished from the plasma mem-
branes of segmented merozoites. Somewhat unexpectedly, in
these preparations the immunogold label preferentially labeled
the PVM, whereas internal merozoite organelles, including
dense granules, were predominantly unlabeled. This observa-
tion suggests that EXP2 accumulates to higher levels in the
PVM than in the dense granules in schizont stage parasites,
although this experiment is not quantitative, and we cannot
exclude that the EXP2 antibody may preferentially access the
PVM. Collectively, the above data suggest that the three major
PTEX components reside in the merozoite dense granules and
are released into the PV during invasion, where they then asso-
ciate with the PVM.

Although Not All Co-expressed, PTEX Components Are Car-
ried in to Newly Invaded Erythrocytes Where They Show Little
Turnover during Ring Stages—Having demonstrated that PTEX
proteins are present in merozoite dense granules and are car-
ried into newly invaded erythrocytes (Figs. 1 and 2), we next
explored when in the cell cycle these proteins are synthesized
and whether after initial insertion into the PVM, the com-
plex remains there for the duration of the cell cycle or if it is
turned over. To investigate this, highly synchronized 3D7-
PTEX150-HA and 3D7-HSP101-HA transgenic parasites were
pulsed with [**S]Met/Cys in cysteine/methionine-free media
for 1 h at either schizont (38—42 h) or ring (4—8 h) stages.
Samples were subsequently immunoprecipitated and analyzed
by Western blotting to detect individual PTEX proteins and
also through detection of the incorporated radiolabel to detect
new material synthesized during the pulse period (Fig. 3). In
samples pulsed during the schizont stage (Fig. 34), incorpo-
rated radiolabel was detected for PTEX150 and HSP101, indi-
cating that these proteins are translated during this time. How-
ever, EXP2 did not label under these conditions. Despite
apparently not being synthesized during schizonts, substantial
amounts of EXP2 are present at this life stage as indicated by
Western blotting. After some loss during invasion, which is
expected because this process is relatively inefficient in vitro,
[**S]Met/Cys-labeled PTEX150 and HSP101 then remained at

FIGURE 1. PTEX components are apically localized in merozoite dense granules. A and B,immunofluorescence assays were completed during schizogony
and were probed for either PTEX components or markers of distinct organelles as indicated in each of the panels. A, merozoites probed with antibodies specific
to both HSP101 and EXP2 demonstrate apical localization for both proteins. B, schizonts (Schiz.) and merozoites (Mero.) were labeled with antibodies specific
to HSP101 and either RESA (dense granules), AMAT (micronemes), or RAP1 (rhoptries). Co-localization quantitation reveals that HSP101 localizes most closely
with dense granule associated RESA (top two panels) as indicated by the corresponding Pearson'’s coefficient (values closer to 1 represent greater co-localiza-
tion). Scale bar, 1 um. DIC, differential interference contrast. Immunoelectron microscopy of isolated D10 merozoites labeled with anti-EXP2 antibodies (C) and
isolated PTEX150-HA merozoites labeled with anti-HA antibodies (D) indicate thatimmunogold labels (yellow triangles) localize to dense granules (DG) and not

the rhoptries (Rh).
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FIGURE 2. PTEX components are carried into the newly infected erythro-
cyte and are present at the PVM throughout intraerythrocytic develop-
ment. A and B, shown is time-course of merozoite invasion by wide-field
immunofluorescence microscopy with deconvolution (single slice shown)
labeled for tight junction component RON4 and PTEX component EXP2 (A) or
RON4 and PTEX component HSP101 (B). Both PTEX components are carried
by the invading merozoite into the erythrocyte. Scale bar, 1 um. C, HSP101
and EXP2 co-localize to distinct puncta at the PVM during later ring stage
development. Scale bar, 1 wm. D, immuno-electron microscopy of unfiltered
D10 merozoites within the erythrocyte clearly resolves the PVM from the
merozoite (Mz) plasma membranes. High magnification of anti-EXP2 anti-
body labeling localized EXP2 to the PVM (with low magnification of the entire
unfiltered cell provided in the inset), indicating that it is not a plasma mem-
brane protein and that it remains on the PVM until the point of parasite egress
from the erythrocyte.
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FIGURE 3. Pulse-chase labeling reveals little protein turnover of PTEX
components during the ring stages. Schizonts (38-42 h) (A) or ring stage
parasites (4-8 h) (B) were pulsed for 1 h with °S before chasing with unla-
beled media for the remainder of the life cycle. Pulses were applied during the
primary time point (bold) for each experiment. Material was immunoprecipi-
tated (IP) using anti-HA to precipitate PTEX150-HA (A) or HSP101-HA (B) and
their interacting partners. Eluted fractions were probed for the proteins indi-
cated and radiolabel was detected by exposure to a Phosphorlmager.

fairly constant levels until the last time point of the chase
period, indicating that there is relatively little turnover of these
proteins until the end of the ring stage (Fig. 34, >24 h).

Samples pulsed in early rings also demonstrated radiolabel
incorporation for PTEX150 and HSP101 (Fig. 3B), suggesting
that biosynthesis of these proteins may continue throughout
this period; however, it is difficult to rule out the possibility that
low level schizont-merozoite contamination of the ring-stage
preparation is responsible for this labeling. As was the case with
the schizont-stage pulse, EXP2 was not radiolabeled during the
early ring-stage pulse (Fig. 3B, 4—8 & lane) but was effectively
labeled at more mature ring stages (Fig. 3B, 16 -20 h lane),
presumably due to the persistence of some *>*S[Met/Cys] in par-
asites during the chase period. Hence, although HSP101 and
PTEX150 are synthesized majorly in schizonts and perhaps
early rings, EXP2 is synthesized toward the middle of the eryth-
rocytic cycle. These data for EXP2 are consistent with microar-
ray analysis (22, 23) as well as recent time-course analysis of
protein expression (24). Finally, it should be noted that for each
of the three PTEX components examined here, there was no
significant protein turnover during the ring-stage (0-24 h),
suggesting that once the PTEX components appear at the PVM,
they remain there for most of the 24-h ring stage and even
beyond this time. Taken together, these analyses demonstrate
that HSP101 and PTEX150 are synthesized before invasion as
expected for proteins that reside in merozoite dense granules.
Furthermore, although EXP2 is also present in merozoite dense
granules, it is synthesized much earlier in the erythrocytic life
cycle. The reason for this disconnect in the synthesis of proteins
that ultimately co-localize is not yet understood.
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PTEX Complex Is >1230 kDa and Contains ~600- and
~700-kDa EXP2 Homo-oligomers—For PTEX to carry out its
putative role in translocating exported proteins across the
PVM, it is assumed that its major constituent structural parts.
HSP101, PTEX150. and EXP2, should assemble into a macro-
molecular complex. Given the putative role of EXP2 in forming
a membrane-associated pore, it is expected that this protein
may be present in a higher molecular weight homo-oligomeric
species. Similarly, like other AAA™ heat shock proteins,
HSP101 is predicted to form a homo-oligomeric hexamer (5).
Here we have investigated the oligomeric nature of each of
these PTEX components via Blue Native PAGE (BN-PAGE)
analyses.

For these analyses, parasite proteins were released from
mixed stage parasite pellets through lysis with a variety of deter-
gents including dodecylmaltoside, digitonin, CHAPS, B-octyl-
glucoside, cell lytic buffer (40 mm Tris-HCl, pH 8.0, 1%
propanesulfonate, and 0.1% 3-(4-Heptyl)phenyl-3-hydroxy-
propyl)dimethylammoniopropanesulfonate in PBS, pH 8.0) or
Triton X-100. The resultant samples were analyzed by
BN-PAGE and of the detergents tested Triton X-100 treatment
alone demonstrated the most reproducible solubilization of
PTEX components (data not shown) and was consequently
used for all subsequent analyses. To determine the optimal con-
ditions for resolution of PTEX-specific oligomers, a titration of
Triton X-100 was employed (Fig. 44). These analyses revealed
that under lower concentrations of Triton X-100 (0.125, 0.25,
and 0.5%) a >1230-kDa complex was detectable with EXP2-
specific antibodies. Upon solubilization with 1% Triton X-100,
however, two faster migrating fragments were released (~600 —
700 kDa; Fig. 4A, left panel). Under each Triton X-100 concen-
tration tested, samples probed for HSP101 also displayed a sin-
gle band detectable as >1230 kDa (Fig. 4A4). However, no
smaller HSP101 species were present under any condition
tested.

Further analyses using the most disruptive of the conditions
(1% Triton X-100) was pursued to further assess subfragments
of the PTEX complex that may be released under these condi-
tions (Figs. 4, B and C). Within the PTEX complex, HSP101 is
proposed to form a hexameric ring, functioning as the ATPase
to presumably facilitate protein translocation. It was, therefore,
expected that this protein would form an ~600-kDa homo-
oligomeric complex. Despite this, after repeated BN-PAGE
analyses we were only able to detect HSP101 in a >1230-kDa
species. The absence of smaller oligomeric or monomeric
HSP101 species by BN-PAGE may suggest that HSP101 is more
tightly bound to its direct interacting partner than EXP2 is and
thus may not be released under the conditions tested here. Con-
versely, to detect HSP101 on BN-PAGE after transfer but
before fixation of the proteins onto the membrane, membranes
were treated with DTT and SDS. Only under these specific BN-
PAGE conditions was HSP101 detectable. Such treatment may
realistically cause less abundant HSP101 species to dissociate
from the membrane before their fixation and subsequent detec-
tion, leaving behind the more prevalent >1230-kDa species.

Attempts were made to better resolve the EXP2-specific
smear at ~600-700 kDa, including probing BN-PAGE blots
with different EXP2-specific antibodies (mAb 7.7 and rabbit
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FIGURE 4. BN-PAGE reveals that PTEX is a macromolecular complex of
>1230 kDa that includes EXP2 oligomers of 600 and 700 kDa. A, mixed
stage parasites were solubilized with increasing concentrations of Triton
X-100as indicated above the blots.In 1% Triton X-100 (TX-100), EXP2 is present
as a higher order oligomer (>1230 kDa) as well as a smaller species (~600-
700 kDa). In lesser concentrations of detergent the smaller oligomeric species
is not solubilized. In all conditions tested, HSP101 was only present in oligo-
meric species >1230 kDa. B and C, BN-PAGE analysis was completed for
mixed-stage P. falciparum parasites solubilized with 1% Triton X-100, and
resultant blots were probed for the indicated proteins. EXP2, PTEX150, and
HSP101 are all present in large oligomeric complexes >1230 kDa. MSP1-19
was included as a control to ensure that the gels performed correctly and a
specific ~600-kDa band could be detected as expected (27). A and C, EXP2
was additionally present in an homo-oligomeric species of ~600 and ~700
kDa. B, PTEX150 was present as an ~500-kDa homo-oligomeric species. Aand
B, HSP101 was solely detected in a band at >1230 kDa. Control lanes repre-
sent blots probed solely with secondary antibodies (2°Ab). Letters in brackets
after proteins represent animal in which the antibody was raised. m, mouse; r,
rabbit; Ch, chicken.

anti-EXP2). These analyses revealed the presence of EXP2 in
three distinct bands at ~600, ~700, and >1230 kDa. The
~600- and ~700-kDa bands appeared to be specific and unique
to EXP2 as they were detected by both rabbit and mouse mono-
clonal EXP2-specific antibodies (Fig. 4C). Furthermore, the two
smaller EXP2-containing species did not label with antibodies
recognizing the other major PTEX components HSP101 and
PTEX150 (Fig. 4), suggesting that at least the smaller of these
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FIGURE 5. EXP2 is present in higher order homo-oligomers. Mixed-stage
3D7 parasites were cross-linked in 2 mm DSP and before electrophoresis were
incubated in increasing concentrations of DTT to gradually break cross-links
as indicated above the blots. Samples were Western-blotted and probed for
the proteins indicated. A, EXP2 can be detected as a ladder of bands, the
largest being an eight-mer. A doublet of bands is present at every second
band in the ladder. B, when proteins were not cross-linked, the EXP2-specific
dimer was present as a single band that collapsed down to a single mono-
meric species upon the addition of 100 mm DTT. Letters in brackets after pro-
teins represent animals in which the antibody was raised. m, mouse; r, rabbit.

species may represent a homo-oligomer of EXP2 as discussed
below.

PTEX150 was observed as a ~500-kDa species detectable by
a PTEX150-specific antibody (Fig. 4C). Neither EXP2 nor
HSP101 antibodies recognize this species, raising the possibility
that it represents a homo-oligomeric form of PTEX150. As
reagents are not yet available to the other known PTEX com-
ponents, PTEX88 and TRX2, it is impossible to rule out their
presence in either the EXP2 or PTEX150 subspecies. What is
clear from this analysis is that the PTEX machine is a large
complex of >1230 kDa and that stable 600- and 700-kDa sub-
species of EXP2 are components of this complex.

EXP2 Displays Features of a Homo-oligomer Comprising at
Least Eight Units—To examine the architecture of the EXP2
complexes, we used chemical cross-linking to stabilize protein-
protein interactions before analysis by SDS-PAGE. Mixed
blood-stage parasites were harvested and cross-linked with 2
mM concentrations of the reduction-sensitive, cell-permeable
cross-linker dithiobis succinimidyl propionate. Before electro-
phoresis, cross-links were reduced by the addition of increasing
concentrations of DTT (0, 3, 6, 20, 60, or 200 mm). This enabled
the reduction of cross-links, releasing differentially sized oligo-
meric fragments detectable by Western blotting (Fig. 5). Prob-
ing of these samples with EXP2-specific antibodies revealed a
ladder of bands separated by the approximate molecular mass
of monomeric EXP2 with strong monomeric (~31 kDa) and
dimeric (~62 kDa) subunits observed (Fig. 5). This ladder is
consistent with EXP2 forming a large homo-oligomer. Under
these conditions this ladder of bands could be resolved up to
eight EXP2 subunits; however, less well resolved EXP2 species
above this suggests that an EXP2 homo-oligomer comprises
more than eight monomeric units. When probed for additional
PTEX components HSP101 and PTEX150, no co-labeling
bands were detected, indicating that these two components are
not part of the detected EXP2 oligomer (data not shown).

Closer inspection of this EXP2-specific ladder revealed that
every second species appears to be more strongly labeled, sug-
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gesting that a dimer is likely to form the core subunit of this
EXP2-specific oligomeric species (Fig. 5). Furthermore, the
cross-linked dimeric species appeared to migrate as a doublet,
with the two species differing in size by 3—5 kDa. This doublet is
not present in monomeric EXP2 (Fig. 5), indicating that it does
not represent a post-translationally modified form of EXP2 or a
cleavage product. This finding suggests that EXP2 may interact
with an as yet unidentified polypeptide of 3—5 kDa that links
dimeric units.

The nature of the dimeric EXP2 species was investigated fur-
ther through use of non-cross-linked parasite samples prepared
in non-reducing sample buffer. Samples were split into two
fractions, and one-half was reduced (Fig. 5B). After Western
blotting and probing with EXP2-specific antibodies, these anal-
yses revealed the presence of an EXP2-specific dimer. This spe-
cies appears to be reduction-sensitive as it collapses down into
a single monomeric species upon addition of DTT (Fig. 5B).

EXP2 Is the Most Strongly Membrane-associated Component
of the PTEX Complex—For the PTEX complex to function as a
protein-exporting translocon, it must presumably contain a
membrane-associated pore. Although membrane association
of the PTEX components has been performed in the schizont
stages (5), it has not been examined at the ring stages, i.e. the
time at which the PTEX complex is presumably functioning. To
investigate this, blood-stage parasites were harvested at the ring
and schizont stages. After equinatoxin treatment to release sol-
uble red cell proteins and hemoglobin, parasite proteins were
extracted by initially freeze/thawing in PBS to release parasite
soluble proteins and subsequently extracting the remaining
proteins in a high pH carbonate buffer to separate peripheral
membrane proteins from integral membrane proteins. Analysis
of these fractions demonstrated that EXP2 consistently associ-
ates most strongly with the integral membrane-associated frac-
tion both in schizont (as observed previously (5)) and ring-stage
parasites (Fig. 6). The relative amounts of PTEX proteins in ring
fractions as measured by densitometry are similar to schizonts
(Fig. 6B) (5). This data suggest that of the three PTEX compo-
nents analyzed here, EXP2 is the most likely to be directly mem-
brane-associated in schizonts and rings, the time in which it
presumably functions.

PTEX Complex Associates as EXP2-PTEX150-HSP101—To
investigate the assembly of individual PTEX components and
to provide evidence for direct protein-protein interactions
between the major PTEX components, we performed two dif-
ferent co-immunoprecipitation approaches (Figs. 7 and 8). In
the first approach, limiting amounts of the chemical cross-
linker DSP were used to partially covalently link PTEX compo-
nents. The assumption here is that directly interacting proteins
would be more extensively cross-linked than would more distal
proteins within the complex. Non-covalent protein-protein
interactions were broken by high concentrations (1%) of the
ionic detergent SDS followed by a 10-fold dilution of the deter-
gent (0.1%) to enable antibody-mediated immunoprecipita-
tions to be performed on this material. Individual proteins were
detected by probing resultant Western blots for individual
PTEX components (Fig. 7). Under the conditions used here,
direct interactions were detected in samples where lesser
amounts of cross-linker were used (0 and 0.5 mmMm), whereas
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FIGURE 6. EXP2 is the dominant membrane-associated PTEX component
in both schizont and ring stages. A, asexual blood stage P. falciparum par-
asites were extracted with PBS and sodium carbonate to separate soluble
(PBS soluble), peripheral (carbonate soluble), or integral membrane proteins
(carbonate pellet). Of the translocon components investigated, EXP2 is the
most strongly associated with the integral membrane protein fraction in both
rings and schizonts. The bottom three panels represent controls. Aldolase is a
known soluble protein constitutively expressed throughout the intraerythro-
cytic lifecycle. GAPM2 is a schizont stage integral membrane protein. EXP1 is
a ring stage integral membrane protein. B, densitometry was carried out on
bands seen after carbonate extraction in ring stage parasites and was charted
as the percentage of total material (n = 2 for each protein). Blue, PBS soluble.
Red, peripheral membrane proteins. Black, integral membrane proteins.

indirect associations were detected after a greater level of pro-
tein cross-linking (1 and 2 mm). Densitometric analyses of sub-
sequent Western blots revealed that HSP101 is most strongly
cross-linked to PTEX150 but less so with EXP2 (Figs. 7, A and
B), whereas EXP2 cross-linked more readily with PTEX150 but
less so with HSP101 (Fig. 7C). This data suggests that these
three major PTEX components are present in the order
EXP2-PTEX150-HSP101.

To validate these results, an approach that does not rely on
chemical cross-linking was employed and additional immuno-
precipitation assays were performed in PBS with 1% Triton
X-100. Once purified, the protein G-IgG-antigen complexes
were washed using a range of detergent and salt conditions of
increasing stringencies to assess for strength of interaction of
the bound components. These wash buffers included (in order
of increasing stringency) 1% Triton X-100, modified RIPA (1%
Triton X-100, 0.5% sodium deoxycholate, 0.05% SDS, 75 mm
NaCl, 12.5 mm Tris-HCI pH8 in PBS), RIPA (1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 25 mm Tris-
HCI, pH 8, in PBS), 500 mm NaCl in 1% Triton X-100, or 1 M
NaCl in 1% Triton X-100. These wash steps were included to
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facilitate differentiation between tightly interacting proteins
(those still present in co-immunoprecipitated fractions follow-
ing washing in the more stringent buffers) from the peripherally
associated proteins only detected when bound resin is washed
in the least stringent buffers including 1% Triton X-100 and
modified RIPA. After washing, bound proteins were eluted and
analyzed by Western blotting (Fig. 8). To ensure that the strin-
gent washes did not disrupt antibody binding to the primary
antigen or between the antibody and protein G, the densitom-
etry of the primary antigen was examined. In each case its den-
sity was much less reduced by the washes than the proposed
interacting partners (Fig. 8). Taking this into consideration,
HSP101 binds most strongly with PTEX150 (Fig. 84), PTEX150
binds with similar strength to EXP2 and HSP101 (Fig. 8B), and
EXP2 binds most strongly with PTEX150 (Fig. 8C). These
data are consistent with cross-linking co-immunoprecipita-
tion analyses presented in Fig. 7.

PTEX Comprises Stoichiometrically Similar Ratios of HSP101
and PTEX150 Bound to PEXEL Proteins—To approximate the
ratios of PTEX proteins in the complex and possible PEXEL
cargo proteins bound to PTEX, PTEX150-HA was immunopre-
cipitated from mixed schizont and ring stages and analyzed by
mass spectrometry. To determine the constituents of specific
co-immunoprecipitating protein bands, after fractionation by
SDS-PAGE and staining with Coomassie, the lanes containing
proteins from both eluted fractions were cut into 37 slices and
assessed by LC/MS-MS (Fig. 94 and supplemental Fig. S2).
From 5845 identified peptides (250 unique proteins), 825 (14%)
were derived from the five known PTEX proteins, and 48 (1%)
were from known or predicted PEXEL proteins (Fig. 9B). Most
of the remaining proteins were low abundance contaminants
probably not removed by the brief washing period. Many of the
higher abundance non-PTEX/exported proteins e.g. dynamin
(PF11_0465), CDCA48 (PFF0940c), and COPI and COPII vesic-
ular transport proteins, were detected in negative control
immune precipitations of non-HA epitope-tagged 3D7 para-
sites performed previously by us (5) and probably bind to the
IgG-agarose (indicated in supplemental Table S1).

Of the three exported proteins that co-precipitated with
PTEX, PF08_0137 had the greatest number of peptides (41)
(Fig. 9B). This protein belongs to the PHIST ¢ family (3), and its
interaction with PTEX was previously confirmed by high strin-
gency immunoprecipitation experiments (5). Another protein
previously shown to bind to PTEX was RESA (PFA0110w),
and this was also observed here with four peptides (5). RESA
contains a dnaJ domain, and interestingly so did the other
exported protein that co-precipitated with PTEX-PFE0055c¢
(three peptides).

In the PTEX150-HA immunoprecipitation we detected 385
peptides of this protein (2nd highest number) and remarkably a
similar number of peptides from its direct binding partner
HSP101 (392; highest number, Fig. 9C). Although mass spec-
trometry of peptides is only considered semi-quantitative of the
actual protein levels, the high number of peptides and the sim-
ilar size of PTEX150 and HSP101 suggests that these two pro-
teins are probably in a similar stoichiometry in the PTEX com-
plex. Therefore, if HSP101 forms a hexamer as is characteristic
of the HSP100/ClpB family, then we predict there should be six
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FIGURE 7. Use of chemical cross-linking and differential reduction to identify direct protein-protein interactions within PTEX components. Individual
PTEX proteins were immunoprecipitated with either anti-HA antibodies directed to PTEX150-HA and HSP101-HA transgenic lines (A and B) or anti-EXP2
antibodies (C) as indicated at the top of each panel. Before immunoprecipitation, proteins were cross-linked with varying concentrations of DSP (mm) as
indicated at the top of each panel and correspondingly on the x axis of each bar graph. Before electrophoresis, cross-links were broken by the addition of DTT.
Stronger interactions are detected in lesser amounts of cross-linker. A, HSP101 demonstrated strongest binding to PTEX150. B, PTEX150 demonstrated
stronger binding to HSP101 than EXP2. C, EXP2 demonstrated strongest binding with PTEX150. Percentage of bound protein is indicated for each immuno-

precipitation beneath each series of Western blots.

PTEX150 molecules in the PTEX complex also. As anticipated,
we detected the other three members of PTEX, namely EXP2,
PTEX88, and TRX2 (15, 31, and 2 peptides, respectively; Fig. 9C).
With proteins of differing sizes, percentage peptide coverage gives
a better indication of abundance than peptide numbers alone.
Unfortunately, the actual peptide sequences were not available, so
we could not calculate total percentage coverage for the PTEX
proteins. To obtain a measure of quantity, therefore, we have
divided the number of peptides by protein length in amino acids,
and here it is obvious that much more PTEX150 and HSP101 pro-
tein was precipitated than the other PTEX proteins (Fig. 9C). Nev-
ertheless, a Coomassie-stained gel of the immunoprecipitation
before excision of bands does suggest substantial amounts of
PTEX88, EXP2, and TRX2 are present in these samples, and there-
fore, the proteomics analysis may have underestimated their quan-
tities (Fig. 9A4). One reason for the reduced yields of these proteins,
particularly EXP2, is the prolonged overnight incubation of the
parasite lysate in 1% Triton X-100 during the immunoprecipita-
tion, which as we have demonstrated by BN-PAGE (Fig. 4) causes
some EXP2 to dissociate from PTEX.

DISCUSSION

The P. falciparum translocon was originally identified as a
complex of five different proteins including HSP101, EXP2, and
TRX2 as well as the two hypothetical proteins, PTEX88 and
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PTEX150 (5). Here we have investigated the biosynthesis, local-
ization, and macromolecular arrangement of three of these
PTEX components: HSP101, PTEX150, and EXP2. In light of
the data we have generated we put forward a new model for
PTEX localization, biosynthesis, and interaction at the PVM
(Fig. 10).

Previous studies of the PTEX complex have focused on the
localization of its components in the ring stage, during which
time the PTEX is likely to be functional. Image analyses com-
pleted here have confirmed this localization for EXP2. Addi-
tionally, immuno-electronmicroscopy confirmed that EXP2
and PTEX150-HA localize to the dense granules in extracellu-
lar parasites, and co-localization immunofluorescence analyses
also demonstrated that HSP101 most closely co-localizes with
the known dense granule marker and likely PTEX cargo protein
RESA. Dense granules have been shown to secrete their con-
tents into the forming parasitophorous vacuole during parasite
invasion (25, 26), and localization to these organelles, therefore,
implies that stored PTEX components are deposited directly
into the PV membrane in which they are presumably func-
tional. In support of this, we have shown that PTEX150 and
HSP101 are synthesized mostly in schizonts and through into
early rings, whereas peak EXP2 expression occurs late in the
ring stage. There does not appear to be significant turnover of
these proteins during the intraerythrocytic lifecycle, suggesting
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FIGURE 8. An alternate approach to identify protein-protein interactions of PTEX components; PTEX susceptibility to increasing buffer stringency.
Individual PTEX proteins were immunoprecipitated from parasite lysates using either anti-HA antibodies to immunoprecipitate (/P) HSP101-HA and
PTEX150-HA (A and B) or anti-EXP2 (C) antibodies as indicated. Buffers of varying stringency were used to wash off unbound proteins after immunoprecipita-
tion as indicated at the top of the panels (increasing stringency from left to right). A, PTEX150 demonstrated equal binding for both HSP101 and EXP2. B, HSP101
showed stronger binding with PTEX150 than EXP2. C, EXP2 demonstrated a stronger association with PTEX150 than HSP101. Ratio of bound:unbound protein
is represented by bar graphs beneath each immunoblot. Buffers included 1% Triton X-100 (a), 0.5 RIPA buffer (1% Triton X-100, 0.5% sodium deoxycholate,
0.05% SDS, 75 mm NaCl, 12.5 mm Tris-HCI, pH 8, in PBS) (b), RIPA buffer (c), 500 mm NaCl in 1% Triton X-100 (d), or 1 m NaCl in 1% Triton X-100 (e).

that once these proteins make it to the PVM, they reside there
for the remainder of their functional lives. For EXP2 at least,
this appears to be all the way through to merozoite egress. It
should be noted that despite not being generated in schizonts,
EXP2 protein is maximally detected by Western blotting and
immunofluorescence assay (IFA) during these times, indicating
that even though expression of these three PTEX components
is not co-regulated, each is still present and co-located in both
extracellular and intracellular stages. It remains to be deter-
mined as to why EXP2 is expressed much earlier than the other
PTEX components.

Protein-translocating machineries are generally large oligo-
meric complexes associated with membranes where they func-
tion to enable the passage of proteins across membrane barri-
ers. Until now, the macromolecular composition of the PTEX
complex and the order in which each of its constituent parts
assemble was unknown. Here we have demonstrated that
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HSP101, PTEX150, and EXP2 associate as EXP2-PTEX150-
HSP101, with EXP2 associating most strongly with the PVM
and thus being likely to serve as an anchor for the remainder of
the PTEX complex. Furthermore, we have demonstrated that
as expected, each of these components form high molecular
weight oligomers detectable under BN-PAGE conditions. We
have shown experimentally that the overall PTEX complex is
>1230 kDa, which is within the predicted size range for this
complex; HSP101 is expected to form a hexamer of 600 kDa,
PTEX150 is expected to form an oligomer in stoichiometric
ratio with HSP101 that would also generate an ~660-kDa
oligomer, EXP2 potentially forms a 400-kDa 12-mer similar to
HIyE, and finally at least one unit each of PTEX88 (90 kDa) and
TRX2 (18 kDa) is expected to associate with this complex.
Overall this would result in an estimated size of ~1800 kDa.
Experimentally we have been able to detect an ~600-kDa
EXP2-specific homo-oligomer as well as an ~500-kDa
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SDS-PAGE in a 4-12% gradient gel. B and C, each lane was cut into 37 slices, and the co-migrating glycine and SDS slices were combined for subsequent
LC/MS-MS to identify the proteins contained within. Pie charts of total peptide classes and exported proteins are shown. C, to establish the relative proportions
of each PTEX protein in the complex, the numbers of peptides were divided by the number of amino acids in each of their sequences and represented in a pie

chart.

PTEX150-specific homo-oligomer under BN-PAGE condi-
tions. This PTEX150 oligomer is slightly smaller than expected;
however, there is a 15% margin of error in predicting oligomer
sizes using native-PAGE; therefore, the PTEX150 oligomer
may realistically be in the range of ~425-575 kDa. Similarly,
the detected size of the EXP2-oligomer is larger than that pre-
dicted for a 12-mer (400 kDa); however, if EXP2 indeed forms
the putative membrane-associated PTEX pore, it would be
expected to migrate slower by BN-PAGE when pore size is
taken into consideration. Furthermore, EXP2 may form a pore
much larger than a 12-mer given that it is presumably required
to enable passage of unfolded proteins and not solely ions, as is
the case for the HIyE pore. Whereas the exact protein content of
this EXP2 oligomer is as yet unknown, we can conclude that
HSP101 and PTEX150 are not components. Due to a lack of
reagents to PTEX88 and TRX2, their absence or presence in
either of these EXP2-specific bands is yet to be confirmed. It is
unknown as to why EXP2 is consistently detected in two dis-
tinct oligomeric species; however, it is possible that the 700-
kDa species represents a 600-kDa EXP2 oligomer bound up
with an as yet unidentified interacting partner such as PTEX88
or multiple units of TRX2 or indeed a novel small molecular
weight EXP2-interacting protein as suggested by chemical
cross-linking experiments.

Chemically cross-linked EXP2 forms higher order oligomers
resolvable to an 8-mer with what appears to be a core dimeric
subunit apparent as a doublet of bands differing in size by ~5
kDa. This doublet is not present in monomeric EXP2 species,
indicating that it is not likely to represent a degradation prod-
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uct. Furthermore, this doublet is only visible in every second
band of the ladder, suggesting that each dimer is associated
with a small putative protein. This putative EXP2 interacting
protein may potentially play a role in assisting EXP2 dimeriza-
tion or insertion of the putative EXP2 pore into the membrane
and may explain the presence of two large oligomeric species
during BN-PAGE. Conversely, this species may be an artifact of
chemical cross-linking given that it is absent from non-cross-
linked material. Further investigations via large scale immuno-
precipitation and mass spectroscopic analyses of specific bands
may reveal the true identity of this species.
Immunoprecipitation of PTEX150-HA followed by SDS-
PAGE and proteomic analysis by LC/MS-MS indicates that
these two proteins are tightly bound and apparently have a sim-
ilar stoichiometry. Although PTEX150 migrates almost 50 kDa
larger than HSP101, the two proteins have similar predicted
molecular weights, indicating that peptide numbers are a good
indicator of identical stoichiometry. At this stage we do not
know if PTEX150 forms a hollow hexameric ring like that pre-
dicted for HSP101 or if it forms two or three 500-kDa dimers or
trimers that link HSP101 to the EXP2 pore as suggested by our
BN-PAGE analyses. Experiments presented here enabled us to
identify three exported proteins co-purifying with PTEX, and
because at least two of these interactions have been validated
previously (5), we assume that all these exported proteins are
putative cargos potentially en route through the PTEX com-
plex. Not all exported proteins such as SBP1 and REX1 and -2
and the PfEMPs bear classic PEXEL motifs, and close inspec-
tion of the peptide list did not reveal the presence of these. This
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FIGURE 10. A new model of PTEX interaction. Top panel, shown is an
expanded view of PTEX interaction at the PVM. EXP2 has demonstrated the
strongest membrane association of the three major PTEX components (EXP2,
HSP101, and PTEX150) and is believed to interact most strongly with
PTEX150, which in turn binds HSP101. Data generated here indicate that the
PTEX components PTEX150 and HSP101 are made predominantly in schizog-
ony and are stored with EXP2 within the dense granules (DG) before their
release into the newly forming PVM during invasion. EXP2 is synthesized pre-
dominantly in the ring/trophozoite stage, and some synthesis of PTEX150
and HSP101 is also likely to occur during this stage.

raises the possibility that PEXEL-negative exported proteins
may use an alternative route to gain entry to the RBC compart-
ment. Conversely, in the cell cycle stages used for this analysis
there may have been a greater proportion of schizonts than
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actively exporting ring stages. This scenario is supported by the
fact that the exported proteins we did identify have peak
expression in schizonts as indicated by microarray data (22, 23).
Identifying a wider range of exported proteins may require
samples highly enriched in rings; however, previous attempts to
purify PTEX from these stages resulted in samples heavily con-
taminated with RBC cytoskeletal proteins. To address this we
may need to develop novel purification processes to ultimately
reveal additional PTEX cargo.

Overall, these data demonstrate that PTEX components are
synthesized before invasion and are stored in dense granules.
Upon invasion these proteins are released into the newly
formed PVM where they form a large, >1230-kDa complex
consisting of detectable 600- and 700-kDa EXP2 homo-oligo-
mers that are bound to a tightly linked complex of PTEX150
and HSP101. This PTEX150-HSP101 complex is itself >1230
kDa and comprises a similar stoichiometry of both proteins,
probably comprising 6 units of each. The EXP2-specific oli-
gomer is membrane-associated and is composed of dimeric
subunits that presumably oligomerize to form the putative
membrane-associated pore. Additionally, these data have
revealed that there is no substantial turnover of the PTEX com-
ponents deposited into the newly formed PVM, although we
cannot rule out the synthesis of some functional PTEX machin-
ery after invasion that traffics to the PVM via a different mech-
anism than dense granule release. Finally, these data are con-
sistent with EXP2 forming a membrane-associated oligomer
that serves to anchor the remainder of the PTEX components.
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