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The intracellular parasite Toxoplasma gondii resides within a specialized compartment, the
parasitophorous vacuole (PV), that resists fusion with host cell endocytic and lysosomal
compartments. The PV is extensively modified by secretion of parasite proteins, includ-
ing the dense granule protein GRA5 that is specifically targeted to the delimiting
membrane of the PV (PVM). We show here that GRAS5 is present both in a soluble form
and in hydrophobic aggregates. GRAS is secreted as a soluble form into the PV after
which it becomes stably associated with the PVM. Topological studies demonstrated that
GRAS5 was inserted into the PVM as a transmembrane protein with its N-terminal
domain extending into the cytoplasm and its C terminus in the vacuole lumen. Deletion
of 8 of the 18 hydrophobic amino acids of the single predicted transmembrane domain
resulted in the failure of GRA5 to associate with the PVM; yet it remained correctly
packaged in the dense granules and was secreted as a soluble protein into the PV.
Collectively, these studies demonstrate that the secretory pathway in Toxoplasma is
unusual in two regards; it allows soluble export of proteins containing typical transmem-
brane domains and provides a mechanism for their insertion into a host cell membrane

after secretion from the parasite.

INTRODUCTION

Among the varied lifestyles adopted by intracellular par-
asites is the residence in host cell vacuoles that do not
fuse with lysosomes, a strategy exhibited by the proto-
zoan parasite Toxoplasma and the bacterial pathogens
Legionella, Chlamydia, and Mycobacteria (Garcia del-
Portillo and Finlay, 1995). The Toxoplasma-containing
vacuole, called the parasitophorous vacuole (PV)?!, forms
by active penetration of the parasite causing invagina-
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tion of the plasma membrane bilayer (Suss-Toby et al.,
1996). This compartment subsequently resists fusion
with endosomes and lysosomes by a mechanism that is
poorly understood; however, it is clear that the fate of
the vacuole is determined at the time of formation (Sib-
ley et al., 1985; Joiner, 1991; Mordue and Sibley, 1997). As
the parasite grows and replicates within the cell, it forms
a network of tubular membranes that are continuous
with the delimiting membrane of the vacuole (Nichols et
al., 1983; Sibley et al., 1995).

Secretion of proteins stored in apical organelles (mi-
cronemes, rhoptries, and dense granules) is a promi-
nent feature of Toxoplasma invasion and presumably
contributes both to the nonfusigenic status of the PV
and subsequent nutrient uptake by the parasite (Car-
ruthers and Sibley, 1997). Segregated from the endo-
cytic system and cut off from the extracellular fluid,
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the parasite likely obtains its nutrients from the host
cell cytoplasm by altering the permeability of the PV
that is capable of bidirectional transport of metabolites
of <1200 Da (Schwab et al., 1994). The parasite pro-
teins that form this pore are presently unknown, but
candidate molecules include rhoptry proteins that are
inserted into the PV membrane (PVM) (Beckers et al.,
1994) and various dense granule proteins (GRA pro-
teins) that are targeted to the PVM or the intravacuolar
network (reviewed in Cesbron-Delauw, 1994).

After their release within the vacuole, the GRA pro-
teins are selectively targeted to specific locations of the
PV where they are found either, like GRA1, as a sol-
uble protein in the lumen of the vacuole or, like GRA2,
as both soluble and membrane forms, the latter being
closely associated with a reticulum of membranous
tubules called the intravacuolar network (Cesbron-
Delauw, 1994; Sibley et al., 1995). Others, like GRA3
and GRADS are specifically targeted to the PVM (Ach-
barou et al., 1991; Lecordier et al., 1993). The mecha-
nisms underlying the secretion of the GRA proteins
and the basis of their targeting to specific locations in
the PV are not known. Amino acid sequence analysis
of several GRA proteins predicts that they may asso-
ciate with membranes either via a transmembrane
domain (GRA4, GRA5, GRA6, and GRA7) (Mévelec et
al., 1992; Lecordier et al., 1993, 1995; Fischer et al., 1998;
Jacobs et al., 1998), via two amphipathic « helices
(GRA2) (Mercier et al., 1993, 1998), or via short hydro-
phobic regions (GRA3) (Ossorio et al., 1994). The pri-
mary amino acid sequence of GRA5 is composed of
120 amino acids consisting of an N-terminal hydropho-
bic leader, a hydrophilic stretch, and a single hydropho-
bic region of 18 amino acids, followed by a C-terminal
hydrophilic region (Lecordier et al., 1993). This domain
structure suggests that GRA5 is present in the secretory
pathway as a membrane protein, although its membrane
association or topology have not been reported previ-
ously.

Here, we examined the mechanism of GRA5 associ-
ation with the PVM using an epitope tag strategy. We
demonstrate that despite having an internal hydro-
phobic domain, GRAS is secreted as a soluble protein
and only then does it become stably associated with
the PVM. Differential permeabilization experiments
demonstrated that GRAS is inserted into the PVM as a
transmembrane protein with its N-terminal domain
extending into the host cell and that this topology is
acquired only after secretion.

MATERIALS AND METHODS

Reagents, Parasites, and Cell Culture

Enzymes were purchased from Boehringer Mannheim (Mannheim,
Germany) and Amersham (Les Ulis, France); cell culture products
and fetal bovine serum (FBS) were obtained from Life Technologies
(Eragny, France). The RH strain of Toxoplasma gondii was grown in
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HFF (human foreskin fibroblasts) or 3T3 cells in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS, 1% glutamine,
and 20 pg/ml gentamicin. For experiments, infected cultures were
scraped and forced through a 27-gauge needle, and parasites were
filtered through a 3-um polycarbonate membrane (Costar, Cam-
bridge, MA) to eliminate cell debris.

Antibodies

Toxoplasma GRA proteins were detected using the mAbs TG17-43
(anti-GRA1), TG17-179 (anti-GRA2), and TG17-113 (anti-GRA5)
(Charif et al., 1990). The mAb DG52, kindly provided by Dr. J. C.
Boothroyd (Stanford University, Stanford, CA), or the mAb TG
05-54 was used to detect the Toxoplasma SAG1 surface protein. The
anti-HA9 mAb 12CA5 and the anti-HA11 rabbit serum that also
recognizes HA9 were purchased from Babco (Berkeley, CA).

To produce the mouse serum (anti-GRA5 Nt) that specifically
reacts with the N-terminal domain of GRAS5 that flanks its central
hydrophobic domain, we isolated a fragment encoding the amino
acids 30—-67 of GRA5 by Maelll digestion and subcloned the frag-
ment into the expression vector pGEX-3X (Pharmacia, Uppsala,
Sweden). The recombinant N-terminal fragment of GRA5 was ex-
pressed as a fusion with the §j26 GST, purified by affinity on
glutathione-agarose beads, and eluted by competition with free
glutathione (Smith and Johnson, 1988). Mice were immunized by
three injections of 10 ug of fusion protein. Specificity of the serum
was compared with that of the anti-GRA5 mAb TG17-113 (Charif et
al., 1990) by Western blot against parasite lysates and by immuno-
fluorescence staining of infected cells.

Plasmid Construction

GRA5-HA9. The GRA5 part of the construct comprises 355 bp
upstream of the cap site, the 5'-nontranslated region, and the ORF
until the stop codon (GenBank accession number: L06091). This
fragment was amplified by PCR from the genomic clone containing
the GRA5 gene (Lecordier et al., 1993) using a 5' primer (sense;
5'-GACAAGGAATTCAGCCAGTAC-3’) that creates an EcoRI site.
The 3’ primer (antisense; 5'-ACGTGGATCCGCATGCTAGCCTCT-
TCC-3') was designed to replace the stop codon (position 464 of the
previously published sequence [Lecordier et al., 1993]) with com-
bined Nhel-BamHI sites. The PCR fragment was cloned into the
EcoRI and BamHI sites of the pBluescript KS* vector (Stratagene, La
Jolla, CA). The sequence encoding the HA9 epitope, followed by the
3'-nontranslated region of the GRA2 gene including the polyade-
nylation site (from the GRA2-HA9 construct [Mercier et al., 1998]),
was inserted in-frame downstream of the GRA5 ORF at the Nhel
and BamHI sites.

GRA5A79-86-HA9. The GRA5-HAO construct was subcloned into
the pAlterEX1 vector (Promega, Lyon, France) to perform mutagen-
esis. Two BstEII sites were created in-frame to allow deletion of the
sequence encoding amino acids 79-86, by annealing of mutagenic
oligonucleotides (5'-GTGGGGGTTACCGCAG-3' and 5'-GGCCGT-
GGTGACCCTACTGC-3') following the manufacturer’s protocols.
The mutated construct was digested by BstEIl and religated. Sites
and deletion were confirmed by double-stranded Sanger dideoxy
sequencing.

Transfection and Selection of Stable Transformants

Parasites (RH strain) were electroporated as described (Soldati and
Boothroyd, 1993) with 100 pg of the GRA5-HA9 or GRA5A79-86—
HAO9 constructs linearized by BamHI and 10 ug of the selectable
construct TUB5-CAT (kindly provided by Dr. D. Soldati, University
of Heidelberg) linearized by Asp718. Transfected parasites were
transferred to monolayers of HFF or 3T3 cells, and chloramphenicol
selection was applied as described by Kim ef al. (1993). Chloram-
phenicol-resistant parasites were cloned without drug pressure by
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limiting dilution in 96-well plates and were amplified in 24-well
plates before analysis by SDS-PAGE and Western blotting.

Immunofluorescence

HFF cells were grown on 12-mm coverslips in 24-well plates until
confluency and then infected with Toxoplasma parasites. After 24 or
48 h of culture, infected cells were washed three times with PBS and
fixed with 3% formaldehyde in PBS for 30 min at room temperature.
After three washes in PBS, cells were permeabilized 10 min in cold
acetone and rinsed in PBS. After a 30-min saturation in 10% FBS in
PBS, the first antibody was added for 1 h in 1% FBS in PBS. Cells
were washed three times in PBS and incubated 30 min with the
anti-species FITC-conjugated antibody (Sanofi Pasteur Diagnostics,
Marnes-la-Coquette, France). After three washes in PBS, coverslips
were mounted in Mowiol (Calbiochem, La Jolla, CA).

Digitonin permeabilization of infected cells was performed as
described by Beckers et al. (1994). Total permeabilization after fixa-
tion was done by 10 min in cold 100% acetone.

Cell Fractionation

Extracellular Parasites. Purified extracellular parasites were
washed and resuspended in cold PBS without calcium and contain-
ing 1 mM EGTA and protease inhibitors (10 ug/ml Na-p-tosyl-L-
lysine chloromethyl ketone, 10 pg/ml p-aminophenylmethylsulfo-
nyl fluoride (a-PMSF), 1 ug/ml leupeptin, 10 ug/ml E-64). Parasites
were lysed by three freeze/thaw (F/T) cycles, and parasite ghosts
were separated by low-speed spin (10 min at 2500 X g). The super-
natant was fractionated into soluble and membrane-associated frac-
tions by high-speed spin (2 h at 100,000 X g in a Beckman [Fullerton,
CA] TL-100 ultracentrifuge [TL-100.2 rotor]). To analyze the pro-
teins not released by F/T, the low-speed pellet (LSP) containing
parasite ghosts was resuspended in 50 mM Tris, pH 8.0, containing
protease inhibitors and either submitted to Triton X-114 partitioning
(Bordier, 1981) or treated with denaturing agents (6 M urea, 1%
Nonidet P-40 [NP-40]) for 30 min at 4°C. After a second low-speed
spin, soluble and membrane-associated fractions were fractionated
2 h at 100,000 X g. In some experiments, the LSP was subjected to
sonication for three 15-sec pulses at an intensity of 5 using a mi-
crotip probe (Labsonic U; Braun, Melsungen, Germany), followed
by removal of debris by centrifugation at 2500 X g for 10 min and
fractionation of the supernatant by high-speed centrifugation (as
described above).

Intracellular Parasites. Infected cells were scraped in cold PBS
without calcium and containing 1 mM EGTA and protease inhibi-
tors (10 ug/ml Na-p-tosyl-L-lysine chloromethyl ketone, 10 ug/ml
a-PMSF, 1 ug/ml leupeptin, 10 ug/ml E-64). Cells were disrupted
by passage through 27-gauge needles, and parasites were elimi-
nated by low-speed spin for 10 min at 2500 X g. The resulting
supernatant, which contains the PV components, was separated into
soluble and membrane-associated fractions by centrifugation for 2 h
at 100,000 X g. To release membrane-associated proteins, we
washed the high-speed pellet (HSP) in 50 mM Tris, pH 8.0, contain-
ing protease inhibitors and resuspended the pellet in the same
buffer by sonication on ice. This sonicate was submitted either to
Triton X-114 partitioning or to denaturing agents (1% NP-40, 6 M
urea, 0.5 M KCl, or 0.1 M carbonate, pH 11.0) for 30 min at 4°C.
Soluble and membrane-associated fractions were separated at
100,000 X g. Before analysis by SDS-PAGE and Western blotting,
high-speed membrane pellets were washed with 50 mM Tris-HClI,
pH 7.6, 1 mM EGTA, 100 mM sucrose, and protease inhibitors.
Soluble fractions were concentrated either by centrifugation
through Centricon-10 microconcentrators (Amicon, Beverly, MA) or
by acetone or trichloroacetic acid precipitation.

Fractionation of Products Released from Extracellular Parasites.
The previously described assay for serum-stimulated secretion of
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dense granule proteins was used to induce GRAS release by extra-
cellular parasites (Darcy et al., 1988) (Coppens and Cesbron-Delauw,
unpublished results). Extracellular tachyzoites (1.2 X 10%) were
incubated in 1 ml of RPMI medium supplemented with 10% (vol/
vol) heat-inactivated FCS, under mild agitation, for 3 h at 37°C.
Parasites were sedimented by centrifugation at 1300 X g, and the
resulting LSP was resuspended in 1 ml of PBS. The low-speed
supernatant (LSS) was supplemented in protease inhibitors and
clarified by centrifugation at 20,800 X g. A fraction of the LSS was
further separated into 100,000 X g pellet and supernatant.

Gel Electrophoresis and Western Blotting

Toxoplasma cells or membrane and soluble fractions were boiled for
3 min in SDS-PAGE sample buffer and separated by electrophoresis
on 13% polyacrylamide gels (Laemmli, 1970). Gels were transferred
to nitrocellulose membranes (Towbin et al., 1979) and blocked in 5%
nonfat dry milk in PBS. Membranes were incubated with primary
antibodies and then with anti-species peroxidase conjugates (Sanofi
Pasteur Diagnostics), both diluted in 1% nonfat dry milk in PBS.
Membranes were incubated 1 min with ECL reagents (Dupont New
England Nuclear, Les Ulis, France) and exposed to Hyperfilm-ECL
(Amersham).

RESULTS

GRAS5 Is Packaged within Dense-Core Secretory
Granules and Becomes a Transmembrane Protein
after Its Secretion into the PV

Previous electron microscopy studies demonstrated
that GRAS is stored within dense granules in Toxo-
plasma cells and is released into the PV where it is
found closely associated with the PVM (Charif ef al.,
1990; Lecordier et al., 1993). To explore the behavior of
GRAS5 during its secretion, we examined the soluble
and/or membrane distribution of GRA5 by cell frac-
tionation experiments of both extracellular Toxoplasma
cell extracts and parasite-free vacuolar fractions.

In F/T Toxoplasma cell lysates, GRA5 was detected in
the soluble fraction as were two other dense granule
proteins, GRA1 and GRA2 (Figure 1A). These results
indicate that GRA5 exists in a soluble form in the dense
granules. However, GRA5 was also detected in the LSP
containing parasite ghosts, indicating that another frac-
tion of the protein was not released by this treatment. To
study the nature of this insoluble form of GRA5, we
submitted the LSP to more disruptive treatments using
denaturing agents or Triton X-114 partitioning. GRA5 was
totally released by NP-40 and partially removed from the
pellet by 6 M urea (Figure 1B). In contrast, SAG1, a Toxo-
plasma  glycosylphosphatidylinositolanchored membrane
protein, behaves as expected, being both fully solubi-
lized by NP-40 and efficiently pelleted in urea (our
unpublished results). This suggests that GRA5 may be
contained in both hydrophobic aggregates and /or mem-
branes that remain in the granule core after F/T treat-
ment. Consistent with this, GRA5 that remained trapped
in the LSP after F/T was detected in the detergent phase
after Triton X-114 partitioning (Figure 1B). In contrast,
GRA1 partitioned exclusively in the aqueous phase (our
unpublished results). The presence of GRA5 in both a
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Figure 1. GRAbS is found both in a soluble form and in hydropho-
bic aggregates within extracellular parasites. (A) Parasites were
disrupted by F/T cycles and separated by low-speed centrifugation
into cell ghosts (LSP) and a soluble fraction (LSS). The LSS was
further fractionated by a high-speed spin into a membrane pellet (P)
and a soluble fraction (S). Fractions were separated by SDS-PAGE,
and the GRA1 (24 kDa), GRA2 (28 kDa), and GRA5 (21 kDa)
proteins were revealed by Western blot using the TG17-43, TG17-
179, and TG17-113 monoclonal antibodies, respectively. (B) The LSP
obtained in A was resuspended in 50 mM Tris, pH 8.0, incubated
with denaturing agents, and fractionated by high-speed centrifuga-
tion into a membrane pellet (P) and a soluble fraction (S). Fractions
were analyzed by SDS-PAGE and Western blotting using the anti-
GRA5 mAb TG17-113. GRA5 remaining in the LSP was partially
solubilized by urea, completely released from the membrane pellet
by NP-40, and partitioned into the detergent phase (D) after treat-
ment with Triton X-114.

soluble and an insoluble form suggests that the granule
contents are stabilized by hydrophilic and hydrophobic
interactions as described for other dense-core secretory
granules in various mammalian cells (Colomer et al.,
1996).

To determine which form of the protein is present in
the PV, we examined the partitioning of GRA5 after
mechanical disruption of infected cells by needle pas-
sages (Figure 2). This treatment, followed by low-
speed centrifugation, allows separation of intact par-
asites from the host cell lysate that was further
sedimented at 100,000 X g to obtain a soluble phase
and a membrane pellet (Figure 2A). Lack of contami-
nation in these fractions by intact parasites was as-

sessed by the absence of the SAGI surface protein (our
unpublished results). As described previously (Sibley
et al., 1995), GRA1 remained exclusively soluble in the
PV, and GRA2 occurred in both soluble and mem-
brane-associated forms. In contrast, the GRA5 protein
was preferentially detected in the HSP, reflecting a
predominant membrane association of this protein
with the PVM (Figure 2A).

To examine the nature of the GRA5 membrane in-
teraction, HSPs were submitted to either Triton X-114
partitioning or denaturing agents (Figure 2B). The
membrane association of GRA5 was not disrupted by
treatments capable of releasing peripheral membrane
proteins such as high pH or high salt concentration (1
M KCl). Additionally, and in contrast to what was
observed within extracellular parasites, vacuolar
GRAS5 was not solubilized by 6 M urea but only by
NP-40. After Triton X-114 partitioning, vacuolar GRA5
was found exclusively in the detergent phase. Taken
together, these experiments indicated that GRAS5 be-
haves as an integral membrane protein after its secre-
tion into the PV.

GRAS5 Is Released from the Dense Granules
Exclusively as a Soluble Form

The above results suggested that GRAS5 is secreted as
a soluble form and that its membrane association is a
postsecretory event. We therefore examined the solu-
ble release of GRA5 using an in vitro assay for dense
granule secretion (Darcy et al., 1988) (Coppens and
Cesbron-Delauw, unpublished results). Extracellular
parasites were incubated in a secretory medium for
3 h. Intact parasites were removed by low-speed cen-
trifugation (LSP), and the secreted proteins were re-
covered in the supernatant (LSS). Western blot analy-
sis of these fractions revealed that ~50% of GRA5 has
been released into the secretory medium (LSS) (Figure
3). After fractionation of the LSS by high-speed cen-
trifugation, the totality of GRA5 was recovered in the

Figure 2. GRADJ5 is a membrane-associated protein
within the PV. (A) Infected cells were disrupted by

A B
HSP treatment
Int:race]lula: COQ KCl TRIS Urea N'P-40 Triton X-114
HSP HSS P S P S P P S P 5
o g - - T
GrRA2 @D &

GRAS il w—

passages through needles, and parasites and cell
debris were removed by low-speed centrifugation.
I The LSS was further fractionated by high-speed cen-
trifugation into a membrane pellet (HSP) and a sol-
uble fraction (HSS), separated by SDS-PAGE, and
probed with the anti-GRA1, -GRA2, and -GRA5
monoclonal antibodies as described in Figure 1.
Whereas GRA1 was found almost exclusively in the
soluble fraction, GRA2 was detected in both the
soluble and pellet fractions. GRA5 was predomi-
nantly detected as a membrane-associated form in

the HSP. (B) The membrane pellet obtained in A was resuspended in 50 mM Tris, pH 8.0, incubated with different denaturing agents, and
submitted to a high-speed spin. Membrane pellets (P) and soluble fractions (S) were analyzed by SDS-PAGE and Western blotting using the
anti-GRA5 mAb. GRA5 behaved as an integral membrane protein, remaining in the membrane pellet after high pH (CO3), high salt
concentration (KCI), or urea treatment but was released by NP-40 and partitioned in the detergent phase after treatment with Triton X-114.
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Figure 3. GRADJ is exocytosed in a soluble form by extracellular
parasites. Extracellular tachyzoites were incubated in a secretory
medium for 3 h. Parasites (Tg) were sedimented by centrifugation at
1300 X g (LSP). A fraction of the LSS was further separated into
100,000 X g pellet (HSP) and supernatant (HSS). Equal percentages
of the LSP, LSS, HSS, and HSP fractions were analyzed by Western
blotting probed with both the anti-SAG1 and the anti-GRA5 mAbs.
The fraction of GRA5 released in the supernatant (LSS) was found
exclusively associated with the soluble fraction (HSS), whereas, in
control, the SAGI surface protein remained exclusively associated
with the parasite fraction (LSP).

high-speed supernatant (HSS). These data confirmed
that GRAS is released exclusively as a soluble form.

GRAS5 Tagged with the HA9 Epitope Behaves as the
Wild-Type GRA5

To examine the basis of membrane association by
GRA5, we constructed an epitope-tagged form of
GRAS5 using HA9, a peptide of influenza virus hem-
agglutinin (Wilson et al., 1984). The HA9 epitope tag—
coding sequence (YPYDVPDYA) was fused to the C
terminus of GRA5 and expressed under the control of
the GRA5 gene promoter (Mercier et al., 1996). Stably
transformed Toxoplasma lines expressing GRA5-HA9
were obtained using chloramphenicol selection (Kim
et al., 1993).

The GRA5-HA9 protein migrated with an apparent
molecular weight of 22 kDa compared with that (21
kDa) of the endogenous GRAS as detected by Western
blot (Figure 4A). The distributions of wild-type and
epitope-tagged GRA5 were examined using a slightly
different cell fractionation procedure from that de-
scribed in Figure 1. Initially, extracellular parasites
were subjected to F/T lysis, the lysate was cleared
from remaining cellular debris by low-speed centrifu-
gation, and the resulting supernatant was further frac-
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tionated by sedimentation at 100,000 X g. Analysis of
these fractions revealed that, like the wild-type pro-
tein, epitope-tagged GRAS released by F/T was com-
pletely soluble (Figures 1A and 4A). The LSP was then
further subjected to sonication and recentrifugation.
This treatment released both the wild-type and
epitope-tagged forms of GRA5 from the LSP; the ma-
jority of the proteins pelleted at 100,000 X g, indicating
they were present within aggregates or membrane
inclusions (Figure 4A, Son). Like the wild-type pro-
tein, GRA5-HA9 formed a stable association with the
membranes within the PV (Figure 4B) that was resis-
tant to 1 M KCI, pH 11 carbonate, and 6 M urea but
fully extracted by NP-40 detergent (our unpublished
results).

GRA5 and GRA5-HA9 Are Targeted to the
PV Membrane

Immunofluorescence microscopy of cells infected with
the wild-type strain showed that GRA5 accumulates
between the parasites and associates with both the
PVM (Figure 4C) and its extension in the host cell
cytoplasm (our unpublished results). The accumula-
tion between the parasites likely reflects the presence
of the protein within the vacuole lumen that likely
corresponds to the soluble form of the protein ob-
served in cell fractionation experiments (Figure 2A). In
cells infected with the GRA5-HA9 Toxoplasma line,
similar staining was observed using the anti-HA11
rabbit serum (Figure 4C), indicating that the tagged
protein has the same overall distribution as the wild-
type GRA5. Immunoelectron microscopy confirmed
that epitope-tagged GRAS5 colocalized with GRA1 in
dense granules (Figure 5A). Within the PV, GRA5 was
primarily associated with the limiting membrane of
the vacuole and to a lesser extent was detected within
the lumen of the vacuole, associated with the intra-
vacuolar network and the parasite cell surface (Figure
6, A and B). Previous studies based on plastic-embed-
ded tissue reported the prominent PVM staining of
GRAS5 (Lecordier et al., 1993); however, the lumenal
staining is newly described and presumably repre-
sents the increased sensitivity of cryoelectron micros-
copy (cryoEM) used here.

The GRA5 Protein Interacts with the PVM through
Its Central Hydrophobic Domain

GRADS has a central hydrophobic domain (amino acids
76-93) that could form a membrane-spanning « helix
(Lecordier et al., 1993). To determine whether this
hydrophobic domain is involved in the membrane
association of GRA5, we generated a construct in
which 8 of the 18 amino acids of this domain were
deleted by oligonucleotide-directed mutagenesis
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A B
Extracellular
F/T Son
HSP HSS HSP HSS
A79-86 e 71 kDa

RH GRAS5 HA9
anti-GRA5 mAb anti-HA11 serum

GRAS5-HA9 o s

Figure 4. Analysis of wild-type
GRA5, GRA5-HAY, and the dele-

Intracellular  tion mutant GRA5A79-86-HA9
by cell fractionation in both extra-
HSP HSS cellular parasites (A) and the PV

(B) and by immunofluorescence
(C). (A) Extracellular parasites
from the wild-type RH strain and
from transgenic RH lines express-
ing either GRA5-HA9 or
GRA5A79-86-HA9 were sub-
jected to F/T treatment followed
by low-speed centrifugation and
fractionation of the supernatant
into a 100,000 X g pellet (F/T,
HSP) and supernatant (F/T,
HSS). The wild-type GRAS5 and
GRA5-HAO9 (both revealed by the
anti-GRA5 mAb TG17-113) and
GRA5A79-86-HA9 (revealed by
anti-HA11 serum) were primarily
detected in the soluble fraction.
The LSP was further treated by
sonication followed by fraction-
ation of the LSS into a 100,000 X g
pellet (Son, HSP) and supernatant
(Son, HSS). The wild-type and
epitope-tagged forms of the pro-
tein behaved as hydrophobic ag-
gregates, being sedimented at
100,000 X g. In contrast, the dele-
tion mutant (A79-86) was exclu-
sively detected as a soluble pro-
tein. (B) PV proteins were

GRAS s e

A79-86

GRA5 HAS A79-86
anti-HA11 serum

fractionated as described in Figure 2. GRA5-HA9 and GRA5 were predominantly present as membrane-associated forms, whereas the
A79-86 deletion mutant was released exclusively as a soluble form. The tagged proteins were both revealed by the anti-HA11 serum, whereas
wild-type GRA5 was revealed by the TG17-113 mAb. (C) Immunolocalization of GRA5, GRA5-HA9, and GRA5A79-86-HA9 in infected
cells is shown. Immunofluorescence was performed on cells infected with the wild-type RH strain (left), the full-length GRA5-HA9 clone
(middle), and the deletion mutant GRA5A79-86-HAJO (right). The GRA5 and GRA5-HA9 proteins were both observed between intracellular
parasites and associated with the vacuole membrane. In contrast, the deletion mutant was exclusively detected between parasites and was

not found associated with the PVM or cytoplasmic extensions.

(GRA5A79-86-HA9). A Toxoplasma line expressing
the GRA5A79-86-HA9 protein was analyzed by
Western blotting, and the mutated protein was ob-
served to comigrate with the endogenous GRA5 (our
unpublished results). Inmunoelectron microscopy re-
vealed that the GRA5A79-86-HA9 mutant was cor-
rectly packaged in the dense granules (Figure 5B) and
secreted into the PV (Figure 6C), indicating that the
deletion does not alter the trafficking of the protein.
However, this deletion mutant was only detected by
immunofluorescence or EM within the lumen of the
PV and did not decorate the PVM (Figures 4C and 6,
C and D). Cell fractionation experiments also con-
firmed that the deletion mutant partitioned exclu-
sively in the soluble fractions of both tachyzoites and
vacuolar extracts (Figure 4, A and B, respectively).
Collectively, these results demonstrate that the central
hydrophobic domain is necessary for interaction of the
protein within hydrophobic aggregates in dense gran-
ules and for insertion into the vacuolar membrane
after secretion into the PV.
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The GRA5 Protein Is Inserted in the PVM with Its
N-Terminal Domain Exposed to Host Cell
Cytoplasm

After secretion into the PV, GRA5 undergoes a tran-
sition from a soluble to a membrane form, and in the
process, it becomes integrally associated with the
PVM. Because the PVM defines the host—parasite in-
terface, we chose to examine the topology of GRAS5
within this membrane to determine whether either of
the two hydrophilic ends of the protein were exposed
to the host cell cytoplasm. To differentiate the C ter-
minus from the N terminus, we used a GRA5-HA9
construct containing a C-terminal HA9 epitope tag. In
addition, we generated antibodies that specifically rec-
ognized the N-terminal hydrophilic domain of GRA5
by immunizing mice with an Escherichia coli recombi-
nant fusion protein comprising the N-terminal amino
acids 30-67 of GRA5 (referred to as anti-GRA5 Nt
serum). The topology of GRA5 within the PVM was
determined using these domain-specific antisera to
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Figure 5. ImmunoEM localization of
GRA5-HA9 and GRA5A79-86-HA9
within dense granules of Toxoplasma.
(A) GRA5-HA9 (anti-HA11, 18-nm
gold particles) was found concen-
trated within the same population of
dense granules as GRA1 (TG17-43,
12-nm gold particles). (B) The dele-
tion mutant GRA5A79-86-HA9 (an-
ti-HA11, 18-nm gold particles) was
also packaged within the same dense
granules as GRA1 (TG17-43, 12-nm
gold particles). Bar, 100 nm.

probe cells that were selectively permeabilized using
low concentrations of digitonin to disrupt the host cell
plasma membrane while leaving the PVM intact
(Beckers et al., 1994).

When GRA5-HA9-infected cells were fully perme-
abilized by acetone, the staining patterns obtained
with the anti-GRA5 mAb and the anti-GRA5 Nt and
anti-HA11 sera were similar (Figure 7). Both GRAS5
and GRA5-HA9 were detected between the parasites
and associated with the PVM. Under these conditions,
the parasite surface was also readily detected by the
anti-SAG1 mAb. After selective digitonin permeabili-
zation of the plasma membrane but not the PVM
(verified by the inability to detect the parasite surface
with the anti-SAG1 mAb), the PV was not stained with
the anti-HA11 antibody, whereas under the same con-
ditions, prominent staining of the vacuoles was ob-
served with both the anti-GRA5 Nt serum and the
anti-GRA5 mAb. This staining was limited to the vac-
uole contour; GRA5 that accumulates within the PV
between parasites was not detected. These results
demonstrate that the GRA5 protein is a transmem-
brane protein with its N terminus facing the external
side of the PV and exposed to the host cell cytoplasm,
whereas the C terminus remains within the vacuole.

DISCUSSION

We show here that GRA5 is secreted as a soluble
protein, whereupon it undergoes a conformational
change to insert into a lipid bilayer as a transmem-
brane protein. Within the parasite, GRA5 exists within
the matrix of dense secretory granules in two forms, as
a water-soluble molecule and trapped within hydro-
phobic aggregates. Despite the presence of a hydro-
phobic domain sufficient to span the membrane, it
does not adopt a transmembrane configuration within
the secretory granules, as shown by immunoEM and
its susceptibility to extraction with urea. GRAS is se-
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creted by extracellular parasites as a water-soluble
form, exclusively. However, after exocytosis into the
PV, it becomes primarily membrane associated and is
targeted to the vacuolar membrane. Within the PVM,
GRADS5 adopts a transmembrane topology that is fully
resistant to wurea extraction. Immunological ap-
proaches indicate that it inserts into the PVM with its
N terminus extending into the host cell cytoplasm and
its C terminus remaining within the lumen of the
vacuole. Membrane insertion required the single hy-
drophobic region because deletion of eight hydropho-
bic residues from this domain specifically disrupted
association with the PVM. These studies demonstrate
that Toxoplasma contains a specialized secretory sys-
tem designed for soluble export of proteins that are
destined for insertion into host cell membranes.
Although Toxoplasma is a primitive eukaryote, it has
a well-developed, although not well-studied, secre-
tory pathway that includes prominent ER, Golgi, and
three classes of secretory vesicles called rhoptries,
dense granules, and micronemes. Despite the lack of
specific knowledge of the secretory pathway in Toxo-
plasma, random cDNA-sequencing efforts indicate the
presence of homologues for components of the ER
translocon, including SEC61, SEC63, SEC11 (signal se-
quence—processing protein), and SEC23 (component
of COPII coat), as well as the ER chaperones, protein
disulfide isomerase, and BIP (Ajioka et al., 1998), sug-
gesting the presence of a well-developed secretory
pathway. ImmunoEM studies indicate that dense
granule proteins are likely synthesized on membrane-
bound ribosomes, imported into the ER, and translo-
cated to the Golgi for packaging (Charif et al., 1990;
Sibley et al., 1995) (Coppens et al., and Cesbron-
Delauw, unpublished results). Dense granule secre-
tion in Toxoplasma occurs by a process that resembles
classical exocytosis with the release of amorphous ma-
terial into the PV (Leriche and Dubremetz, 1990). Ac-
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cordingly, the dense granules contain a mixture of
proteins that are released as soluble forms in the PV
and, thereafter, are targeted to their specific location in
the PV.

The N-terminal hydrophobic domain of GRA5 pre-
sumably functions as a signal peptide, directing GRAS
to the ER before its cleavage, a conclusion that is
indirectly supported by the relative migration on SDS-
PAGE of the protein produced by in vitro translation
versus metabolic-labeling studies (our unpublished
results). However, the central hydrophobic domain of
GRADS5 does not adopt a transmembrane configuration
in the ER or the dense granule as might be expected.
Instead, it appears to be partially trapped in hydro-
phobic aggregates in the dense granules. The protein
GRA3 also exists in the dense granules in primarily a
soluble form, and after secretion into the PV, it forms
hydrophobic aggregates that tightly associate with the
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Figure 6. ImmunoEM localization of
GRA5-HA9 and GRA5A79-86-HA9 after
secretion into the PV. (A and B) GRA5-
HA9 was secreted into the PV where it
became associated with the PVM (arrow-
heads). (C and D) The deletion mutant
GRA5A79-86-HA9 was secreted within
the PV but failed to associate with the
PVM. Tg, Toxoplasma gondii cell. Bars: in A
and C, 200 nm; in B and D, 100 nm.

PVM (Ossorio et al., 1994). GRA5 apparently under-
goes a similar conformational change after secretion
and, in addition, inserts into the PVM as a transmem-
brane protein. It is suggested that dense granules rep-
resent a default secretory pathway (Karsten et al.,
1998) (our unpublished results), perhaps allowing the
parasite to secrete proteins in a soluble form that
would otherwise associate with membranes. In this
regard, several other GRA proteins that are secreted
within the PV also contain central hydrophobic do-
mains that are predicted to mediate their interactions
with membranes, including GRA4 and GRA6 (re-
viewed in Cesbron-Delauw, 1994). In contrast, all of
the abundant cell surface proteins of Toxoplasma are
linked in the membrane via glycosylphosphate inosi-
tol anchors at their C termini (Tomavo et al., 1989), an
addition that may mark proteins for export to the
plasma membrane (Seeber et al., 1998).
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digitonin

Figure 7. Orientation of the GRA5-HA9 protein within the PVM by immunofluorescence staining. Cells are visualized by phase-contrast
microscopy. Immunofluorescence experiments were performed on cells infected with the GRA5-HA9 Toxoplasma clone. Cells were perme-
abilized either completely by cold acetone (left) or selectively by 0.004% digitonin (right). Left, when cells were permeabilized by acetone,
the parasite surface was stained by the anti-SAG1 mAb. Under these conditions, the staining patterns obtained with both anti-GRA5
antibodies (the TG17-113 mAb and the anti-GRA5 Nt serum) and the anti-HA11 rabbit serum were identical, GRA5-HA9 was detected
associated with the PVM and in clusters between the parasites. Right, when the host cell membrane was selectively permeabilized by
digitonin, as verified by the negative staining of the parasite surface with the anti-SAG1 mAb, the C-terminal part of GRA5-HAJY, recognized
by the anti-HA11 serum, was not detected. In contrast, the external side of the PV was stained by both the anti-GRA5 Nt serum and the

anti-GRA5 mAb.

The insertion or translocation of proteins across
membranes does not normally occur spontaneously
but requires accessory proteins to mediate the passage
of large hydrophilic protein domains across the im-
permeant phospholipid barrier. Protein translocation
occurs via well-developed complexes including the ER
translocon (von Heijne, 1997), via Sec-dependent se-
cretion in bacteria (von Heijne, 1997), and during im-
port into mitochondria (Stuart and Neupert, 1996).
There are, however, examples of posttranslational
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membrane insertion of mature proteins in the absence
of the ER translocon type of system. In bacteria, the
M13 procoat protein inserts into the inner membrane
in a Sec-independent manner via interactions between
N-terminal and internal hydrophobic domains that
create a hydrophobic « helix that spontaneously in-
serts into membranes (Ohno-Iwashita and Wickner,
1983; Gallusser and Kuhn, 1990). Membrane insertion
of water-soluble proteins after their secretion occurs
during translocation of the pore-forming bacterial tox-
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ins into target cell membranes (Ojcius and Young,
1991; van der Goot et al., 1992). In Yersinia, the YopB
protein is released from the bacterium by a type III
secretion process and then inserts in the host cell
membrane and forms a protein-translocating appara-
tus that transfers other Yops into the host cell cyto-
plasm (Hakansson et al., 1996). The specific interac-
tions that govern the above examples are each unique,
but presumably all involve conformational changes in
the protein that are associated with transfer from a
soluble state to insertion into the bilayer.

Toxoplasma is highly specialized for protein secretion
(Carruthers and Sibley, 1997) and may have more than
one mechanism for insertion of proteins into host cell
membranes after their secretion from the parasite. The
rhoptry protein ROP2 is secreted at the time of inva-
sion and is translocated across the PVM, exposing
epitopes to the host cell cytoplasm (Beckers et al.,
1994). This insertion may occur at the time of invasion
because rhoptry secretion is coincident with vacuole
formation (Carruthers and Sibley, 1997). In contrast,
the protein studied here is secreted after invasion,
suggesting a different mechanism of membrane inser-
tion. Insertion of GRA5 into the membrane may be
mediated by additional protein components within
the PV, an environment enriched by extensive exocy-
tosis of parasite proteins including a cyclophilin ho-
mologue that may participate in protein refolding
(High et al., 1994). The association of GRA5 with the
intravacuolar network suggests this interface may
serve a function in the trafficking of secretory proteins
that are destined for insertion into the PVM. Postse-
cretory membrane translocation also occurs in the re-
lated parasite Plasmodium that secretes proteins across
the PVM within red cells via an ATP-dependent pro-
cess, suggesting the presence of a specialized protein
translocation apparatus (Ansorge et al., 1996). Because
of the highly specialized intracellular existence of
these parasites, it is likely they have evolved specific
machinery for protein secretion and insertion across
multiple cellular membranes. As such, these systems
offer a rich territory to explore novel mechanisms of
protein—-membrane interactions including posttransla-
tional bilayer insertion.
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