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The intracellular parasite Toxoplasma gondii develops within a nonfusogenic vacuole containing a
network of elongated nanotubules that form connections with the vacuolar membrane. Parasite
secretory proteins discharged from dense granules (known as GRA proteins) decorate this
intravacuolar network after invasion. Herein, we show using specific gene knockout mutants, that
the unique nanotubule conformation of the network is induced by the parasite secretory protein
GRA2 and further stabilized by GRA6. The vacuolar compartment generated by GRA2 knockout
parasites was dramatically disorganized, and the normally tubular network was replaced by small
aggregated material. The defect observed in Agra2 parasites was evident from the initial stages of
network formation when a prominent cluster of multilamellar vesicles forms at a posterior
invagination of the parasite. The secretory protein GRA6 failed to localize properly to this
posterior organizing center in Agra2 cells, indicating that this early conformation is essential to
proper assembly of the network. Construction of a Agra6 mutant also led to an altered mature
network characterized by small vesicles instead of elongated nanotubules; however, the initial
formation of the posterior organizing center was normal. Complementation of the Agra2 knockout
with mutated forms of GRA2 showed that the integrity of both amphipathic alpha-helices of the
protein is required for correct formation of the network. The induction of nanotubues by the
parasite protein GRA2 may be a conserved feature of amphipathic alpha-helical regions, which
have also been implicated in the organization of Golgi nanotubules and endocytic vesicles in
mammalian cells.

INTRODUCTION

Toxoplasma gondii is an obligate intracellular parasite capable
of infecting any warm-blooded animal, including humans.
Although this protozoan is able to invade all types of nucle-
ated cells, a tropism for the CNS and for muscles, including
the heart, is observed in the mouse model. Penetration into
the host cell relies on the parasite actin-myosin contractile
system, and is independent of the host cell endocytic ma-
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chinery (Dobrowolski et al., 1996). The Toxoplasma-contain-
ing vacuole is formed at the time of invasion by invagination
of the host cell membrane. However, most host cell plasma
membrane proteins are excluded from the vacuolar mem-
brane and consequently, the parasitophorous vacuole (PV) is
profoundly nonfusogenic (Joiner ef al., 1990; Mordue et al.,
1999). The mature PV is surrounded by host-cell mitochon-
dria and elements of the endoplasmic reticulum (Sinai ef al.,
1997), and it contains pores that allow transfer of molecules
up to 1300 Da (Schwab et al., 1994).

Within the PV, a tubulovesicular network forms at the
invaginated posterior end of the parasite within 10-20 min
postinvasion. This network then unfolds throughout the
vacuolar space, forming elongated nanotubules of 60-90 nm
in diameter that connect with the vacuolar-delimiting mem-
brane (Sibley et al., 1995). The network may participate in the
intracellular development of the parasite by increasing the

2397



C. Mercier et al.

surface area for exchange between the parasite and the host
cell.

The intravacuolar network is decorated by parasite secre-
tory proteins derived from electron-dense granules, and
called GRA proteins, which are discharged into the vacuole
after invasion by using both conserved and unusual mech-
anisms (Cesbron-Delauw, 1994; Karsten et al., 1998). The
parasite proteins GRA2, GRA4, and GRA6 form an interact-
ing complex in the network membranes that is stabilized by
hydrophobic (for GRA2 and GRA6) and protein—protein
interactions (for GRA4) (Labruyere ef al., 1999). GRA pro-
teins are released from the anterior end of the cell into the
vacuolar space in a soluble form (Carruthers and Sibley,
1997); GRA2 and GRAG6 are then strongly attracted to the
posterior organizing center where the network first forms
(Mercier et al., 1998a; Labruyere et al., 1999). We have shown
previously that two amphipathic alpha-helical regions of
GRAZ2 are responsible for mediating its association with the
network (Mercier ef al., 1998a).

That none of the GRA proteins present significant homol-
ogy with characterized proteins has hampered efforts to
define their respective functions. Therefore, we have under-
taken to study the biological functions of the GRA proteins
by constructing knockout mutants and examining their cel-
lular phenotypes. Herein, we report a detailed analysis of
the previously generated Agra2 knockout mutant (Mercier et
al., 1998b), showing for the first time that one of the func-
tions of GRA2 is to organize the membranous structure of
the network. Through the construction of newly derived
Agra6 and Agra6-Agra2 mutants, we also demonstrate that
GRAG6 is involved in organization of the network. Comple-
mentation of the Agra2 mutant with mutated forms of GRA2
shows that the amphipathic alpha-helices are critical to tar-
get GRAG to the site of network formation and to the for-
mation of membrane nanotubules.

MATERIALS AND METHODS

Parasites and Cell Culture

T. gondii tachyzoites of the RH wild-type; the Agra2 mutant; the
complemented Agra2 (Mercier et al., 1998b), the wild-type express-
ing GRA2HA9 (Mercier et al., 1998a); and the RH hxgprt (Donald et
al., 1996) were propagated in human foreskin fibroblasts (HFFs)
maintained in DMEM supplemented with 10% fetal bovine serum,
2 mM glutamine, and 25 pg/ml gentamicin. Parasites were har-
vested after complete lysis of the monolayer, purified through
3.0-um filters, and washed in phosphate-buffered saline.

Molecular Biology Techniques

The bacterial strain used for recombinant DNA techniques was
Escherichia coli XL1-Blue. Restriction enzymes were purchased from
New England Biolabs (Beverly, MA) or from Roche Applied Science
(Mannheim, Germany). Polymerase chain reaction (PCR) amplifica-
tions used the Deep Vent (exo™) DNA polymerase (New England
Biolabs) or KleentagLA polymerase (Sigma-Aldrich, St. Louis, MO).
The sequences of all PCR oligonucleotides and plasmids described
below are available upon request.

Construction of a Scrambled Alpha-Helical Form
of GRA2-HA9

The construction of a HA9-tagged, full-length form of GRA2, the
Acl helix mutation, and a scrambled alpha-helical mutant called Al
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has been described previously (Mercier et al., 1998a). The Al con-
struct contains two additional amino acids not found in the native
protein that were created in the process of cloning. Overlapping
PCR amplification from the Al template was used to delete the extra
amino acids Phe and Gly, without further modification of the se-
quence to generate the construct called Sal, for scrambled.

GRAG6 Targeting Construct

To generate the GRA6 targeting construct, the GRA6 5'- and 3'-
flanking regions were amplified by reverse PCR from the GRA6
genomic clone pUC18/G1Pst1 (Lecordier et al., 1995), by using Deep
Vent (exo™) DNA polymerase and primers designed to create an
Niil restriction site at the ATG of GRA6 and a Pacl site at its TAA
stop codon. The CAT coding sequence (600 base pairs), excised with
the enzymes Nsil and Pacl from the SAG1/2 CAT plasmid (Soldati
and Boothroyd, 1993), was cloned into the 5-kb amplified fragment
digested with the restriction enzymes Nsil and Pacl. The resulting
construct GRA6/CAT/GRA6 was digested by Xbal to liberate a
2.3-kb fragment that was cloned into the Xbal site of the plasmid
pmini HXGPRT (provided by Dr. D.S. Roos, University of Pennsyl-
vania, Philadelphia, PA). The final GRA6 targeting construct,
GRA6/CAT/GRA6-HXGPRT of 7.2 kb, contains 745 base pairs of
the GRA6 5'- and 1.2 kb of the 3'-flanking regions, respectively. The
positive selectable marker (CAT) is cloned downstream of, and in
the same orientation as, the HXHPRT negative selectable marker,
which is under the control of the dhfr-flanking regions.

Isolation of Agra6 and Agra6-Agra2 Knockout
Toxoplasma Mutants

Tachyzoites of the RH strain deficient for hxgprt (obtained from Dr.
D.S Roos) were transformed by electroporation, by using either 50
or 100 g of the plasmid GRA6/CAT/GRA6-HXGPRT linearized
with the restriction enzyme Kpnl. Insertion of the plasmid into the
Toxoplasma genome was driven using the standard 20 uM chloram-
phenicol positive selection (Kim et al., 1993) for 10 d, and recombi-
nation at the GRA6 locus was sorted out using a 360-ug/ml 6-thio-
xanthine negative selection (Donald and Roos, 1998). Drug-resistant
parasites were cloned by limiting dilution to obtain the clones A11
and A804.

To construct the double knockout parasite Agra6-Agra2,
tachyzoites of the Agra6 Toxoplasma mutant clone A1l (GRA67,
CAT", hxgprt™) were electroporated with 100 ug of the circular
plasmid GRA2/Ble/GRA2 (8.9) used previously to target the GRA2
locus in the RH strain (Mercier et al., 1998b). The phleomycin
selection was applied as described previously (Messina et al., 1995),
and surviving parasites were cloned by limiting dilution to obtain
the clones A26 and A81.

Screening of both the single and double knockout mutants was
performed by immunofluorescence and Western blot analysis.

Complementation of Both Agra2 and Agra6 Mutants

GRAG6 expression was restored in the Agra6 mutant (GRA6~, CAT™,
hxgprt™), clone A804, by cotransfection of parasites with 50 ug of
the circular plasmid pUC18/G1Pst1 containing a genomic subclone
of GRA6 (Lecordier et al., 1995), mixed with 10 ug of the circular
selectable plasmid TUB/Ble (provided by Dr. D. Soldati, Imperial
College of Science, Technology, and Medicine, London, United
Kingdom), and subsequent standard Ble selection.

To complement the Agra2 mutant (Mercier ef al., 1998b) with the
mutated forms of GRA2-HAY, tachyzoites were cotransfected with
50 ug of the circular plasmid expressing either the deleted form of
GRA2-HA9, Aal, or GRA2-HA9 containing the scrambled form of
Aal, the Sal construct, mixed with 5 ug of the circular selectable
plasmid TUB/CAT, and the CAT selection was carried out as de-
scribed previously (Kim et al., 1993).
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T. gondii genomic DNA was digested using endonucleases, elec-
trophoresed in agarose gels, transferred to nylon membranes, and
hybridized at high stringency with specific probes as described
previously (Messina et al., 1995). The probes were radiolabeled with
[a-32P]dCTP, by using a random primed labeling kit (Roche Applied
Science).

Antibodies

The monoclonal antibodies (mAbs) Tg 17-179, 4G1-AH11, and 6B5
to the parasite proteins GRA2, GRA4, and GRAG6, respectively
(Charif ef al., 1990; Labruyere et al., 1999), were used for immuno-
detection. The HA9 epitope tag and the GRA6 protein were re-
vealed using the rabbit sera raised against the HA11 epitope (Babco,
Richmond, CA) and the recombinant HIS-GRAG6 protein (Labruyere
et al., 1999), respectively. The rabbit polyclonal antibody to Toxo-
plasma actin was described previously (Dobrowolski et al., 1997).

Gel Electrophoresis and Western Blotting

Proteins were separated by SDS-PAGE and transferred to nitrocel-
lulose by liquid transfer, by using a transfer system (Bio-Rad, Her-
cules, CA) according to the conditions of the supplier. After incu-
bation with the appropriate primary antibody, blots were incubated
with peroxidase-conjugated goat secondary antibodies (Jackson Im-
munoresearch Laboratories, West Grove, PA), and signals were
detected using the Supersignal ECL system (Pierce Chemical, Rock-
ford, IL).

Electron Microscopy

Monolayers of HFF cells grown on Permanox dishes (Lux Scientific,
Newbury, CA) were infected with parasites by rapid pulse invasion
and fixed at 20 min postinfection or 20-24 h postinfection, and
processed for transmission electron microscopy as described previ-
ously (Sibley et al., 1995; Mercier et al., 1998a). To facilitate preser-
vation of the network, the monolayers were flat embedded and
sectioned en face, thus avoiding removal of the cells from the
substratum, which otherwise can disrupt the architecture of the cell.

Invasion Experiments Visualized by
Immunofluorescence

Freshly harvested parasites were used to pulse-infect monolayers of
HEFF cells that were processed for immunofluorescence (IF) micros-
copy as described previously (Carruthers and Sibley, 1997). Local-
ization of the GRA proteins within the vacuole was performed by
double IF labeling, by using both the rabbit serum anti-GRA6 (La-
bruyere et al., 1999) and the mAb anti-GRA2 (Charif et al., 1990).
Primary antibodies were revealed using BODIPY-conjugated goat
anti-rabbit IgG (Molecular Probes, Eugene, OR) and Texas-Red-
conjugated goat anti-mouse IgG (Jackson Immunoresearch Labora-
tories). Coverslips were mounted on slides using the Prolong Anti-
fade reagent (Molecular Probes) and examined on an Axioscope
(Carl Zeiss, Jena, Germany) equipped for phase contrast and epi-
fluorescence microscopy. Images were acquired using a cooled cam-
era (Micromax; Princeton Instruments, Evry, France) coupled to the
Metaview Imaging System software (Universal Imaging Corp.,
Downingtown, PA).

Quantification of Posterior Localization of Both
GRA2 and GRAG6

Triplicate coverslips of pulse-infected cells were fixed at 15 min
postinvasion, and the percentage of parasites exhibiting a promi-
nent dot of fluorescence at the posterior end was determined from
300 parasites randomly selected on each slide. Cells were double
stained to simultaneously localize HA9, by using both the rabbit
anti-hemagglutinin (HA) serum followed by the BODIPY-conju-
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gated goat anti-rabbit IgG and either GRA6, by using the mAb 6B5
anti-GRA6 (Labruyere et al., 1999), or GRA2, by using the mAb
TG17-179 anti-GRA2 (Charif et al., 1990), followed by the Texas-
Red-conjugated goat anti-mouse IgG.

Cell Fractionation Experiments

The behavior of GRA proteins in mature networks was examined by
cell fractionation of infected cells to separate soluble (high-speed
supernatant, HSS) from membrane-associated (high-speed pellet,
HSP) forms. The stability of membrane associations was examined
by treatment of the HSP with 0.5 M KCl, 0.1 M carbonate pH 11, 1%
NP-40, or 6 M urea as described previously (Sibley et al., 1995).
Equal fractions of pellets and supernatants were analyzed by SDS-
PAGE followed by Western blotting and immunodetection.

RESULTS

Lack of GRA2 Disrupts Tubulovesicular Network

The GRA2 protein is a major component of a multimeric
complex that is stably anchored on the membranes of the
intravacuolar network (Mercier et al., 1998a; Labruyere et al.,
1999). To determine the dependence of this architecture on
GRA2, we examined the ultrastructure of the vacuole occu-
pied by Agra2 parasites grown in HFF cells. The parasite
morphology was normal; however, a dramatic alteration of
the vacuolar architecture was observed (Figure 1). Unlike
the wild-type RH strain and the complemented Agra2 mu-
tant, which both elaborated a network comprised of elon-
gated nanotubules, absence of GRA?2 led to disruption of the
network and formation of a granular material within the
vacuolar space (Figure 1). A few short tubules and sparse
small vesicles were also observed within the vacuole (our
unpublished data). Deletion of the GRA2 gene did not alter
the vacuolar delimiting membrane, nor the recruitment of
host cell mitochondria and endoplasmic reticulum to the
vacuole. These results demonstrate that one function of
GRA2 is to organize the vacuolar components (proteins
and/or lipids) into the nanotubular structures that comprise
the vacuolar network.

Amphipathic Alpha-Helices of GRA2 Are Critical to
Formation of Tubular Network

Cell fractionation experiments had shown previously that
both amphipathic alpha-helices of GRA2 are critical to en-
sure the stable association with the network membranes
(Mercier et al., 1998a). To determine whether these domains
are also involved in establishing the tubular architecture of
the network, the Agra2 mutant was complemented with two
GRA2 mutants. The first one, Aal, contained an internal
deletion of the amino acids 67-89, corresponding to the first
amphipathic alpha-helix (Mercier et al., 1998a) (Figure 2A).
The second construct, referred to as Sal, corresponds to a
scrambled form of the first alpha-helix, designed to destroy
the amphipathicity (Figure 2A). Importantly, this construct
contains the exact same number and composition of amino
acids as the endogenous GRA2. Both these mutated forms of
GRA2 were stably expressed in the Agra2 mutant as con-
firmed by Western blot analysis by using either the rabbit
polyclonal antibody to the HA epitope tag (Figure 2B, left) or
the mAb TG17-179 to GRA2 (Figure 2B, right).

Analysis of the vacuolar architecture by electron micros-
copy at 20-24 h postinvasion showed that neither of the
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Figure 1. Ultrastructural alteration of the intravacuolar tubular network after deletion of the GRA2 gene. Transmission electron micrographs
depicting the parasitophorous vacuole of wild-type RH hxgprt™ (WT), Agra2 mutant (Agra2), or complemented Agra2 (Agra2 + GRA2)
parasites grown in HFF cells. Cells were fixed at 20-24 h postinfection. The PV membrane is indicated by the arrowheads, and the network
is indicated by the arrows. P, parasite; M, host cell mitochondrion. Scale, 500 nm.

constructs was able to restore the wild-type tubular struc-
ture of the network. Indeed, complementation with the Aal
form of GRA2 showed some aggregated material together
with small vesicles; this phenotype was identical to that
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observed in the Agra2 mutant. An intermediate phenotype,
characterized by larger vesicles surrounded by flattened
sheets of membranes, was observed in vacuoles formed by
the Agra2 mutant complemented with the scrambled form of
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Figure 2. Complementation of the Agra2 deletion mutant (Agra2) with altered forms of GRA2. (A) Schematic representation of the GRA2-HA9
cassettes used to complement the Agra2 knockout mutant. The open boxes indicate the GRA2 coding sequence, with the black boxes, the N-terminal
signal peptide; the vertically shaded boxes, the nine amino acid-HA9 epitope tag fused to the C-terminal end of the coding sequence; the diagonally
shaded boxes, the amphipathic alpha-helices of GRA2; and the squared box, the rearranged amino acids at the 69-87 region, in the Sal scrambled
construct. The total number of GRA2 amino acids is indicated below each cassette. Amino acids 69—-87 of the first amphipathic alpha-helix are
displayed as an Edmunson helical wheel below. The amino acids were rearranged to destroy the amphipathicity of the helix. (referred to as Sal).
Hydrophobic amino acids are in open squares and charged amino acids in shaded squares. (B) Western blot analysis of the Agra2 mutant
complemented with either the Aal form of GRA2-HA9, or the scrambled form (Sal) of GRA2-HA9. For comparison, the Agra2 mutant, the
wild-type parasite (WT) and the transgenic parasite expressing GRA2-HA9 (WT+ GRA2HA9) are shown. The left panel was probed with the rabbit
polyclonal antibody against HA (anti-HA) and the right panel, with the anti-GRA2 mAb TG17-179 (anti-GRA2). The rabbit polyclonal antibody
against actin was used as an internal control of the quantity of proteins loaded in each lane. (C) Ultrastructural modifications of the vacuole after
complementation of the Agra2 mutant with either the deleted form of GRA2 HA9 (Agra2 + Aal) or the scrambled form of GRA2-HA9 (Agra2 +
Sal). The network is present as small vesicles (Agra2 + Aal) or as large vesicles and membrane sheets (Agra2 + Sal) (arrows). Arrowheads indicate
the PVM. P, parasite; M, host cell mitochondrion. Scale, 500 nm.
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GRA2-HA9 (Figure 2C). Together, these results indicate that
both amphipathic alpha-helices of GRA2 are required to
ensure the tubular organization of the vacuolar network.

Construction and Complementation of Both Agra6
and Agra6-Agra2 Mutants

To investigate the potential role of GRA6 in the formation of
the tubular network, the single copy GRA6 gene was dis-
rupted in the RH strain to create Agra6 parasites. Second-
arily, the GRA2 gene was disrupted from this Agra6 parasite
by using Ble selection as described previously (Mercier et al.,
1998b) to create Agra6-Agra2 parasites (Figure 3A). Lack of
expression of GRA6 in the Agra6 mutants, and of both the
GRAZ2 and the GRA6 proteins in the Agra6-Agra2 mutants, as
well as their reexpression in the respective complemented
clones, was confirmed by Western blot analysis by using
either the rabbit polyclonal antibody anti-GRA6 or the mAb
TG17-179 anti-GRA2 (Figure 3B) and by Southern blot anal-
ysis (Figure 3C).

To examine the role of GRA6 in organization of the intra-
vacuolar network, HFF cells were infected for 20-24 h with
either the Agra6, the Agra6-Agra2, or the complemented
Agra6 mutant, before being processed for electron micros-
copy. Deletion of GRA6 or of both GRA2 and GRA6 did not
affect the parasite ultrastructure or the recruitment of host
cell mitochondria and endoplasmic reticulum (Figure 4; our
unpublished data). Similarly to the observations made in the
Agra2 mutant, deletion of the GRA6 gene also resulted in a
loss of the tubular structure of the mature vacuolar network;
however, it was replaced by vesicular material (Figure 4).
Appearance of a normal tubular network was restored by
complementation of the Agra6 mutant with the GRA6 gene.
The vacuolar content of the Agra6-Agra2 mutant resembled
that of the Agra2 mutant and consisted of condensed amor-
phous material (Figure 4). Collectively, these data indicate
that GRA®6 is also involved in stabilizing the tubular struc-
ture of the intravacuolar network.

Despite the Lack of Network Organization, Both
GRA?2 and GRAG6 Still Behave as Integral Membrane
Proteins of PV

To examine the membrane targeting of GRA proteins in the
absence of either GRA2 or GRA®, cell fractionation experi-
ments, followed by treatment of membranes with different
destabilizing agents, were carried out as described previ-
ously (Mercier et al., 1998a). The partitioning of the GRA
proteins (GRA1 to GRA7) between soluble and membrane-
associated fractions was not altered in the single mutants or
in the double mutants (our unpublished data). In the Agra2
mutant, the membrane-associated form of GRA6 behaved
exactly as in the wild-type parasite and was displaced only
by NP-40 (Figure 5A) (Labruyere et al., 1999). Similarly, lack
of GRA6 had no effect on the behavior of the membrane-
associated form of GRA2, which was displaced by urea and
by NP-40 (Labruyere et al., 1999) (Figure 5B). Together, these
results show that despite the loss of network organization in
either the Agra2 or the Agra6 mutants, the respective remain-
ing proteins GRA2 and GRA6 were still able to interact
through normal hydrophobic interactions within the vacu-
ole.
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GRA2 and Not GRA6 Triggers Early Formation of
Network Tubules

Previous studies have shown that both GRA2 and GRAG6 are
transiently associated with a posterior invagination of the
parasite cell where a cluster of multilamellar vesicles first
gives rise to the intravacuolar network (Sibley ef al., 1995;
Mercier et al., 1998a; Labruyere et al., 1999). To examine the
consequence of lack of GRA2 and/or GRA6 on the early
formation of the network, parasites were fixed 20 min post-
invasion and processed for electron microscopy analysis. In
both single and double mutants, a prominent invagination
of the parasite plasma membrane was observed at the pos-
terior end of the parasite (Figure 6A). Although this pocket
was occupied by vesicular material, the quantity and the
organization of the released material was very different. This
material was rare and consisted of small, sparse vesicles in
both the Agra2 and the Agra6-Agra2 mutants. In contrast, the
material released in the posterior invagination of the Agra6
mutant was unexpectedly as abundant and organized into
multilamellar vesicles similar to the wild-type parasite and
the complemented mutants (Figure 6A).

Collectively, these results show that posterior invagina-
tion and organization of multivesicular structures forming
the network are two distinct events. They also show that
although GRA2 is involved in the early steps of network
assembly, GRA®6 is not essential for this process.

GRA2 Drives Posterior Accumulation of GRA6 at
an Early Time Point after Invasion

We next examined whether the loss of the posterior network
organizing center would have any effect on the localization
of GRA2 and GRAG6 to the posterior end of the cell shortly
after invasion (Labruyere et al., 1999). The distribution of
GRAG6 was altered in Agra2 parasites: instead of the typical
prominent posterior staining observed in wild-type para-
sites, the protein was homogeneously distributed within the
vacuole at 15 min postinvasion (Figure 6B). Thus, although
lack of GRA2 did not alter normal secretion of GRA6 into the
vacuole, GRA2 was necessary for the posterior recruitment
of GRAG. In contrast, the normal posterior accumulation of
GRA2 was observed in the Agra6 mutant (Figure 6B).

Both Alpha-Helices of GRA2 Are Required for
Network Organization and Posterior Targeting
of GRA6

To investigate the contribution of the amphipathic alpha-
helices of GRA2 in the formation of the network, we exam-
ined the Agra2 mutant complemented with GRA2 containing
a deleted first alpha-helix (referred to as Aal) or a scrambled
al helix (referred to as Sal), respectively. Although the Aal
mutant was not able to restore the multivesicular profile in
the posterior invagination, a partial recovery was observed
in cells complemented with the Sal form of GRA2 (Figure
7A).

The relative efficiency in restoring the posterior recruit-
ment of GRA6, after complementation of Agra2 with the
mutated forms of GRA2, was determined by counting the
percentage of cells displaying a prominent dot of fluores-
cence at the posterior end of the parasite at 15 min postin-
vasion. The average percentage of GRA2 posterior dots was

Molecular Biology of the Cell
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Figure 3. Targeted disruption of the GRA6 gene and construction of the double knockout mutant, Agra6-Agra2. (A) Schematic genomic
representation of both the GRA2 and the GRA6 loci and of the plasmid constructs used to target both the GRA6 and the GRA2 genes. The
5'- and 3'-untranslated regions (UTRs) of both GRA2 and GRAG are represented by diagonally shaded boxes (inclined to the right in the case
of GRA6 and, to the left in the case of GRA2); stripped boxes represent the DHFR 5'- and 3'-UTR. Arrowheads indicate the transcriptional
start site of either the GRA6 or the GRA2 gene. Restriction sites used for the genetic analyses are indicated: E (EcoRI), N (Nsil), and Nc (Ncol).
Probes used to hybridize the southern blots are represented by the thick lines underneath the coding sequences. (B) Western blot analysis
of sample clones showing the lack of GRA6 expression in the Agra6 mutants (clone All and clone A804) and the lack of expression of both
GRA2 and GRAG6 in the Agra6-Agra2 mutants (clone A26 and clone A81). For comparison, the WT parasite, the Agra2 mutant and the
respective complemented mutants (Agra2 + GRA2; Agra6 + GRA6) are shown. Western blots were incubated with either the rabbit
polyclonal antibody to GRAG6 (left) or the anti-GRA2 mAb TG17-179 (right). Asterisk (*) indicates Toxoplasma actin used as an internal control
of the quantity of proteins loaded in each lane and revealed by a rabbit anti-T. gondii actin. (C) Southern blot analysis of both the Agra6 and
Agra6-Agra2 mutants in comparison with the WT parasite and the complemented Agra6 (Agra6 + GRA6). The left panel shows that the Agra6
mutants, clones A804 and A11, lack the GRA6 open-reading-frame, in contrast to the parental RH HXGPRT~ (WT). The complemented Agra6
(Agra6 + GRAG6) has multiple integrations of the GRA6 gene in the genome, including one copy at the GRA6 locus. DNA was digested with
Xhol and hybridized with the GRA6 probe (690 bp) shown in A. The right panel showed that the Agra6-Agra2 mutants, clones A81 and A26,
lack the GRA2 open-reading-frame. In contrast, the GRA2 locus was unaltered by the targeted deletion of the GRA6 gene (clones A804 and
A11). DNA was digested with Ncol and hybridized with the GRA2 probe (550 bp) shown in A.
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Figure 4. Disruption of GRA6 causes loss of organization of the mature network. Ultrastructural alteration of the intravacuolar tubular
network in the Agra6 mutant, a complemented mutant (Agra6 + GRA6) and the Agra6-Agra2 double mutant examined at 2024 h
postinfection. The PV membrane is indicated by the arrowheads, and the network is indicated by arrows. P, parasite; E, endoplasmic

reticulum of the host cell. Scale, 500 nm.

between 43 and 53% in control wild-type parasites and in
parasites expressing GRA2-HA9, whereas the average per-
centage of GRA6 posterior dots was between 25 and 29%,
respectively. In contrast, <3% of cells contained GRA6 pos-
terior dots in the Agra2 mutant. Complementation of the
Agra2 mutant with the Aal deletion construct (Figure 2A)
did not restore the formation of GRA2 nor GRA6 posterior
dots efficiently, consistent with the electron microscopy ob-
servations described above. Although the complementation
of the Agra2 mutant with the scrambled construct was able
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to restore GRA2 localization (32% of cells had prominent
posterior dots), it was incapable of restoring the correct
distribution of GRA6 (only 10% of cells showed posterior
dots). Perfect restoration of the posterior targeting of GRA6
and of GRA2 was achieved only by complementation of the
Agra2 mutant with full-length GRA2 (Figure 7B). Together,
these results show that integrity of both amphipathic alpha-
helices of GRA2 is crucial to the formation of the network
and for the recruitment of GRA®6 to the posterior end of the
parasite during this process.
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Figure 5. Despite the lack of network or-
ganization, GRA6 and GRA2 still behave as
integral membrane proteins in the Agra2
and in the Agra6 mutants, respectively.
Western blot analysis of the partitioning of
GRA6 and GRA2 in single knock mutants.
(A) In Agra2 mutants, GRA6 was present as
both a soluble (HSS) and a membranous
form (HSP) within the vacuole, with the
soluble GRA6 migrating faster than the
membranous form. The GRA6 membra-
nous form was resistant to high salt concen-
tration (KCl), high pH (Carb), 6 M urea but B
was fully solubilized by NP-40. TRIS refers
to a control treatment with buffer alone.
The behavior of GRA6 in the comple-
mented mutant (Agra2 + GRA2) was simi-
lar. (B) Two forms of GRA2 were detected
in the Agra6 mutant (Agra6), a soluble (HSS)
and a membrane-associated form (HSP).
The membrane-associated form of GRA2
was displaced from the HSP by NP40 and
by 6 M urea. The behavior of GRA2 in a
complemented mutant (Agra6 + GRA6)
was similar. Fractions were analyzed by
SDS-PAGE followed by Western blotting
by using either the rabbit polyclonal serum
against GRA6 and the mAb TG 17-179 anti-
GRA2, respectively.

DISCUSSION

Secretion of dense granule proteins into the newly formed
vacuole and the elaboration of an intravacuolar tubular net-
work, to form a membranous interface between the parasite
and the host cell, are major events in the maturation process
of the vacuole occupied by Toxoplasma (Sibley et al., 1995;
Carruthers and Sibley, 1997). Using a knockout strategy, we
now demonstrate that both GRA2 and GRAS6 are essential to
the formation of the elongated nanotubules that comprise
the vacuolar network. GRA2 has a prominent role in the
formation of multivesicular clusters during the initial assem-
bly of the network, which occurs at the posterior end of the
cell. Recruitment of GRA6 to this posterior site requires
GRAZ2 and consequently, also depends on proper formation
of the network. Once formed, the integrity of the nanotubu-
lar structure of the network is in part dependent on expres-
sion of GRA6, because in its absence the network collapses
into a system of membrane vesicles. Our results indicate that
the construction of the elaborate tubulovesicular membrane
system comprising the network is directed by secretory pro-
teins released by the parasite.

After soluble secretion into the vacuole, the majority of the
GRA proteins diffuse through the vacuolar lumen before
being stably associated with their respective vacuolar mem-
branes. Thus, although GRA2 and GRAG®6 are initially dis-
persed, they are rapidly translocated to the posterior pole of
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the parasite where they associate with the nascent intravacu-
olar network (Sibley et al., 1995; Mercier et al., 1998a; La-
bruyere ef al., 1999). This nascent network consists in mul-
tilamellar vesicles assembled in a prominent invagination of
the posterior end of the parasite (Sibley et al., 1995). These
multilamellar vesicles further extend into the vacuole to
form the elongated membranous tubules of the mature net-
work. Although posterior invaginations were found in both
the Agra2 and the Agra6 mutants, both the quantity and the
organization level of the material found in these pockets,
was different. Whereas aggregated material was observed in
the posterior end of the Agra2 mutant, the posterior invagi-
nation of the Agra6 mutant contained lamellar material that
was similar to the wild type. In addition, whereas GRA2
posterior accumulation still occurred in the absence of
GRAS6, no posterior accumulation of GRA6 was found in the
Agra2 mutant. Together, these results indicate that 1) GRA2
is capable of organizing the forming network at the posterior
invagination into multilamellar vesicles that will further
extend into elongated nanotubules; 2) posterior accumula-
tion of GRAG is likely mediated by GRA2 and/or by the
vesicles being assembled at the posterior end; and 3) GRA6
is needed to stabilize the network membranes in a nanotu-
bular shape in the mature network. The origin of the mul-
tilamellar material that forms the network is still uncertain;
however, it resembles a complex known as tubular myelin,
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Figure 6. Disruption of GRA2 causes loss of the posterior organizing center and results in failure to target GRA6 to the posterior end of the
parasite shortly after invasion. (A) Transmission electron micrographs depicting the invaginated posterior end of the parasite, 20 min
postinvasion. Wild-type parasites (WT), single deletion mutants (Agra2 and Agra6), complemented mutants (Agra2 + GRA2 and Agra6 +
GRA6) and double deletion mutant (Agra6-Agra2). Arrows indicate the posterior invagination. Scale, 500 nm. (B) IF localization of GRA
proteins in the parasitophorous vacuole at 15 min postinvasion. In both the WT and complemented mutants, both GRA2 (red channel) and
GRAG6 (green channel) were found throughout the vacuole and concentrated in a prominent dot of fluorescence at the posterior end of the
parasite (arrows). In contrast, in the Agra2 mutant, GRA6 was secreted into the vacuolar compartment but failed to accumulate at the
posterior end. Remarkably, no alteration of the typical GRA2 posterior accumulation was observed in the Agra6 mutant. GRA2 was detected
using the mAb TG17-179 followed by Texas-Red—conjugated anti-mouse IgG. GRA6 was detected using the rabbit polyclonal antibody
followed by BODIPY-conjugated goat anti-rabbit IgG.
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Figure 7. Complementation of the Agra2
mutant with partial forms of the protein does B
not restore posterior organization of the net-
work or targeting of GRA6. (A) Complemen-
tation of the Agra2 mutant with GRA2 con-
taining either the deleted first helix (Agra2 +

Agra2 Aat

Nanotubule Induction

Agra2 + Sal

Quantification of the GRA2/GRAG dots
(15 min. post-invasion)

Aal) or the scrambled first helix (Agra2 + 70

Sal). Transmission electron micrographs of

cells processed 20 min postinfection. Arrows 60 +

indicate the posterior invagination. Scale, 500 50 T

nm. (B) Quantification of the posterior local- L] EGRA? dot
ization of GRA2 and GRA6 by IF as described S 40-

in Figure 6B. Wild-type parasites (WT), wild- 5 A 2 HA dot
type parasites expressing GRA2 tagged with 30 T I =

P}I]A9 (WT + GRAZHA9)% GRA2 delgegtion mu- X = BGRAS dat
tant (Agra2), deletion mutant complemented 20 =

with GRA2 lacking the first alpha-helix (Agra2 10 =

+ Aal), deletion mutant complemented with =

the scrambled al form of GRA2 (Agra2 + 0- =

Sal), deletion mutant complemented with
the full-length gene (Agra2 + GRA2). Values
represent the mean + SD from three cover-
slips of a representative experiment.

which is a mixture of lipids and proteins that make up
pulmonary surfactant (Haagsman and Diemel, 2001).

The central region of GRA2 contains two 19-mer amphi-
pathic alpha-helices, known as al and a2, respectively (Mer-
cier et al., 1993), which have been shown previously to be
critical for the stable membrane association of GRA2 (Mer-
cier et al., 1998a). Herein, we show that both GRA2 amphi-
pathic alpha-helices are required to ensure the network tu-
bulation process. Indeed, complementation of the Agra2
mutant with a mutant form of GRA2 lacking a1, did not
restore the tubular form to the network. Interestingly, an
intermediate state of vacuolar organization, characterized by
large vesicles and membranous sheets, was observed after
complementation of the Agra2 mutant by GRA2 containing a
scrambled al helix. These results are in agreement with a
previous report showing that the Aal form of GRA2 was
entirely soluble in the vacuole, whereas the GRA2 contain-
ing a scrambled ol associates only transiently with the tu-
bular membranes of the network (Mercier et al., 1998a).
Moreover, neither of the GRA2 mutated forms, Aal or Sal,
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was capable of restoring the posterior accumulation of
GRA6.

The prominent connections of the network nanotubules
with the limiting membrane of the PV (Sibley et al., 1995)
suggests that the network may participate in the nutrient
exchange between the parasite and the host cell. The vacu-
olar network of Toxoplasma may thus be comparable with the
extensions of the Plasmodium PV membrane that extend into
the host cell cytosol, the so-called network of tubulovesicu-
lar membranes, which is involved in nutrient acquisition
(reviewed in Haldar et al., 2001). Such acquisition is likely to
rely on the formation of protein complexes forming pores
(Schwab et al., 1994), which may be present both in the
delimiting membrane of the vacuole and in the network
membranes. Additionally, the network may participate in
transport of vital nutrients from the host cell mitochondria
and endoplasmic reticulum recruited at the vacuolar mem-
brane (Sinai and Joiner, 2001). Although the intravacuolar
network is not essential for the in vitro growth of the rapidly
dividing tachyzoite stage, all the three mutants were found
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to be less virulent in mice (Mercier et al., 1998b; Mercier and
Cesbron-Delauw, unpublished data), suggesting an as yet
unrecognized role for this interface during intracellular sur-
vival in the host.

The invagination of membrane domains requires induc-
tion of a prominent curvature in the lipid bilayer, which can
occur by altering the lipid composition of the two leaflets or
by protein-based mechanisms (Huttner and Zimmerburg,
2001). Cellular membranes are also known to undergo con-
formational changes, from vesicular to planar to tubular
shapes. While it is likely that protein interactions govern
these changes, their precise control is not well understood.
For example, formation of endoplasmic reticulum membra-
nous tubules in Xenopus laevis requires a still uncharacter-
ized, ubiquitous cytosolic protein (Dreier and Rapoport,
2000); in Saccharomyces cerevisiae, involvement of the Signal
Recognition Particle Receptor was found to be involved in
the formation of peripheral endoplasmic reticulum network
(Prinz et al., 2000). Several adaptor proteins that are involved
in clathrin-mediated endocytosis, including endophilin
(Farsad et al., 2001) and amphyphysin (Takei et al., 1999)
have been shown to bind to membrane vesicles and induce
a tubular conformation in vitro. This process is dependent
on an N-terminal region of homology between these two
proteins that displays a prominent alpha-helical and amphi-
pathic nature. Membrane evagination, to form a tubular
collar involved in pinching off endocytic vacuoles involves
the coat protein dynamin (Sweitzer and Hinshaw, 1998),
which is important for the synaptic vesicle retrieval and
during endocytosis. Membrane nanotubules (typically
50-70 nm in diameter and several micrometers in length)
have also been described in the Golgi complex, the trans-
Golgi network and the connections between the Golgi stacks
(Lee et al., 2001). Recent work has shown that a de novo-
designed 18-mer amphipathic alpha-helical peptide is capa-
ble of transforming spherical liposomes made from a Golgi-
specific phospholipid mixture into nanotubules whose size
and shape resemble the Golgi apparatus (Lee et al., 2001).
Formation of nanotubules depends on both their lipid com-
position and the properties of their constitutive peptides
such as the length and the ratio in hydrophilic vs. hydro-
phobic amino acids (Lee et al., 2001). Consistently with this
observation, we demonstrated herein that the tubular archi-
tecture of the Toxoplasma network also depends on the am-
phipathic alpha-helical regions of GRA2.

There are two possible interpretations of our observations
that the amphipathic alpha-helical domains of GRA2 are
essential to formation of membrane nanotubules in the net-
work. First, these domains may be required for insertion of
GRA2 as a hairpin into the membrane bilayer, thus affecting
a localized curvature of the membrane to form the tightly
cylindrical nanotubules observed. In the absence of both
helices, the protein looses its ability to stably insert into the
membrane (Mercier et al.,, 1998a), and is thus unable to
confer this geometry, causing the nanotubules to collapse. A
second explanation is that GRA2 is necessary for proper
recruitment of a specific lipid composition to the network.
Alterations in lipid composition may disfavor the formation
of nanotubules, as has been shown in other systems (Lee et
al., 2001). Recent evidence suggests that Toxoplasma scav-
enges cholesterol from the host cells by a process that in-
volves vesicular trafficking (Coppens et al., 2000). The intra-
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vacuolar network, organized by GRA2, is prominently
situated to facilitate such uptake and in the absence of
GRAZ2, there may be decreased lipid accumulation, resulting
in an altered composition and morphology of the network.
Toxoplasma provides a model system to study the role of
protein-membrane interactions at the host parasite interface,
and distinguishing between these models will require fur-
ther experimentation.

The results reported in this study demonstrate conclu-
sively that both of the dense granule proteins GRA2 and
GRAG6 play an important role in organizing the tubulove-
sicular network within the vacuole. GRA2 triggers the
organization of lamellar vesicles at the posterior end of
the cell that further extend into elongated nanotubules to
form the mature network within the vacuolar space.
GRA6, whose posterior recruitment requires the presence
of GRA2, stabilizes these tubular membranes in the ma-
ture network. Our data support the concept that amphi-
pathic alpha-helical protein domains contribute to the
process of nanotubule formation. Nanotubules are found
in association with the endoplasmic reticulum, the Golgi,
and with endocytic vesicles, where they are important for
a variety of processes that require membrane sorting,
fusion, and transport. Although previously thought to be
restricted to these highly specialized structures in mam-
malian cells, our study indicates that the formation of
nanotubules is a fundamental process, likely shared by all
eukaryotic cells.
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