EukaRryoTIC CELL, Aug. 2006, p. 1420-1429
1535-9778/06/$08.00+0  doi:10.1128/EC.00078-06

Vol. 5, No. 8

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Membrane Topology and Transient Acylation of
Toxoplasma gondii Glycosylphosphatidylinositols

Jiirgen Kimmel,' Terrsy K. Smith,> Nahid Azzouz,' Peter Gerold,' Frank Seeber,’
Klaus Lingelbach,” Jean-Frangois Dubremetz,* and Ralph T. Schwarz'~*

Institut fiir Virologie, Zentrum fiir Hygiene und Medizinische Mikrobiologie, Philipps-Universitit, Robert-Koch Strasse 17,
35037 Marburg, Germany'; Division of Biological Chemistry and Molecular Microbiology, Wellcome Trust Biocentre,
University of Dundee, Dundee, Scotland, United Kingdom®; FB Biologie/Parasitologie, Philipps-Universitéit Marburg,
Karl-von-Frisch-Str., 35032 Marburg, Germany®; CNRS UMR 5539, Université de Montpellier, 2 Place Eugéne Bataillon, 34095
Montpellier Cedex 05, France®; and Unité de Glycobiologie Structurale et Fonctionnelle UMR CNRS/USTL no. 8576, Université des
Sciences et Technologies de Lille, Batiment C9, 59655 Villeneuve D’Ascq Cedex, France®

Received 17 March 2006/Accepted 2 June 2006

Using hypotonically permeabilized Toxoplasma gondii tachyzoites, we investigated the topology of the free
glycosylphosphatidylinositols (GPIs) within the endoplasmic reticulum (ER) membrane. The morphology and
permeability of parasites were checked by electron microscopy and release of a cytosolic protein. The mem-
brane integrity of organelles (ER and rhoptries) was checked by protease protection assays. In initial exper-
iments, GPI biosynthetic intermediates were labeled with UDP-[6->H]GlcNAc in permeabilized parasites, and
the transmembrane distribution of the radiolabeled lipids was probed with phosphatidylinositol-specific
phospholipase C (PI-PLC). A new early intermediate with an acyl modification on the inositol was identified,
indicating that inositol acylation also occurs in 7. gondii. A significant portion of the early GPI intermediates
(GleN-PI and GleNAc-PI) could be hydrolyzed following PI-PLC treatment, indicating that these glycolipids
are predominantly present in the cytoplasmic leaflet of the ER. Permeabilized T. gondii parasites labeled with
either GDP-[2-*H]mannose or UDP-[6-*H]glucose showed that the more mannosylated and side chain (Glc-
GalNAc)-modified GPI intermediates are also preferentially localized in the cytoplasmic leaflet of the ER.

Toxoplasma gondii is one of the most widespread parasites
causing toxoplasmosis, a disease that affects humans and a
wide variety of mammals. As with most members of the
Apicomplexa, this protozoan is obligately intracellular. Toxo-
plasma has the ability to invade nearly all nucleated cells in an
active multistep process (2, 6, 42). Several surface proteins,
including the major surface antigen SAGI, are proposed to
establish the first contact between the parasite and the host cell
(33, 37). As in the case of many other parasitic protozoa (9, 25,
26), glycosylphosphatidylinositol (GPI)-anchored proteins
such as SAG1 dominate the plasma membranes of 7. gondii
tachyzoites, a stage that is associated with the acute phase of
infection. Structural analysis of various glycolipid anchors ini-
tially described for Trypanosoma brucei showed the presence of
a conserved core structure of phosphatidylinositol-lipid linked
to a glycan consisting of nonacetylated glucosamine and three
mannose residues (10, 17, 38). The terminal mannose carries
an ethanolamine phosphate (EtNP), which can be attached to
the C-terminal amino acids of proteins via an amide bond.
Various side chain modifications by additional sugars or etha-
nolamine phosphates have been described (7, 14, 25). In the
case of T. gondii, the side chain consists of glucose—al-4N-
acetylgalactosamine linked to the first mannose (48, 59). It has
been shown that free GPIs (the so-called low-molecular-weight
antigen) (41) present in large amounts on the parasite surface
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are highly immunogenic in humans (48). Additionally, Toxo-
plasma GPIs can induce tumor necrosis factor alpha produc-
tion in macrophages (5).

GPI membrane anchors are transferred en bloc to proteins
as preassembled glycolipid precursors in a transamidase reac-
tion cleaving off the hydrophobic C-terminal GPI signal se-
quence (reviewed in references 19, 29, and 50). Synthesis of the
precursor starts with the transfer of GlcNAc to PI from UDP-
GlcNAc, followed by de-N-acetylation, resulting in the forma-
tion of GIcN-PI (reviewed in reference 8). Dolichyl-phospho-
mannose (Dol-P-Man) is the donor for the subsequent
mannosylation (31), and synthesis is complete after the trans-
fer of ethanolamine phosphate from phosphatidylethanol-
amine (30). In T. gondii, the addition of the side chain modi-
fication occurs before transfer to the protein, most likely
before addition of the terminal ethanolamine phosphate. The
direct donor for the glucose modification is UDP-Glc (47). The
location of the glucose and GalNAc transferase and the donor
of the GalNAc modification have not been characterized yet.
The poor labeling efficiency of GalNAc using tritiated UDP-
GalNAc points to the possibility that a lipophilic intermediate
is involved (Natacha Hyams, unpublished observations).

A common modification of GPI anchor precursors is an acyl
chain linked to position 2 of inositol, which leads to resistance
to PI-specific phospholipase C (PI-PLC) (25, 36). In Plasmo-
dium falciparum and mammalian cells, GPI biosynthesis and
inositol acylation, respectively, are requirements for transfer of
the first mannose (12, 13). In contrast, 7. brucei inositol acy-
lation occurs only after transfer of the first mannose (15, 44).

In trypanosomal microsomes as well as a mouse Thy-1 cell
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line, intermediates of GPI biosynthesis were primarily located
in the cytoplasmic leaflet of the endoplasmic reticulum (ER)
membrane (51, 52). These findings were supported by investi-
gations of different GPI-deficient mutants in mammalian cells
and Saccharomyces cerevisiae (19, 20). The first step of GPI
anchor biosynthesis is mediated by GPI-N-acetylglucosaminyl-
transferase, a complex consisting of at least six proteins (55,
57). Two of the proteins (PIG-A, the catalytic component, and
PIG-H) were shown to be orientated to the cytoplasm (56).
The same was shown for the N-acetylglucosaminylphosphati-
dylinositol (GIcNAc-PI) de-N-acetylase, PIG-L, which is essen-
tial for the second step and also has enzyme activity on the
cytoplasmic face of the ER membrane (35). On the other hand,
the GPI al-4-mannosyltransferase encoded by the PIG-M
gene possesses a functionally essential DXD motif within an
ER luminal domain, suggesting that transfer of the first mannose
linked to the GlcN takes place on the luminal side of the ER (22).
GPI biosynthesis starts on the cytoplasmic face of the ER and
ends with the transfer of the mature GPI anchor precursor to
nascent proteins on the luminal side, suggesting the transfer of
intermediates across the ER membrane by specific proteins called
flippases. Recently, an ATP-independent, protein-mediated flip-
flop of GPI lipids was reported (3, 54).

Here we show that early GPI biosynthetic intermediates of
T. gondii are located primarily in the cytoplasmic leaflet of the
ER membrane. We show that 71% of the first biosynthetic
intermediate (GIcNAc-PI) and 82% of the following interme-
diate (GIcN-PI) are found on the cytoplasmic face of the ER.
Additionally, we show that large amounts of the two GPI
anchor precursors, glycolipids IT and III [EtNP-Man,-(GalNAc-
Glc)Man-GIcN-PI and EtNP-Man,-(GalNAc)Man-GlcN-PI, re-
spectively], are also located in the cytoplasmic leaflet. Although
transfer to newly synthesized proteins takes place in the ER lu-
men, about 66% of these two glycolipids are present on the
cytoplasmic side of the ER membrane.

(This communication is presented in partial fulfillment of
the requirements of the doctoral thesis of J. Kimmel.)

MATERIALS AND METHODS

Materials. D-[6-*H]glucosamine hydrochloride (25 Ci/mmol), UDP-[6-°H]
GleNAc (18.9 Ci/mmol), GDP-[2-*H]mannose (15.1 Ci/mmol), UDP-[1-°H]
GalNAc, and UDP-[6-*H]glucose (15 Ci/mmol) were purchased from Amersham
Bioscience. PI-PLC (EC 3.1.4.10) from Bacillus cereus was obtained from Boehr-
inger, Bacillus thuringiensis PI-PLC, jack bean a-mannosidase, and jack bean
B-N-acetylhexosaminidase were obtained from Glyco, and a-glucosidase was
obtained from Roche. Antibodies raised against Trypanosoma brucei heavy chain
binding protein (BiP) were a gift from J. D. Bangs (University of Wisconsin,
Madison, WI).

Parasites and cell culture. 7. gondii strain RH tachyzoites and a clone of the
RH strain stably expressing the cytosolic marker Escherichia coli B-galactosidase
(40) were grown in Vero cells. Confluent cell cultures (175 cm?) were infected
with 5 X 107 tachyzoites in Dulbecco’s modified Eagle medium supplemented
with 2% (vol/vol) fetal calf serum. Tachyzoites were harvested after 72 h. They
were set free from their host cells by passing suspensions of infected cultures
twice through a 20-gauge needle, twice through a 23-gauge needle, and three
times through a 26-gauge needle. The suspension was run through a 20-ml glass
wool column to remove cellular debris and filtered through 3-pum polycarbonate
filters (Nuclepore). The purity of the tachyzoite suspension was monitored mi-
croscopically.

Permeabilization of T. gondii tachyzoites. Tachyzoites (1 X 10%) were perme-
abilized in 500 pl of ice-cold water containing 1 wg/ml leupeptin, 0.1 mM
Na-p-tosyl-L-lysine chloromethyl ketone (TLCK), and 0.2 pwg/ml tunicamycin for
10 min on ice, homogenized by 10 strokes in a Dounce homogenizer, mixed with
an equal volume of double-isotonic incubation buffer (100 mM Na-HEPES at pH
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7.4, 50 mM KCl, 10 mM MgCl,, 10 mM MnCl,, 1 pg/ml leupeptin, 0.1 mM
TLCK, and 0.2 wg/ml tunicamycin), and homogenized by 5 strokes in the ho-
mogenizer.

Controls for permeability and integrity of hypotonically permeabilized para-
sites. (i) B-Galactosidase assay. Supernatants corresponding to 1 X 10° parasites
from permeabilized or intact RHpB-1 tachyzoites (40) were transferred to a
96-well plate (Nunc, Denmark). The corresponding pellets were resuspended in
phosphate-buffered saline and transferred to the plate. Positive controls corre-
sponding to the complete release of B-galactosidase were achieved by lysing the
parasites with 0.1% Triton X-100. Each sample was supplemented with 50 pl
chlorophenol red-B-p-galactopyranoside (substrate) (Boehringer Mannheim,
Germany) in 100 mM HEPES, pH 8.0. Each plate was incubated for 10 to 30 min
at 37°C. Adding a solution of 25 mM EDTA, 500 mM glycine, pH 11.2, termi-
nated the reaction. Absorbance was measured in a microplate reader (Sanofi,
Freiburg, Germany) at 570 nm.

(ii) Protease protection assay. The integrity of the luminal contents (ER and
rhoptries) of permeabilized parasites was determined using protease protection
experiments with BiP, an ER luminal protein. Experiments were performed
according to the method of Vidugiriene and Menon (52), using 5 X 107 parasites
per sample.

Electron microscopy. Purified tachyzoites (5 X 107 to 10 X 107) were centri-
fuged (1,000 X g, 2 min, 4°C), fixed at room temperature for 2 h with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), and centrifuged
again (13,000 X g, 15 min, room temperature). The cells were then washed with
cacodylate buffer, resuspended in 0.25% tannic acid in cacodylate buffer, incu-
bated for 1 h at room temperature, and centrifuged again. Parasites were post-
fixed for 2 h with 1% osmium tetroxide in cacodylate buffer, dehydrated in a
graded series of ethanol followed by propylene oxide, and embedded in Epon
812 (Serva, Heidelberg, Germany). Ultrathin sections were stained with 1%
uranyl acetate in 50% acetone, followed by lead citrate, and then examined using
a Zeiss electron microscope (Zeiss, Gottingen, Germany).

In vitro labeling of GPI biosynthesis intermediates. (i) Labeling of early,
nonmannosylated glycolipids. In vitro labeling was performed according to a
method for cell-free systems (23). Briefly, hypotonically permeabilized parasites
were centrifuged (1,000 X g, 10 min, 4°C) and washed twice with incubation
buffer A (50 mM Na-HEPES at pH 7.4, 25 mM KCI, 5 mM MgCl,, 8 mM EDTA,
0.1 mM TLCK, 1 pg/ml leupeptin, 0.2 pg/ml tunicamycin). Labeling was per-
formed in the absence of Mn?" (which is needed for dolichyl-phosphomannose
synthase activity) to prevent the formation of Dol-P-Man (39). Aliquots of 1 X
10® tachyzoites were labeled in buffer A supplemented with 1 mM ATP, 1 mM
coenzyme A (CoA), and 2 nCi UDP-[6-*H]GlcNAc.

(ii) Labeling of mannosylated glycolipids. To label mannosylated GPI biosyn-
thetic intermediates, hypotonically permeabilized parasites were processed as de-
scribed above. Aliquots of 1 X 10° tachyzoites were labeled in buffer B supple-
mented with 1 mM ATP, 1 mM CoA, 1 mM UDP-GIcNAc, and (depending on the
radioactive component used) 1 mM UDP-GalNAc, 1 mM UDP-Glc, and/or 1 mM
GDP-Man. Four microcuries of GDP-[2-*H]Man, 4 pnCi UDP-[1-°H]GalNAg, or 4
wCi UDP-[6-*H]Glc was added per incubation tube.

Metabolic labeling of tachyzoites. After infection with T. gondii tachyzoites (at
72 h postinfection), cell cultures were washed twice with glucose-free Dulbecco’s
modified Eagle medium containing 20 mM sodium pyruvate. Labeling was per-
formed using the same medium supplemented with 0.5 mCi p-[6->H]glucosamine
for 6 hours at 37°C. After being labeled, parasites were liberated from host cells
with 20 strokes in a Dounce homogenizer. Tachyzoites were purified as described
above.

Extraction of glycolipids. All in vitro labeled preparations were extracted in a
one-step procedure (modified from the method of McDowell and Schwarz [27]).
Briefly, 1 X 10® tachyzoites were extracted three times with 800 wl chloroform-
methanol-water (C/M/W). C/M/W extracts were dried in a Speedvac concentra-
tor (Savant) and partitioned between water and water-saturated butan-1-ol.
Washed glycolipid extracts from UDP-[6-*H]GIcNAc labeling were analyzed on
silica gel 60 thin-layer chromatography (TLC) plates (Merck) with solvent system
A (10:10:3 chloroform-methanol-1 M ammonium hydroxide by volume) (11). All
other extracts with mannosylated glycolipids were developed in solvent system B
(3:10:10:2:1 n-hexane—C/M/W-acetic acid by volume) (48). Plates run in solvent
system B were neutralized in a chamber equilibrated with 32% ammonia for 15
min. Dried plates were then scanned for radioactivity using a Berthold LB2842
linear analyzer, and single glycolipids were quantified with Chroma Berthold
software supplied by the manufacturer.

PI-PLC treatment of permeabilized parasites. The in vitro labeled parasites
were treated with 3 U/ml PI-PLC from B. thuringiensis for 30 min on ice. As a
positive control, parasite membranes were disrupted with a final concentration of
0.1% Triton X-100. Negative controls were supplemented with PI-PLC buffer (25
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FIG. 1. Release of B-galactosidase into medium after hypotonic
treatment of 7. gondii. T. gondii (RH-1) stably transfected with the
lacZ gene expressing soluble B-galactosidase was permeabilized as
described in Materials and Methods. After centrifugation, 3-galacto-
sidase was measured in the supernatant and in the pellet before and
after the addition of Triton X-100.

mM Tris-acetate, pH 7.4, 50% glycerol, 0.01% azide) instead of enzyme solution.
Incubation was terminated by the addition of 700 wl chloroform-methanol (1:1
by volume) to give a final mixture of chloroform-methanol-water (10:10:3 by
volume).

Statistical analysis. PI-PLC-insensitive material {GIlcN-(acyl)-PI for UDP-
[6-*H]GlIcNAc labeling, Dol-P-Man for GDP-[2-*H]Man labeling, and Dol-P-
Glc for UDP-[6-°H]Glc labeling} was used to normalize samples from one
labeling experiment. To normalize the samples, the counts of samples from one
experiment were adjusted to that of the sample with the highest PI-PLC-resistant
peak. All results were then expressed as percentages of cleavage, with 100%
being the amount of glycolipids from the negative control (without PI-PLC and
without detergent). Statistical analysis of the data was performed using Sigma-
Plot 4.0 (Jandel Scientific) software. The Student ¢ test was used for comparison
of two groups. Results were considered significant at P values of <0.05.

Enzyme digestion and chemical treatment of glycolipids. Deamination and
enzyme digestion with jack bean mannosidase and GPI-PLD were performed as
described by Smith et al. (44, 45).

Glycan headgroup analysis. High-performance TLC (HPTLC)-purified radio-
labeled glycolipids were delipidated, deaminated, reduced, dephosphorylated
with aqueous HF, and desalted by passage through AG50X12 (H") and AG3X4
(OH") ion-exchange resins. The resulting neutral glycan headgroups were ana-
lyzed before and after various glycosidic digests either by Bio-Gel P4 gel filtration
(see reference 44 and references therein) or by high-pH anion-exchange chro-
matography on a Dionex Basic chromatography system (Dionex Corp., Sunny-
vale, CA), using a gradient elution program as described by Mayor and Menon
(24). For both types of analysis, the radiolabeled glycans were detected by
scintillation counting and correlated with the elution positions of the coinjected
individual glucose oligomer standards.

Exoglycosidase digestion of glycans. Glycans obtained from HPTLC-purified
radiolabeled glycolipids were digested with either jack bean a-mannosidase, jack
bean B-N-acetylhexosaminidase, or a-glucosidase (maltase). All enzymatic di-
gests were terminated by heating at 100°C for 5 min. The samples were desalted
by passage through 0.25 ml of AG50X12 (H™) resin, dried, and flash coevapo-
rated with toluene to remove residual acetic acid.

RESULTS

Hypotonic permeabilization of 7. gondii tachyzoites. To ex-
amine whether the membranes of parasites are actually per-
meabilized by treatment with hypotonic buffer, we used a strain
of T. gondii (RHB-1) stably transfected with the lacZ gene
expressing soluble B-galactosidase. After permeabilization and
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FIG. 2. Determination of integrity of the ER. (A) Cells were hy-
potonically permeabilized and subjected to proteinase K digestion
before (lane 1) and after (lanes 2 to 5) the addition of Triton X-100.
Lane 6 shows the total BiP released after treatment with detergent.
After treatment, proteins were precipitated and analyzed by 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to nitrocellulose, and probed with specific monoclonal antibodies
raised against the ER BiP protein. (B) Lanes 1 to 3, assays with
permeabilized tachyzoites; lane 4, mock assay with permeabilized
tachyzoites under the conditions used for the labeling procedure (37°C
incubation); lane 5, permeabilized tachyzoites that were mock labeled
and treated with 3 U/ml B. thuringiensis PI-PLC. Each lane was loaded
with a cell equivalent of 5 X 107 tachyzoites.

centrifugation of the parasites, the B-galactosidase, detected
with the help of color reaction, was found mainly in the super-
natant, with the exception of a small portion (Fig. 1). For cells
that were not hypotonically permeabilized, the B-galactosidase
activity was found in the pellet (Fig. 1) and recovered in the
supernatant only after treatment with Triton X-100.
Hypotonic treatment did not destroy cell compartments. For
the planned experiments on the topology of GPI biosynthesis
at the ER level, the intactness of the ER was monitored by
determining the extent to which a luminal ER protein, BiP
(ER chaperon GRP78), was protected from the action of ex-
ogenously added proteinase K. We used 7. brucei anti-BiP
serum, which was shown to cross-react with 7. gondii BiP and
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FIG. 3. Electron microscopy of free intact 7. gondii tachyzoites (A) and hypotonically permeabilized tachyzoites (B). A, apicoplast; V, vesicles;
C, conoid; D, dense granules; R, rhoptries; m, micronemes; N, nucleus; M, mitochondrion; P, pellicula; and G, Golgi body.

other protozoan homologues (1). This fact underscores the
occurrence of cross-reactivity with different species. As a neg-
ative control, cells were treated with proteinase K buffer, and
in parallel, as a positive control, cells were treated with Triton
X-100 (final concentration, 0.1%). Each lane was loaded with
the same cell equivalent of 5 X 107 parasites. As shown in Fig.
2A, the BiP luminal protein was not cleaved in hypotonically
permeabilized cells (Fig. 2A, lane 1) and became accessible to
proteinase K only after the addition of detergent (Fig. 2A, lane
3). Figure 2A, lane 6, shows the total BiP released after treat-
ment with a detergent. Additionally, parasites were tested for
ER integrity under conditions used for GPI labeling (37°C
incubation) (Fig. 2B, lane 4) and following PI-PLC treatment
(Fig. 2B, lane 5). The same protection was obtained after these
additional treatments. The data indicate that hypotonic per-
meabilization as well as PI-PLC treatment has no effect on the
integrity of the ER membranes. As an additional control,
rhoptry proteins (ROP2, -3, and -4) were also found to be
resistant to proteinase K treatment but were sensitive after
the addition of detergent, also indicating the intactness of the
rhoptries (data not shown). Together, these data show that the
integrity of most organelles and the ER remains intact follow-
ing hypotonic permeabilization.

Ultrastructure analysis after hypotonic permeabilization.
Further analyses by light microscopy showed no differences
between hypotonically permeabilized cells and intact cells
(data not shown). On an ultrastructural level, intact free 7.
gondii (Fig. 3A) shows a typical apicomplexan ultrastructure,
with a conoid (C), rhoptries (R), micronemes (m), nucleus (N),
mitochondrion (M), and Golgi body (G). The cell is enclosed
and filled out with the subpellicular microtubule (P) and elec-
tron-dense cytosolic structures. After hypotonic permeabiliza-
tion (Fig. 3B), cells have lost their typical curved form, but
clear outside cell delimitations are still present. All cytoplasmic
and ribosome contents seem to be withdrawn from the cells
and washed out. All organelles, such as the rhoptries, mi-

cronemes, mitochondrion, and apicoplast, are held back in the
cells and are still recognizable. Due to this observation, these
cells are permeabilized but are not “ghosts” in a proper sense
because the structure seems intact and is still biosynthetically
active. We also investigated the effects of different preparation
procedures, including labeling with radioactive sugar precur-
sors and treating cells with B. thuringiensis PI-PLC. In all cases,
the same ultrastructures were observed (data not shown). Al-
together, the data demonstrate that the ER membranes are
intact following hypotonic permeabilization and are suitable
for experiments concerning the topology of different GPI in-
termediates.

Comparison of T. gondii GPI intermediates labeled in vitro
and in vivo. In vitro labeling was performed on hypotonically
permeabilized cells by using GDP-[2->H]mannose. In parallel,
T. gondii tachyzoites (at 48 to 72 h postinfection) were labeled
in vivo with [?H]glucosamine for 9 h at 37°C. After a period
of labeling, GPI glycolipids were extracted from both systems
and analyzed by thin-layer chromatography. The profiles of
[*H]glycolipids (I to VI) observed with in vivo labeling (Fig.
4A) have almost identical migration differences between each
other as those observed for [*H]glycolipids synthesized in vitro
(Fig. 4B). However, the R, values for the in vitro [*H]glycolip-
ids are higher than those for the corresponding [°H]glycolipids
synthesized in vivo, indicating a common difference in either
their glycans or, more likely, their lipid moieties. These differ-
ences were not recognized in previous studies (47, 49). Only by
using new two-dimensional methods with much better resolu-
tion (Bio-Imager; Raytest, Straubenhardt, Germany) can one
reveal the heterogeneity of glycolipids synthesized in vivo and
in vitro. Therefore, we investigated the hydrophilic glycan parts
of the [*H]glycolipids synthesized in vitro and compared them
to the well-characterized corresponding glycans from the gly-
colipids synthesized in vivo.

Characterization of 7. gondii GPI intermediates synthesized
in vitro. The glycan moieties of the GPIs synthesized in vitro by
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FIG. 4. Comparison between 7. gondii GPIs synthesized in vivo and
in vitro (permeabilized cells). Tachyzoites were labeled in vivo with
[*H]glucosamine (A) or in vitro via GDP-[2-*H]Man (B). Glycolipids
were extracted and analyzed by TLC. Radioactivity was detected by a
Berthold TLC scanner (LB 1842). See Table 1 for characterization of
the [*H]glycolipids.

permeabilized T. gondii cells were obtained from the labeled
lipid extracts by dephosphorylation, deamination, and reduc-
tion. The released GPI core glycans were then analyzed by
anion-exchange chromatography (Dionex) with an internal
dextran hydrolysate standard (elution positions of individual
glucose oligomers are given in Dionex units) (Fig. 5A). The
major product coeluted at 3 Dionex units, but when analyzed
further by Bio-Gel P4 size exclusion chromatography (Fig. 5B),
the single Dionex peak was resolved into two glycans, eluting
at ~6 and ~7 glucose units (GU), corresponding to the pre-
viously characterized glycans generated by the same treatment
of glycolipid extracts labeled in vivo (48), namely, Manal-
2Mana1-6(GalNAcB1-4)Manal-4anhydromannitol and Mana1-
2Manal1-6(Gleal-4GalNAcB1-4)Manal-4anhydromannitol, re-
spectively.

Using hypotonically permeabilized cells, glycolipids were
labeled with either GDP-[2-*H]Man, UDP-[1-°’H]GalNAc, or
UDP-[6-’H]Glc. All six glycolipids were labeled with [*’H]Man
and [*H]GalNAc, while only glycolipids I, II, IV, and V were
labeled with [*H]GIc (Fig. 6). Additional information concern-
ing the structures of the [*H]mannosylated glycolipids formed
from in vitro labeling (Fig. 4B) showed that they were all
sensitive to deamination, GPI-PLD, PI-PLC (Fig. 6 and Table
1), and base treatment (data not shown), indicating that they
are all GPI intermediates containing GlcN and a diacylglycerol-PI
lipid anchor. However, only glycolipids IV, V, and VI were par-
tially sensitive to a-mannosidase, indicating the presence of at
least one free terminal a-mannose group, while glycolipids I, II,
and IIT were resistant to jack bean mannosidase treatment (Table
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FIG. 5. High-pH anion-exchange chromatography and Bio-Gel P4
size exclusion chromatography analyses of GPI core glycans generated
from glycolipids synthesized in vitro. Neutral core glycans were gen-
erated by dephosphorylation, deamination, and reduction from crude
GPI extracts labeled with GDP-[2-*H]Man. Neutral glycans were
analyzed by high-pH anion-exchange chromatography (Dionex)
(A) and Bio-Gel P4 size exclusion column chromatography (B). The
elution positions of the coinjected glucose oligomer standards are
indicated at the top of each profile. The arrows in panel B indicate
that two glycolipid headgroups were resolved from the major peak
shown in the Dionex analysis (A). Abbreviations: IP, injection peak;
Vy, void volume.

1), implying the presence of an ethanolamine phosphate group on
the terminal mannose, thus preventing digestion.

All of the [*H]mannosylated glycolipids (Fig. 4B) were also
subjected to headgroup analysis. Neutral glycan headgroups
were obtained from HPTLC-purified glycolipids by deacyla-
tion, deamination, reduction, and dephosphorylation. The de-
salted 2,5-anhydromannitol-containing glycan headgroups ob-
tained from glycolipids I to IV were analyzed by Bio-Gel P4 gel
filtration before and after the addition of various glycosidases,
a-mannosidase, a-glucosidase, and B-N-acetylhexosaminidase
(Table 1). The glycans obtained from both glycolipids III and
VI had sizes of 5.8 to 6.0 GU and were sensitive to a-manno-
sidase and B-N-acetylhexosaminidase, giving glycan products of
4.4 and 4.2 GU, respectively, which corresponded to GalNAcB1-
4Manal-4anhydromannitol and Manal-2Manal-6Manal-4an-
hydromannitol, respectively. Thus, the original neutral glycan was
Manal-2Manal-6(GalNAcB1-4)Manal-4anhydromannitol. The
difference in R, values of the glycolipids and the resistance of
glycolipid III but sensitivity of glycolipid VI to a-mannosidase
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FIG. 6. Characterization of GPIs synthesized in vitro. Hypoton-
ically permeabilized tachyzoites were labeled in vitro via GDP-
[2-*H]Man (A to D), UDP-[1-*H]GalNAc (E to H), or UDP-[6->H]|Glc
(I'to L). Glycolipids were extracted and analyzed by TLC before (A, E,
and I) and after enzymatic digestion and B. cereus PI-PLC (B, F, and
J), PI-PLD (C, G, and K), or chemical (HNO,) (D, H, and L) treat-
ment. Radioactivity was detected by a Berthold TLC scanner (LB
1842).

suggest that the former has an ethanolamine phosphate group on
the terminal mannose; thus, glycolipid IIT has the structure EtNP-
Man,-(GalNAc)ManGlcN-PI and glycolipid VI has the structure
Man,-(GalNAc)ManGIcN-PIL.

The glycans obtained from glycolipids I, II, IV, and V have
sizes of 6.8 to 7.0 GU and were sensitive to a-mannosidase and
a-glucosidase, giving glycan products of 4.9 and 5.9 GU, which
corresponded to Glcal-4GalNAcB1-4Manal-4anhydromannitol
and Manal-2Manal-6(GalNAcB1-4)Manal-4anhydromannitol,
respectively. Thus, the original neutral glycan obtained from gly-
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colipids I, II, IV, and V corresponded to Manal-2Manal-
6(Glcal-4GalNAcB1-4)Manal-4anhydromannitol. The difference
in R, values of the glycolipids and the resistance of glycolipids I
and II but sensitivity of glycolipids VI and V to a-mannosidase
suggest that the former glycolipids have an ethanolamine phos-
phate group on the terminal mannose. However, this gives glyco-
lipid I the same headgroup as glycolipid II and, likewise, glyco-
lipid IV the same headgroup as glycolipid V, and thus the R,
difference between the glycolipids is probably due to a difference
of an acyl chain. Since all of these glycolipids are sensitive to
PI-PLC, the difference is not due to inositol acylation but is
probably due to loss of an acyl chain from the glycerol, forming a
lyso-GPI species. These glycolipid characterizations are in accor-
dance with previously described Toxoplasma gondii GPI interme-
diates (48).

Taken together, these findings suggest that glycolipids (I to
VI) synthesized in vitro have identical core glycans to those
generated from the corresponding glycolipids synthesized in
vivo. The difference in TLC migration between the two profiles
(Fig. 4A and B) could possibly be due to differences in the
hydrophobic ties of the lipids. This difference and the existence
of lyso-species may be an indication of lipid remodeling, which
has been observed in the GPI pathways of other organisms (see
reference 9 and references therein), and this potential remod-
eling is presently being investigated (T. K. Smith, unpublished
data). An alternative explanation could be that only GPI in-
termediates generated in vivo have an extra unknown modifi-
cation on their glycan headgroups, which occurs prior to the
formation of the least mature mannosylated GPI intermediate
observed, i.e., Man,-(GalNAc)ManGIcN-PI. The lack of evi-
dence for this glycan modification may be due to the method-
ologies previously employed to form and subsequently charac-
terize the neutral glycan headgroup. This possibility is presently
being investigated and will be published elsewhere (Smith, un-
published data).

Topology of T. gondii GPIs. Although we did not provide
direct experimental proof that GPI biosynthesis occurs at the
ER, we concluded by analogy to other systems that this is also
the case for 7. gondii. We used hypotonically permeabilized
cells to examine the orientation within the ER membrane of
different GPI precursors. In order to achieve this goal, glyco-
lipids were radiolabeled in vitro with different nucleotide sugar

TABLE 1. Characterization of [*H]glycolipids and corresponding neutral [*H]glycans formed in Toxoplasma gondii

Digestion result (size [GU] of neutral
glycan products)”

Glycolipid® aMan® Glycan size (GU)? Assignment
aGle BHexNAc aMan

II (in vivo)® - + (6.0) - + (4.9) 7.0 EtNP-Man,(Glc-GalNAc)ManGlcN-PI
III (in vivo)© - - +(4.3) + (4.3) 6.0 EtNP-Man,(GalNAc)ManGlcN-PI
I (in vitro) - + (ND) - + 6.9 lyso-EtNP-Man,(Glc-GalNAc)ManGlcN-PI
II (in vitro) - + (5.9) - + (4.9) 6.9 EtNP-Man,(Glc-GaINAc)ManGlcN-PI
III (in vitro) - - + (ND) + (ND) 6.0 EtNP-Man,(GalNAc)ManGlcN-PI
IV (in vitro) + + (ND) - + (ND) 6.8 lyso-Man,(Glc-GalNAc)ManGlcN-PI
V (in vitro) + + (5.9) - + (4.9) 6.8 Man,(Gle-GalNAc)ManGlcN-PI
VI (in vitro) + - + (4.2) + (4.4) 59 Man,(GalNAc)ManGlcN-PI

“ See Fig. 4 for corresponding bands. All of the glycolipids listed here were sensitive to GPI-PLD, PI-PLC, base, and deamination.

b+, positive digestion, i.e., loss (or shift) of the radiolabeled band; —, negative digestion, i.e., no loss or shift of the band; ND, not determined.
¢ Radiolabeled glycolipids were treated with a-mannosidase as described in Materials and Methods.

@ The sizes of neutral glycans terminating in 2,5-anhydromannitol (AHM) were determined as described in Materials and Methods.

¢ Characterization of glycolipids II and III from in vivo labeling experiments with [*H]Man was consistent with previously published findings (48).
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FIG. 7. PI-PLC treatment of permeabilized 7. gondii tachyzoites.
Hypotonically permeabilized tachyzoites were labeled in vitro via
UDP-[6->H]GIcNAc in the presence of EDTA and absence of Mn>*
(A to C), GDP-[2-*H]Man (D to F), or UDP-[6-*H]Glc (G to I).
Glycolipids were extracted and analyzed by TLC before (A, D, and G)
and after B. thuringiensis PI-PLC treatment in the absence (B, E, and
H) or presence (C, F, and I) of Triton X-100. Radioactivity was de-
tected by a Berthold TLC scanner (LB 1842).

donors. After a period of labeling, the incubation mixtures
were subjected to B. thuringiensis PI-PLC treatment. Treat-
ment with the enzyme releases exclusively the hydrophilic gly-
cans of the GPI precursors present at the cytoplasmic face of
the ER (51, 52).

The early GPI biosynthetic intermediates, GIcN-PI and
GlcNAc-PI, are found at the cytoplasmic side of the ER.
Hypotonically permeabilized cells were labeled with UDP-
[6-*H]GIcNAc in buffer A containing 8§ mM EDTA and no
Mn?* to prevent mannosylation of the early GPI intermediates
(51). After a period of labeling (90 min, 37°C), PI-PLC treat-
ment (30 min on ice) took place. Experiments were performed
on ice to limit flipping activity, as previously reported by
Vidugiriene and Menon (51, 52). Kinetic studies showed that
maximal cleavage efficiency was observed after 20 min, without
further cleavage at longer times (data not shown). PI-PLC
treatments were performed in the absence and presence of
0.1% Triton X-100. As a negative control, parallel incubation
was done in the absence of enzyme. Subsequently, glycolipids
were extracted and subjected to butanol-water phase partition-
ing. An aliquot of each phase was first analyzed by scintillation
counting to determine the extent of cleavage. The remainders
of the butanol phases were analyzed by thin-layer chromato-
graphy. Figure 7A to C shows the TLC profiles of the results
obtained for the early GPI intermediates. In the absence of
mannosylated intermediates, we observed the accumulation of
GlcN-PI, GleNAc-PI, and a more hydrophobic unknown gly-
colipid (Fig. 7A). PI-PLC treatment cleaved GlcN-PI and
GlcNAc-PI to a considerable extent (Fig. 7B). The high cleav-
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age level of these two glycolipids suggests that they are acces-
sible to the action of the phospholipase in intact ER mem-
branes, indicating that they are oriented towards the
cytoplasmic side of the ER. In the presence of detergent,
allowing accessibility to both sides of the ER membrane, phos-
pholipase cleavage was almost complete (Fig. 7C). The un-
known hydrophobic glycolipid was insensitive to PI-PLC, even
in the presence of detergent, suggesting that the inositol ring is
acylated (36). Furthermore, its sensitivity to nitrous acid
deamination and GPI-PLD and its dependence upon CoA and
ATP for formation (Smith et al., unpublished) suggest that it is
GlcN-(acyl)PIL.

Trimannosylated GPI biosynthetic intermediates are also
found at the cytoplasmic side of the ER. To examine the
distribution of mannosylated intermediates, labeling of hypo-
tonically permeabilized parasites with GDP-[2->H]mannose
was performed (Fig. 7D to F). The incubations took place at
37°C in the presence of 5 mM Mg®* and 5 mM Mn*", which
are needed for the optimum activity of the mannosyltrans-
ferases. After a period of incubation with radioactive nucleo-
tide sugar donors, samples were placed on ice, and PI-PLC was
added to the incubation mixtures in the absence or presence of
Triton X-100. Glycolipids were subsequently extracted and
analyzed by TLC before and after PI-PLC treatment (Fig. 7D
to F). It is clear that the major portion of the mannosylated
glycolipids (I to VI) in permeabilized cells is accessible to the
PI-PLC (Fig. 7E), suggesting their presence on the cytoplasmic
side of the ER. However, a portion of the glycolipids was
protected from the action of PI-PLC, suggesting their localiza-
tion on the luminal side of the ER. This pool became accessi-
ble only after the addition of Triton X-100 (Fig. 7F). Increasing
the concentration of PI-PLC did not result in a higher cleavage
efficiency (data not shown). The results are summarized in
Table 2 and show that all of the mannosylated glycolipids were
located predominantly on the cytoplasmic face of the ER, with
proportions ranging from 60% (glycolipid VI) to 74% (glyco-
lipid I).

Topology of GPI biosynthetic intermediates following UDP-
[6->H]glucose labeling. We also investigated the distribution
of the T. gondii intermediates after labeling of hypotonically
permeabilized parasites with UDP-[6->H]glucose. Labeling
was done under the same conditions as those for GDP-
[2-*H]mannose labeling. Subsequently, glycolipids were ex-
tracted and analyzed by TLC before and after PI-PLC treat-
ment (Fig. 7G to I). As expected, only glycolipids I, II, III, and
IV were labeled with [?H]glucose, and for the [*H]mannose-
labeled glycolipids, treatment with PI-PLC in the absence of
detergent showed a cytosolic orientation which could be as-
signed to the majority of the [’H]glucose-labeled glycolipids. A
portion of the material remained protected against cleavage
with PI-PLC and became accessible only after the addition of
detergent. The results (Table 2) show that the highly mature
glucosylated GPI species are located predominantly on the
cytoplasmic face of the ER, with proportions from 61% for
glycolipid V to 75% for glycolipid I. These data for the
[PH]Glc-labeled GPI intermediates correlate well with those
for the [PH]Man-labeled intermediates, some of which are also
glucosylated (glycolipids I, II, IV, and V).
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TABLE 2. Localization of GPI intermediates based on efficiency of cleavage by PI-PLC in permeabilized cells”

% Glycolipid on cytoplasmic face of ER

Glycolipid Structure
[*H]GIcN (n = 20) [P*HMan (n = 4) [P*HIGIc (n = 5)

I lyso-EtNP-Man,-(Glc-GalNAc)ManGlcN-PI 743 £ 2.0 74.6 £ 5.8
II EtNP-Man,-(Glc-GalNAc)ManGIcN-PI 654 +73 64.0 = 9.1
11 EtNP-Man,-(GalNAc)ManGlIcN-PI 66.2 4.2
v lyso-Man,-(Glc-GalNAc)ManGlcN-PI 663 9.2 633 = 11.6
v Man,-(Glc-GaINAc)ManGlcN-PI 62.3 9.0 60.8 +11.8
VI Man,-(GalNAc)ManGlcN-PI 592 +19

GlceN-(acyl)PI ND*

GlcN-PI 822 £6.2

GlcNAc-PI 70.7 6.2

@ Permeabilized cells were labeled with either UDP-[*H]GIcNAc, GDP-[*H]Man, or UDP-[*H]Glc and extracted before and after treatment with PI-PLC in the
absence or presence of detergent (see Materials and Methods for further details). Data are means *+ standard deviations.

® ND, not determined because the glycolipid was insensitive to PI-PLC.

DISCUSSION

GPI biosynthesis is a multistep process, in which some steps
involve multiprotein complexes. The pathway involves a de-N-
acetylase, at least four glycosyltransferases, and an ethanol-
aminephosphotransferase (for reviews, see references 10 and
19 to 21). Transfer of the preassembled GPI anchor to nascent
proteins is a rapid process (1 to 5 min) accompanied by the
release of a carboxy-terminal peptide containing a GPI signal
sequence (10, 18). These early observations, along with addi-
tional data (4, 21, 51, 52), point to the fact that all of these
processes take place in the endoplasmic reticulum. The orien-
tation of the GIcNAc-PI and GIcN-PI intermediates is on the
cytoplasmic face of the ER in microsomes of a Thy-17" cell line
(BW5147.3) permeabilized with streptolysin O (51). The ori-
entation of the mannosylated intermediates in 7. brucei micro-
somes showed that >60% of the mannosylated GPIs, i.e.,
Man,-GlcN-PI, Man,-GIcN-PI, and the mature ethanolamine-
phosphate-containing GPI anchor precursor (EtNP-Man,-
GIcN-PI), were located on the outer (cytoplasmic) side of the
microsomal membranes (52). Here we report the topological
localization of early and late GPI anchor intermediates in the
pathogen T. gondii, including for the first time those that have
an additional side chain modification, i.e., Glc-GalNAc, to the
core glycan. Hypotonically permeabilized tachyzoites were es-
tablished as a model to test the orientation of GPI intermedi-
ates within the intact ER. The permeability of tachyzoites was
confirmed by the release into the medium of B-galactosidase by
T. gondii stably transfected with the lacZ gene (40). Since
B-galactosidase (75 kDa) is able to escape from the permeab-
ilized cells, the pores are of sufficient size to allow the pene-
tration of PI-PLC (34 kDa) into the tachyzoites. Furthermore,
protease protection assays showed the integrity and intactness
of the ER membrane and the rhoptries.

Using PI-PLC as a tool, the cytosolic and lumen-facing GPI
intermediates on the intact ER membranes could be distin-
guished, similar to previous studies of other organisms (51, 52).
Unfortunately, other probes that bind GPI intermediates, e.g.,
concanavalin A or monoclonal antibodies, are unsuitable for
use with 7. gondii due to the large number of free GPIs on the
cell surface. For example, immunofluorescence with the mono-
clonal antibody T33F12 against 7. gondii GPIs shows intense
staining of the plasma membrane, overshadowing any fluores-
cence inside the cell (data not shown).

Our results show for 7. gondii that the early GPI interme-
diates GlcNAc-PI and GlcN-PI are situated on the cytoplasmic
face of the ER membranes. This suggests that the catalytic
domain (PIG-A) of the enzyme complex responsible for the
first reaction (using GlcNAc transferase), which consists of at
least five and six proteins in Saccharomyces cerevisiae and
mammalian cells, respectively (19), is situated on the cytoplas-
mic face of the ER membranes. The presence of both GIcNAc-PI
and GIcN-PI preferentially on the cytoplasmic face of the ER
correlates well with the proposed cytosol-facing active site of the
second biosynthetic step, involving GIcNAc-PI de-N-acetylase, as
previously described for mammalian cells, 7. brucei, and S. cer-
evisiae (58). The uncleavable pool of each species was due to
incomplete digestion.

Since the earliest 7. gondii mannosylated GPI intermediate
observed during in vivo labeling experiments is Man,-(GalNAc)
ManGlIcN-PIL, one can assume that the preceding mannosylated
intermediates, Man, GIcN-PI, Man,GIcN-PI, and Man,GIcN-
PI, are rapidly formed (i.e., are nonlimiting biosynthetic steps)
on the luminal side of the ER. Also, the fact that the manno-
syltransferases are Dol-P-Man dependent is an indication that
the mannose donor and thus the orientation of their catalytic
domains is on the luminal face of the ER. In the case of the
al-4-mannosyltransferase (the first mannosyltransferase), the
enzyme is a multitransmembrane protein whose characteristic
glycosyltransferase DXD motif, and thus presumably its active
site, is detected at the luminal side of the ER (22). Compara-
tive sequence analysis of the PIG-M genes from Homo sapiens,
S. cerevisiae, and Caenorhabditis elegans with that from T. gon-
dii showed a luminal orientation of the DXD motif, and thus
we concluded that it has a conventional orientation. The same
luminal localization of the catalytic domains of the other two
mannosyltransferases has also been suggested (19). Therefore,
we concluded that the intraluminal orientation of the active
sites of all three mannosyltransferases is most probably con-
served among species.

In the present work, we show for the first time the distribu-
tion of mannosylated GPI intermediates which have a side
chain modification (GalNAc or Glc-GalNAc). The cytoplasmic
portion of the polar T. gondii GPIs varies between 60 and 75%,
presumably because the donors for the unknown GalNAc and
Glc transferases are nucleotide sugars (47), i.e., UDP-GalNAc
and UDP-Glc, which would be accessible on the cytoplasmic
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side of the ER. Thus, presumably Man;GlcN-PI must find a
rapid and highly efficient means to go from the luminal to the
cytoplasmic face of the ER to act as an acceptor substrate for
the GalNAc transferase and subsequent Glc transferase. How-
ever, we do not have evidence for exclusive cytosolic localiza-
tion of nucleotide sugars in 7. gondii, and the possibility of
intraluminal GalNAc exists (16). GDP-Man is usually not
found in the lumen of the ER (16), but Dol-P-Man is present
on both sides of the ER membrane.

However, the transamidation reaction, where the mature
GPI anchors, i.e., EtNP-Man,-(GalNAc-Glc)ManGlcN-PI and
EtNP-Man,-(GalNAc)ManGlIcN-PI (glycolipids II and III, re-
spectively), are attached to a nascent protein, e.g., SAGI, takes
place by means of a protein complex whose catalytic compo-
nent has been shown to be facing the lumen of the ER for
several organisms (19). Thus, the large hydrophilic mature GPI
anchors must cross the lipid bilayer from the cytoplasmic to the
luminal side of the ER membrane, representing a great energy
barrier and possibly requiring a flippase (28). This event is
analogous to N-glycan biosynthesis, where an oligosaccharide
Mans-GlcNAc,-P-P-Dol precursor flips to the luminal side of
the ER for further processing before being added to the nas-
cent protein (46).

The distribution of GPI intermediates does not necessarily
give definitive information about which side of the ER is the
location for the biosynthetic step, as flippases are postulated to
transport assembling glycolipids back and forth across the ER
membrane (3, 28, 32, 53). Recently, an ATP-independent pro-
tein-mediated flip-flop of early GPI intermediates was demon-
strated (54).

By labeling of tachyzoites with UDP-[*H|GIcNAc in the
presence of ATP and CoA, for the first time an inositol-acyl-
ated species was observed in the 7. gondii biosynthetic path-
way. In contrast to the case in 7. brucei, where acylation of the
inositol takes place after the transfer of the first mannose, T.
gondii inositol acylation precedes the mannosylation steps,
forming GIcN-(acyl)Pl, as is the case with P. falciparum, S.
cerevisiae, and mammalian cells (13, 34). However, in T. gondii,
neither mature GPI precursors nor GPI anchor proteins (nor
any mannosylated GPI intermediates) have been observed as
inositol-acylated species, which may suggest a transient acyla-
tion. We speculate that the acylation/deacylation of inositol
could play a role in regulating the correct and rapid sequential
processing of GPI intermediates in 7. gondii, similar to that
observed in the T. brucei GPI biosynthetic pathway (17, 43).
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