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ABSTRACT. Toxoplasma gondis an obligate intracellular parasite of the phylum apicomplexa and a common
and often life-threatening opportunistic infection associated with AIDS. A family of parasite-specific
glycosylphosphatidylinositols containing a novel glucosylated side chain has been shown to be highly
immunogenic in humans (Striepen et al. (1997Mol. Biol. 266 797—813). In contrast to trypanosomes

in T. gondiiside chain modification takes place before addition to protein in the endoplasmic reticulum.
The biosynthesis of these modifications was studied in an in vitro system prepared from hypotonically
lysed T. gondiiparasites. Radiolabeled glucose-containing glycosylphosphatidylinositol precursors were
synthesized byf. gondiimembrane preparations upon incubation with uridine diphosptfiétdglucose.
Synthesis of glucosylated glycolipids took place only in the presence of exogenous uridine diphesphate
glucose and was stimulated by unlabeled uridine diphosptuiieose in a dose-dependent manner. In
contrast to glycosylphosphatidylinositol mannosylation, glucosylation was shown to be insensitive to
amphomycin treatment. In addition, the glucose analogue 2-de@tyeose was used to trace the
glycosylphosphatidylinositol glucosylation pathway. Detailed analysis of glycolipids synthesized in vitro
in the presence of UDP and GDP derivativesaflucose and 2-deoxy-glucose ruled out an involvement

of dolichol phosphateglucose and demonstrates direct transfer of glucose from uridine diphosphate
glucose.

Glycosylphosphatidylinositol (GPIplycolipids have been  of modification clearly affect functional aspects of GPIs such
shown to serve as membrane anchors for a large number ofas receptor binding capacity, antigenicity, their role as
cell surface proteins in various eucaryotic species?. pathogenicity factors, and interference of GPIs with different
Detailed structural analysis of several of these protein anchorssignal transduction pathway8-7).
has led to the proposal of an evolutionary conserved core Biosynthesis of GPIs shows several parallels to protein
structure made up by phosphoinosittipid linked to a linear N-glycosylation. A preformed glycolipid is transferred to the
core glycan consisting of nonacetylated glucosamine andnascent protei®n blocin the endoplasmic reticulum (ER)
three mannose residues. This structure is attached to th&eplacing a short hydrophobic C-terminal signal sequence.
C-terminal amino acid of the protein via an ethanolamine Both reactions, the proteolytic cleavage and the glycolipid
phosphate bridge. This conserved backbone is modified intransfer, are proposed to be performed by a single enzyme
different species by a broad spectrum of further peripheral in a transamidase-like mechanis®).(Biosynthesis of the
glycosylation, transfer of additional ethanolamine phosphate precursor glycolipid starts with transfer of GIcNAc to
residues, and hydrophobic modificatior®.(The precise  phosphatidylinositol from UDPGIcNAc followed by deacety-
function of these various modifications is still unknown, but |ation and subsequent mannosylati®). Finally ethanola-

a growing body of evidence is emerging that type and amountmine phosphate is transferred using phosphatidylethanola-
mine as a donorlQ). In T. bruceia complex process of

t This work was supported by Deutsche Forschungsgemeinschaftfatty acid remodeling ensuring the lipid moiety to consist

(Grant SFB286), Hessisches Ministeriufn Kultur und Wissenschaft, exclusively of dimyristoyl glycerol has been described to

Stiftung P. E. Kempkes, CNRS, INSERM, PROCOPE (DAAD/ARNT), - fo||ow ethanolamine phosphate transfady,

and a fellowship to B.S. from the Friedrich-Ebert-Stifung. This work . . .

is dedicated to Dr. Christoph Scholtissek on the occasion of his 65th T gondiiis a well-known pathogen causing congenital

birthday. _ infection in man and domestic livestock. More recently

2Sggfgfeélﬁgnq'”gciﬁgfzr-@Tme:ﬁ:?u?]‘i‘zn%afsggfgé Faxt49 6421 Toxoplasmahas been recognized as a major opportunistic
# Philipps-UniversitaMarburg. R pathogen leading to severe and'often lethal encephalitis in
§ Present address: Department of Biology, University of Pennsyl- AIDS (12). A carbohydrate-containing low molecular mass

vania, Philadelphia, PA 19104-6018. antigen has been described as an antigen with immmuno-

'U42 Institut National de Biologie de Lille. ; Lt ; ; ; ;
! Abbreviations: GPI, glycosyiphosphatidylinositol: 2deoxyGlc, logical characteristics suitable for serological diagnosis of

2-deoxyp-glucose; GIcNAcN-acetylglucosamine; Glc, glucose; Man, ~ acute toxoplgsmosiSlB). _We have idemiﬁeq _this antigen
mannose; dol, dolichol. to be a family of protein-free GPI glycolipidsl4) and

10.1021/bi981884q CCC: $18.00 © 1999 American Chemical Society
Published on Web 01/09/1999




Glucosylation of Glycosylphosphatidylinositols Biochemistry, Vol. 38, No. 5, 1999479

recently elucidated the structures of these GPIs. Two types[3H]Man; concentrations are final concentrations inui5,

of core glycans were identified, glycan A modified by and 2uCi GDP—H-Man or 5uCi UDP—°H-Gluc. Tubes
GalNAc linked f1—4 to the core mannose adjacent to the were briefly vortexed and incubatedrf@ h at 37 °C.
nonacetylated glucosamine and glycan B containing a novellncubation was terminated by addition of 2 mL of CM, and
Glcal—4GalNAc side branchg). Subsequent immunologi-  extraction of GPIs and TLC analysis was subsequently
cal analysis revealed that only glucosylated GPIs containing performed as described above.

glycan B were recognized by sera from infected humans Generation and Analysis of Core Glycank vitro
suggesting that the unique glucose modification is required radiolabeled glycolipids contained in the butanol phase of

for immunogenicity ). the CMW extract were dephosphorylated, deaminated, and
reduced as describedY). Briefly, dephosphorylation was
MATERIALS AND METHODS performed by incubation with 48% aqueous HF for 60 h at

0 °C and stopped by blowing off HF under a stream of
. : s nitrogen. The reaction mixture was deaminated and reduced
mmol) was obtained from ARC, guanosine diphosphate-3,4- 55 gescribed and finally desalted over 1 mL of AG50W-

[*Hlmannose from Dupont-New England Nuclear, and x5 anq a tandem-ion exchange column of 0.4 mL of Chelex
6-[*H]glucosamine hydrochloride (26 Ci/mmol) from Am- 100 (N&), 0.2 mL of AG50W-X12 (H), 0.4 mL of AG3-
ersham. Ion-exchange resins were analytica}I grade andy, (OH—)’, and 0.2 mL of QAE—Sep’hadex (OM both
purchased from Bio-Rad. Amphomycin was a gift of Tropon o jjjibrated and eluted with water and filtered through a 0.25
Werke, Cologne, Germany. um filter. Core glycans were analyzed by Dionex HPAEC
Culture and in Vio Metabolic Labeling of Glycolipids.  and aminopropyl HPLC. Aminopropyl HPLC was performed
RH-strainT. gondiitachyzoites were grown in Vero cells.  as describeds). Briefly, an AsahiPak Nkicolumn (250x
Confluent cell cultures (175 cthwere infected with 5x 4.9 mm, Shodex) was linked to a Waters 510 HPLC System
10" tachyzoites in Dulbecco’s modified Eagle medium and equilibrated with 28% water in acetonitrile by volume.
supplemented with 2% fetal calf serum. The 72 h postin- Samples were injected in 3@L of water and eluted
fection cultures were washed twice with glucose-free Dul- isocratically, and 1 mL fractions were taken for scintillation
becco’s modified Eagle medium containing 20 mM sodium  counting.
pyruvate. Labeling was performed in the same medium Generation and Analysis of Delipidated GPI Fragments.
supplemented with 0.5 mC#Hi]glucosamine fo4 h at 37 |n 4itro radiolabeled glycolipids were delipidated by incuba-
°C. After Iabeling, parasites were liberated from host cells tion in concentrated 1:1 ammonriaethanol by volume at
with 20 strokes in a Dounce homogenizer and purified by 50°C for 6 h (17). The reaction mixture was dried and flash
glass wool filtration. Purified tachyzoites were washed twice evaporated twice with methanol, and the residual material
with phosphate buffered saline and extracted as describedyas subjected to butanol/water partition. The water phase
(15). Briefly, tachyzoites were extracted twice with 1 mL  was filtered, concentrated, and analyzed by HPAEC and
of 2:1 chloroform/methanol by volume (CM) and the residual BjoGel P4 gel filtration.
CM insoluble pellet was extracted twice with 10:10:3 HPAEC Analysis of Labeled Core Glycans and Delipi-
chloroform/methanol/water by volume (CMW). To remove dated FragmentsRadiolabeled core glycans were analyzed
nonlipid contamination, CMW extracts were dried and on a Dionex Bio liquid chromatograph. Samples were mixed
glycolipids were partitioned between water and water- with partially hydrolyzed dextran prior to injection to a
saturatedn-butanol. Glycolipids contained in the butanol Carbopak PA1 column equilibrated with 100 mM NaOH.
phase were analyzed by TLC as describ&)l Briefly, Elution was accomplished using 100% buffer A (100 mM
glycolipids were spotted onto Merck Si 60 HPTLC plates NaOH) for 6 min, followed by a linear increase of buffer B
and run in 3:10:10:2:1 hexane/chloroform/methanol/water/ (100 mM NaOH, 250 mM NaOAc) from 0 to 30% in 30
acetic acid by volume. Dried plates were scanned for min at a flow rate of 1 mL/min. Fractions of 0.4 mL were
radioactivity using a Berthold LB2842 linear analyzer and collected. De"pidated fragments were ana|yzed on a Car-
Berthold software. bopak PA1 equilibrated with 85% buffer A and 15% buffer
Preparation of a Cell Free System from T. gondii and in B and eluted by increasing buffer B to 50% in 45 min.
Vitro Synthesis of Glycolipid#\ cell free system for in vitro Fractions of 0.5 mL were collected.
labeling was prepared with modifications according to the  Bio-Gel P4 AnalysisDelipidated fragments generated
protocol of Masterson et al16). Briefly, 2 x 10° tachyzoites from radiolabeled glycolipids were mixed with partially
purified from host cells as described above were hypotoni- hydrolyzed dextran as internal standard (see below) and
cally lysed in 375uL of ice-cold water containing Zg/mL applied to Bio-Gel P4 columns (X 130 cm, 400 mesh).
leupeptin and 0.1 mM tosyl lysylchloromethyl ketone Columns were eluted with 0.2 M ammonium acetate
(TLCK) for 5 min on ice and then homogenized by 50 containing 0.02% sodium azide, and fractions of 24 min (850
strokes m a 3 mL Dounce homogenizer. The lysate was uL) were collected. Elution positions of standard glucose
mixed with an equal volume of incubation buffer (50 mM oligomers were identified in 2bL aliquots of each fraction
Na HEPES at pH 7.4, 25 mM KCI, 5 mM Mg&l5 mM by detection with 2 mg/mL orcinol in sulfuric acid.
MnCl,, 0.1 mM TLCK, and lug/mL leupeptin) and again Acid Hydrolysis and HPAEC Monosaccharide Analysis.
briefly homogenized. A 7&L volume of tachyzoite cell free  Core glycan B labeled via UDP®*H]glucose was purified
membrane preparation representing 20 tachyzoites was by aminopropyl HPLC as described above. Purified glycan
added to each incubation tube. Incubation tubes containedwas dried and hydrolyzed vit2 M trifluoracetic acid for 4
predried 1 mM ATP, CoA, UDPGIcNAC, UDP-GalNAc h at 100°C. The hydrolysate was dried and washed 4 times
and GDP-Man (in the case of label other than GBP  with methanol. The sample was mixed with a monosaccha-

Materials. Uridine diphosphate-6H]glucose (15 Ci/
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ride standard mixture and injected into an HPAEC system
fitted with a CarboPak PA1 column equilibrated and eluted
isocratically with 15 mM NaOH. Standard detection was by
pulsed amperiometric detection.

Synthesis of UDP and GDP-2-Deoxyp-glucose UDP—
2-deoxyp-glucose and GDP2-deoxyp-glucose were pre-
pared using a combination of chemical and enzymatic
synthesis as described by Schwarz and Schri@jt Briefly,
2-deoxyp-glucose was taken up in water-free pyridine and
O-acetylated with acetic anhydride. After acidification,
neutralization, and desalting the product was crystallized and
separated into. and anomers mechanically. Thk1,3,4,6-
tetraO-acetyl compound was phosphorylated by addition of
crystalline phosphoric acid in dry tetrahydrofuran to give
the 1-phosphate derivative. After incubation at®&0for 30
min the sample was neutralized with ice-¢d M LiOH
and desalted by passage over a Dowexx5@ (H* form)
and passed over Dowex WX2 (cyclohexylammonium form).
2-Deoxyb-glucose 1-phosphate was finally purified by ion-
exchange chromatography on a Dowex B (HCO;~ form)
column eluted with a linear gradient of triethylammonium
hydrogen carbonate from 0.05 to 0.3 M.

An enriched enzyme preparation was obtained from fresh
lactating bovine mammary gland by extraction and am-
monium sulfate precipitation1@). After dialysis of the
ammonium sulfate the preparation was stored-80 °C.

To synthesize UDP2-deoxyp-glucose, 4 mL of 0.1 M
UTP, 600uL of 0.1 M 2deoxyGlc-1-P, 6 mL of enzyme
preparation in 0.05 M Tris/HCI containing 6 mM MgCit
pH 7.8, 100uL of UDP—GIc pyrophosphorylase, and 10
uL of inorganic pyrophosphatase (yeast) were mixed. GDP
2deoxyGlc was synthesized by mixing 12@00f 0.1 GTP,
200 uL of 0.1 M ATP, 600uL of 0.1 M 2deoxyGlc-1-P,
and 10uL of inorganic pyrophosphatase with 6 mL of the
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Ficure 1: TLC analysis of GPI glycolipids synthesized by a cell-
free labeling system prepared fraimgondiitachyzoites. GPIs were
labeled in vivo with H]GIcN (A) and in vitro with UDP-[3H]-

Glc (B) and GDP-[*H]Man. Glycolipids were isolated by sequential
extraction of the parasite pellet or the in vitro incubation respectively
with CM and CMW followed by butanetwater partition of the
CMW extracted material. An aliquot of the resulting butanolphase
was spotted onto Merck Si 60 HPTLC plates. Plates were run in
hexane/chloroform/methanol/water/acetic acid (3:10:10:2:1) and
scanned for radioactivityDol—P-Glc and Dol-P-Man would
migrate directly after the solvent front in the TLC system used but
are efficiently extracted by CM extraction. We analyzed the CM
extract of UDP-[3H]GIc in vitro labeling by TLC and identified
two glycolipid species. Both lipids did not comigrate with Dol-

enzyme preparation. Samples were incubated overnight atP—Glc standards and in addition were not sensitive to mild acid

25 °C prior to ethanol precipitation of protein. The final
product was purified from the supernatant by two consecutive
steps of preparative chromatography on Whatman No. 3
paper usingr-propanol/25% ammonia (6:4 v/v) as solvent.

RESULTS

Synthesis of T. gondii GPlIs in Vitr@& cell free system
was prepared by hypotonic lysis from purified tachyzoites
essentially following the protocol of Masterson et dl6)
Parasite lysates were incubated with guanosine diphosphate
[H]mannose (GDP[*H]Man) or uridine diphosphate[3H]-
glucose (UDP-[3H]GIc) in the presence of unlabeled UBP
N-acetylglucosamine, UDPN-acetylgalactosamine, ATP,
and CoA. Followiry a 2 hincubation glycolipids were
isolated by sequential extraction with chloroform/methanol
(2:1 CM) and chloroform/methanol/water (10:10:3 CMW).
The CMW extract was dried and phase partitioned between
water and water saturateebutanol. Radiolabeled glycolipids
contained in the butanol phase were analyzed by TLC and
compared with glycolipids of known structure obtained by
in vivo labeling with PH]glucosamine. As shown in Figure
1 (panel C) labeling via GDP[*H]Man resulted in one major
peak comigrating with glycolipid Ill the major nonglucosy-
lated GPI obtained by in vivo labeling witfH]glucosamine.
After incubation with UDP-[®H]GIc several peaks were
detected, of which the four major species comigrating with

treatment which cleaves the phosphodiester linkage in Ddble
(data not shown).
glycolipids I, Il, 1V, and V labeled in vivo which previously
have been shown to contain the Glc-GalNAc side branch
(panel B; ref5). As the TLC spectra obtained from in vitro
labeling experiments are complex especially due to the
presence of lyso-intermediate49), the glycolipid core
glycans were prepared to simplify the interpretation.
Analysis of Core Glycans from GPI Glycolipidslycolip-
ids labeled in vitro as described above were subjected to
dephosphorylation, deamination, and reduction. The resulting
neutral core glycans were analyzed by high-pH anion
exchange chromatography (HPAEC) and aminopropyl HPLC
in comparison to glycans generated from lipids labeled in
vivo (Figure 2). HPAEC analysis of in vivo and in vitro
labeled material showed a peak coeluting with the 3 glucose
unit internal standard (panels A, C, and E). For glycolipids
labeled invivo this peak was previously shown to contain a
mixture of two glycans. Core glycan A which was character-
ized to have the structure Mah—2Marm1—6-(GalNAg1—
4)Mam1,4-AHM and core glycan B differing by the
presence of an additional glucose residue linkdd-4 to
GalNAc (panel A and B; reb). To discriminate between
those two structures aminopropyl HPLC was performed.
Core glycans derived from glycolipids labeled via GbP
[®H]Man coeluted with core glycan A and MgnrAHM
(panel D).
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At 2 54 GPI Glucosylation Is Stimulated by Exogenously Added
e RS o Unlabeled UDP-Glc. The observation of synthesis of
B glucosylated GPIs in th&. gondii cell free system using
labeling via UDP-[3H]GlIc but not via GDP-[*H]Man alone
suggests that the transferase is active under the conditions

applied but that an appropriate glucose donor might be absent

1000 \ oy M“"S’*“MJ'\ j\ in the in vitro labeling system. To address this point a

2000+ sa0t

cpm
cpm

Core Glyean A

J\ J\ stimulation experiment with unlabeled UB#SIc was per-

A A %0 1o 20 30 40 S0 81 7e 80 % formed. Cell free incubations prepared from tachyzoites were
O 8o 20 30 40 50 80 labeled with GDP-[*H]Man for 60 min as described above

s 3 4 prior to addition of unlabeled UDPGIc to achieve final
oo concentrations varying from M to 1 mM. In control

w0} D experiments UDPGlc addition was omitted. Preparations
ﬂ were allowed to incubate for further 60 min, and glycolipids

1
400 C 2

were extracted and analyzed by TLC. Without addition of

cpm
<pm

200 100 UDP—Glc mainly glycolipid Il and a lipid with lower TLC
\ X‘/\ mobility probably lysoglycolipid Il are synthesized9).
N R R ST IO Incubation with rising concentrations of UB#Ic leads to
Lo, Ru,- V., KRR a decrease of these two peaks and the formation of species
©5 10 20 30 40 50 60 comigrating with the glucosylated glycolipids | and Il (Figure
Et 2 34 3 panels A-E). To simplify interpretation core glycans were
T prepared from all concentration steps and analyzed by
00+ 200 1\ aminopropyl HPLC.
analysis demonstrates that addition of unlabeled HCR
L results in the synthesis of glycolipids containing core glycan
[NV TS

cpm
epm

As shown in Figure 3 (panels+5) aminopropyl HPLC
100+ j
150+ l !
1 . . f B. The amount of core glycan B synthesized from the
Uk 1 B T’ e e ol ARG nonglucosylated glycan A shows a clear correlation to the
R L amount of added UDPGIc. These data show that GPI

h

°5 10 20 30 40 50 60 glucosylation can be stimulated in a dose-dependent fashion
fractions by addition of UDP-Glc. The pool of endogenous UBP
Ficure 2: Analysis of core glycans derived from GPIs labeled in Glcin the cell free sys_tem might be too small, not accessible,
vitro. Glycolipids were labeled and isolated as described in Figure cleéaved by phosphodiesterase, or depleted by other enzymes
1. The respective core glycans were prepared by dephosphorylationmetabolizing UDP-GIc as no glucosylation takes place in
deamination, and reduction of glycolipids recovered in the butanol the absence of exogenous UBBIc. Furthermore this
phase and were analyzed by HPAEC (left column) and aminopropyl experiment suggests that UPBIc or an intermediate

HPLC (right column). Core glycans derived from GPIs labeled in . . - .
vivo Wi(thg[3H]GIcN azre shov?/r}nlin panels A and B; glycans from formed using UDP-Gilc is the donor in the GPI glucosylation

GPIs labeled in vitro with GDP[3H]Man and with UDP-[3H]- reaction.
Glc are given in panels C and D and panels E and F, respectively. Transfer of Glucose Is Not Affected by Amphomycin.

The minor peak at 1.5 GU in panel E was consistently found both Transfer of monosaccharides during GPI biosynthesis was
after UDP-[*H]GIc and in vivo PH]GIcN labeling in varying hown to be accomplished either by direct transfer from the
amounts and probably represents a nonspecific breakdown produc - .
occurring in the course of mild acid treatment and deamination. '€SPective sugar nucleotide (e. g. UBBICNAc as donor

of the glucosamine) or via Dol-P intermediates as for the
core mannose residues (reviewed in 8fThe antibiotic
amphomycin is a strong inhibitor of Dol-”fMan and Dol-
P—Glc formation 0—22). Amphomycin was used here to
address the question if GPI glucosylation like GPlI manno-
h d . K luti h the dl lated sylation involves a Dol-P intermediate as donor. The
showed a major peak Coellting wi € glucosylalea core ,, a1 eq lack of GPI glucosylation in vitro in the absence
Q'YC‘T"” B (F'gur?‘ 2, panel F) and some material W'th low of exogenous UDPGIc was exploited to investigate the
affinity to the aminopropyl pha;e (not further characterized). gfect of this inhibitor (as amphomycin strongly affects earlier
No peaks were detected comigrating with core glycan A or giens of GPI biosynthesis such as mannosylation). Lysates
Mans—AHM after incubation with UDP-[*H]GIc. Core \yere incubated with GDP[®H]Man for 60 min to allow
glycan B labeled via UDP[*H]GIc was purified by ami-  tormation of fully mannosylated glycolipids. After this
nopropyl HPLC and subjected to acid hydrolysis followed preincubation amphomycin was added in concentrations
by HPAEC monosaccharide analySiS. All radioactiVity eluted ranging from 1#9 to 1 mg/mL final concentration to the
with an internal glucose standard (data not shown) proving cell free system. After additional incubation for 5 min
that all radioactivity is incorporated as glucose into core glucosylation was initiated by adding UB#Ic to a final
glycan B and no metabolisation of the label has taken place.concentration of 1 mM. Labeling was stopped after a total
These data show that glucosylated GPIs are synthesized byncubation time of 2 h, and glycolipids were extracted. TLC
T. gondii membrane preparations in vitro and can be analysis of glycolipids and aminopropyl HPLC analysis of
specifically labeled with UDP[*H]Glc. core glycans derived from these glycolipids showed no

This is consistent with earlier findings identifying gly-
colipids containing core glycan A upon in vitro synthesis
and proposing them as the “mature” GPIl-anchor precursor
(19). In contrast, glycolipids labeled via UBHH]GIc
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Ficure 3: Glucosylation of GPIs is stimulated in vitro by UB®SIc. Cell-free membrane preparations were incubated for 60 min with
GDP-[3H]Man. After preincubation unlabeled UDR5Ic was added to final concentrations fromI¥ to 1 mM and samples were incubated
for an additional 60 min. Glycolipids were extracted and analyzed by TLC (panels) ACore glycans were prepared from the respective
glycolipids and were analyzed by aminopropyl HPLC shown in (panel$)FThe respective concentration of unlabeled B is given

as the final concentration obtained in the incubation.

significant difference between all incubations. Even at the or kinetic differences to the glucosyl-transferase involved
highest concentration of 1 mg/mL amphomycin glucosylation
was not affected as shown in Figure 4.

Direct addition of amphomycin without prelabeling re-

sulted in a complete block of GPI biosynthesis by inhibiting

the formation of Dol-P-Man (data not shown), demonstrat-
ing the principal activity of the inhibitor used in this

experiment. These results strongly suggest that DeGR
is not an intermediate of GPI glucosylation but transfer is

accomplished directly from UDPGIc. Considering the
possibility that theT oxoplasmasPI-glucosyl-transferase uses

Dol-P—Gilc but is insensitive to amphomycin due to structural

in N-glycosylation, the question was approached in a second
independent series of experiments.

2-Deoxyp-glucose Is Transferred to GPlga UDP—2-
Deoxyp-glucose but Notvia GDP—2-Deoxyp-glucose
2-Deoxyb-glucose (2deoxyGlc) has been extensively used
to analyze biosynthetic pathways of protein N-glycosylation
(reviewed in ref21). 2deoxyGlc is used by eucaryotic cells
as analogue of both glucose and mannose. Studies using
2deoxyGlc nucleotides have shown that GERleoxyGlc
is a substrate for the Dol-FMan synthase in the formation
of Dol-P—2deoxyGlc. In contrast incubation of cell free
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FiGURE 4: Glucosylation of GPlIs is not affected by amphomycin. Membrane preparations were prelabeled witfeBMan for 60 min

before addition of amphomycin. After an additional incubation for 5 min BIR was added to a final concentration of 1 mM. Glycolipids

were extracted after a total labeling time of 2 h. TLC analysis of the glycolipids is shown in panels A and B, and aminopropyl HPLC
analysis of the respective core glycans in panels C and D. Panels A and C show incubations without antibiotic, and panels B and D,
incubations in the presence of 1 mg/mL amphomycin. Incubations in the presence of 10, 100, agd@0@re not shown as identical

with panels B and D.

systems with UDP-2deoxyGlc does not result in the are known for the acid lability of their 2-deoxyglycosyl bonds
formation of Dol-P-2deoxyGlc (8, 21). Obviously the Dol- (18, 23).

P—Glc synthase which transfers glucose from UBFIc to Four HPAEC peaks were detected in samples derived from
dolicholphosphate is not recognizing 2deoxyGlc as a sub- glycolipids synthesized in the presence of UBBIc (Figure
strate. Biosynthetic transfer has therefore only been shown5 panel E). Individual peaks were identified by Bio-Gel P4
to occur from UDP-2deoxyGilc in steps that are character- in comparison to previously published data (data not shown,
ized by direct transfer from the sugamucleotide diphos-  ref5); fragments labeled 'B:ontain the glucose-bearing core
phate. This different use of 2-deoxyglucose nucleotides wasglycan B, and fragments labeled EtN contain terminal
exploited in this study to trace the pathway of GPI gluco- ethanolamine phosphate. In vitro labeling in the presence of
sylation. UDP and GDP2deoxyGlc which are not com- GDP—-Glc and GDP-2deoxyGlc led only to the formation
mercially available were prepared by chemical synthesis of of fragment A and EtN-A’ (both containing core glycan
2deoxyGlc 1-phosphate from 2deoxyGlc followed by enzy- A) showing that no further modification has taken place. In

matic synthesis of the respective nucleotide as described incontrast analysis of fragments derived from incubations under
Material and Methods. UDP—-2deoxyGilc identified two previously not observed

dpeaks in addition to Aand EtN-A" (Figure 5 panel G).

. S Those components show a reduced chromatographic retention
as described above for 60 min with GBPH]Man. After on the HPAEC column in contrast to the glucosylated

addition of UDP-2deoxyGlc, GDP-2deoxyGlc, UDP-GIC, oy ments Band EtN-B'. This finding is consistent with

or GDP-Glc to the lysates to a final concentration of 50 yhe"veqyced acidity of 2-deoxyglucose compared to glucose
uM, samples were incubated for gdd|t|onal 60 min in the e to the lack of a hydroxyl group. To confirm that the
presence of the analogues. Glycolipids were extracted andygjfication is indeed 2deoxyGlc further experiments were
analyzed by TLC. TLC scans obtained from glycolipids herformed. Delipidated fragments from glycolipids synthe-
synthesized in the presence of GBBIc and GDP- gjzeq in the presence of UDRsIc and UDP-2deoxyGlc
2deoxyGlc showed identical peak patterns and were indis-yere sized on Bio-Gel P4 in parallel. For both incubations
tinguishable from control incubations with GBf*H]Man four major products with similar sizes were detected sug-
alone (Figure 5 panel B and D). In contrast GPI in vitro gesting that the number of monosaccharides per oligosac-
synthesis in the presence of UBRdeoxyGlc showed clearly  charides is identical for both incubations and does not
different glycolipid patterns. Two new peaks were observed account for the different behavior on HPAEC (data not
(labeled I* and I1* in Figure 5 panel C) with slightly higher  shown).

TLC mobility proposing reduced polarity compared to  To investigate if the structures synthesized under BDP
glucosylated GPIs obtained after labeling in the presence of 2deoxyGlc show the above-mentioned acid lability typical
UDP—Glc (Figure 5 panel A). For further characterization for 2-deoxy sugars, glycolipids were subjected to mild acid
glycolipids were delipidated by mild base treatment, and the hydrolysis by HF treatment followed by deamination and
resulting hydrophilic fragments were analyzed by HPAEC reduction. The resulting core glycans were analyzed in
and Bio-Gel P4. The preparation of core glycans including parallel with core glycans obtained from glycolipids labeled
HF treatment used in previous experiments to show glucosein the presence of UDPGIc in vitro and with H]GIcN in
transfer was avoided with these samples as 2-deoxysugarsivo on Bio-Gel P4. Onf a 6 glucose unit peak (core glycan

Cell free lysates prepared from tachyzoites were prelabele
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Ficure 5: Tracing of GPI glucosylation with synthetic 2-deosyglucose nucleotides. Membrane preparations flogondiiwere prelabeled
with GDP—[3H]Man for 60 min prior to addition of UDPGIc (panels A and E), GDPGIc (panels B and F), UDP2deoxyGlc (panels
C and G), and GDP2deoxyGlc (panels D and H), respectively, to a final concentration @fMOTLC scans of glycolipids extracted as
described in Figure 1 are shown in the left column (panetdDA Two new glycolipid species synthesized in the presence of UDP
deoxyGlc are indicated in panel C as lipids I* and II*, respectively. The right column (panet$) Bhows HPAEC chromatograms of
corresponding hydrophilic fragments generated by alkaline saponification. Fragments labeled B contain glucose; those labeled A do not
contain glucose. EtN indicates the presence of a terminal ethanolamine phosphate group and the prime indicates that these fragments in
contrast to core glycans still contain the inositol phosphatgcerol bridge.

A) was observed after this treatment of glycolipids synthe- the in vitro system prepared fro. gondii tachyzoites is
sized in the presence of UBRdeoxyGlc, in contrast to  capable to transfer 2deoxyGlc from UBRdeoxyGlc but
peaks coeluting with the 7 glucose unit standard (core glycan not from GDP-2deoxyGlc to GPIs containing core glycan
B) obtained from glycolipids synthesized under UBBIc A in a fashion analogous to glucosylation observed with the
(data not shown). This finding shows that the modification natural nucleotide sugar. The use of UBRleoxyGlc but
obtained by labeling in the presence of UBRleoxyGlc is not of GDP-2deoxyGlc additionally suggests direct transfer
indeed lost under acidic conditions as predicted for 2-deoxy from UDP—Glc and excludes a Dol-PGlc intermediate.
sugars.

The observation of an intact core glycan A after removal DISCUSSION
of 2deoxyGlc by acid hydrolysis indicates that 2deoxyGlc  In addition to its importance as a human pathogegondii
was not incorporated randomly into the sugar chain but as has gained considerable interest as eucaryotic model organ-
glucose linked to GalNAc. The detailed analysis of glycolip- ism. As a modell. gondiiprovides both the whole array of
ids labeled in the presence of UBRdeoxyGlc strongly eucaryotic cell functions and a reduced complexity and
suggests that the newly formed glycolipids (and their minute size forced by its intracellular parasitisgd), The
corresponding fragments) are a product of 2deoxyGlc transfermajor surface proteins of. gondii are linked to the cell
from UDP—2deoxyGlc. Taken together these data show that membrane via a GPI glycolipid anchof5 26). The
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structures of the membrane anchor of the major surfaceand inhibit N-glycosylation in mammalian cells by interfer-
protein SAG1 and a family of precursor glycolipids has ence of amphomycin with both the synthesis of DelNran
recently been solved (Zinecker, C. F., Striepen, B., Geyer, and Dol-P-Glc (20, 22). These data argue strongly against
R., Geyer, H., and Schwarz, R. T., submitted for publication; a transfer of glucose via a dolichol bound intermediate as
ref 5). The glycan structure of the protein anchor was found found for GPI mannosylation or glucosylation of the dolichol
to be identical to precursor GPIs arguing for side chain boundN-glycan precursor Ma®IcNAc,—PP-Dol. Instead
modification in the ER prior to protein attachment in contrast of using Dol-P stimulation assays, which often result in
to trypanosomes which transfer side chain galactose to GPIsreduced labeling efficiencies due to the need to introduce
already attached to the VSG protein in the Golgi apparatus detergents into the cell free system, we used glucose
(27). In T. gondiiaddition of the GPI anchor has been shown analogues as a second independent approach to test this
to be crucial to target proteins to the surface of the parasite,result.

analogous to the role GPI anchoring plays for apical 2deoxyGlc was previously shown to interfere as an
membrane targeting of certain proteins in polarized epithelial analogue with both mannosylation and glucosylation (re-
cells 28, 29). Characterization of the early steps of GPI viewed in ref21). Insights into the effects of 2deoxyGlc on

biosynthesis has shown that pathwaysTingondii follow the cellular glycosylation pathways were obtained from
the conserved routes first establishedTinbrucei (15, 16, detailed biochemical analysis using viral glycoproteins as
19, 30). Aside from GPI anchoringl. gondiiwas shown to models (8, 21, 33). It was shown that only GDP2deoxyGlc

modify proteins also by N-glycosylation3]) and O- is an appropriate precursor for the synthesis of Dol-P-

glycosylation 82). Labeling of the N-glycosylation precur- 2deoxyGlc (8); we exploited this specificity here by using

sors MapGIcNAc,—PP-Dol with GDP-[*H]Man and Glg- synthetic GDP-2deoxyGlc and UDP-2deoxyGlc to trace

ManyGIlcNAc,—PP-Dol with UDP-[3H]GIc in cell free GPI glucosylation. Both nucleotide deoxysugars in parallel

preparations of purified parasite81j has established that with GDP— and UDP-GIc were added to th&. gondii in

T. gondii has its own dolichol cycle independent from its witro system. Incubation under UBRdeoxyGlc resulted in

mammalian host cell and further substantiated by the recentthe formation of previously not detected glycolipids. Careful

cloning of theT. gondiiUDP—GIcNAc::Dol-P—GIcNAc— analysis of these glycolipids confirmed that they contain

P-transferase (Striepen, B., and Roos, D. S., unpublished).2deoxyGlc linked to the GPI core glycan analogous to
In this paper we present a detailed analysis of GPI glucose. In contrast GDRleoxyGlc incubation led only to

glucosylation inT. gondiiin vitro. An in vitro system has  glycolipids containing MagAHM and core glycan A. All

been established allowing one to synthesize and radiolabeldata presented here are consistent with a direct transfer of

different subpopulations oflf. gondii GPI biosynthetic glucose from UDP-Glc by a T. gondii specific UDP-

intermediates by varying the sugar nucleotides added to theGlc::GPI-glucosyltransferase.

lysates. Incubation with GDP[®*H]Man leads only to The use of Dol-P-Glc as a donor for glucosylation of the

synthesis and labeling of GPIs lacking the “mature” glucose N-glycan precursor Maf@IcNAc,—PP-Dol by ER gluco-

modification, whereas incubation with UB#*H]Glc results syltransferases is a long established fe#4, (35). More

in exclusive labeling of glucosylated glycolipids as judged recently a glycoprotein glucosyltransferase using G

by thin-layer chromatography. This finding was confirmed as direct donor has been identifie86( 37). This enzyme

by HPAEC and aminopropyl HPLC analysis of core glycans transfers glucose residues to high manngsgycan chains

prepared from the respective glycolipids showing Man  previously deglucosylated by the action of glucosidase | and

AHM and the nonglucosylated glycan A (Mah—2Man1— II. A growing body of evidence suggests that this regluco-
6-(GalNAg31—-4)Man1,4-AHM) for GDP-[3*H]Man la- sylation reaction is used to tag misfolded glycoproteins to
beling and glycan B (Maml—2Maml—6-(Glcal— be retained in the ER and to bind the ER chaperone calnexin

4GaINAg31—4)Manol,4-AHM) for UDP—[3H]GIc labeling. (38, 39). Whereas Dol-P-Glc-mediated glucosylation is
These data show that an exogenous glucose donor is requiretielieved to act on the cytoplasmatic face of the EB),(the

to completeT. gondii GPI biosynthesis in vitro. In vitro ~ UDP—Glc-dependent transferase was shown to be a soluble
glucosylation of preformed nonglucosylated GPIs can indeed luminal enzyme §6).

be stimulated by addition of exogenous unlabeled UDP The topology of GPI biosynthesis is still under investiga-
Glc in a dose-dependent manner. The pool of W&k tion. Studies using lectins and GPI specific phospholipases
accessible to the GPI glucosyltransferase seems to be eithein conjunction with in vitro labeling suggest that the entire
very small and/or exhausted rapidly by other glucosyltrans- biosynthesis of th@. bruceianchor precursor P2/glycolipid
ferases as virtually no transfer occurs in the absence of A (which has no side chain modifications) takes place at
exogenous UDPGIc whereas in the absence of GBMan the cytoplasmatic face of the ERY, 42). We propose that
and UDP-GIcNACc at least a small amount of GPI biosyn- T. gondiias a model system might give new insights in the
thesis is observed (B.S. and R.T.S., unpublished observation)topology of GPI biosynthesis. The availability of monoclonal
This lack of glucosylation in the absence of exogenously antibodies and lectins specific for gondiiGPlIs in different
added UDP-Glc was exploited in subsequent experiments states of biosynthetic completiob)(together with a well-
which used inhibitors and analogues which interfere with characterized and easy to manipulate cell free synthesis
early steps in GPI biosynthesis to discriminate between system should allow identification of the side of glucose and
glucose transfer from UDPGIc and transfer via Dol-P N-acetylgalactosamine transfer to GPI precursors in the ER.
Glc. GPI glucosylation was found to be insensitive toward Recent advances have provided a wide array of genetic tools
amphomycin at concentrations as high as 1 mg/mL. Con- for T. gondii including the tagging of genes by insertional
centrations of 0.1 mg/mL block GPI synthesisTingondii mutagenesis and marker rescé-45). Experiments to
andT. bruceiby inhibiting Dol-P—Man formation {5, 19) establish a screen for insertional mutants using the GPI
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specific monoclonal antibodies to identify and clone the GPI
glucosyl- and thé\-acetylgalactosamine transferase are under
way.

ACKNOWLEDGMENT

The authors are indebted to Annette Eichhorn and Michae-
la Blank for excellent technical assistance. B.S. thanks Peter
Gerold, Nahid Azzouz, and Christina Zinecker for helpful
discussion.

REFERENCES

1.Cross, G. A. M. (1990) Glycolipid anchoring of plasma

membrane proteinsAnnu. Re. Cell Biol. 6, 1—39.

McConville, M. J., and Ferguson, M. A. J. (1993) The

structure, biosynthesis and function of glycosylated phosphati-

dylinositols in the parasitic protozoa and higher eucaryotes.

Biochem. J294, 305-324.

. Pimenta, P. F. P., Turco, S. J., McConville, M. J., Lawyer, P.
G., Perkins, P. V., and Sacks, D. L. (1992) Stage specific
adhesion ot.eishmanigpromastigotes to the sandfly midgut.
Science 2561812-1815.

. Schneider, P., Schnur, L. F., Jaffe, C. L., Ferguson, M. A.,
and McConville, M. J. (1995) Glycoinositol-phospholipid
profiles of four serotypically distinct old worltleishmania
strains.Biochem. J. 304603—-609.

. Striepen, B., Zinecker, C. F., Damm, J. B. L., Melgers, P. A.
T., Gerwig, G. J., Koolen, M., Vliegenthart, J. F. G,,
Dubremetz, J. F., and Schwarz, R. T. (1997) Molecular
structure of the “low molecular weight antigen” ddxoplasma
gondiii a glucoseal—4 N-acetylgalactosamine makes free
glycosyl-phosphatidylinositols highly immunogenit. Mol.

Biol. 266 797-813.

. Schofield, L., and Hacket, F. (1993) Signal transduction in
host cells mediated by glycosylphosphatidylinositol toxin of
malaria parasitesl. Exp. Med 177, 249-254.

. Tachado, S. D., Gerold, P., McConville, M. J., Baldwin, T.,
Quilici, D., Schwarz, R. T., and Schofield, L. (1996) Glyco-
sylphosphatidylinositol toxin oPlasmodiuminduces nitric
oxide synthase expression in macrophages and vascular
endothelial cells by a protein tyrosine kinase-dependent and
protein kinase C-dependent signaling pathwaylmmunol.
156, 1897-1907.

. Udenfried, S., and Kodukula, K. (1995) How glycosylphos-
phatidylinositol-anchored membrane proteins are madau.

Rev. Biochem. 64563-91.

.Englund, P. T. (1993) The structure and biosythesis of

glycosylphosphatidylinositol protein anchofsinu. Re. Bio-

chem. 62121-138.

Menon, A. K., Eppinger, M., Mayor, S., and Schwarz, R. T.

(1993) Phosphatidylethanolamine is the donor of the terminal

phosphoethanolamine group in the trypanosome glycosyl-

phosphatidylinositolsEMBO J. 12 1907-1914.

Masterson, W. J., Raper, J., Doering, T. L., Hart, G. W., and

Englund, P. T. (1990) Fatty acid remodeling: a novel reaction

sequnece in the biosynthesis of trypanosome glycosyl phos-

phatidylinositol membrane anchorGell 62 73—80.

Luft, J. L., and Remington, J. S. (1992) Toxoplasmic encepha-

litis in AIDS. Clin. Infect. Dis. 15211-222.

Sharma, S. D., Mullenax, J., Araujo, F. G., Erlich, H. A., and

Remington, J. S. (1983) Western blot analysis of the antigens

of Toxoplasma gondirecognized by human IgM and IgG

antibodiesJ. Immunol. 131977—983.

Striepen, B., Tomavo, S., Dubremetz, J. F., and Schwarz, R.

T. (1992) lIdentification and characterisation of glycosyl-

inositophospholipids irifoxoplasma gondii. Biochem. Soc.

Trans. 20 296.

Menon, A. K., Schwarz, R. T., Mayor, S., and Cross, G. A.

M. (1990) Cell free synthesis of glycosyl-phosphatidylinositol

precursors for the glycolipid membrane anchorToypano-

soma brucevariant surface glycoproteid. Biol. Chem. 265

9033-9042.

2.

10.

11.

12.

13.

14.

15.

Striepen et al.

16. Masterson, W. J., Doering, T. L., Hart, G. W., and Englund,
P. T. (1989) A novel pathway of glycan assembly: biosyn-
thesis of the glycosyl-phosphatidylinositol anchor of the
trypanosome variant surface glycoprotedell 56, 793—800.

17. Ferguson, M. A. J. (1993) GPI membrane anchors: isolation
and analysis. irGlycobiology(Fukuda, M., and Kobata, A.
Eds.) pp 349-383, IRL Press, Oxford, U.K.

18. Schwarz, R. T., Schmidt, M. F. G., and Lehle, L. (1978)
Glycosylation in vitro of Semliki-Forest-Virus and Influenza-
Virus glycoproteins and its suppression by nucleotide-2-deoxy-
hexose Eur. J. Biochem. 85163-172.

19. Tomavo, S., Dubremetz, J. F., and Schwarz, R. T. (1992)
Biosynthesis of glycolipid precursors for glycosylphosphati-
dylinositol membrane anchors inf@xoplasma gondiell free
system.J. Biol. Chem. 26;721446-21458.

20. Kang, M. S., Spencer, J. P., and Elbein, A. D. (1978)
Amphomycin inhibition of mannose and GIcNAc incorporation
into lipid-linked saccharidesl. Biol. Chem?253 8860-8866

21. Schwarz, R. T., and Datema, R. (1982) The lipid pathway of
protein glycosylation and its inhibitors: The biological
significance of protein-bound carbohydratddy. Carbohydr.
Chem. Biochem. 4®@87—-379.

22. Banerjee, D. K. (1989) Amphomycin inhibits mannosylphos-
phoryldolichol synthesis by forming a complex with dolichyl-
monophosphatel. Biol. Chem. 2642024-2028.

23. Biely, P., Kratky, Z., and Bauer, S. (1974) Metabolism of
2-deoxyb-glucose by bakers yeast. VI. A study on cell wall
mannanBiochim. Biophys. Acta 35268-274.

24. Joiner, K. A., and Dubremetz, J. F. (199Bpxoplasma
gondii. a parasite for the ninetiemfect. Immun61, 1169~
1172.

25. Tomavo, S., Dubremetz, J. F., and Schwarz, R. T. (1992) A
family of glycolipids fromToxoplasma gondiildentification
of candidate glycolip precursor(s) fofoxoplasma gondii
glycosylphosphatidylinositol membrane anchdrsiol. Chem.
267, 11721-11728.

26. Nagel, S. D., and Boothroyd, J. C. (1989) The major surface
antigen P30 ofroxoplasma gondis anchored by a glycolipid.

J. Biol. Chem. 2645569-5574.

27.Bangs, J. D., Doering, T. L., Englund, P. T., and Hart, G. W.
(1988) Biosynthesis of a variant surface glycoprotein of
Trypanosoma bruceProcessing of the glycolipid membrane
anchor and N-linked oligosaccharidek. Biol. Chem. 263
17697-17705.

28. Karsten, V., Qi, H., Beckers, C. J. M., Reddy, A., Dubremetz,

J. F., Webster, P., and Joiner, K. A. (1998) The protozoan

parasiteToxoplasma gondtiiargets proteins to dense granules

and the vacuolar space using both conserved and unusual

mechanismslJ. Cell Biol. 141 1323-1333.

Arreaza G., and Brown D. A. (1995) Sorting and intracellular

trafficking of a glycosylphosphatidylinositol-anchored protein

and two hybrid transmembrane proteins with the same
ectodomain in Madin-Darby canine kidney epithelial cells.

Biol. Chem. 27P023641-23647.

Tomavo, S., Schwarz, R. T., and Dubremetz, J. F. (1989)

Evidence for glycosyl-phosphatidylinositol anchoringTaixo-

plasma gondiimajor surface antigensviol. Cell. Biol. 9

4576-4580.

Odenthal-Schnittler, M., Tomavo, S., Becker, D., Dubremetz,

J. F., and Schwarz, R. T. (1993) Evidence for N-linked

glycosylation inToxoplasma gondiiBiochem. J291, 713—

721.

Zinecker, C. F., Striepen, B., Tomavo, S., Dubremetz, J. F.,

and Schwarz, R. T. (1998) The dense granule antigen, GRA2

of Toxoplasma gondiis a glycoprotein containing O-linked

oligosaccharidesMiol. Biochem. Parasitol. 97241—-246.

Datema, R., and Schwarz, R. T. (1978) Formation of 2-deoxy-

glucose-containing lipid-linked oligosaccharid&sir. J. Bio-

chem. 90505-516.

Robbins, P. W., Hubbard, S. C., Turco, S. J., and Wirth, D.

F. (1977) Proposal for a common oligosaccharide intermediate

in the synthesis of membrane glycoprotei@®ll 12, 893—

900.

29.

30.

31.

32.

33.

34.



Glucosylation of Glycosylphosphatidylinositols

35. Kornfeld, R., and Kornfeld, S. (1985) Assembly of asparagine-
linked oligosaccharidesAnnu. Re. Biochem. 54631-664.

36. Trombetta, S. E., and Parodi, A. J. (1992) Purification to
apparent homogeneity and partial characterization of rat liver
UDP-glucose: glycoprotein glucosyltransferakeBiol. Chem.
267, 9236-9240.

37. Fernandez, F. S., Trombetta, S. E., Hellman, U., and Parodi,
A. J. (1995) Purification to homogeneity of UDP-glucose:
glycoprotein glucosyltransferase froBchizosaccharomyces
pombeand apparent absence of the enzyme fi@accharo-
myces cergsiae J. Biol. Chem. 26930701-30706.

38. Labriola, C., Cazzulo, J. J., and Parodi, A. J. (1995) Retention
of glucose units added by the UDP-GlIc: glycoprotein gluco-
syltransferase delays exit of glycoproteins from the endoplas-
matic reticulum.J. Cell Biol. 13Q 771-779.

39. Hammond, C., and Helenius, A. (1995) Quality control in the
secretory pathwayCurr. Opin. Cell Biol. 7 523-29.

40. Hirschberg, C. B., and Snider, M. D. (1987) Topography of
glycosylation in the rough endoplasmic reticulum and golgi
apparatusAnnu. Re. Biochem. 5663—87.

Biochemistry, Vol. 38, No. 5, 19991487

41. Vidugiriene, J., and Menon, A. K. (1994) The GPI anchor of
cell-surface proteins is synthesized on the cytoplasmic face
of the endoplasmic reticulund. Cell Biol. 127 333—-41.

42. Vidugiriene, J., and Menon, A. K. (1995) Soluble constituents
of the ER lumen are required for GPI anchoring of a model
protein.EMBO J. 14 4686-4694.

43. Boothroyd, J. C., Kim, K., Pfefferkorn, E. R., Sibley, L. D.,
and Soldati, D. (1994) Forward and reverse genetics in the
study of the obligate intracellular parasitexoplasma gondii
Methods Mol. Genet.,31—29.

44. Roos, D. S., Donald, R. G., Morissette, N. S., and Moulton,
A. L. (1994) Molecular tools for genetic dissection of the
protozoan parasit€oxoplasma gondiMethods Cell Biol. 45
27-63.

45. Roos, D. S., Sullivan, W. J., Striepen, B., Bohne, W., and
Donald, R. G. K. (1997) Tagging genes and trapping promoters

in Toxoplasma gondii by insertional mutagenebigthods 13
112-122.

BI981884Q



