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N-Linked Glycoproteins Are Related to Schizogony of the
Intraerythrocytic Stage in Plasmodium falciparum*

(Received for publication, March 18, 1996)

Emilia A. Kimura‡, Alicia S. Couto§, Valnice J. Peres‡, Olga L. Casal¶, and Alejandro M. Katzin‡i

From the ‡Departamento de Parasitologia, Instituto de Ciências Biomédicas, Universidade de São Paulo, São Paulo,
Brazil, the §Departamento de Quı́mica Orgánica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires, Buenos Aires, Argentina, and the ¶Departamento de Bioquı́mica, Instituto de Quı́mica, Universidade de São Paulo,
São Paulo, Brazil

Although the existence of O-linked oligosaccharide
residues in glycoproteins of Plasmodium falciparum
has been shown, the existence of N-linked glycoproteins
is still a matter of controversy and skepticism.
This report demonstrates the unequivocal presence of

N-linked glycoproteins in P. falciparum, principally in
the ring and young trophozoite stages of the intraeryth-
rocytic cycle. These glycoproteins lose their capacity to
bind to concanavalin A-Sepharose after treatment of
cultures with tunicamycin under conditions that do not
affect protein synthesis. When the glycoproteins were
treated with N-Glycanase®, oligosaccharides were re-
leased. It was possible to identify an N-linked glycopro-
tein of >200 kDa in the ring stage and also N-linked
glycoproteins in the range of 200–30 kDa in the tropho-
zoite stage. Treatment of trophozoites with 12 mM tuni-
camycin inhibited differentiation to the schizont stage.
To our knowledge, this is the first report in the liter-

ature unequivocally showing N-linked glycoproteins in
trophozoites of P. falciparum as well as their impor-
tance for the differentiation of the intraerythrocytic
stages of this parasite.

Despite attempts at eradication made since the 1950’s, ma-
laria is still the most important parasitic disease of man. The
disease affects 300–500 million people each year and is caused
by four species of Plasmodium. Plasmodium falciparum, the pre-
dominant species in tropical Africa, eastern Asia, Australasia,
and the Amazon region, may cause severe morbidity and mor-
tality (1). Resistance of P. falciparum to most available anti-
malarials is now widespread (2), and the development of new
drugs is regarded as a priority. This task requires a thorough
knowledge of the biochemistry of P. falciparum. Yet the glyco-
biology of the parasite, and more precisely the understanding of
the role of oligosaccharides in host-parasite interaction (3), is
still a neglected area in malaria biochemistry.
In certain parasites glycoconjugates have been shown to be

important in penetration mechanisms, cellular growth, host
immunity regulation, and differentiation (4–6). In P. falcipa-
rum, glycoproteins have been studied in intraerythrocytic

stages. Some of them, such as HRP-1 and HRP-2,1 are probably
associated with the formation of knobs on red blood cells par-
asitized by mature-stage parasites. These knobs are involved in
the sequestration mechanism of infected red blood cells (7–9).
MSP-1, or Gp 195, is synthesized in trophozoites and is present
in the schizont stage and on the merozoite surface (10). This
protein is processed in small glycosylated and unglycosylated
fragments; it may be responsible for penetration mechanisms
(11) or related to growth during the intraerythrocytic stage
(12). In schizonts Gp 195 is O-glycosylated and contains O-
linked N-acetylglucosamine, as demonstrated by Ud-Din et al.
(13). During the asexual intraerythrocytic stage (at 28–40 h of
culture) of P. falciparum, an apparent lack of N-glycosylation
in glycoproteins was shown by use of gel filtration after specific
cleavage of N-glycans or O-glycans and by the nontransference
in vitro of several donors, (Dol-P-P)[14C]GlcNAc2, (Dol-P-
P)GlcNAc2[

14C]Man9, and (Dol-P-P)GlcNAc2[
14C]Glc3, to pep-

tide acceptors. Glycoproteins are O-GlcNAc linked in old tro-
phozoites (at 40–45 h of culture) as shown by gel filtration,
alditol analysis, and transference of Dol-P-[3H]Man and Dol-P-
[3H]Glc to pentapeptides (3, 14).
TUNYC blocks the formation of dolichol-P-P-oligosaccha-

rides by inhibiting the synthesis of dolichol-P-P-N-acetylglu-
cosamine (15). In P. falciparum, it has been shown that the
antibiotic inhibits development of the parasite after 96 h of
treatment, without ring stage formation in the 3rd cycle of
culture (3, 16, 17); this suggests that N-linked oligosaccharides
may have a role in the development of the parasite. Previous
reports (3, 17), which claim the absence of N-glycosylation in
glycoproteins, have induced us to reinvestigate the glycosylation
of proteins during the intraerythrocyte stages of P. falciparum.
In this report we demonstrate the presence of N-glycosyla-

tion at the intraerythrocytic stage of P. falciparum. We also
suggest that the absence of schizonts in the 2nd cycle of culture
in the presence of TUNYC is due to the inhibition of the
N-glycosylation pathway during the trophozoite stage.
N-Linked glycoproteins presents at the trophozoite stage ap-
pear to be important for the differentiation mechanisms of the
asexual erythrocytic forms of P. falciparum.

EXPERIMENTAL PROCEDURES

Materials

Reagents were obtained from the following sources. RPMI 1640 me-
dium, RPMI 1640 medium without glucose and methionine, Hepes,
hypoxanthine, glucose, gentamycin, TUNYC, CHX, Tris, EDTA, SDS,
2-mercaptoethanol, Nonidet P-40, Triton X-100, phenylmethylsulfonyl

* This work was supported by grants from Fundaçăo Amparo a Pes-
quisa do Estado de Săo Paulo and Conselho Nacional Desenvolvimento
Científico e Tecnológico (Brazil). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Dept. de Parasitolo-

gia, Instituto de Ciências Biomédicas, Universidade de São Paulo, Av.
Lineu Prestes 1374, CEP 05508-900, São Paulo SP, Brazil. Tel.: 55-11-
818-7330; Fax: 55-11-818-7417; E-mail: amkatzin@biomed.icb2.usp.br.

1 The abbreviations used are: HRP-1 histidine-rich protein 1, HRP-2,
histidine-rich protein 2; MSP1, merozoite surface protein 1; TUNYC,
tunicamycin; CHX, cycloheximide; Dol, dolichol; ConA, concanavalin A;
PAGE, polyacrylamide gel electrophoresis; HPLC, high-performance
liquid chromatography.
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fluoride, iodoacetamide, Na-p-tosyl-lysine chloromethyl ketone, leupep-
tin, methyl a-D-mannopyranoside, methyl a-D-glucopyranoside,
N-acetylglucosamine, N,N9-diacetylchitobiose, trichloroacetic acid, tri-
fluoroacetic acid, n-butyl alcohol, pyridine, dextran blue, and maltooli-
gosaccharides were purchased from Sigma. Percoll® and concanavalin
A-Sepharose were purchased from Pharmacia Chemicals (Uppsala,
Sweden). Plasmagel® was purchased from Laboratoire Roger Bellon
(Nevilly-sur-Seine, France). L-[35S]Methionine, D-[U-14C]glucose, D-[U-
14C]mannose, and Amplify® were obtained from Amersham Interna-
tional (Buckinghamshire, United Kingdom). N-Glycanase® and O-Gly-
canase® were purchased from Genzyme (Cambridge, MA). Bio-Gel P-4
was acquired from Bio-Rad. Standard of N-glycans: Man3GlcNAc2 and
Man9GlcNAc2 were purchased from Oxford Glycosystem (Abingdon,
UK).

Parasite Cultures

The experiments were performed with an isolate (S20) of P. falcipa-
rum obtained from a patient living in Porto Velho (State of Rondônia,
Brazil) (18). The parasites were cultivated in 100-mm diameter Falcon
Petri dishes and maintained in RPMI 1640 medium supplemented with
25 mM Hepes, 21 mM sodium bicarbonate, 370 mM hypoxanthine, 11 mM

glucose, 40 mg/ml gentamycin, and 10% (v/v) human A1 serum. Washed
human O1 erythrocytes were added to the culture medium to a hema-
tocrit of 5%. In vitro culture was carried out according to Trager and
Jensen (19). The Petri dishes were incubated at 37 °C in a candle jar
with daily medium changes.
Development and multiplication of the culture were followed by

microscopic evaluation of Giemsa stained thin smears. Synchronization
was obtained by two treatments with Plasmagel® (6% (w/v) solution of
gelatin in physiological saline) (20). Starting with asynchronous cul-
tures, schizonts were concentrated by flotation in Plasmagel® and
subcultured with fresh erythrocytes at 48-h intervals.
All experiments were carried out using extracts from ring-infected,

young trophozoite-infected erythrocytes (at 20–25 h of culture time),
and old trophozoite-infected erythrocytes (at 35–40 h of culture time),
purified on a 40/70/80% discontinuous Percoll® gradient (15,000 3 g, 30
min, 25 °C). This yielded an upper band from the old trophozoite stage
(40%), another band from the young trophozoite stage (70–80% inter-
face), and a pellet of ring stage and uninfected cells (21).

Inhibition Tests

Various concentrations of TUNYC (3, 6, and 12 mM) diluted in 1 mM

NaOH or CHX (8, 17, and 35 mM) diluted in RPMI 1640 medium were
tested.
Inhibition tests were carried out in flat-bottom microtitration plates

(Falcon). Freshly synchronized cultures of 5% hematocrit and 1% par-
asitemia (ring-stage parasites) were exposed to serial dilutions of the
compound to be tested in normal culture medium. After 48 and 96 h (if
not otherwise stated), the multiplication rate was assessed from the
number of newly formed ring-stage parasites.

Metabolic Labeling

The experiments with labeled parasites were performed in three
different protocols.
Protocol 1—Synchronous P. falciparum ring-stage cultures, un-

treated or treated with 12 mM TUNYC or 17 mM CHX for 48 h, were
labeled with 25 mCi/ml L-[35S]methionine (.1,000 Ci/mmol) in 10 mM

methionine-deficient RPMI medium, at the beginning or after 10 h of
treatment with each antibiotic (Fig. 1, arrows 1 and 3). Other synchro-
nous cultures at the ring stage were treated with 12 mM TUNYC and at
the start or after 10 h of treatment were labeled with 6.25 mCi/ml
D-[U-14C]glucose (283 mCi/mmol) or D-[U-14C]mannose (289 mCi/mmol)
in RPMI 1640 mediumwithout addition of 11 mM glucose (Fig. 1, arrows
1 and 3). Aliquots were collected at different times (0–48 h), precipi-
tated with 12% (w/v) trichloroacetic acid, and radioactivity was meas-
ured with a Beckman 5,000 b-counter.
Other cultures were treated for 96 h with each antibiotic in the same

concentrations. After 48 h of treatment with TUNYC or CHX, the
cultures and nontreated controls were labeled with the same isotopes,
and aliquots were precipitated at different times with trichloroacetic
acid, under the conditions described above (Fig. 1, arrow 4).
Protocol 2—Cultures of P. falciparum with parasitemia around 20%

(2nd cycle, 98% ring forms, 2% schizont forms) pretreated with 12 mM

TUNYC for 52 h, were labeled for 18 h with various isotopes in the
presence of 12 mM TUNYC (Fig. 1, arrow 5, point D). Radiolabeled
amino acid L-[35S]methionine (25 mCi/ml) was incorporated into 10 mM

methionine-deficient RPMI. Incorporation of D-[U-14C]glucose or D-[U-

14C]mannose was performed using 6.25 mCi/ml the radiolabeled sugar
in RPMI 1640 medium without addition of 11 mM glucose. All the
cultures were incubated in methionine- or glucose-deficient medium for
1 h before the addition of the radioactive substance, so as to deplete
endogenous stores. The cultures were then washed three times in a
10-fold volume of RPMI 1640 medium without sera. Ring, young tro-
phozoite, and old trophozoite forms were purified by discontinuous
Percoll® gradient as described above, followed by lysis of the cells in
twice their volume of ice-cold 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, 2%
(v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mM iodo-
acetamide, 1 mM Na-p-tosyl-lysine chloromethyl ketone and 1 mg/ml
leupeptin. After incubation for 15 min at 4 °C, the lysates were centri-
fuged at 10,000 3 g for 30 min, and supernatants were stored in liquid
N2 for subsequent chromatography on ConA-Sepharose or SDS-PAGE
analysis.
Protocol 3—P. falciparum parasites were cultured for 7 h, starting

with initial parasitemia around 20% (1st cycle, 80% ring forms, 15%
trophozoite forms, and 5% schizont forms). Parasites were labeled for
18 h with the same isotopes and treated as described above (Fig. 1,
arrow 2, point B). Each stage, purified by Percoll® gradient, was lysed
in the appropriate buffer for chromatography on a ConA-Sepharose
column, for enzymatic treatment or for column gel filtration.

ConA-Sepharose Affinity Chromatography

The lysate of P. falciparum labeled with L-[35S]methionine was ap-
plied to a ConA-Sepharose column (2 3 0.8 cm), previously equilibrated
with 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, and 2% (v/v) Triton X-100.
Bound glycoproteins were eluted with the same buffer containing 100
mM methyl a-D-mannopyranoside and 100 mM methyl a-D-glucopyran-
oside. Unbound material was denominated peak 1, and the glycopro-
teins eluted with the specific sugars corresponded to peak 2. All frac-
tions were independently monitored by liquid scintillation counting,
pooled, and precipitated with 3 volumes of cold ethanol (22). After
standing for 48 h at 220 °C, the fractions were centrifuged at 10,000 3
g for 1 h at 4 °C and the precipitates analyzed by SDS-PAGE. The same
number of treated and untreated parasites was applied to each column
for the analysis of each stage.
As an additional control, parasites were purified through activated

Sepharose 4B; no unspecific affinity toward the dextran was shown,
since it all percolated in peak 1.

Gel Electrophoresis

Gel electrophoresis was carried out on 8% polyacrylamide gels (SDS-
PAGE) as described previously (23). The same number of parasites at
each stage, lysed in sample buffer (23), was applied to each well for
analysis. All gels were treated with Amplify®, dried, and exposed to
Kodak X-Omat film with intensifying screen sets at 270 °C.

Gel Filtration

Ring forms and young and old trophozoites, labeled for 18 h with
D-[U-14C]glucose as described under “Metabolic Labeling” (see “Protocol
3”), were lysed in buffer: 10 mM Tris-HCl, pH 7.2, 150 mMNaCl, 2% (v/v)
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mM iodoacetamide,
1 mM Na-p-tosyl-lysine chloromethyl ketone and 1 mg/ml leupeptin.
Each parasite stage was chromatographed using a Bio-Gel P-4 column
(1.9 3 80 cm) equilibrated with 0.1% (v/v) Triton X-100. Fractions of 1
ml were collected, and the distribution of radioactivity in the eluates
was monitored by liquid scintillation counting. Dextran blue was used
as marker for the void volume (V0). Fractions eluting in the void volume
were pooled in all cases for further enzymatic treatment (24).

Enzymatic Hydrolysis

Lysates from the three intraerythrocytic parasite stages, treated as
described under “Metabolic Labeling” (“Protocol 3”) were submitted to
O-Glycanase® enzyme (bovine serum albumin-free) and recombinant
N-Glycanase® enzyme (glycerol-free) cleavage. Samples were dena-
tured by boiling for 3 min in the presence of 50 mM NaH2PO4, pH 6.2,
50 mM 2-mercaptoethanol, 50 mM EDTA, and 0.1% (w/v) SDS. Nonidet
P-40 1% (v/v) and O-Glycanase® (2 units/ml) were added, and the
sample was incubated in a water bath at 37 °C for 24 h. Treatment with
N-Glycanase® (0.6 unit/ml) was performed under the same conditions,
except that the pH was changed to 7.4. In all chromatographic proce-
dures involving enzymatic hydrolysis, controls without enzyme were
submitted to the same experimental conditions (25).
After enzymatic hydrolysis, samples were either: (a) analyzed by

SDS-PAGE as described or (b) chromatographed on Bio-Gel P-4 under
the conditions described above. In every chromatographic procedure

N-Linked Glycoproteins in P. falciparum 14453
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involving enzymatic hydrolysis, the amount of radioactivity spotted was
30% more than the amount used for controls; this was to ensure that
disappearance was in fact due to the action of the enzyme.

Acid Hydrolysis

Acid hydrolysis was performed with 2 N trifluoroacetic acid for 3 h at
100 °C. Acid was removed by several distillations with water, and the
hydrolysate was analyzed by paper chromatography.

Paper Chromatography

Paper chromatography was carried out on Whatman No. 1 paper
with n-butyl alcohol/pyridine/water (6:4:3, v/v/v) as solvent. Radioactiv-
ity was determined after cutting 1-cm paper strips.

Thin Layer Chromatography (TLC)

TLC was performed on silica gel 60 precoated plates (Merck), using
n-propyl alcohol/ethanol/water (7:1:2, v/v/v) as solvent. For analysis of
oligosaccharides obtained after N-Glycanase® digestion, double or tri-
ple developments were carried out as required. The plates were dried,
sprayed with EN3HANCE spray (DuPont NEN), and exposed to X-
Omat AR films at 270 °C.

High-performance Liquid Chromatography (HPLC)

HPLC was performed on a Spectra-Physics liquid chromatograph
equipped with a refractive index detector and a Rheodyne injection
valve. A Lichrospher 100 NH2 (Merck, 5 mm) column eluted with ace-
tonitrile:water solvent system: (a) 70:30, v/v or (b) 85:15, v/v, at a flow
rate of 1 ml/min was used. Aliquots of 0.5 ml were collected and counted
for radioactivity. Standards of GlcNAc, N,N9-diacetylchitobiose and
maltooligosaccharides were used.
Acid hydrolysis was performed with (100 ml) 2 N trifluoroacetic acid

for 3 h at 100 °C. The sample was dried in a Speedvac, re-N-acetylated
in saturated solution CO3HNa by three additions of 2.5% (v/v) acetic
anhydride over 30 min, re-dried, and passed through a tandem column
of Dowex 50 H1 (0.5 ml) over Dowex 1 (OH2) (0.5 ml). Elution was
performed with 3 ml of water. The hydrolysate was dried in Speedvac
and analyzed by HPLC.

RESULTS

Inhibition of Parasite Development in Cultures of P. falcipa-
rum Treated with Antibiotics—Treatment of P. falciparum
with 12 mM TUNYC for 96 h caused a 90% inhibition in devel-
opment of the young trophozoite to the schizont stage of the
second cycle, without pigment formation. This has been de-
scribed elsewhere (16, 17). Parasites at the old trophozoite
stage (35–40-h culture, 83–88-h TUNYC exposure) of the sec-
ond cycle were interrupted in their development and died (Fig.
1, photo 69). Parasites developed through three cycles in eryth-
rocytes pre-treated for 48 h with 12 mM TUNYC; this suggests
that inhibition does not occur as a result of drug accumulation
in the erythrocytes and agrees with the findings of Dieckmann-
Shuppert et al. (17).
Parasites treated with 8 mM CHX did not change their devel-

opmental patterns. They were able to proceed with their life
cycle even in the presence of 17 mM CHX, although at that
concentration a 10–15% inhibition of L-[35S]methionine incor-
poration was observed, as measured by trichloroacetic acid
precipitation (Fig. 1, 2nd cycle, f). Parasites in the 1st cycle
died within 30 h when treated with CHX concentrations above
35 mM.
No differences have been observed in the incorporation of

L-[35S]methionine, D-[U-14C]glucose, and D-[U-14C]mannose
into the trichloroacetic acid pellet from 1st cycle untreated
parasites by comparison with parasites treated with 12 mM

TUNYC and simultaneously labeled for 48 h or even by com-
parison with parasites pretreated for 10 h with 12 mM TUNYC
and labeled for 38 h in the presence of the antibiotic.
Ring-stage synchronous cultures of P. falciparum, preincu-

bated for 48 h with 12 mM TUNYC and labeled with each
metabolic precursor for an additional 48 h in the presence of
the antibiotic (Fig. 1, arrow 4), showed 10–15% inhibition of
protein synthesis (Fig. 1, E, ●, 2nd cycle). Under these condi-

tions a 60–70% inhibition of sugar incorporation was observed,
an effect which was more pronounced in young trophozoites
during differentiation to old trophozoites in the 2nd cycle (22–
42-h culture time, 70–90-h TUNYC treatment) (Fig. 1, Ç, å,
photos 4, 5, 6, 49, 59, 69).
Protein Profiles after Electrophoresis of Tunicamycin-treated

and Untreated Parasites—Both treated and untreated para-
sites displayed asynchronous forms in the 2nd cycle after 22–30
h under culture (see “Experimental Procedures” and “Protocol
2” under “Metabolic Labeling”). Nevertheless, while untreated
parasites displayed 30% of young trophozoites, 60% of old tro-
phozoites and 10% of ring forms, TUNYC-treated parasites
displayed 80% of young trophozoites, 15% of old trophozoites
and 5% of ring forms. All these developmental stages were
purified by discontinuous Percoll® gradient and processed as
described under “Experimental Procedures.”
Electrophoretic profiles of L-[35S]methionine-labeled proteins

from TUNYC (70 h)-treated or untreated parasites did not
differ significantly (not shown).
Previous results obtained by us have shown that very similar

electrophoretic profiles can be obtained using either D-[U-
14C]mannose or D-[U-14C]glucose as marker (not shown). The
following experiments have thus been made only with
D-[U-14C]glucose.
Only slight differences (Fig. 2A) have been observed in com-

parison of young and old trophozoites from untreated cultures
or cultures treated with TUNYC for 52 h and pulsed for 8 h
with D-[U-14C]glucose in the presence of the antibiotic (cf. Fig.
1, arrow 5, point C). However, when the parasites were sub-
jected to the same experimental protocol but pulse-labeled for
18 h (cf. Fig. 1, arrow 5, point D, photos 5 and 59), significant
differences in the electrophoretic patterns were detected
among ring-stage, young, and old trophozoites of the 2nd cycle.
In the ring-stage form treated with TUNYC, one band .200
kDa disappeared (Fig. 2B, lanes 1, and 19). TUNYC-treated
young trophozoites of the 2nd cycle do not show bands of 205
and 109 kDa, while other bands (93, 80, 70, 43, 30 kDa) were
less intense than in the corresponding TUNYC-untreated con-
trol (Fig. 2C, lanes 1 and 19). Band intensity reduction was
likewise observed in TUNYC-treated old trophozoite parasites
(200, 120, 104, 70, 43 kDa) when compared with antibiotic
untreated controls (Fig. 2D, lanes 1 and 19). Under identical
experimental conditions, uninfected erythrocytes did not incor-
porate labeled sugars into glycoproteins (Fig. 2E) (see Refs. 3,
13, 26, and 27).
N-Linked Glycoproteins Detected by ConA-Sepharose Bind-

ing—When forms of the 1st erythrocytic stage are employed,
TUNYC treatment does not affect biosynthesis of glycoproteins
(Fig. 1); this is confirmed by SDS-PAGE and analysis of peaks
1 and 2 of L-[35S]methionine-labeled parasites subjected to
ConA-Sepharose columns (not shown). These results confirm
similar conclusions by Dieckmann-Shuppert et al. (3, 17) using
SDS-PAGE analysis.
Parasites, untreated or treated with 12 mM TUNYC for 52 h

and incubated with L-[35S]methionine for an additional 18 h
(see “Experimental Procedures” and “Protocol 2” under “Meta-
bolic Labeling,” Fig. 1, arrow 5, point D), were chromato-
graphed on ConA-Sepharose. In the ring stage, no significant
differences were detect in peaks 1 and 2 from treated and
untreated parasites (Fig. 3A). However, in young trophozoite-
stage parasites of the 2nd cycle differences became apparent in
the material that bound to ConA-Sepharose (Fig. 3B, lanes 2
and 29). TUNYC treatment caused the disappearance of bands
of 205 and 109 kDa and bands in the range from 97 to 30 kDa.
Concomitantly, these bands were intensified in peak 1, which
suggests that the difference observed can only be ascribed to

N-Linked Glycoproteins in P. falciparum14454
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FIG. 1. P. falciparum parasites, untreated or treated with 12 mM TUNYC or 17 mM CHX. The micrographs of Giemsa-stained thin smears
(1,200 3), show the sequence of events when parasites of P. falciparum, starting at the ring stage (1% parasitemia), are left untreated (photos 1–6),
or are treated with TUNYC (photos 19–69). First cycle (1st cycle): photos 1, 19, 2, 29, 3, and 39. Second cycle (2nd cycle): photos 4, 49, 5, 59, 6, and
69. In the first cycle no morphological differences can be detected between treated and untreated parasites as shown in photos 1 and 19 (ring stage),
2 and 29 (young trophozoite stage at 20–25 h of culture time), and 3 and 39 (schizont stage at 40–48 h of culture time). In the ring stage of the 2nd
cycle there are no morphological differences (photos 4 and 49); in photos 5 and 59 (young trophozoite stage at 20–25 h of culture time), a delay in
maturation can be detected in treated parasites, which are also deformed. In photos 6 and 69 (old trophozoite stage at 35–40 h of culture time),
untreated parasites develop, whereas treated parasites continue to display deformities. The figure below shows the curves of incorporation of
L-[35S]methionine into untreated parasites (E) and parasites treated with TUNYC (●) or with CHX (f) for 48 h of culture time during the 1st and
2nd cycles, or for 90 h of treatment, measured by trichloroacetic acid pellet incorporation. The curves of incorporation of D-[U-14C]glucose or
D-[U-14C]mannose into untreated parasites (Ç) or parasites treated with TUNYC (å) for 2 cycles of culture time, or 90 h of treatment, were also
measured by trichloroacetic acid pellet incorporation. Arrows 1–5 express the time of treatment and when the pulse of the radioactive precursor starts.
Point A, start of culture of P. falciparum. Points B–D, times when parasites were collected for experiments after pulse of radioactive precursor. TIME
OF TREATMENT, hours of treatment of parasites with 12 mM TUNYC during 2 cycles. TIME OF CULTURE, hours of culture in 1st and 2nd cycles.
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the lack of carbohydrate residues after TUNYC treatment.
When TUNYC-treated and -untreated old trophozoites of the
2nd cycle were compared, the only difference found was a
protein band of 43 kDa (Fig. 3C, lanes 2 and 29).

FIG. 3. Analysis by SDS-PAGE of the glycoprotein profiles
(parasites untreated and treated with TUNYC) chromato-
graphed by ConA-Sepharose column. Parasites treated for 52 h
with 12 mM TUNYC and radiolabeled for 18 h with L-[35S]methionine in
the presence of the antibiotic (lanes 19 and 29) compared with untreated
parasites (lanes 1 and 2). Unbound material is denominated peak 1 and
the glycoproteins eluted with the specific sugars correspond to peak 2.
A, ring stage; B, young trophozoite stage; C, old trophozoite stage. Lanes
1 and 19, peak 1; lanes 2 and 29, peak 2. Molecular mass markers (kDa)
are indicated at the left of each figure.

D, old trophozoite stage. Lane 1 corresponds to untreated parasites and
lane 19 to treated parasites. E, noninfected erythrocyte radiolabeled for
18 h with D-[U-14C]glucose. Molecular mass markers (kDa) are indi-
cated at the left of each figure.

FIG. 2. Analysis by SDS-PAGE of the total profile of glycopro-
teins in P. falciparum treated with TUNYC and labeled with
D-[U-14C]glucose. A, young trophozoite stage (lane 19), old trophozoite
stage (lane 29), treated for 52 h with 12 mM TUNYC and radiolabeled for
8 h with D-[U-14C]glucose in the presence of the antibiotic, compared
with untreated parasites (lanes 1 and 2). B–D, parasites treated for 52 h
with 12 mM TUNYC and radiolabeled for 18 h with D-[U-14C]glucose in
the presence of the antibiotic. B, ring stage; C, young trophozoite stage;
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In order to confirm the presence of N-linked oligosaccharides
in P. falciparum proteins, peak 2 of ConA-Sepharose chroma-
tography of non-TUNYC-treated young 1st cycle trophozoites
(labeled with L-[35S]methionine as described under “Experi-
mental Procedures” and “protocol 3” under “Metabolic Label-
ing”) was treated with N-Glycanase® or O-Glycanase® after
purification by affinity chromatography. After N-Glycanase®
treatment, the fraction was rechromatographed on ConA-
Sepharose; proteins of 205 kDa and in the range of 109–30
kDa, which had previously eluted in peak 2, now appeared in
peak 1 (Fig. 4, lanes 1, 2, and 3). Treatment with O-Glycanase®
produced quantitative, but not qualitative, differences when
peaks 1 and 2 were compared (Fig. 4, lanes 4 and 5). Old
trophozoites were not affected by N-Glycanase® treatment,
whereas O-Glycanase® hydrolyzed the carbohydrate residues
of proteins present in peak 2 (not shown).
Oligosaccharide Released from N- and O-Linked Glycopro-

teins by Treatment with Specific Glycanases—An asynchronous
culture of P. falciparum (25% parasitemia) was metabolically
labeled with D-[U-14C]glucose for 18 h and each stage was
separated on a discontinuous Percoll® gradient and treated
with N-Glycanase® or O-Glycanase®. The samples were ana-
lyzed by SDS-PAGE. In the ring stage, one band of .200 kDa
disappeared after treatment with N-Glycanase® (Fig. 5A, lane
3). Bands ranging from to 130 to 80 kDa were sensitive to
O-Glycanase® treatment, but the .200-kDa band did not dis-
appear after this treatment (Fig. 5A, lane 2). In the young
trophozoite stage, bands of 205, 109, 93, and 80 kDa disap-
peared or decreased in intensity after N-Glycanase® treatment
(Fig. 5B, lane 3); this was not the case with O-Glycanase®,
which did not substantially alter the electrophoretic profiles
(Fig. 5B, lane 2). In the old trophozoite stage, changes in bands
of 70 kDa and 45–40 kDa were detected after N-Glycanase®
treatment (Fig. 5C, lane 2), whereas after treatment with O-
Glycanase®, all bands disappeared or decreased in intensity
with the exception of a 45–40-kDa band (Fig. 5C, lane 3).
Asynchronous cultures of P. falciparum (25% parasitemia)

labeled for 18 h with D-[U-14C]glucose (Fig. 1, arrow 2, point B)
were purified by discontinuous Percoll® gradient. Each stage
was lysed in buffer as described above for gel filtration column
analysis, and each V0 was recovered and subjected to enzy-

matic hydrolysis withN- orO-Glycanase®. Comparison of chro-
matographic profiles showed that the material recovered in the
V0 contained 48.4, 22.3, and 32.5%, respectively, of the total
radioactivity incorporated by ring, young-trophozoite, and old-
trophozoite forms (Fig. 6, A1, B1, and C1). These V0 peaks were
divided into three aliquots, two of which were treated respec-
tively with N-Glycanase® and O-Glycanase®, while the third
was left untreated. Experimental conditions were otherwise
the same for the three aliquots. All three aliquots were then
rechromatographed on Bio-Gel P-4. Recovery in V0 of the con-
trol sample (no enzyme added) was 100% of the radioactivity
(Fig. 6, A2, B2 and C2). The distribution of radioactivity after
N-Glycanase® treatment was 28.8% in V0 and 71.19% of in-
cluded material (ring forms), 29.40% in V0, and 70.60% of
included material (young trophozoites) and 71% in V0 and 29%
of included material (old trophozoites) (Fig. 6, A3, B3, and C3,
respectively). The distribution of radioactivity after O-Gly-
canase® treatment was 66.96% in V0 and 33.03% of included
material (ring forms, Fig. 6, A4), 66.30% in V0 and 33.70% of
included material (young trophozoites, Fig. 6, B4) and 28.76%
in V0 and 71.24% of included material (old trophozoites, Fig. 6,
C4).
The material eluted in V0 after O-Glycanase® treatment of

young and old trophozoite stages was subjected to a further
N-Glycanase® treatment and rechromatographed. After this
treatment almost all radioactivity (89.90%) from young tropho-
zoites was included on Bio-Gel P-4; conversely the material
from old trophozoites could not be hydrolyzed further since 95%
of the radioactivity remained eluted in V0 (Fig. 6, B5 and C5).
The included peak from young trophozoite was analyzed by
paper chromatography after hydrolysis with trifluoroacetic
acid, and three peaks corresponding to Gal, Man, and GlcNAc
were detected.
The action of N-Glycanase® was confirmed by TLC of the

included peaks from young (Fig. 6, B5) and old (Fig. 6, C3)
trophozoites. In the young trophozoite material, four spots
were detected. The two fast moving components (Fig. 7A, ar-
rows A and B) corresponded to GlcNAc and N,N9-diacetylchi-
tobiose, respectively, as was shown with authentic samples by
TLC and HPLC (solvent system a) (Fig. 8, plates A and B).
Component C, showed by TLC an RF similar to an authentic

FIG. 4. Young trophozoite stage: analysis by SDS-PAGE of
peak 2 of ConA-Sepharose column after treatment with N-Gly-
canase® or O-Glycanase® and rechromatography on the same
column. Peak 2 from ConA-Sepharose column treated with N-Gly-
canase® and rechromatographed (lane 2, peak 1; lane 3, peak 2). Peak
2 from ConA-Sepharose column treated with O-Glycanase® and rechro-
matographed (lane 4, peak 1; lane 5, peak 2). Control without enzyme of
peak 2 from ConA-Sepharose column rechromatographed (lane 1, peak
2). Molecular mass markers (kDa) are indicated at the left of figure.

FIG. 5. Analysis by SDS-PAGE of P. falciparum lysates, un-
treated and after N-Glycanase® or O-Glycanase® treatment.
Each parasite stage was radiolabeled for 18 h with D-[U-14C]glucose,
purified by Percoll® gradient, and lysed as described under “Experi-
mental Procedures.” A, ring stage: lane 1, untreated; lane 2, treated
with O-Glycanase®; lane 3, treated with N-Glycanase®. B, young tro-
phozoite stage: lane 1, untreated; lane 2, treated with O-Glycanase®;
lane 3, treated with N-Glycanase®; C, old trophozoite stage: lane 1,
untreated; lane 2, treated with N-Glycanase®, lane 3, treated with
O-Glycanase®. Molecular mass markers (kDa) are indicated at the left
of each figure.
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sample of Man3NAcGlc2 (Fig. 7A, arrow C). When this spot was
analyzed by HPLC, a peak with a retention time slightly ahead
of M5 was obtained (Fig. 8, plates C). This is in agreement with
the fact that the presence of GlcNAc residues in oligosaccha-
rides shorten their retention time in HPLC (28).
Oligosaccharide D migrated lower than the maltooligosac-

charides used, but close to an authentic sample of
Man9NAcGlc2. As identical elution behavior in HPLC or TLC
does not mean that the structures are completely identical the
sugar composition was investigated (Fig. 7A, arrow D). Com-
pound D was totally hydrolyzed, re-N-acetylated and analyzed
by HPLC using solvent system b. Peaks coincident with
GlcNAc, Man and Gal in a minor amount, were detected (Fig. 8,
plate D). All together, the three facts of having the sensitivity

toward N-Glycanase®, plus the characteristic migration in
TLC similar to N-glycosidic chains and the sugar composition
of band D, indicate that young trophozoite contain N-linked
glycans having hybrid or complex-type structures. The old tro-
phozoite stage has a very low percentage of N-glycosidic-linked
chain (Fig. 6, C3), so it was analyzed by TLC to determine the
relative size of these chains after enzymatic hydrolysis. Oligo-
saccharides with a relative length corresponding to standard
M7 to M8 were detected. There were also minor bands around
M5 (Fig. 7B).
The TLC profile after O-Glycanase® treatment of the in-

cluded peaks from young trophozoites (Fig. 6, B4) appeared
bands corresponding to standard M6 and M2–3, whereas in old
trophozoites (Fig. 6, C4) a variety of chain sizes from M3 to M6

FIG. 6. Bio-Gel P-4 gel filtration of glycoproteins of P. falciparum. A, ring stage; B, young trophozoite stage; and C, old trophozoite stage
radiolabeled with D-[U-14C]glucose. Each stage was lysed and subjected to gel filtration (A1, B1, and C1). Each void volume was divided into three
parts. One part was used as control without enzyme and rechromatographed (A2, B2, and C2); the other parts were treated with N-Glycanase®
(A3, B3, and C3) or O-Glycanase® (A4, B4, and C4) and rechromatographed on the same column. The void volume obtained after O-Glycanase®
treatment (B4 and C4) was digested with N-Glycanase® and rechromatographed on the same column (B5 and C5). Arrows indicate percentage of
radioactivity recovered in V0 and included volume.
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were detected. In both cases a spot remained at the origin,
probably due to larger chains that remained unhydrolyzed
(data not shown).

DISCUSSION

Treatment of cultures of P. falciparum with TUNYC inhibits
differentiation of trophozoites to the schizont stage, as a result
of inhibition of N-glycosylation in trophozoites. N-Linked gly-
coproteins were present mainly in the ring and young tropho-
zoite stage and were less predominant in the old trophozoite
stage. In contrast, Dieckmann-Shuppert et al. (3), using a mix-
ture of parasites of the asexual intraerythrocytic stages follow-
ing 28–40 h of in vitro culture, found N-linked glycoproteins to
be apparently absent.
In this study, the role of protein glycosylation in parasite

development and the types of glycoproteins related to differen-
tiation from the trophozoite to the schizont stage are analyzed.
Previous observations on the effects of TUNYC are confirmed,
including the failure of the ring stage to appear in the 3rd cycle
(17). Our results show that this failure is caused by inhibition
of the differentiation of old trophozoites to the schizont stage.
The inhibition occurs during the 2nd culture cycle and is

independent of the developmental stage found at the beginning
of treatment. Dieckmann-Shuppert et al. (17) have suggested
that merozoites formed after the first cycle in the presence of
TUNYC are still able to invade red blood cells, but are unable
to complete a second developmental cycle. In our experiments,
using the same antibiotic concentration, development of a syn-
chronous schizont stage culture stopped during the 2nd cycle
after 80 h of treatment; this shows merozoites of the 1st cycle
not to be affected.
When higher concentrations of TUNYC (20 mM) were used,

death of the parasites occurred in the 1st instead of the 3rd
cycle. This might be ascribed to inhibition of protein synthesis,
as found in other systems (15). For this reason a concentration

of 12 mM TUNYC was employed. Delayed effects at lower levels
of the antibiotic were probably due to slow binding of the drug
to the parasite’s surface membrane (15).
Incorporation of L-[35S]methionine was 10–15% lower in the

2nd cycle when parasites were treated with TUNYC or CHX,
although at the concentrations of CHX used parasite growth
was not affected; this has previously been shown for Trypano-
soma cruzi (4). However, TUNYC-treated parasites incorpo-
rated far less D-[U-14C]glucose or D-[U-14C]mannose (with an
inhibition of 60–70%) in the 2nd cycle; this had a real effect on
the glycosylation pathways which lead to the formation of
glycoproteins. The effect was concomitant with the fact that no
differentiation from trophozoites to schizonts occurred. The
failure to incorporate sugar is a death warrant for the parasite.
RPMI 1640 medium is supplemented with 11 mM glucose to
allow viable culture to continue for more than 2 cycles (19).
Patients with severe P. falciparum parasitemia display hypo-
glycemia due to avid consumption of glucose by the parasite
(29).
Dieckmann-Schuppert et al. (3, 27) showed by gel filtration

that labeled sugars are incorporated into O-linked glycopro-
teins through O-GlcNAc. A small proportion (7–12%) of all
labeled sugars was released by N-Glycanase® and included in
the gel filtration column, thus indicating that they may corre-
spond to N-linked glycoproteins. A larger fraction (37–52%) of
all sugar-labeled proteins was reported to be insensitive to
b-elimination (3). These data were obtained from incorporation
experiments in glucose-free medium after short time pulses (4
h) with labeled sugar precursors (3). Use of glucose-free media
has been shown to alter the synthesis of lipid-linked oligosac-
charide precursors of N-linked oligosaccharides in some eu-
karyotic cells (26, 30). For this reason the incorporations re-
ported here were made with both labeled sugars and
L-[35S]methionine in deficient RPMI medium containing either
11 mM glucose or 10 mM methionine, respectively. In these
deficient media parasites developed for 1 cycle, reaching a level
of 20–25% parasitemia. In contrast to the experiments re-
ported by Dieckmann-Schuppert et al. (3), we used both short (8
h) and long time (18 h) pulse labeling. After short time pulses
with D-[U-14C]glucose, there were no differences between the
polypeptide band patterns of TUNYC-treated and untreated
parasites. However, striking differences could be detected after
18 h of incorporation (Fig. 2, B–D), perhaps due to the slow
turnover of glycoproteins, as demonstrated in other eukaryotic
cells (cf. Refs. 26, 31, and 32).
A high molecular weight glycoprotein (.200 kDa) from the

ring stage was not detected in antibiotic-treated parasites la-
beled with D-[U-14C]glucose. However, no conclusive differ-
ences could be detected when the parasites were labeled with
L-[35S]methionine and further purified by ConA-Sepharose,
probably due to the relative nonspecificity of that label. Methi-
onine labels the protein chain, thus the disappearance of one
component from a complicated profile at the top of the gel
would be less evident (Fig. 3A, lanes 2 and 29). However, the
same band (.200 kDa) disappears after N-Glycanase® treat-
ment, suggesting that in the ring stage at least this glycopro-
tein isN-linked due to the well known specificity of this enzyme
toward the N-acetylglucosaminyl asparagine linkage (33). Not-
withstanding, the absence of the oligosaccharide residue in this
glycoprotein does not seem to be important for differentiation
from the ring stage to the young trophozoite stage in the 2nd
cycle, since the TUNYC-treated ring stage developed to the
young trophozoite stage (Fig. 1, photo 4, 49 and Fig. 2B, lane 2).
Affinity chromatography with ConA-Sepharose and enzy-

matic treatment with different glycosidases are useful tools for
detecting the differences between N- and O-linked glycopro-

FIG. 7. Thin layer chromatography of included peaks after
treatment with N-Glycanase®. A, young trophozoite. Sample was
analyzed after triple development. TLC of the N-glycosidic chains ob-
tained after treatment with N-Glycanase® and separated on Bio-Gel
P-4 (Fig. 6, B5).M1–M8, maltooligosaccharides going from 1 to 8 glucose
units. As standards of N-glycans were used: GlcNAc2, Man3GlcNAc2,
and Man9GlcNAc2. Arrows A, B, C, and D show compounds that were
analyzed by HPLC (see Fig. 8). B, old trophozoite. Sample was analyzed
after double development. TLC of theN-glycosidic chains obtained after
treatment with N-Glycanase® and separated on Bio-Gel P-4 (Fig. 6,
C3). M1–M8, maltooligosaccharides going from 1 to 8 glucose units.
Solvent: n-propyl alcohol/ethanol/water (7:1:2, v/v/v).
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teins (34).
In TUNYC-treated young trophozoites, some bands with a

range from 200 to 30 kDa disappeared from peak 2 and were
detected in peak 1 of ConA-Sepharose, which suggests that
these glycoproteins were no longer glycosylated (cf. Refs. 4 and
35). When young trophozoites were labeled for 18 h with D-[U-
14C]glucose, bands with identical Mr were completely or par-
tially inhibited in TUNYC-treated parasites. Glycoproteins
with the sameMr as those inhibited by TUNYC treatment were
also sensitive to N-Glycanase® treatment. Moreover, when
peak 2 of ConA-Sepharose chromatography of young trophozo-
ite extracts was treated withN-Glycanase®, all glycoproteins of
.30 kDa eluted in peak 1 of ConA-Sepharose (Fig. 4, lane 2);
this shows these glycoproteins to be bound to the lectin by
N-linked oligosaccharides, as described for other glycoproteins
(35). That denaturing conditions did not affect the lectin bind-
ing of glycoprotein was demonstrated by our control test (cf.
also Ref. 36). Clearly the lack of binding to ConA-Sepharose is
due to the lack of anN-glycosidic moiety in the labeled proteins
(Fig. 4). The presence of N-linked glycoproteins was also con-
firmed by detection of three oligosaccharide chains with the
same mobility as GlcNAc2, Man3GlcNAc2, and Man9GlcNAc2
after chromatography gel filtration of the enzymatically hydro-
lyzed sample (Fig. 6, B5, Fig. 7A, and Fig. 8, plates A–C).
Although the structural features are not known, the size of the
carbohydrate moiety together with its monosaccharide compo-
sition are indicative of N-linked chains (Fig. 8, plate D) (34).
N-Linked glycoproteins in young trophozoites seem to be

essential for the development of this stage to the schizont
stage, since young trophozoites of TUNYC-treated cultures do
not develop to become schizonts. One hypothesis may be ad-
vanced: N-glycoproteins of .200 kDa in the ring stage are
processed to N-glycoproteins with lower molecular weights in
the young trophozoite stage; if these proteins are not glycosyl-
ated, the schizogonic phase will not develop. One glycoprotein
of 200 kDa (MSP-1) synthesized in the trophozoite stage is
present on the surface of the schizont stage and is processed in
minor fragments in the merozoite stage (11, 12). However, the
N-linked glycoproteins in young trophozoites may also be O-
linked as suggested by results shown in Fig. 4, lane 4 and lane
5. The numerous potential N-glycosylation sites in P. falcipa-
rum proteins are listed in the malaria data bases (32, 37–39).
Our results (Fig. 6, C4) suggest that the majority of glyco-

proteins in the old trophozoite stage are O-linked due to their
sensitivity to O-Glycanase®; this confirms previous results (13,
40). The results are suggestive of a Gal-GalNAc linkage in
accordance with enzyme specificity (33). Some bands, however,
were resistant to O-Glycanase®, suggesting other types of link-
ages in theO-linked proteins. AnO-GlcNAc linked glycoprotein
has been reported for the schizont stage (27). Different types of
oligosaccharide bonds are suggested by the results obtained
after treatment of old trophozoite material with each glycanase
(Figs. 6 and 7B). Two bands of 80–70 and 45–40 kDa, the
intensity of which was lowered by the action of TUNYC on
living parasites, were sensitive to N-Glycanase® digestion.
Others, which were lacking or reduced in TUNYC-treated cul-
tures, were resistant to N-Glycanase® treatment. The latter
finding may be explained by the known fact that fucosylation at
the innermost GlcNAc would confer resistance on the enzyme

FIG. 8. Analysis by HPLC of different oligosaccharides sepa-
rated in TLC. Plates A–C, HPLC fractionation in solvent system a of
the oligosaccharides obtained from young trophozoites by N-Gly-
canase® digestion. After separation by TLC the radioactive spots were
eluted from silica gel scrapings with water:methanol 8:2 (v/v), dried,
and subjected to HPLC. A, compound A from the TLC (Fig. 7A, arrow
A). Number 1 corresponds to an authentic sample of GlcNAc. B, com-
pound B from the TLC (Fig. 7, A arrow B). Number 2 corresponds to an
authentic sample of N,N9-diacetylchitobiose; C, compound C from the
TLC (Fig. 7, A arrow C). Arrows on the top panel correspond to the
elution position of maltooligosaccharides from M1 to M7. D, analysis of

the monosaccharide composition of compound D from the TLC (Fig. 7A,
arrow D) on HPLC. D-[U-14C]Glucose-labeled oligosaccharide D was
hydrolyzed with 2 N trifluoroacetic acid for 3 h at 100 °C. The resulting
hydrolysate was re-N-acetylated and then subjected to HPLC using
solvent system b. The elution positions of monosaccharide standards
are shown on top of the panel.
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action (41).
O-Linked glycoproteins present in the schizont stage are of

the O-GlcNAc type. The levels of O-GlcNAc-transferase in-
crease during late differentiation of old trophozoites to schi-
zonts (27). This fact may explain the high heterogeneity of the
O-linked oligosaccharides detected at this stage.
N-Linked glycoproteins are characterized by the facility with

which they cross membranes (42). The profile of N-linked gly-
coproteins detected in young, but not in old, trophozoites may
be related to the need of the parasite to form the network of
vesicles and tubules characteristic of that stage of differentia-
tion (43, 44). Alternatively, one might speculate that in the
absence of N-glycosylation, proteins cannot be shed as exoan-
tigens, thus arresting development (45). Mechanisms of N-
glycosylation involved in cellular differentiation have been de-
scribed as specific for one stage of the cellular cycle in normal,
as well as in SV40-infected, BALB/c 3TE (A1) cells (46).
To our knowledge this is the first report unequivocally to

show the presence of N-linked glycoproteins at the ring stage
and in young trophozoites and to establish their relationship
with the differentiation of intraerythrocytic stages in P. falcip-
arum. The following questions now arise: (a) which factors
regulate the switch from the predominant N-glycosylation sys-
tem found in young trophozoites to the O-glycosylation system
which prevails in the old trophozoite stage? (b) Are the young
trophozoite N-glycoproteins those that are O-glycosylated dur-
ing differentiation, or does the parasite synthesize entirely new
proteins? If these mechanisms in P. falciparum are specific, it
may be hoped that new targets for anti-malarial drug develop-
ment will be disclosed. Studies to address these questions are
currently in progress in our laboratory.
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Biochem. 191, 25–30

37. Ragge, K., Arnold, H. H., Tuemmler, M., Knapp, B., Hundt, E., and
Lingelbach, K. (1990) Mol. Biochem. Parasitol. 42, 93–100

38. Holder, A. A., Lockyer, M. J., Odink, K. G., Sandhu, J. S., Riveros-Moreno, C.,
Davey, L. S., Tizard, M. L. V., Schwarz, R. T., and Freeman, R. R. (1985)
Nature 317, 270–273

39. Schwarz, R. T., Lockyer, M. J., and Holder, A. A. (1987) Host-Parasite Cellular
and Molecular Interacions in Protozoal Infections (Chang, K. P., and Snary,
D., eds) pp. 275–279, Springer-Verlag, Berlin and Heidelberg, Germany

40. Ramasamy, R. (1987) Immunol. Cell Biol. 65, 147–152
41. Tretter, V., Altmann, F., and März, L. (1991) Eur. J. Biochem. 199, 647–652
42. Fiedler, K., and Simons, K. (1995) Cell 81, 309–312
43. Haldar, K., Amorin, A. F., and Cross, G. A. M. (1989) J. Cell Biol. 108,

2183–2192
44. Elmendorf, H. G., and Haldar, K. (1994) J. Cell Biol. 124, 449–462
45. Wilson, R. J. M. (1980) Nature 284, 451–452
46. Larsson, O., Carlberg, M., and Zetterberg, A. (1993) J. Cell Sci. 106, 299–307

N-Linked Glycoproteins in P. falciparum 14461

 at SW
E

T
S SU

B
SC

R
IPT

IO
N

 SE
R

V
IC

 on N
ovem

ber 26, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/

