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The particular virulence of the human malaria parasite Plasmodium falciparum derives from export of
parasite-encoded proteins to the surface of the mature erythrocytes in which it resides. The mechanisms and
machinery for the export of proteins to the erythrocyte membrane are largely unknown. In other eukaryotic
cells, cholesterol-rich membrane microdomains or “rafts” have been shown to play an important role in the
export of proteins to the cell surface. Our data suggest that depletion of cholesterol from the erythrocyte
membrane with methyl-�-cyclodextrin significantly inhibits the delivery of the major virulence factor P.
falciparum erythrocyte membrane protein 1 (PfEMP1). The trafficking defect appears to lie at the level of
transfer of PfEMP1 from parasite-derived membranous structures within the infected erythrocyte cytoplasm,
known as the Maurer’s clefts, to the erythrocyte membrane. Thus our data suggest that delivery of this key
cytoadherence-mediating protein to the host erythrocyte membrane involves insertion of PfEMP1 at choles-
terol-rich microdomains. GTP-dependent vesicle budding and fusion events are also involved in many traf-
ficking processes. To determine whether GTP-dependent events are involved in PfEMP1 trafficking, we have
incorporated non-membrane-permeating GTP analogs inside resealed erythrocytes. Although these nonhydro-
lyzable GTP analogs reduced erythrocyte invasion efficiency and partially retarded growth of the intracellular
parasite, they appeared to have little direct effect on PfEMP1 trafficking.

Plasmodium falciparum is the etiological agent of the most
virulent form of human malaria. This apicomplexan parasite
resides in mature human red blood cells (RBCs) during a
phase of cyclical asexual development. The particular virulence
of P. falciparum is due in part to the insertion of cytoadher-
ence-mediating proteins into the membrane of its host cell.
These proteins mediate adhesion of infected RBCs (IRBCs)
within the microvasculature—a process that results in the oc-
clusion of these vessels within vital organs. The best charac-
terized of these parasite-encoded molecules are a family of
proteins known as P. falciparum erythrocyte membrane protein
1 (PfEMP1) encoded by the var multigene family. Members of
this family have been shown to mediate adhesion to a number
of host molecules, including ICAM-1, CD31, CD36, and gly-
cosaminoglycans (30). Switching expression between different
var genes allows the parasite to undergo clonal antigenic vari-
ation, thus evading the host’s protective antibody response (12,
62). PfEMP1 is thus of considerable research interest, as it is
both a major virulence factor and an immune target. And yet,
despite its importance, relatively little is known about the traffic-
king of PfEMP1 from the parasite across the parasitophorous
vacuole in which the parasite resides and through the host cell
cytoplasm to the RBC surface.

It has been assumed that PfEMP1, like other integral mem-
brane proteins, is initially cotranslationally inserted into the
parasite endoplasmic reticulum membrane and subsequently
delivered to the RBC membrane via a series of vesicle-medi-
ated trafficking events (10). However, given that RBCs lack
endogenous coat proteins needed for vesicle-mediated trans-
port, the pathway for trafficking across the host cell cytosol
clearly involves an unusual mechanism. Immunofluorescence
and immunoelectron microscopy (EM) studies indicate that
plasmodial homologs of the coat proteins, Sar1p, Sec31p, and
Sec23p, are exported to the host RBC cytoplasm, where they
are associated with structures known as the Maurer’s clefts (1,
4, 65, 68, 69). Moreover small vesicles, potentially involved in
trafficking from the parasitophorous vacuole membrane to the
host cell membrane, have been visualized in the RBC cytosol
(65, 66).

However, recent data suggest that PfEMP1 trafficking to
the host cell surface may involve a completely novel mech-
anism. Transfected malaria parasites expressing a chimera
of a PfEMP1 fragment with green fluorescent protein (GFP)
have been analyzed by fluorescence photobleaching techniques
(28). The dynamics of the chimera suggest that it is present in
the RBC cytosol as a large protein complex rather than as a
membrane-embedded protein in phospholipid vesicles (28). In
addition, data analyzing the solubility properties of PfEMP1
have shown that it remains bicarbonate extractable during traf-
ficking through the parasite’s endomembrane system (43). To-
gether, these data suggest that PfEMP1 may be trafficked as a
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soluble chaperoned complex and only inserted into a mem-
brane environment at the Maurer’s clefts or the RBC mem-
brane.

Lauer et al. (32) have shown that cholesterol is required for
the inward transport of some host cell proteins from the RBC
membrane to the parasitophorous vacuole. Cholesterol-rich
membrane microdomains have also been reported to be im-
portant in the export of proteins to the cell surface in other
eukaryotic systems (35, 37). For example, insertion of proteins
into membranes has been shown to be dependent on normal
levels of membrane cholesterol (20). Similarly, SNARE pro-
teins, which are involved in docking and fusion of vesicles, have
been shown to accumulate at cholesterol-rich domains (7).

Given the potential importance of cholesterol-rich microdo-
mains in cellular trafficking processes, we have examined the
effect of cholesterol depletion on trafficking of PfEMP1 to the
RBC surface. To examine the potential involvement of GTP-
dependent vesicle-mediated events we have tested the effects
of two GTP analogs, guanosine 5�-O-(3-thiotriphosphate)
(GTP�S) and guanosine-5�-(�,�-imido)-triphosphate (GDPNP),
on trafficking of PfEMP1 across the IRBC cytosol.

MATERIALS AND METHODS

Parasite culture. P. falciparum parasites of the A4, 3D7, and CS2 lines were
cultured in medium containing 8% human serum (A4) or 4% serum and 0.25%
AlbuMAX (GIBCO-BRL) (3D7, CS2) as described previously (18, 49). The A4
clone was derived from P. falciparum IT4/25/5 by micromanipulation (52). A4
IRBCs were repeatedly selected for binding to immobilized BC6 monoclonal
antibody (MAb), which recognizes the A4-specific PfEMP1 molecule (18). Flow
cytometric analysis with BC6 MAb showed positive staining on the surface of
�80% of A4 IRBCs. The CS2 line was derived from isolate FAF-EA8 (which is
genetically the same as IT4/25/5) by panning for adhesion to Chinese hamster
ovary cells and to immobilized chondroitin sulfate A (54). Cultures were syn-
chronized and harvested as described previously (29).

Cholesterol depletion and reloading of RBCs and IRBCs. Tightly synchronous
early ring stage cultures (5 to 10% parasitemia; �10-h stage) were incubated in
the presence or absence of methyl-�-cyclodextrin (MBCD) (0 to 10 mM) in
serum-free medium at 37°C for 20 min and washed twice with serum-free me-
dium. Following depletion some cells were reloaded with cholesterol by addition
of a complex of cholesterol-MBCD for 2 h at 37°C and then two washes with
serum-free medium (8). Cells were suspended in fresh complete medium pre-
pared with 8% serum and returned to culture at 37°C. In some experiments 0.5%
AlbuMAX was employed instead of 8% serum. Uninfected RBCs were similarly
depleted of cholesterol and then mixed with an inoculum of purified schizont
IRBCs.

TLC analysis of lipids. Samples of RBCs were prepared by lysis with 1%
saponin in phosphate-buffered saline containing 5 �g/ml streptomycin sulfate for
10 min on ice. Lipids were extracted using a two-phase system comprising
chloroform:methanol:water (8:4:3) from approximately 5 � 108 RBCs. Samples
were separated on Silica Gel 60 thin-layer chromatography (TLC) plates
(Merck) by use of chloroform:methanol:water (50:20:3). Lipid standards (di-
palmitoyl phosphatidylethanolamine, dimyristoyl phosphatidylcholine, and cho-
lesterol; all from Sigma) were prepared in chloroform. The plates were stained
with amido black 10B (Sigma) in 1% acetic acid–water (46). The TLC plates
were scanned and the images analyzed with background correction by use of NIH
ImageJ software (http://rsb.info.nih.gov/ij).

Resealing of RBCs and invasion assays. Using a modification of the protocol
of Dluzewski et al. (14), packed washed RBCs (1 ml) were incubated with gentle
agitation on ice for 10 min with 4 ml of ice-cold 1 mM MgATP–5 mM sodium
phosphate (pH 7.5) in the presence or absence of increasing concentrations of
GTP, GTP�S, or GDPNP (Sigma). NaCl was added from a concentrated stock
to achieve a final concentration of 0.15 M, and samples were resealed at 37°C for
45 min. Cells were washed and resuspended in RPMI medium (or in RPMI
medium containing a concentration of GTP analogue equivalent to that trapped
within the resealed cells) and mixed with an inoculum of purified schizont IRBCs
(�95% parasitemia). Parasitemia levels were determined after 20 to 48 h by
staining thin smears with Giemsa reagent and counting at least 1,000 cells.

Parasitemias were recorded as an invasion index, i.e., the observed parasitemia
at a given time relative to the inoculating parasitemia, or as growth rates, i.e., the
percentage of parasites at a particular stage relative to the total parasitemia
amount. Parasite stages were assessed by morphology of Giemsa-stained smears
under light microscopy (61). The growth of treated cultures was routinely mon-
itored for 3 days to determine any long-term effects on growth.

To examine the homogeneity of the incorporation of exogenous components,
fluorescein-labeled bovine serum albumin [prepared by reacting 5(6)-carboxy-
fluorescein N-hydroxysuccinimide ester (Molecular Probes, Eugene, OR) with
bovine serum albumin (Sigma) in 0.1 M NaHCO3 and purified by gel filtration
chromatography (26)] was trapped inside resealed RBCs. The resealed cells were
examined by fluorescence microscopy and flow cytometric analysis. The efficiency
of capture of nucleotides inside the resealed RBCs was determined by monitor-
ing entrapment of trace levels of [32P]GTP (Perkin Elmer Life Sciences). Leak-
age of the nucleotide from resealed cells was monitored by pelleting the cells at
different incubation time points and estimating the level of the radiolabel in the
supernatant. The amount of trapped nucleotide released upon streptolysin O
lysis (6) of resealed IRBCs was compared with the amount released upon freeze-
thawing and used to determine the relative levels of nucleotide trapped in the
host and parasite compartments. Chemical stability of the guanine nucleotide
analogues during incubation at 37°C was monitored by TLC.

Immunolabeling and flow cytometry protocols. The BC6 MAb, which recog-
nizes the A4 PfEMP1 external domain (52, 63), and an anti-CS2 rabbit antiserum
(50) were generated as described previously. For flow cytometry applications, a
multilayer labeling protocol was employed which involved incubation with MAb
BC6 (52) followed by rabbit anti-mouse immunoglobulin G (IgG) and then
fluorescein isothiocyanate (FITC)-labeled pig anti-rabbit IgG (29) or rabbit
anti-CS2 antiserum followed by FITC-labeled pig anti-rabbit IgG each contain-
ing 5 �g/ml ethidium bromide. The numbers of FITC- and ethidium bromide-
labeled cells were analyzed in triplicate using a Becton Dickinson FACSCalibur
flow cytometer and Cell Quest or WinMIDI software.

Fluorescence and EM of P. falciparum IRBCs. A transfected P. falciparum line
expressing a PfEMP1 fragment-GFP chimera (K1–119TmATS-GFP) that is traf-
ficked to the Maurer’s clefts and RBC surface was generated previously (28).
Samples were viewed with a Leica TCS-SP2 confocal microscope as described
elsewhere (55). Samples of control or treated strain A4 P. falciparum IRBCs
were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
containing 1% tannic acid, dehydrated, and embedded in epoxy resin as de-
scribed previously (65). Thin sections were stained with uranyl acetate and
sodium bismuth before examination in a Hitachi 7000 scanning transmission EM.

RESULTS

Effect of depletion of host cell cholesterol on growth and
morphology of P. falciparum. Cholesterol-rich microdomains
have been shown to be involved in correct delivery and pre-
sentation of cell surface receptors in a number of eukaryotic
systems (7, 20). To examine a possible role of host cell choles-
terol in promoting delivery or insertion of PfEMP1 at the RBC
surface, we have depleted cholesterol from RBC membranes
and measured the effect on parasite maturation and PfEMP1
trafficking. RBC membranes are rich in cholesterol (50 mol
percent) (11). By contrast, the intracellular membranes of the
parasite appear to be completely devoid of cholesterol, while
the parasitophorous vacuole membrane probably contains in-
termediate levels (24, 36, 67). We employed MBCD treatment
to extract cholesterol from RBC membranes (8, 32). TLC
analysis indicated 50% and 70% depletion of the RBC mem-
brane cholesterol for 5 mM and 10 mM MBCD, respectively
(Fig. 1A). Cholesterol-depleted RBCs incubated for 20 h in the
presence of 0.5% fatty acid-loaded albumin (AlbuMAX)
showed little change in cholesterol content over this period
compared with control results. However, 5 and 10 mM MBCD-
treated cells incubated in the presence of 8% serum showed
partial repletion of cholesterol levels to about 40% and 50% of
control levels, respectively (Fig. 1A). Uninfected and ring stage
IRBCs were relatively resistant to lysis during treatment with
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up to 10 mM MBCD; however, higher concentrations of
MBCD caused significant RBC lysis and investigation of those
was not pursued. Similarly, treatment of trophozoite stage
IRBCs causes release of parasites from the host cells (32) and
was not employed.

Cholesterol-depleted RBCs can be made replete by incuba-
tion with cholesterol-loaded MBCD (25). We examined the
effects of cholesterol depletion and repletion on the develop-
ment of A4 parasites. Treatment of early ring stage (6- to 14-h
stage) IRBCs with up to 10 mM MBCD did not significantly
affect the rate of maturation of the intraerythrocytic parasite.
Parasites maintained equivalent stages of development in
treated and control RBCs, and by 20 h posttreatment the
entire population of the parasites in both samples had reached
the trophozoite stage (20 to 34 h). Moreover, the parasites
were able to complete the life cycle and to reinvade (although
reinvasion occurred with reduced efficiency; data not shown).
The parasites also developed normally in cholesterol-replen-
ished cells. To enable a direct comparison with results for the
GTP analogs (see below) the data for parasite development
are presented in Fig. 1B as parasites with a morphological
stage of �16 h and are expressed as a percentage of the total

number of parasites. There was no delay in maturation in any
of the samples.

The ultrastructure of A4 and CS2 strain parasites in choles-
terol-depleted RBCs was examined by EM (Fig. 2A and data
not shown). Crenation of the host cell membrane was observed
in some cells; however, the intracellular parasites showed no
major abnormalities. Characteristic Maurer’s clefts (2, 3) were
observed, and knobs with normal morphology were seen to
decorate the RBC membrane. Semiquantitative analysis of the
electron micrographs (examining at least 10 IRBCs for each
treatment type) revealed no obvious difference in numbers of
knobs between control and treated cells.

Effect of cholesterol depletion on PfEMP1 trafficking. Tran-
scription of the var gene(s) is initiated in early ring stage
parasites, and the level of transcript peaks at 12 h after RBC
invasion (30). However, transit of newly synthesized protein to
the RBC surface requires about 9 h, first appearing at the RBC
membrane about 16 h after invasion. Moreover, a significant
proportion of the PfEMP1 population appears to remain in an
intracellular pool associated with the Maurer’s clefts (18, 29).
We have used flow cytometric analysis to quantitate the
amount of PfEMP1 on the surface of control and MBCD-
treated RBCs infected with A4 parasites. The A4 parasite has
been selected for binding to the BC6 MAb, which specifically
recognizes an epitope within the external domain of the A4
PfEMP1 (18, 29). Ethidium bromide staining was used to dis-
tinguish uninfected RBCs from IRBCs, and the FITC signal
(in a three-layer antibody labeling protocol) was used to mon-
itor PfEMP1 levels in control and resealed RBCs (Fig. 2B,
right panels). To investigate the effect of cholesterol depletion
on PfEMP1 delivery to the IRBC surface, we allowed parasites
to mature within cholesterol-depleted cells and examined sur-
face-exposed PfEMP1 at about 30 h after invasion. In a typical
experiment A4 parasites developing in control IRBCs were
about 80 to 85% BC6 reactive by this stage. For comparison
with other samples, the mean fluorescence of the control sam-
ple was taken as 100%.

A4 parasites are routinely cultured in 8% serum, as this has
been found to help maintain high levels of PfEMP1 expression
(unpublished data). Therefore, initially we examined PfEMP1
surface expression in control and cholesterol-depleted IRBCs
incubated for 20 h in the presence of 8% serum. We observed
a significant decrease in BC6 reactivity in treated cells (Fig. 2B,
right panels; Fig. 3A). In IRBCs treated with 10 mM MBCD,
the levels of PfEMP1 surface exposure were less than 40% of
control levels. This indicates that normal levels of host cell
cholesterol are needed for efficient transfer of PfEMP1 to the
RBC membrane.

As incubation for 20 h in serum-containing medium allows
partial repletion of cholesterol levels (Fig. 1A), we also exam-
ined the level of surface exposure of A4 PfEMP1 in control
and cholesterol-depleted IRBCs cultured in the presence of
AlbuMAX (Fig. 3B). AlbuMAX is often used as a serum
substitute for the culture of P. falciparum (51). We found that
even without treatment with MBCD, the level of surface ex-
pression of PfEMP1 was consistently lower in IRBCs incu-
bated in the absence of serum (Fig. 3B; 0 mM MBCD). For
MBDC-treated IRBCs, the decrease in BC6 reactivity was
even more pronounced. Indeed, PfEMP1 surface exposure was

FIG. 1. Intraerythrocytic development of strain A4 P. falciparum in
cholesterol-depleted RBCs. (A) Washed RBCs were incubated at 37°C
for 20 min in the presence of MBCD (0 to 10 mM). MBCD-treated
RBCs were incubated for 20 h in medium containing 8% serum (tri-
angles) or 0.5% AlbuMAX (squares) or prepared just before analysis
(circles). The cells were lysed and washed and the extracted lipids
separated by TLC, stained with amido black 10B, and analyzed by
scanning densitometry. (B) Tightly synchronized early ring stage
IRBCs (�6% parasitemia; �10-h stage) were incubated at 37°C for 20
min in the presence of MBCD (0 to 10 mM), with or without repletion,
and then returned to culture for 20 h in serum-containing medium.
Smears of duplicate samples were prepared and stained with Giemsa,
and 1,000 cells per slide were counted. The number of cell infected
with �16-h-stage parasites was determined relative to total para-
sitemia results. The data represent the mean of duplicates in a typical
experiment that was performed three times.
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almost completed ablated in IRBCs treated with 10 mM
MBCD (Fig. 3B).

To ensure that the effect on PfEMP1 trafficking was not due
to an irreversible effect of the cholesterol depletion treatment,
we replenished cells by incubation with cholesterol-loaded
MBCD. We found that reloading depleted cells with choles-
terol largely reversed the effect on PfEMP1 trafficking to the
RBC surface (Fig. 3C, open bars).

We also examined the effect of depleting RBC cholesterol
levels prior to infection with P. falciparum. For these experi-
ments synchronized schizont stage strain A4 parasites (i.e., at
about 38 h of the 48 h cycle; �95% parasitemia) were har-
vested and mixed with cholesterol-depleted RBCs. The effi-
ciency of invasion was reduced to about 40% of the control
level, as reported previously (15, 59); however, those parasites
that invaded successfully were able to develop normally.
When the parasites reached the trophozoite stage, similar de-
creases in PfEMP1 surface exposure were observed (Fig. 3D).
Again, repletion of cholesterol levels before the invasion step
restored the level of surface-exposed PfEMP1 to control
levels (Fig. 3D).

The effect of depletion of host cell cholesterol on PfEMP1
trafficking in parasites of the CS2 strain was also examined.
The CS2 parasite has been selected for binding to chondroitin
sulfate A (53). A monoclonal antibody to the CS2 PfEMP1 is
not available; however, a polyclonal antiserum that specifically
recognizes RBCs infected with CS2 strain parasites has been
generated and it is likely that this polyclonal antiserum mainly
recognizes the external domain of CS2 PfEMP1 (16, 50). Cho-
lesterol depletion (using 10 mM MBCD) also decreased sur-
face-exposed PfEMP1 levels in RBCs parasitized with CS2
strain parasites to 60% 	 6% of control levels (data not
shown).

Effect of cholesterol depletion on CD59 levels. We examined
the effect of cholesterol depletion on the surface accessibility
of the endogenous RBC protein, CD59 (13). CD59 is a glycosyl
phosphatidylinositol-anchored RBC protein that is likely to be
associated with cholesterol-rich domains in the RBC mem-
brane, and it is possible that its organization and hence acces-
sibility to labeling might be affected by cholesterol depletion.
In a previous study, Lauer et al. used immunofluorescence to
examine the binding of a specific MAb to CD59 and found a
decrease in labeling in IRBCs (32). By contrast, we found that
control and trophozoite IRBCs showed similar levels of CD59,
as judged by flow cytometric analysis (Fig. 3E). Moreover,
treatment of either infected or uninfected RBCs with 5 mM
MBCD also had no effect on the measured CD59 levels (Fig.

3E). This suggests that cholesterol depletion does not cause a
major defect in membrane integrity or result in gross loss of
lipid raft-associated proteins from the RBC surface.

Effect of cholesterol depletion on transfer of PfEMP1 to the
Maurer’s clefts. Transfected parasites have recently been gen-
erated that express a chimera comprising the KAHRP
PEXEL/VTS motif and the transmembrane and cytoplasmic
domains of PfEMP1 appended to green fluorescent protein
(K1–119-PfEMP1-GFP). This chimera is directed to the host
cell cytosol, where it associates with the Maurer’s clefts, and at
least part of the population of chimeric molecules eventually
becomes exposed at the IRBC surface (28). We examined the
effect of cholesterol depletion on trafficking of the K1–119-
PfEMP1-GFP chimera in these transfectants. We found that
the PfEMP1 chimera was correctly trafficked to the RBC cy-
tosol and became associated with structures in the RBC cytosol
(Fig. 2C). These structures have previously been shown to be
Maurer’s clefts (28). Analysis of the numbers of Maurer’s clefts
in 20 different cells of each treatment type revealed 6 	 2
Maurer’s clefts in control and 5 mM and 10 mM MBCD-
treated cells. Thus, cholesterol depletion does not appear to
affect the formation of Maurer’s clefts or trafficking to this
compartment but may affect trafficking from the Maurer’s
clefts to the RBC membrane.

Effect of GTP analogs on invasion of RBCs by P. falciparum.
Components of the plasmodial COPII complex appear to be
exported to the host cell cytosol and to associate with the
Maurer’s clefts (1, 4, 65, 68, 69). This suggests that GTP-
dependent, vesicle-mediated events could be involved in
PfEMP1 trafficking. The GTP analogs GTP�S and GDPNP
have been shown to inhibit GTP hydrolysis by small GTPases
and affect the process of cargo packaging into COP vesicles, as
well as preventing vesicle fusion with target membranes (42).

In light of this and of the data described above, we wanted
to examine the effect of GTP analogs on trafficking of proteins
across the RBC cytosol. However, RBC membranes do not
contain nucleotide transporters, and our preliminary studies
indicated that radiolabeled nucleotides are unable to penetrate
the RBC membrane of either uninfected RBCs or IRBCs (data
not shown). Therefore, we developed a method for trapping
non-membrane-permeating GTP analogs in resealed RBCs
that could subsequently be used to support parasite growth.

It has previously been shown that human RBCs can be lysed
by dialysis at high hematocrit levels against a low ionic strength
medium containing 1 mM ATP and resealed by dialysis at
physiological ionic strength. These resealed cells are invaded
with high efficiency by P. falciparum (14). The physical char-

FIG. 2. Effect of cholesterol depletion on parasite ultrastructure and trafficking of PfEMP1 in control and transfected parasites. (A) Early ring
stage (�10 h) strain A4 parasites were mock treated (left panel) or treated with 5 mM (middle panel) or 10 mM (right panel) MBCD and returned
to culture for 20 h in serum-containing medium. The trophozoite stage samples were prepared for transmission EM analysis. Maurer’s clefts are
indicated with arrows; knobs are indicated with arrowheads. Bar, 2 �m. (B) Intact strain A4 IRBCs were incubated with BC6 MAb followed by
fluorescently labeled anti-mouse IgG. Imaging by confocal microscopy indicates that fluorescence labeling is restricted to the IRBC surface (left
panels; bar, 5 �m). Strain A4 parasites developing in control (middle panel) or MBCD-treated (right panel) IRBCs were incubated with BC6 MAb
and prepared for analysis by flow cytometry. The data represent the ethidium bromide and fluorescein fluorescence signals. The crossing lines
indicate the cell populations selected for analysis. The upper quadrants represent IRBCs, with the right quadrant representing BC6-positive
IRBCs. (C) Early ring stage 3D7 transfectants expressing a GFP-PfEMP1 chimera were mock treated or treated with 5 or 10 mM MBCD and
returned to culture for 20 h in serum-containing medium. Imaging by confocal microscopy indicates that the fluorescence is largely associated with
the Maurer’s clefts. A weak rim of fluorescence at the IRBC surface is also observed. Bar, 5 �m.
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acteristics of the resealed cells and the requirements for sup-
porting parasite growth have been extensively examined pre-
viously (14, 47, 48).

We have used a slightly modified resealing protocol that
avoids the dialysis steps and produces resealed cells reproduc-
ibly containing hemoglobin at 44% 	 8% of the initial level (as

judged from the absorbance at 412 nm of 10 different samples
of resealed cells). Fluorescence microscopy and fluorescence-
activated cell sorter analysis of RBCs resealed in the presence
of fluorescently labeled bovine serum albumin revealed that
the method allows uniform encapsulation of the entrapped
species. The efficiency of trapping of radiolabeled GTP in
resealed cells was analyzed in five different samples and found
to be 13% 	 3%.

Synchronized schizont stage (i.e., at about 38 h of the 48-h
cycle; �95% parasitemia) strain A4 parasites were harvested
and mixed with resealed RBCs containing increasing concen-
trations of GTP, GTP�S, or GDPNP. The amount of GTP
analogues in the resealing medium was adjusted to give a range
of intracellular (trapped) concentrations of the analogues from
0 to 100 �M. To determine the fate of the entrapped nucleo-
tides, parasites were allowed to develop in resealed cells con-
taining radiolabeled GTP for 28 h; then, the IRBCs (10%
parasitemia) were lysed using streptolysin O. This process re-
leased 99.1% 	 0.4% of the entrapped radiolabeled nucleo-
tide, indicating that the nucleotide is largely associated with
the host cell compartment and not taken up into the parasite.
In some samples we also added the GTP analogues at concen-
trations equivalent to the estimated trapped concentration on
the outside of the resealed cells. Semiquantitative TLC analy-
sis indicated that the GTP analogues are stable for �20 h
during incubation in aqueous media at 37°C (data not shown).

We examined the efficiency of invasion of the resealed
RBCs. At about 10 h after invasion (i.e., at 20 h after inocu-
lation) we found that the released merozoites had invaded
intact cells with an invasion index of about 3.5 and control
resealed RBCs with an index of 2.2. (The invasion index is the
ratio of the observed parasitemia at a given time to the inoc-
ulating parasitemia.) For ready comparison with other sam-
ples, we have expressed the invasion efficiency for the different
samples relative to that for RBC resealed in the absence of
guanine nucleotide (Fig. 4A). We examined the invasion of
RBCs resealed in the presence of increasing concentrations
of GTP, GTP�S, or GDPNP. RBCs resealed in the presence of
GTP were invaded with efficiency similar to the control results
(Fig. 4A); however, we found that both GTP�S and GDPNP,
at concentrations of 50 and 100 �M, reduced the invasion
efficiency by about 45% and 60%, respectively, compared with
the results seen with controls resealed in the absence of inhib-
itor (Fig. 4A). A similar effect was observed when GTP�S was
added at both the outside and inside of resealed RBCs (Fig.
4A). By contrast, addition of GTP�S at a concentration of up
to 200 �M to the medium supporting a culture of intact IRBCs
had no effect on the invasion efficiency (data not shown),
indicating that the nucleotide analogue must have access to the
erythrocyte cytoplasm to exert an effect on invasion.

Effect of intracellular GTP analogs on maturation and mor-
phology of P. falciparum IRBCs. The extent of intracellular
parasite maturation was monitored at approximately 28 h after
invasion (i.e., 38 h after inoculation) by analysis of Giemsa-
stained smears and assessment of parasite stages (61). PfEMP1
first appears at the surface of parasitized RBCs at �16 h after
invasion (29). Therefore, we assessed the number of parasites
that were morphologically characterized at �16 h and ex-
pressed this as a percentage of the total parasitemia (Fig. 4B).
Parasites in RBCs resealed in the presence of GTP showed a

FIG. 3. Effect of cholesterol depletion on surface-exposed PfEMP1
in IRBCs. Early ring stage (�10 h) strain A4 parasites were mock
treated or treated with increasing concentrations of MBCD and re-
turned to culture for 20 h in medium containing 8% serum (A) or 0.5%
AlbuMAX (B). Samples were incubated with BC6 MAb and ethidium
bromide and prepared for analysis by flow cytometry as depicted in
Fig. 2B. A4 parasites developing in control IRBCs were typically 80%
to 85% BC6 reactive by this stage. To facilitate comparison between
samples, the mean fluorescence of the control sample was taken as
100%. (C) Following treatment or mock treatment of A4 IRBCs with
5 mM MBCD, aliquots of treated ring stage cultures were left depleted
(filled bars) or reloaded with cholesterol (open bars) by incubation
with a complex of cholesterol:MBCD for 2 h at 37°C and returned to
culture for 20 h. Samples were incubated with BC6 MAb, and surface-
exposed PfEMP1 was assessed by flow cytometry. (D) Uninfected
RBCs were treated or mock treated with MBCD, and aliquots were
reloaded with cholesterol by incubation with a complex of cholesterol:
MBCD. The treated RBCs were mixed with an aliquot of schizont
stage A4 IRBCs and returned to culture for 35 h. Samples were
incubated with BC6 MAb, and surface-exposed PfEMP1 was assessed
by flow cytometry. (E) Ring stage A4 IRBCs were cholesterol depleted
or mock treated for 2 h at 37°C and returned to culture for 20 h.
Samples were incubated with anti-CD59 MAb and analyzed by flow
cytometry. MBCD treatment did not alter CD59 levels, indicating that
it does not cause loss of surface proteins. The data represent the
averages plus or minus standard deviations for triplicate determina-
tions of the mean fluorescence intensity for the antibody-positive
IRBCs incubated for 20 h in the presence of serum. Values that are
significantly different (P 
 0.05 or P 
 0.01) from those for controls
are marked with a single or double asterisk, respectively.
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rate of maturation similar to that seen with RBCs resealed in
the absence of guanine nucleotide. However, in RBCs resealed
in the presence of higher concentrations of GTP�S or GDPNP,
parasite growth was somewhat delayed, as indicated by the
dose-dependent decrease in the percentage of mature stage
(�16 h) parasites at 28 h after invasion (Fig. 4B). Despite the
delayed maturation, the majority of the population of parasites
in RBCs containing GTP analogues did reach maturity by 38 h
after invasion (Fig. 4C) and were able to reinvade (albeit with

reduced efficiency; data not shown). When GTP�S was added
to both the exterior and interior of resealed RBCs, a propor-
tion of the parasites failed to reach maturity even 38 h after
invasion. These data indicate that the GTPase inhibitors sub-
stantially delay maturation of the parasite. We also examined
the ability of parasites of the CS2 and 3D7 strains to invade
and mature within resealed RBCs and found similar effects of
the GTP analogues on these strains (data not shown).

The ultrastructural integrity of A4 intracellular parasites
developing within RBCs resealed in the absence of guanine
nucleotide (Fig. 5A) or in the presence of 100 �M GTP,
GTP�S, or GDPNP (Fig. 5B to D) was examined by EM. In
resealed cells the host cell membrane showed morphological
derangement and often appeared to have flattened around the
parasite; however, the parasite exhibited normal morphology
and Maurer’s clefts were observed in the RBC cytoplasm and
characteristic knob structures at the RBC membrane (Fig. 5A).
In parasites growing in cells containing the GTP analogs there
was some evidence for increased vacuolarization of the para-
site cytoplasm, but, surprisingly, even at the higher levels of
GTP analogs there were no obvious major abnormalities. The
host cell cytosol appeared to contain numbers of Maurer’s
clefts similar to those seen with controls, and the host cell
membrane was studded with knobs (Fig. 5C and D). There was
no evidence for accumulation of vesicles in the host cell cytosol
as has been reported for AlF4 treatment (65, 66).

Effect of intracellular GTP analogs on surface exposure of
PfEMP1 in P. falciparum IRBCs. We have used flow cytometric
analysis to quantitate the amount of PfEMP1 on the surface of
control and resealed RBCs infected with A4 parasites. Isolated
mature-stage A4 IRBCs (�95% parasitemia) were mixed with
control or resealed RBCs. At �28 h after reinvasion (i.e., at
38 h after inoculation), the culture was assessed for the pres-
ence of surface-exposed PfEMP1 by flow cytometry using the
BC6 MAb (29).

In flow cytometric analyses, the resealed cells generated
lower forward and side scatter (Fig. 6A, upper panels); how-
ever, there was no evidence for extensive fragmentation of the
cells. In a typical experiment (Fig. 6B), A4 parasites infecting
resealed RBCs without GTPase inhibitor were about 70% to
80% BC6 reactive by about 28 h after invasion. The mean
fluorescence value for these cells was taken as 100%, and the
fluorescence of other samples was expressed relative to this
control. Intact IRBCs showed a moderately higher mean flu-
orescence value (113%), indicating that the efficiency of
PfEMP1 trafficking in intact RBCs is somewhat higher than in
resealed RBCs. When A4 parasites developed in RBCs that
had been resealed in the presence of increasing amounts of
GTP, a small but significant increase in PfEMP1 surface ex-
posure was observed at 50 �M GTP but this effect was reversed
at 100 �M GTP (Fig. 6B, filled diamonds). In RBCs resealed
in the presence of increasing amounts of GTP�S or GDPNP,
we observed a decrease in PfEMP1 surface exposure (Fig. 6B,
filled triangles and squares). In these cells the level of surface
exposure of PfEMP1 was about 60% of control levels. A sim-
ilar decrease was observed for cells in which GTP�S was also
added to the outside of the resealed cells (Fig. 6B, open
squares).

However, the defect in PfEMP1 trafficking in the presence
of the GTP analogs appears to be largely the result of delayed

FIG. 4. Effect of intracellular GTP analogs on the ability of P.
falciparum to invade RBCs and undergo intraerythrocytic develop-
ment. (A) Isolated schizont stage parasites were added to intact RBCs
or to RBCs resealed in the absence or presence of GTP, GTP�S, or
GDPNP and returned to culture (initial parasitemia, �3%). The con-
centrations of guanine nucleotides are the estimated intraerythrocytic
concentrations, assuming 13% trapping of added nucleotide. The sub-
scripts refer to samples in which the guanine nucleotides were trapped
inside (i) or also added externally (i/e). After 20 h, smears were pre-
pared and stained with Giemsa, and 1,000 cells per slide were counted.
The ratio of the ring stage parasitemia to the inoculating parasitemia
was determined, and the data are expressed as invasion efficiency
relative to the control in the absence of guanine nucleotide. At �28 h
after invasion (B) and �38 h after invasion (C), additional smears were
prepared and the number of cell infected with �16-h-stage parasites
was determined relative to total parasitemia numbers. The data rep-
resent the averages of duplicates in typical experiments that were
performed at least three times. p.i., postinvasion.
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maturation of the intracellular parasites. The growth data for
the 28-h time point after invasion (Fig. 4B) reveal that in the
presence of the GTP analogs a substantial proportion of the
parasite population had failed to develop to the morphological

stage, where PfEMP1 is expected to be surface expressed. By
38 h after invasion, the majority of parasites had developed
beyond the 16-h morphological stage. Therefore, we also eval-
uated the level of expression of PfEMP1 at this time point.

FIG. 5. Ultrastructure of P. falciparum in RBCs resealed to contain GTP analogs. P. falciparum of the A4 strain was cultured in RBCs resealed
in the absence of guanine nucleotide (A) or in the presence of an estimated intracellular concentration of 100 �M GTP (B), 100 �M GTP�S (C) or
100 �M GDPNP (D). The samples were prepared for transmission EM analysis after 42 h of culture (i.e., �32 h postinvasion). Maurer’s clefts are
indicated with arrows; knobs are indicated with arrowheads. Bar, 1 �m.

FIG. 6. Modulation of surface-exposed PfEMP1 by GTP analogs. (A) Strain A4 parasites developing in intact (left panels) or resealed (right panels)
RBCs were incubated with BC6 MAb and prepared for analysis by flow cytometry. The top panels represent the side and forward scatter of the intact
and resealed cells. The lower panels represent the ethidium bromide and fluorescein fluorescence. The crossing lines indicate the cell populations selected
for analysis. The upper quadrants represent IRBCs, with the right quadrant representing BC6-positive IRBCs. (B) Isolated schizont stage IRBCs (A4
strain) were added to intact RBCs or to RBCs resealed in the absence or presence of different concentrations of GTP, GTP�S, or GDPNP and returned
to culture. Concentrations presented represent the estimated intracellular concentrations. The subscripts refer to samples in which the guanine
nucleotides were trapped inside (i) or also added externally (i/e). After 38 h (�28 h postinvasion [p.i.], left panel) or 48 h (�38 h p.i., right panel), samples
were incubated with BC6 MAb and ethidium bromide and prepared for analysis by flow cytometry. Values that are significantly different (P 
 0.05 or
P 
 0.01) from those for RBCs resealed in the absence of GTP analogue are marked with single or double asterisks, respectively. The data represent
the averages plus or minus standard deviations for triplicate determinations of the mean fluorescence intensity for the antibody-positive IRBCs.
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While there remained small but significant differences between
RBCs resealed in the presence or absence of the GTP analogs
at this time point, the effect was much less marked. The level
of PfEMP1 expression reached about 90% to 95% of the con-
trol level (Fig. 6C). This indicates that upon maturation of the
intracellular parasite PfEMP1 is eventually trafficked to the
RBC surface. Additional time points between 28 h and 38 h
gave intermediate levels of exposure (data not shown). Taken
together, the data presented above indicate that the ability of
GTP analogs to inhibit trafficking of PfEMP1 to the host cell
surface is due their effect on parasite maturation.

It is worth noting that when GTP�S or GDPNP (up to 200
�M) was added at the external surface of cultures maintained
in intact RBCs, there was no effect on parasite development or
on PfEMP1 surface exposure, indicating that the analogs can-
not penetrate intact IRBCs (data not shown).

We also examined trafficking of PfEMP1 in RBCs infected
with CS2 strain parasites. Similar results were obtained for the
CS2 parasites (data not shown); the GTP analogs inhibited
PfEMP1 delivery but apparently as a consequence of inhibition
of parasite maturation.

DISCUSSION

The plasma membranes of eukaryotic cells, including the
RBC membrane (58), contain cholesterol-rich domains known
as lipid rafts. Depletion of cholesterol from the plasma mem-
brane of mammalian cells inhibits protein secretion (31, 56).
Lipid rafts are also thought to be involved in the biosynthetic
delivery of proteins to the yeast plasma membrane (5). Samuel
et al. (59) showed that depletion of RBC membrane choles-
terol had no significant effect on lipid asymmetry, membrane
deformability, or the transport properties of the host mem-
brane. However, cholesterol depletion did inhibit invasion of
RBCs by P. falciparum and disrupted the association of “raft”
proteins with detergent-resistant membranes isolated from
IRBCs. Moreover, Lauer et al. (32) showed that normal cho-
lesterol levels are required for the inward transport of some
host cell proteins from the IRBC membrane to the parasito-
phorous vacuole membrane. Given the important role of cho-
lesterol in inward transport of proteins, we investigated the
effect of cholesterol depletion on PfEMP1 delivery to the RBC
surface.

�-Cyclodextrins selectively bind cholesterol to form a water-
soluble complex, thereby providing a means of manipulating
the cholesterol content of cell membranes (8, 41). We found
that treating RBCs with MBCD allowed depletion of up to
70% of the RBC cholesterol without a major effect on RBC
integrity. Parasites maintained in cholesterol-depleted RBCs
developed normally and showed no major ultrastructural de-
fects, and the morphology of the Maurer’s clefts and knobs in
the treated cells appeared similar to that in the controls. To
monitor potential effects of depletion of host cell cholesterol
on trafficking of proteins across the RBC cytosol we made
quantitative measurements of the delivery of PfEMP1 to the
external surface of RBCs. We made use of specific antibodies
recognizing the surface-exposed domains of PfEMP1 in RBCs
infected with A4 and CS2 strain parasites. Interestingly, deple-
tion of host cell cholesterol was associated with up to 90%
inhibition of delivery of PfEMP1 to the RBC surface. This

suggests that cholesterol-dependent events are critical for ef-
ficient delivery of this protein.

Recent studies have suggested that PfEMP1 is trafficked to
Maurer’s clefts as a chaperoned complex and is only inserted
into a bilayer environment at the Maurer’s clefts or possibly
the RBC membrane (28, 43). We found that a chimera com-
prising PfEMP1 domains fused to GFP was trafficked to the
Maurer’s clefts of cholesterol-depleted cells with an efficiency
apparently similar to that observed in untreated cells. This
suggests that the defect in PfEMP1 delivery is beyond the
Maurer’s cleft compartment, possibly in the insertion of
PfEMP1-containing protein complexes or Maurer’s cleft-de-
rived vesicles into the RBC membrane. The high cholesterol
content of the RBC membrane may be necessary to provide a
bilayer with the correct physicochemical properties to allow
insertion of the PfEMP1 delivery vehicle. Cholesterol deple-
tion has been shown to increase the fluidity of the inner leaflet
of the RBC membrane (60). This could prevent insertion into
regions of membrane heterogeneity at boundaries between cho-
lesterol-rich and cholesterol-poor domains. In this context it is
interesting that the posttranslational insertion of proteins into
membranes has previously been shown to be dependent on
normal levels of cholesterol (20).

Interestingly, even without depletion of host cell cholesterol,
serum-containing medium appears to promote A4 PfEMP1
surface exposure more effectively than medium containing
fatty acid-loaded albumin. This suggests that PfEMP1 expo-
sure may be sensitive to the presence of cholesterol-containing
components (lipoproteins) in the serum. In this regard it is
worth noting that CD36, a major host cell receptor for
PfEMP1 (30), is a major player in mediating the uptake of
lipids across the plasma membranes of muscle and adipose
cells (9, 17). It is interesting to speculate that PfEMP1 binding
to CD36 may facilitate uptake of host lipid components into
parasitized RBCs. Clearly, additional work is needed to exam-
ine this possibility.

Classical vesicle-mediated transport proceeds by successive
budding and fusion events that are driven by GTP hydrolysis
(70). In an effort to examine the role of GTP-mediated events
in the trafficking of PfEMP1, we established a method for
incorporating slowly hydrolyzable analogs of GTP inside the
host cytosol. The resealed RBCs retained �50% of initial
hemoglobin levels. The remaining hemoglobin, along with
amino acids taken up from the medium, readily sustains
growth of the intracellular parasite (14). We examined the
effects of incorporating GTP�S and GDPNP into the host cell
compartment. These GTP analogs are known to inhibit Arf1-
and Sar1p-catalyzed GTP hydrolysis and thus affect the process
of cargo packaging into COPI-and COPII-coated vesicles (40,
42, 45, 64). In mammalian cell-free systems half-maximal inhi-
bition of vesicle transport is observed at 0.5 �M GTP�S (39),
although higher concentrations are needed in intact cell sys-
tems (44). GTP analogs can also affect other GTP-dependent
events such as microtubule elongation, protein synthesis, and
the tricarboxylic acid cycle; however, these higher metabolic
processes are not operational in mature human RBCs (19).

We found that RBCs resealed to contain GTP analogs were
invaded less efficiently than controls resealed in the absence of
inhibitor or in the presence of GTP. This inhibition of invasion
does not appear to involve a direct effect (for example, inhi-
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bition of parasite tubulin polymerization) on the invading mer-
ozoite, as the analogs had no effect when added to the culture
medium. It has recently been reported that signaling via het-
erotrimeric G� proteins can regulate P. falciparum invasion
into RBCs (22), and it is possible that sustained activation of
RBC G proteins by the GTP analogs caused the observed
effect on invasion efficiency.

GTP analogs also slowed parasite development, especially at
high concentrations. However, treated parasites eventually
completed the intraerythrocytic cycle and were able to rein-
vade new RBCs over several generations. The retardation of
parasite development may be due to inhibition of GTPase-
mediated events, such as heterotrimeric G protein signaling, in
the RBC cytosol. Alternatively, it remains possible that a lim-
ited uptake of the analogs into the parasite cytoplasm could
inhibit growth. Even though there appears to be no nucleotide
transporter in the parasite plasma membrane (57), small
amounts of the inhibitors may be taken up by endocytic feeding
and escape from the digestive vacuole into the parasite cyto-
plasm. Our analysis of the levels of parasite-associated tracer
nucleotide suggests that only very small amounts of the drug
are taken up in this way, but this may be sufficient to slow
maturation.

We measured surface exposure of PfEMP1 at 28 h after
invasion in control and GTPase-treated IRBCs. While IRBC
resealed to contain GTP showed levels of surface-exposed
PfEMP1 similar to control resealed IRBC levels, we found that
intracellular GTP�S or GDPNP concentrations of 50 or 100
�M inhibited PfEMP1 trafficking. This may be due to inhibi-
tion or retardation of vesicle-mediated events involved in
PfEMP1 delivery. However, we found that at a later time point
(38 h after invasion) nearly equivalent levels of PfEMP1 were
presented at the external surface of control and GTPase in-
hibitor-treated RBCs. This suggests that the GTPase inhibitors
exert their effect by delaying parasite maturation. Thus, while
it remains possible that classical GTP-dependent trafficking
processes play a role in a parasite maturation event that is
needed for delivery of PfEMP1 to the IRBC surface, the ob-
served effect is limited and it is difficult to differentiate between
direct and indirect effects.

In the light of these data, it is interesting to reevaluate the
likely role(s) of Maurer’s cleft-associated COPII components
in the IRBC cytosol. It remains possible that COPII proteins
are involved in the genesis of Maurer’s clefts or in the traffick-
ing of other membrane-embedded proteins, such as Rifins and
STEVORs. Transfection experiments employing GFP chime-
ras of trafficking components that may help to resolve the roles
and locations of these components are currently under way in
our laboratories.

The data presented here are in apparent conflict with pre-
vious data from one of our laboratories (65, 66) showing that
that the trafficking of PfEMP1 across the RBC cytosol is in-
hibited by treatment with AlF4—an inhibitor that prevents
coatomer shedding following vesicle formation (33). Following
treatment of IRBCs with AlF4, strings of vesicles with diame-
ters of 60 to 100 nm were observed, and immunolabeling stud-
ies indicated that the vesicles contained PfEMP1 and were
associated with actin and myosin (65, 66). This apparent dis-
crepancy may arise from the fact that GTP analogs and AlF4

inhibit different cellular targets. For example, it has been sug-

gested that the AIF-sensitive component in vesicle transport
may not be a GTP-binding protein (21). Indeed, AlF4 is known
to inhibit other phosphoryl transfer reactions involved in ves-
icle transport, such as phospholipase D activity (27, 34). Thus,
AlF4 may provide a means of further dissecting this pathway.

The important role of cholesterol-mediated events and the
weak dependence on GTP hydrolysis of the delivery of
PfEMP1 to the RBC surface suggests that we may need to
reevaluate our model of PfEMP1 trafficking. Indeed, recent
studies of transfected parasites expressing PfEMP1-GFP fu-
sion proteins have markedly enhanced our understanding of
the unusual trafficking pathway for this protein (23, 38). These
studies have shown that a so-called “protein export element”
or “vacuolar transport signal” within the N-terminal region of
PfEMP1 is needed for transfer across the parasitophorous
vacuolar membrane (23, 38). Moreover, it has been shown that
transfectants expressing a chimera comprising a hydrophobic
signal sequence, a protein export element or vacuolar trans-
port signal motif, and the PfEMP1 transmembrane and C-
terminal domains contain sufficient information for trafficking
to the RBC membrane and presentation of the N-terminal
region at the external surface (27). Interestingly, fluorescence
photobleaching analysis of the exported PfEMP1-GFP chi-
mera suggests that it is trafficked across the RBC cytosol as a
large protein complex rather than as a membrane-embedded
protein in phospholipid vesicles. In addition, recent data ana-
lyzing the solubility properties of PfEMP1 have shown that it
remains bicarbonate extractable during trafficking through the
parasite’s endomembrane system (42). Together, these data
suggest that PfEMP1 may be trafficked as a soluble chaper-
oned complex rather than as a membrane-embedded protein.
These studies suggest that PfEMP1 may diffuse across the
RBC cytosol as a protein complex and insert into a membrane
environment only when it reaches the Maurer’s clefts of the
RBC membrane. We further propose that the final event in
the delivery of PfEMP1 to the RBC surface involves fusion of
PfEMP1-containing structures with cholesterol-rich microdo-
mains in the RBC membrane.

In conclusion, our data suggest that trafficking of the cyto-
adherence protein to the RBC membrane may utilize a highly
novel process. Further studies of these processes may point to
possible mechanisms for interfering with the surface expres-
sion of this major virulence factor and immune target.
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