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A Membrane Network for Nutrient Import in Red
Cells Infected with the Malaria Parasite

Sabine A. Lauer, Pradipsinh K. Rathod, Nafisa Ghori,
Kasturi Haldar*

The human malaria parasite Plasmodium falciparum exports an interconnected network
of tubovesicular membranes (the TVM) that extends from the parasite’s vacuolar mem-
brane to the periphery of the red cell. Here it is shown that extracellular solutes such as
Lucifer yellow enter the TVM and are delivered to the parasite. Blocking the assembly
of the network blocked the delivery of exogenous Lucifer yellow, nucleosides, and amino
acids to the parasite without inhibiting secretion of plasmodial proteins. These data
suggest that the TVM is a transport network that allows nutrients efficient access to the

parasite and could be used to deliver antimalarial drugs directly into the parasite.

Malaria afflicts 200 million to 300 million
people and kills over 1 million children each
year. The most fatal form of the disease is
caused by the protozoan parasite Plasmodium
falciparum. During its asexual cycle the par-
asite invades and develops in a vacuole in
the mature erythrocyte, a cell devoid of all
intracellular organelles and incapable of de
novo protein synthesis and membrane turn-
over (I, 2). In order to survive, the parasite
exports antigens and imports extracellular
nutrients {3-5) across the intraerythrocytic
space by mechanisms that are largely un-
known. Within 33 hours of infection the
parasite induces the formation of the TVM
that emerges from the parasitophorous vac-
volar membrane and extends out to the
erythrocyte membrane (6, 7), suggesting
that it may be a transport organelle.

TVM assembly can be blocked by inhi-
bition of a resident parasite sphingomyelin
synthase (called the sensitive sphingomy-
elin synthase or SSS) by dl-threo-1-
phenyl-2-palmitoylamino-3-morpholino-
1-propanol (PPMP; Fig. 1) (8). Normal
cells have shown a highly tubular network
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with a few large loops (Fig. 1A). PPMP-
treated cells (Fig. 1B) were found to contain
vesicles or rodlike elements, associated with
the red cell membrane, free in the cytoplasm
or in close association with the parasite. Few
of the intraerythrocytic structures appeared
to be interconnected, suggesting that the
network is either highly constricted in re-
gions that do not stain with Bodipy-
ceramide, or it is fragmented.

To determine whether the state of TVM
organization influences the transport proper-
ties of infected red cells, we incubated control
(untreated) and PPMP-treated cells with the
fluorescent solute Lucifer yellow (LY), which
enters infected (but not uninfected) red cells
by a parasite-induced, energy-dependent pro-
cess {9). In mammalian cells LY is a marker
for fluid phase pinocytosis; however, there is
no endocytic activity at the infected red cell
membrane (10, I11). In a normal infected red
cell, LY was detected in interconnected tu-
bules and vesicles of the TVM and within the
parasite (Fig. 1C). Labeled network structures
extended along the periphery of the red cell
across the intraerythrocytic space and back to
the parasite. PPMP-treated cells appeared to
be blocked in the intraerythrocytic delivery
and accumulation of LY (Fig. 1D). Removal
of PPMP restored TVM development (8) and
the levels of LY transport and accumulation
seen in untreated cells (12). PPMP does not
block the channel or transporter for LY at the
infected red cell membrane (12). Together,
these data suggest that LY is delivered by the
TVM to the parasite.

We next investigated whether other
charged, low molecular mass solutes such as
nucleosides, amino acids, and their toxic de-
rivatives are also transported by the TVM by
comparing parasite-induced accumulation of
radiolabeled analogs in PPMP-treated and un-
treated cells. An important extracellular sol-
ute for parasite growth is the purine nucleo-
side adenosine. The parasite needs purines for
growth but cannot synthesize them de novo.
The uninfected erythrocyte has an endoge-
nous nucleoside transporter that can be
blocked by derivatives of 6-thiopurine nucleo-
sides such as nitrobenzyl thioinosine
(NBMPR); however, these compounds do not
block parasite-induced nucleoside accumula-

Table 1. Inhibition of parasite-induced solute accumulation and use in infected red cells. Infected
erythrocytes (at 10 to 20% parasitemia) treated with 5 wM PPMP for 36 hours were washed free of
serum and incubated with the indicated radiolabeled substrates (74). The accumulation of [®H]ade-
nosine or [*Hjthymidine was measured over 30 s at room temperature. NBMPR (20 M) was used to
inhibit the endogenous red cell nucleoside transporter. Control cells were not treated with PPMP. Where
indicated, 0.01% saponin was added. The accumulation of [*H]orotic acid and [*H]glutamate was
measured over 30 min at 37°C. PPMP treatment had no effect on the uptake of any radiolabeled
compound into uninfected red cells. The incorporation of [*H]adenosine and [H]orotic acid was
measured over 24 hours, after which the cells were harvested on glass fiber filters and the counts
determined (8, 74). These incorporation assays were carried out in the absence of NBMPR. The
incorporation of [3H]glutamate over 24 hours at 37°C was determined by measuring the acid-insoluble
radioactivity precipitated on 3 MM Whatman filters (77, 74). n.a., not applicable.

Solute accumulation

(1075 nmol per 5 x 107 Inhibition of Inhibition of
Substrate parasites) accumulation incorporation
(%) (%)
—PPMP +PPMP
[BH]Adenosine 7.8 3.1 60 + 20 97 + 2
[BH]Adenosine + saponin 6.2 5.6 g9+ 4 3+2
[®H]Orotic acid 17 15 91 = 13 98 = 1
[BH]Thymidine 46 10 78+ 6 n.a.
[BH]Glutamate 14 3.6 74 + 20 91 =5
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tion in infected erythrocytes (13). In contrast
to NBMPR, PPMP substantially lowered the
levels of parasite-induced [*H)adenosine accu-
mulation in infected red cells (~60% reduc-
tion within 30 s; Table 1). Incorporation of
radiolabel into nucleic acids was also reduced
by over 90% (Table 1).

To separate experimentally the intra-
erythrocytic transport of adenosine from its
use by the parasite, we added saponin to
both the control and PPMP-treated cells
and then compared adenosine accumula-
tion and incorporation in the continued
absence or presence of PPMP (14). Saponin
permeabilizes the red cell and intraerythro-
cytic TVM membranes but leaves the par-
asite intact and metabolically active (15).
The level of adenosine accumulation in
saponin-treated cells was ~80% that in
normal cells (Table 1), confirming that
most of the exogenous adenosine was rap-

idly delivered to the parasite. PPMP treat-
ment had virtually no effect on the accu-
mulation or incorporation of adenosine in
the presence of saponin, indicating that
PPMP does not affect adenosine metabo-
lism in the parasite. It does not inhibit the
uptake of adenosine at the parasite’s surface
or adenosine transporter at the surface of
the infected red cell (8). These data suggest
that PPMP acts by disrupting the TVM
pathway that delivers adenosine to the par-
asite; this pathway functions at physiologi-
cal concentrations of adenosine in plasma
(less than 1 wM), suggesting that it may be
used both in vivo as well as in vitro.
Parasite-infected red cells also take up the
pyrimidine nucleosides thymidine and orotic
acid from the extracellular medium (16). In
PPMP-treated cells, the accumulation of orot-
ic acid and thymidine was inhibited by 91 and
78%, respectively, and the incorporation of

Fig. 1. Transport of Lucifer yellow (LY') by the
TVM in P. falciparum—infected red cells and
its disruption by PPMP. Pseudocolor projec-
tions of the TVM in normal (A) and PPMP-
treated (B) infected red cells labeled with
Bodipy-ceramide, which stains all intracellu-
lar membranes (8). Large arrowheads indi-
cate periphery of the red cell; p, parasite; |,
large vesicle or loop. In (A), long thin arrows

show interconnected tubules of a normal TVM. In (B) (arrested TVM), short thin arrows indicate
isolated rods; the short thick arrows indicate vesicular structures attached to the parasite; and x
indicates TVM elements attached to the red cell membrane. Projections of the distribution of LY in
normal (C) and PPMP-treated (D) infected red cells incubated at 1% hematocrit in RPMI 1640
medium containing LY (1 to 4 mg/ml) for 30 min at 37°C (9). Excess dye was removed by washing in
RPMI 1640. Large arrowheads indicate the periphery of the red cell, and short thin arrows show LY
staining in the TVM. All samples were viewed in a DeltaVision microscope and work station (Applied
Precision, Seattle, WA). Twenty 200-nm optical sections taken through the depth of the cell were
deconvoluted as described in (24) and reconstructed into a high-resolution, 0° projection. Scale bars

beneath the images, 5 pm.
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orotic acid into nucleic acids was reduced by
98% (Table 1). Because thymidine is not
incorporated by plasmodial parasites, PPMP
must exert its effect on transport rather than
on metabolism. Because PPMP does not block
the machinery for nucleic acid synthesis,
these cells were not compromised in the abil-
ity to use orotic acid but rather in the trans-
port of exogenous pyrimidines. As shown for
purines, PPMP did not inhibit parasite pyrim-
idine transporters in the infected red cell
membrane (8).

To determine whether amino acids are
delivered by the TVM pathway, we exam-
ined the accumulation of L-glutamate, a
compound that is efficiently internalized by
infected but not uninfected red cells (16).
The accumulation of glutamate and its in-
corporation into protein was greatly re-
duced in PPMP-treated infected erythro-
cytes (Table 1). Yet, as shown by immuno-
localization studies (Fig. 2, A to E), these
cells synthesized and exported numerous
parasite-encoded polypeptides such as
PEMP2, PfHRP2, and Maurer’s clefts,
knobs, and intraerythrocytic loops and their
resident marker proteins to the membrane
and cytosol of the red cell. When the par-
asites were released from their host cell and
TVM membranes and incubated with
5S]Tran label, the levels of protein syn-
thesis and export detected in the contin-
ued presence of PPMP were comparable
(*£10%) with those seen in control para-
sites incubated without PPMP (Fig. 2, F and
G). In contrast, brefeldin blocked the ex-
port of several proteins (Fig. 2G) but did
not diminish protein synthesis by the para-
site (Fig. 2F). Low levels of brefeldin-insen-
sitive export were also observed (17). Thus,
PPMP-treated cells are not impaired in ami-
no acid uptake at the parasite’s surface, the
machinery for protein synthesis, or protein

Table 2. Parasite-induced accumulation of 5-FO
in TVM-arrested cells. Accumulation of 5-FO was
determined as described for orotic acid (19) ex-
cept that, because of its lower specific activity
(0.05 Ci/mmol), the final extracellular concentra-
tion of ['*C]5-FO was 2.2 pM. Determination of
the IC, of 5-FO in TVM-arrested cells by PH]hy-
poxanthine incorporation (PHJHx incorp.) and
Giemsa staining was carried out with 12 hour—
infected red cells treated with various concentra-
tions of PPMP (0 to 3.3 X 106 M) and 5-FO (O to
1 X 1073 M) for 24 hours at 37°C (19). The IC4,
was determined by plotting parasitemia versus
5-FO concentration at a given amount of PPMP.

] -7
PPMP 5-FO accumulation 1Cg, (1077 M)

treatment (10°2 nmol
M) per 5 X 107 [BHJHx Giemsa
parasites) incorp.  stain
0 54 0.60 0.61
3.3x 1078 4.5 7.5 7.4
1123



export. PPMP does not inhibit amino acid
uptake at the infected red cell membrane
(8), suggesting that it blocks glutamate
transport through the TVM. Importantly,
the block in the transport of exogenous
nucleosides and amino acids in PPMP-
treated cells is not due to a reduced capacity
for protein synthesis or export in these cells.

The transport of nucleosides by the
TVM suggests that this network may be
able to deliver toxic nucleotide compounds
that have been of interest because of their
potential antimalarial activities. Deriva-
tives of orotic acid such as 5-fluoroorotate
(5-FO) (18) are particularly promising be-
cause orotic acid is the only pyrimidine that
is incorporated into the parasite. When
PPMP-treated infected red cells were incu-
bated with ['*C]5-FO (19), the accumula-

tion of cell-associated radiolabel was inhib-

Fig. 2. Export of proteins by PPMP-treated parasites. Infected red cells treated
with PPMP (for 36 hours, through ring and trophozoite development) were probed
with antibodies to (A) PIEMP2, (B) PfTHRP2, or (C) 45-kD Maurer’s cleft protein and
fluorescein isothiocyanate (FITC)-conjugated secondary antibody, in standard
indirect immunofiuorescence assays (8); (D) fixed, embedded in Polybed, and
examined by thin-section electron microscopy (Phillips EM 201) (8) for knobs
(indicated by arrowheads); and (E) prepared into ultrathin cryosections and probed
with antibodies to Exp1 or preimmune antibodies (not shown) and goat antibody to
mouse conjugated to 5-nm gold particles. In (E) the gold label is seen at the
parasitophorous vacuolar membrane and the intraerythrocytic loop (). p, parasite;
rbe, red blood cell. Scale bar for (A) to (C), 5 wm; scale bar for (D) and (E), 0.5 pm.
(F and G) Biosynthetic transport in PPMP-treated parasites released from the TVM
and red cell membranes. Parasites were released and incubated (at 5 x 107
parasites/ml) with [35S]Tran label (50 wCi/ml) for 60 min (77). Newly synthesized
proteins associated with (F) or exported from (G) the parasite into the buffer were

ited by ~90% (Table 2), suggesting that the
TVM is required for the parasite-induced
transport of 5-FO. Furthermore, the TVM-
arrested cells displayed more than a 15-fold
increase in resistance to killing by 5-FO.
These results raise the possibility that the
TVM network may be exploited to facili-
tate the delivery of specific drugs (nutrient
analogs) to the parasite. It is noteworthy
that PPMP treatment does not affect the
median inhibitory concentration (IC,,) of
the antibiotic doxycycline (19), suggesting
that the transport of an antimalarial drug is
not invariably dependent on the TVM.
We provide evidence that the TVM ap-
pears to be a rate-limiting step in the transport
of important nutrients such as adenosine, glu-
tamate, and orotic acid to the parasite. A
nonsaturable channel proposed to internalize
a wide range of substrates (20) may function

separated as described (17) and analyzed by SDS—polyacrylamide gel electro-

phoresis and fluorography. Lane 1, control parasites in buffer alone; lane 2, parasites treated with 5 pM
PPMP; lane 3, control parasites treated with 5 uM brefeldin A. The standard error between samples is
+10%. Molecular size standards are indicated on the left.
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at TVM-red cell junctions. The TVM is dis-
tinct from the “duct” (21), a structure whose
existence is debated (4, 5, 22) because it does
not enable macromolecules to diffuse into
infected red cells and it is not continuous with
the red cell membrane (6, 10). The TVM
may provide a tubular endosomal network,
and the channels that enable solute entry at
TVM-rted cell junctions could function as
sieves. In TVM-arrested cells, the structures
in association with the red cell membrane
may import extracellular solutes. But subse-
quent solute transport to the parasite may be
prevented as a result of fragmentation or con-
strictions in the network (or both). This may
explain why arresting the TVM blocks the
accumulation of exogenous substrates such as
adenosine, orotic acid, and glutamate by ~60
to 80%, but prevents their incorporation into
nucleic acids or proteins by ~90%. As a
nutrient transport pathway, it is likely that
the TVM is important only at the later stages
of intraerythrocytic growth, and that alternate
pathways dominate in the first 30 to 33 hours
of the asexual life cycle. Additional parasite-
induced nutrient acquisition pathways are the
digestion of hemoglobin and a nutrient chan-
nel proposed to be in the parasitophorous
vacuolar membrane (23).

Our results do not exclude the possibility
that the TVM delivers antigens to the red
cell membrane. The vesicular budding in
the network may be sufficient to export
parasite proteins to the red cell, whereas
tubules provide the proper membrane con-
formation required to catalyze solute trans-
port to the parasite.
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Engineering Chemical Reactivity on Cell
Surfaces Through Oligosaccharide Biosynthesis

Lara K. Mahal, Kevin J. Yarema, Carolyn R. Bertozzi*

Cell surface oligosaccharides can be engineered to display unusual functional groups for
the selective chemical remodeling of cell surfaces. An unnatural derivative of N-acetyl-
mannosamine, which has a ketone group, was converted to the corresponding sialic acid
and incorporated into cell surface oligosaccharides metabolically, resuiting in the cell
surface display of ketone groups. The ketone group on the cell surface can then be
covalently ligated under physiological conditions with molecules carrying a comple-
mentary reactive functional group such as the hydrazide. Cell surface reactions of this
kind should prove useful in the introduction of new recognition epitopes, such as
peptides, oligosaccharides, or small organic molecules, onto cell surfaces and in the
subsequent modulation of cell-cell or cell-small molecule binding events. The versatility
of this technology was demonstrated by an example of selective drug delivery. Cells were
decorated with biotin through selective conjugation to ketone groups, and selectively
killed in the presence of a ricin A chain-avidin conjugate.

Cell surface molecules govern many bio-
logical events such as cell growth and
differentiation, communication among
different cells, recognition of soluble fac-
tors, and attachment to, or disengagement
from, the extracellular matrix. Technolo-
gy that orchestrates the presentation of
chemically defined epitopes on a cell sur-
face would enable direct intervention in
these biological processes. We present a
strategy for remodeling the cell surface in
a chemically defined way by exploiting the
substrate promiscuity of oligosaccharide
biosynthetic pathways. The natural meta-
bolic processes of the cell were used to
introduce a reactive functional group, the
ketone, into cell surface—associated sialic
acid residues. The ketone group is virtual-
ly absent from cell surfaces in that none of
the naturally occurring amino acids, gly-
coconjugates, or lipids contains a ketone
group, and it can be chemoselectively li-
gated with hydrazide, hydroxylamino, and
thiosemicarbazide groups under physiolog-
ical conditions (1-5). Thus, the ketone
provides a molecular handle for the at-
tachment of biomolecules or small molec-
ular probes to cells. Because the display of
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ley and Center for Advanced Materials, Materials Scienc-
es Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA.

ketone groups is achieved solely through
the action of the biosynthetic machinery,
this process constitutes a practical method
to engineer the composition of the cell
surface in vivo. =

Sialic acids are appropriate vehicles for
cell surface functional group display be-
cause (i) they are the most abundant ter-
minal components of oligosaccharides on
mammalian glycoproteins and glycolipids,
and (ii) the enzymes that participate in
sialic acid metabolism are permissive for
simple unnatural substrates (6—10). Sialic
acids are biosynthesized from the six-car-
bon  precursor N-acetylmannosamine
(ManNAc) (11, 12). Reutter and co-
workers have demonstrated that unnatural
mannosamine derivatives, in which the
N-acetyl group of ManNAc was substitut-
ed with N-propanoyl, N-butanoyl, or N-
pentanoyl, are converted to the corre-
sponding sialosides and incorporated into
glycoconjugates in cell culture and in rats
(13, 14). These observations suggest that
all components of the cellular machinery
involved in sialoside biosynthesis can tol-
erate unnatural acyl substituents.

Accordingly, we synthesized N-levuli-
noyl mannosamine (ManLev) (Fig. 1A),
which has the ketone functionality at the
position normally occupied by the
N-acetyl group in the natural substrate
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