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Neutral-Lipid Analysis Reveals Elevation of Acylglycerols and Lack of
Cholesterol Esters in Plasmodium falciparum-Infected Erythrocytes
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Here we show that blood-stage Plasmodium falciparum organisms accumulate a high mass of triacylglycerol
and diacylglycerol. However, we failed to detect cholesterol esters, a second neutral lipid species reported to be
important for a related apicomplexan, Toxoplasma gondii. Evidence for P. falciparum and T. gondii homologues
of acyl coenzyme A:diacylglycerol acyltransferase suggests that acylglycerols may be the conserved neutral

lipids in apicomplexans.

Plasmodium falciparum is a protozoan parasite belonging to
the phylum Apicomplexa. During the blood stages of infection,
its merozoite stage enters the red cell to become an intracel-
lular ring-stage parasite. After 24 h, the ring develops through
the trophozoite and multinucleate schizont stages. At the end
of the intraerythrocytic cycle, as many as 16 daughter merozo-
ites emerge to reinfect red cells and thus maintain the asexual
cycle.

Parasite-induced synthesis of both sphingolipids and phos-
pholipids as well as utilization of host cholesterol is critical for
intraerythrocytic proliferation of P. falciparum (6, 8-10, 15).
Fatty acid synthesis and host-derived cholesterol are known to
be important for intracellular replication of a related apicom-
plexan, Toxoplasma gondii (3, 4). Studies with T. gondii have
also shown the presence of neutral lipid droplets and the pro-
duction of cholesterol esters (CE) that can be blocked by
inhibitors of mammalian acyl coenzyme A cholesterol acyl-
transferase (ACAT); this inhibition is detrimental to parasite
growth (16). However, the presence of a second major neutral
lipid class, acylglycerols (triacylglycerol [TAG] and diacylglyc-
erol [DAG]), was not examined in 7. gondii. Further, CE,
acylglycerols, their stage-dependent accumulation, and the
genes underlying their biosynthesis remain poorly defined for
P. falciparum.

Uninfected erythrocytes, as well as P. falciparum-infected
erythrocytes at the ring, trophozoite, and schizont stages of
growth, isolated from in vitro culture were extracted, and neu-
tral lipids were analyzed by thin-layer chromatography (TLC)
(see materials and methods information available online at
http://bigbird.pathology.northwestern.edu/Nawabi/supplemen-
tal_Methods). Uninfected erythrocytes contained no detect-
able levels of TAG. However, accumulation of high levels of

* Corresponding author. Mailing address: Departments of Pathol-
ogy and Microbiology-Immunology, Ward Bldg., Rm. 3-240, North-
western University, The Feinberg School of Medicine, 303 Chicago
Ave., Chicago, IL 60611. Phone: (312) 503-0224. Fax: (312) 503-8240.
E-mail: k-haldar@northwestern.edu.

T Present address: Institute of Preventive Medicine, National De-
fense Medical Center, Sanhsia, Taipei, Taiwan.

1128

TAG and DAG was detected in infected erythrocytes, with
maximum levels seen at the terminal schizont stage (Fig. 1A).
The identities of TAG and DAG were confirmed by two-
dimensional TLC analysis (data not shown). Interestingly,
there was no difference between levels of CE detected in in-
fected erythrocytes and those in their uninfected counterparts
(Fig. 1A). Since uninfected erythrocyte membranes do not
contain CE, these data suggest that infected cells also fail to
accumulate esters. To further investigate this, we used the
more sensitive Amplex red cholesterol assay (see materials and
methods information online). This kit converts CE to choles-
terol by the action of an esterase activity. Thus, measurement
of cholesterol in samples before and after esterase treatment
indicates levels of esters present in them. Using this assay, we
found no change in the levels of cholesterol, in either infected
erythrocytes (6.89 + 0.1 pg/5 X 10° cells) or uninfected eryth-
rocytes (6.83 * 0.1 pg/5 X 10° cells) before and after esterase
treatment. Together, these data suggest that CE are absent and
acylglycerols are the major neutral lipids found in P. falcipa-
rum-infected erythrocytes. Biosynthetic studies using [*H]oleic
acid coupled to bovine serum albumin indicated active incor-
poration of radiolabel into TAG and DAG but not CE (Fig.
1B). This incorporation of radiolabel is not seen in uninfected
erythrocytes, suggesting that acylglycerols are actively synthe-
sized by P. falciparum. This may underlie the observed TAG
and DAG accumulation in infected erythrocytes. In contrast,
no new synthesis of CE is seen, suggesting that they are not
produced upon infection. Staining infected erythrocytes with
the dye Nile red (which binds lipid droplets) indicates that
acylglycerols are present in large droplets within the parasite
(see the figure available online at http://bigbird.pathology
.northwestern.edu/Nawabi/supplemental_Figurel).

Since TAG was the major acylglycerol detected, we searched
the P. falciparum genome for genes that may be involved in its
formation. The best-characterized pathway for TAG biosyn-
thesis is the Kennedy pathway, in which glycerol-3-phosphate is
acylated three times, the final acyl transfer being mediated by
the enzyme acyl coenzyme A:DAG acyltransferase (DGAT)
(7, 11). We were able to identify a gene (GenBank accession
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FIG. 1. Detection of TAG in P. falciparum-infected erythrocytes.
(A) Uninfected red blood cells (RBC; 5 X 107) or RBCs containing 5
% 107 ring-, trophozoite-, or schizont-stage parasites were lysed, and
lipids were processed for TLC as described in the material and meth-
ods information online (see the text). Migration of standards is indi-
cated. CHOL, cholesterol. (B) RBCs and Percoll-purified schizont-
infected red cells (5 X 107 each) were incubated with [?H]oleic acid for
2 h, and lipids were processed for TLC. The plate was scraped, and
radioactivity was quantified by scintillation counting (see materials and
methods information online). FA, fatty acid.
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no. CAB39042) with over 50% (the highest homology was
within the conserved C terminus) homology to DGAT1 family
members from other eukaryotes. Two very conserved regions
with the consensus sequences FGDRXFY(R/K)DWWN and
IERXLKL, unique to DGATI1 family members, are both
present in CAB39042 (1). This consensus is not present in a
second family of DGAT proteins, designated DGAT2. More-
over, the DGAT1 family is not closely related to the DGAT2
family. The DGAT1 family shows significant similarities with
the ACAT1 family, but a phylogenetic tree (Fig. 2A) con-
structed by the method of parsimony (see materials and meth-
ods information online) reveals that despite the high homology
between DGATI1 and ACAT families, CAB39042 (PfDGAT)
is more closely related to the DGAT1 family of acyltrans-
ferases.

In our search we were also able to identify a putative plas-
modial lecithin-cholesterol acyltransferase (LCAT) (GenBank
accession no. NP_703950). LCAT is the enzyme that transfers
an acyl chain from phosphatidylcholine (lecithin) to the 3-hy-
droxyl group of cholesterol, producing lysophosphatidylcholine
and CE. The conserved C-terminal domain of NP_703950 is
90% homologous (~25% identity) to the consensus domain of
LCAT. Phospholipid:DAG acyltransferase (PDAT), an en-
zyme homologous to LCAT, is also able to synthesize TAG in
plants and yeasts (5, 13). Thus, it was important to establish
whether NP_703950 is more homologous to PDAT or LCAT.
Our percent similarity analyses revealed that NP_703950 is
more similar to LCAT (17 and 16.4% similar to human and
mouse enzymes) than to PDAT (11.4 and 13.2% similar to
Arabidopsis and yeast enzymes). Further, phylogenetic analysis
revealed closest homology within the LCAT family (Fig. 2A).
Thus, it is highly unlikely that the TAG found in P. falciparum-
infected erythrocytes is synthesized by this putative LCAT.

Our phylogenetic analysis makes PEDGAT an attractive can-
didate for the enzyme responsible for TAG biosynthesis. Thus,
Northern blot analysis was undertaken (see materials and
methods information online) to determine whether PIDGAT
is expressed during blood-stage infection. Shown in Fig. 2B is
a blot obtained by using a 900-bp fragment of PfDGAT as a
probe. Low levels of transcripts were seen in rings with a
marked elevation in trophozoite stages. This expression closely
parallels the stage-specific accumulation of TAG seen in Fig. 1.
These data strongly suggest that the plasmodial genome en-
codes a DGAT that is expressed and may be responsible for
the high levels of TAG present in infected erythrocytes.

Previous studies with 7. gondii have shown that an inhibitor
of mammalian ACAT, Sandoz 58-035, blocked 7. gondii
growth and the production of CE (16). Although we failed to
detect cholesterol esterification activity, PEDGAT is highly ho-
mologous to the ACAT and DGAT families (2, 12), and there-
fore, we treated P. falciparum-infected red cells with Sandoz
58-035 for 2 h at a concentration (10 pwg/ml) known to inhibit
99% of ACAT activity in mammalian cells (14, 17). However,
we failed to induce any change in the incorporation of [*H]o-
leic acid into either TAG or its intermediates or show any
deleterious effects on plasmodial growth (data not shown).
This is consistent with the lack of CE production in P. falcipa-
rum. The absence of CE in P. falciparum-infected erythrocytes
was surprising. It suggests that the putative plasmodial LCAT
is not functional in blood stages of the parasite. Despite the
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lack of CE and the absence of parasite genes for cholesterol
biosynthesis, cholesterol in the red cell membrane is essential
for the establishment of infection, and vacuolar cholesterol
(derived from the red cell) is critical to the stability of tropho-
zoite-stage infected erythrocytes (8).

Our studies show that TAG is a major lipid species stored in
lipid droplets in the late trophozoite and schizont stages of P.
falciparum. It may be utilized to store acyl groups for phos-
pholipid synthesis, glycosyl phosphatidyl inositol synthesis, and
possibly for beta-oxidation (although evidence for the com-
plete pathway in P. falciparum is still not available). Sonda et
al. suggested that two expressed sequence tags may reflect the
presence of ACAT homologues in 7. gondii (16). However,
with a higher level of completion of the 7. gondii genome, we
can now ascribe both to a single open reading frame (unique
identifier, TGG_3996; toxodb.org). A BLAST search using
human ACAT1 or DGATI as the query against the T. gondii
database revealed that TGG_3996 is more homologous to hu-
man DGAT1 (3.6e'°) than to human ACAT1 (9.9¢°). Fur-
ther, using this open reading frame as a query in BLAST
resulted in hits for DGAT1 homologues but not ACAT homo-
logues. This suggests that TAG may also be present in 7.
gondii. A separate T. gondii ACAT homologue underlying cho-
lesterol esterification has yet to be identified. Given that TAG
is produced at such high levels in P. falciparum, an organism
that causes human malaria, it is tempting to speculate that
blocking its synthesis may be detrimental to infection.

We thank Yvonne Lange (Rush Medical Center, Chicago, Ill.) for
the generous gift of the mammalian ACAT inhibitor Sandoz 58-035
and for her critical reading of the manuscript.
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FIG. 2. Phylogenetic analysis and stage-specific mnRNA expression
of PEDGAT. (A) The sequences used were retrieved from the National
Center for Biotechnology Information. The sequences were aligned by
using the ClustalW program. The alignments were reconciled and
further adjusted by removing the amino and carboxy termini. For
branch reliability, bootstrapping was carried out with 1,000 repetitions.
(B) Northern blot indicating the presence of the DGAT transcript
during ring (R) and trophozoite (T) stages. Data are shown in tripli-
cate.
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