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Isoprenylation is an essential protein modification in eukaryotic cells. Herein, we report that in Plasmodium
falciparum, a number of proteins were labeled upon incubation of intraerythrocytic forms with either [3H]far-
nesyl pyrophosphate or [3H]geranylgeranyl pyrophosphate. By thin-layer chromatography, we showed that
attached isoprenoids are partially modified to dolichol and other, uncharacterized, residues, confirming active
isoprenoid metabolism in this parasite. Incubation of blood-stage P. falciparum treated with the isoprenylation
inhibitor limonene significantly decreased the parasites’ progression from the ring stage to the trophozoite
stage and at 1.22 mM, 50% of the parasites died after the first cycle. Using Ras- and Rap-specific monoclonal
antibodies, putative Rap and Ras proteins of P. falciparum were immunoprecipitated. Upon treatment with 0.5
mM limonene, isoprenylation of these proteins was significantly decreased, possibly explaining the observed
arrest of parasite development.

Malaria, a major tropical disease caused by protozoa of the
genus Plasmodium, affects 300 to 500 million people and
causes the deaths of over 1 million individuals per year, mostly
African children under 10 years of age. Plasmodium falcipa-
rum, the most virulent of the four species which infect humans,
is associated with potentially fatal disease (37). The major
clinical symptoms of the disease stem from the destruction of
red blood cells during the multiplication of asexual parasites,
leading to anemia, or cytoadherence of parasitized red blood
cells to endothelial receptors, resulting in severe forms of ma-
laria (26). Because of the expanding resistance of these para-
sites to virtually all of the reagents used in malaria therapy,
new approaches to drug design are urgently needed. The iden-
tification of potential targets that are essential to the parasite’s
life cycle is a prerequisite for rational drug development.

Protein prenylation is a general phenomenon in eukaryotic
cells and was recently detected in parasites like Giardia lamblia
(22), Trypanosoma brucei (12), and Schistosoma mansoni (6).
In P. falciparum, Chakrabarti et al. detected protein prenyl
transferase activities (5). Additionally, Rab GTP-binding pro-
teins (Rab6) cloned from P. falciparum (21, 34) have the car-
boxyl-terminal motif Cys-AAX (where the letter A initially
signified an aliphatic amino acid and the letter X denoted an
undefined amino acid) and Cys-Cys residues, which suggests
that they may be prenylated. Finally, Jomaa et al. demon-
strated an alternative isopentenyl synthesis pathway so far de-
scribed only in algae or cyanobacteria, which could be effi-
ciently inhibited by fosmidomycin (17).

The aims of this work were to characterize protein gera-

nylgeranylation and farnesylation in the protozoan parasite P.
falciparum and to test whether the monoterpene limonene, a
nontoxic inhibitor of the prenyl protein transferase enzyme
and initially used against tumor cells (1, 36), is also active
against the fast-growing malaria parasite P. falciparum.

MATERIALS AND METHODS

Parasite culture. The experiments were performed with an isolate (S20) of P.
falciparum obtained from a patient living in Porto Velho (State of Rondônia,
Brazil) (18). Parasites were cultivated by the method of Trager and Jensen (33)
as modified by Kimura et al. (19).

Parasite development and multiplication were monitored by microscopic eval-
uation of Giemsa-stained thin smears. Synchronization was obtained by two
treatments with a 6% (wt/vol) Plasmagel (Laboratoire Roger Bellon, Neuilly sur
Seine, France) solution in physiological saline (28). Starting with asynchronous
cultures, schizonts were concentrated by flotation in Plasmagel and subcultured
with fresh erythrocytes at 48-h intervals. Ring (1 to 20 h after reinvasion),
trophozoite (20 to 30 h after reinvasion), and schizont (30 to 45 h after reinva-
sion) forms were purified on a 40 to 70 to 80% discontinuous Percoll (Pharmacia
LKB, Uppsala, Sweden) gradient (2).

Inhibition tests. (1)-Limonene, diluted in methanol (both from Sigma Chem-
icals, St. Louis, Mo.), was used at concentrations of 0.05 to 5.0 mM in different
experiments. Controls with methanol were performed in parallel.

The method of Desjardins et al. (10) was used to determine the 50 and 90%
inhibitory concentrations (IC50 and IC90) of limonene. Briefly, ring-stage para-
site cultures (5% hematocrit, 2% parasitemia) were exposed to increasing drug
concentrations (0.05, 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 mM). After 24 h in culture,
[G-3H]hypoxanthine (270 GBq/mmol, 7.3 Ci/mmol; Amersham Life Sciences,
Buckinghamshire, United Kingdom) was added (5 mCi/ml, final radioactivity
level), and after an additional 24-h incubation period, cells were harvested. All
tests were done in triplicate. Suspensions of uninfected erythrocytes similarly
treated were used for background subtraction. Parasitemia and parasite mor-
phology were determined by examining Giemsa-stained smears immediately
before the start of the assay and at the end of it. The IC50 was calculated by
probit analysis (Minitab Statistical Software 13.30; Minitab Inc.).

Inhibition tests with 0.5 mM limonene were carried out in flat-bottom micro-
titer plates (Falcon). Freshly synchronized cultures of 5% hematocrit and 1%
parasitemia (ring-stage parasites) were exposed to several dilutions of the com-
pound to be tested in normal culture medium. After 24, 48, and 72 h (if not
otherwise stated), the percentage of each form was determined. After counting,
the value for each form was expressed as a percentage of the total number of
parasites (multinuclear schizont-infected red blood cells were counted as single
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cells). The results of three independent tests were evaluated for significant
discrepancies of each form per time point in treated versus untreated parasites
by Student’s t test.

Metabolic labeling. Mixed cultures of P. falciparum with parasitemias of
around 10% were left untreated or treated with 0.5 mM (1)-limonene for 20 h
and labeled in the presence or absence of the drug for 18 h with [1-(n)-3H]gera-
nylgeranyl pyrophosphate triammonium salt ([3H]GGPP; 16.5 Ci/mmol, 6.25
mCi/ml; Amersham) or with [1-(n)-3H]farnesyl pyrophosphate triammonium salt
([3H]FPP; 16.5 Ci/mmol, 6.25 mCi/ml; Amersham) in RPMI 1640 normal me-
dium. The same protocol was used when parasites were labeled with 25 mCi of
L-[35S]methionine (.1,000Ci/mmol; Amersham) per ml in 10 mM methionine-
deficient RPMI medium. Each stage (the ring, trophozoite, or schizont form) was
then purified as described above, followed by lysis of cells in twice their volume
of ice-cold 10 mM Tris-HCl (pH 7.2)–150 mM NaCl–2% (vol/vol) Triton
X-100–1 mM phenylmethylsulfonyl fluoride–5 mM iodoacetamide–1 mM Na-p-
tosyl-L-lysine chloromethyl ketone–1 mg of leupeptin per ml. After incubation for
15 min at 4°C, lysates were centrifuged at 10,000 3 g for 30 min and supernatants
were stored in liquid N2 for subsequent sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) analysis (7, 19).

Thin-layer chromatography (TLC). After SDS-PAGE analysis, gel bands cor-
responding to labeled proteins of 21 to 24 kDa (labeled with [3H]GGPP or
[3H]FPP) were excised, resuspended separately in 0.6 ml of 0.5% (vol/vol) formic
acid, and centrifuged to remove insoluble components. The supernatant was
transferred to a new tube and evaporated. Cleavage reactions were performed
with 0.1 ml of ICH3 at room temperature for 48 h in the dark, 0.03 ml of 35%
(wt/vol) Na2CO3 was added, and the samples were kept in the dark for an
additional 12 h. Samples were further extracted with chloroform-methanol (9:1,
vol/vol), and the organic phases were separated and dried by evaporation (11,
30).

Reverse-phase TLC (RP-TLC) was performed on C18 RP-precoated plates
(Merck, Darmstadt, Germany) using acetonitrile-methanol (1:1, vol/vol) as the
developing solvent. Authentic standards of farnesol, geranylgeraniol, and doli-
chol were used as previously described (7).

Gel electrophoresis. SDS-PAGE was performed in 12.5% gels as described
elsewhere (20). The same number of drug-treated or untreated parasites as
mentioned above were solubilized in SDS sample buffer and applied to each well
for analysis. All gels were treated with Amplify (Amersham), dried, and exposed
to Kodak X-Omat film with intensifying screen sets at 270°C.

Immunoprecipitation assays. Samples stored in liquid N2 were resuspended in
immunoprecipitation buffer (1% [vol/vol] Triton X-100, 150 mM NaCl, 0.5%
[wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS, 50 mM Tris-HCl [pH 8.0], and
a protease inhibitor cocktail [0.2 mM phenylmethylsulfonyl fluoride, 1 mM ben-
zamidine, 2 mM b-mercaptoethanol, 5 mg of chymostatin per ml, 1 mg each of
leupeptin, antipain, and pepstatin A per ml]) and then precleared with protein
A-Sepharose beads (Pharmacia) (27). Parasites purified at the schizont stage
were then incubated with anti-human Ras or anti-Rap/Krev-1 monoclonal im-
munoglobulins (1:50 dilution; Santa Cruz Biotechnology, Inc.) for 2 h at 4°C. The
antigen-antibody complex was precipitated by using 100 ml of a 10% protein
A–Sepharose slurry. After five washes with phosphate-buffered saline, the bound
antigen was released in SDS sample buffer and analyzed by SDS-PAGE and
autoradiography.

RESULTS

P. falciparum proteins are labeled during incubation with
[3H]FPP or [3H]GGPP. First, we examined the spectrum of
isoprenylated polypeptides in different stages of P. falciparum.
Parasites were incubated with [3H]FPP or [3H]GGPP for 18 h,
purified on a Percoll gradient, lysed, and analyzed by SDS-
PAGE and autoradiography. As shown in Fig. 1A and B, a
number of putative isoprene-labeled polypeptides were ob-
served. [3H]GGPP-labeled proteins with molecular masses of
approximately 7 kDa, approximately 10 kDa, and 21 to 24 kDa
appeared in the ring, trophozoite, and schizont stages, with
most of the radioactivity incorporated into the cluster of 21- to
24-kDa proteins (Fig. 1A). When parasites were incubated
with [3H]FPP, a similar pattern was detected but an additional
50-kDa protein was labeled (Fig. 1B). In our analysis, we de-
tected stronger labeling in schizonts than in the ring and tro-

phozoite stages. Noninfected red blood cells showed no incor-
poration of radioactivity under these conditions (Fig. 1A and
B, lanes 1). Importantly, the signal observed at the top of the
gel is not composed of high-molecular-weight proteins since
the material did not enter the gel even after extended electro-
phoresis in low-percentage gels (data not shown).

RP-TLC of dephosphorylated isoprenoids reveals different
attached isoprenoid moieties. In order to identify isoprenoid
moieties attached to the P. falciparum proteins, the bands of 21
to 24 kDa (labeled with [3H]GGPP or [3H]FPP) were excised,
cleaved with ICH3, and then submitted to RP-TLC with iso-
prene standards. As shown in Fig. 1D, [3H]GGPP-labeled par-
asites contained proteins with attached [3H]geranylgeranyl and
[3H]dolichol moieties and an undefined isoprenoid rest (lane
1), while [3H]FPP labeling of parasites led to 20- to 24-kDa
proteins containing mostly [3H]farnesyl moieties and a faint
signal for [3H]geranylgeranyl (lane 2). This indicates that at
least four differently labeled and isoprenylated proteins were
present in the 20- to 24-kDa cluster and that [3H]GGPP was
transformed by P. falciparum into [3H]dolichol and another,
undefined, isoprenoid intermediate.

FIG. 1. Treatment of P. falciparum in vitro cultures with 0.5 mM
limonene and metabolic labeling with [3H]GGPP and [3H]FPP. Para-
sites were treated for 24 h in the presence (1) or absence (2) of 0.5
mM limonene and labeled for 18 h with 6.25 mCi of [3H]GGPP (A) or
[3H]FPP (B) per ml, lysed, and analyzed by SDS-PAGE (12.5% acryl-
amide) and fluorography. R, ring forms; T, trophozoites; S, schizonts.
Lanes 1 in panels A and B show identically processed material from
noninfected erythrocytes. Molecular mass (Mr) standards are indicated
on the left. (C) Parasites were treated for 20 h with 0.5 mM limonene
(1) or left untreated (2) and labeled with [35S]methionine for 18 h,
harvested, washed, lysed, and analyzed by SDS-PAGE (12.5% acryl-
amide). (D) Radiochromatogram of chloroform-methanol (9:1)-ex-
tractable P. falciparum proteins and products derived from [3H]FPP-
or [3H]GGPP-labeled P. falciparum proteins resolved by SDS-PAGE
that were resolved by RP-TLC. Lanes: 1, moieties cleaved from 21- to
24-kDa proteins labeled with [3H]GGPP; 2, moieties cleaved from 21-
to 24-kDa proteins labeled with [3H]FPP; 3, control containing cleaved
material from the 21- to 24-kDa region of noninfected, [3H]GGPP-
labeled red blood cells. Standards run in parallel are indicated on the
left. FOH, farnesol; GGOH, geranylgeraniol; ori, origin.
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Treatment of parasites with limonene decreases the incor-
poration of isoprenyl precursors in proteins. To assess the
effect of limonene treatment on P. falciparum, we compared
the incorporation of labeled isoprenoid precursors in identical
amounts of protein extracts obtained from different purified
stages of P. falciparum left untreated or treated with 0.5 mM
limonene. Treatment of parasites with 0.5 mM limonene dur-
ing [3H]FPP labeling significantly decreased the incorporation
of [3H]FPP into proteins. The effect was most dramatic for the
'10-kDa band seen in trophozoite and schizont extracts (Fig.
1B, lane 4 versus lane 5 and lane 6 versus lane 7). Labeling of
parasites with [3H]GGPP did not result in such differences in
labeling patterns (Fig. 1A), although the '10-kDa band inten-
sity appeared to be lower in the schizont-stage parasites (Fig.
1A, lane 7). Importantly, labeled proteins originated from P.
falciparum parasite extracts and not from accidentally contam-
inating leukocytes concentrated by Percoll gradient purifica-
tion of schizonts (leukocytes colocalize with schizont-infected
erythrocytes), since the control sample containing red blood
cells used for a culture run in parallel showed no incorporation
of radioactivity at all (lanes 1 in Fig. 1A and B). Additionally,
the primary effect of limonene seemed to be specifically on
isoprenyl protein transferases, since no difference in bulk pro-
tein synthesis was seen when running whole [35S]methionine-
labeled extracts of identical numbers of parasites that were left
untreated or treated with 0.5 mM limonene (Fig. 1C).

Limonene inhibits P. falciparum growth in vitro by decreas-
ing the progression from the ring stage to the trophozoite
stage. Limonene is a monoterpene found in the essential oils of
citrus fruits and other plants. D-Limonene, which comprises
.90% of orange peel oil, has a chemopreventive activity
against rodent mammary, skin, liver, lung, and forestomach
cancers (1), possibly by interfering with the isoprenoid metab-
olism of these tumor cells, specifically by inhibition of the
isoprenoid protein transferases (8). To observe an inhibitory
effect of limonene on the growth of P. falciparum parasites, we
cultured defined numbers of parasites in the absence or pres-
ence of increasing concentrations of limonene. Three indepen-
dent determinations of the IC50 for limonene demonstrated
the precision of the test system. The results of parasitemia and
the uptake of [G-3H]hypoxanthine by parasitized erythrocytes
in the microtiter plates were similar. The IC50 of limonene was
1.22 mM, with a 95% confidence interval of 1.07 to 1.42 mM.
In the same way, the IC90 was determined to be 2.27 mM (95%
confidence interval, 1.99 to 2.70 mM). At the IC90, parasites
died after 3 h of treatment.

To determine the concentration of limonene that interferes
with the incorporation of isoprenyl precursors in proteins, we
chose 0.5 mM because under these conditions only a small
percentage of parasites died and overall protein synthesis was
not affected. As demonstrated in Fig. 2, after 72 h of culture in
the presence of limonene, the shift from the ring stage to the
trophozoite stage was significantly inhibited versus that of con-
trol parasites (P , 0.05) and ring forms accumulated in li-
monene-treated parasites (P , 0.05). The results shown were
obtained in three independent trials starting with different
initial parasitemias ranging from 1.3 to 3%. This indicates that
at a concentration of 0.5 mM, limonene exerted a partially
inhibitory effect on P. falciparum intraerythrocytic develop-
ment, namely, during progression from the ring stage to the

trophozoite stage. The observed interference with develop-
ment, however, was delayed and a significant effect was only
visible after one complete cell cycle (ring, trophozoite, and
schizont stages and reinvasion), indicating a slow turnover of
factors affected by limonene at this concentration. After a 72-h
interval, the final parasite numbers were approximately 10%
lower in limonene-treated cells (data not shown).

Immunoprecipitation of isoprenylated proteins. p21ras and
p21rap have previously been shown to be modified by isopre-
nylation. In order to verify if P. falciparum forms of these
proteins are recognized by anti-human Ras and anti-human
Rap/Krev-1 antibodies, we immunoprecipitated radiolabeled
schizont extracts. Since the p21h-ras protein is farnesylated (4),
while the -CAAX motif of p21rap, a small GTP-binding protein
encoded by the rap/krev-1 gene, is geranylgeranylated (3, 24),
we immunoprecipitated lysates from schizont forms labeled
with [3H]FPP or [3H]GGPP with p21h-ras or anti-p21rap anti-
bodies, respectively. Figure 3A, lane 1, shows that p21rap anti-
bodies immunoprecipitated a single [3H]GGPP-labeled band
from P. falciparum lysates. Accordingly, anti-Ras antibodies
immunoprecipitated a [3H]FPP-labeled protein (Fig. 3A, lane
2). However, when parasites were labeled with [3H]FPP, no
signal was seen after immunoprecipitation with anti-Rap. The
same result was obtained when labeling was performed with
[3H]GGPP, followed by immunoprecipitation with anti-Ras
(data not shown). Again, immunoprecipitation of identically
treated noninfected red blood cells did not result in any signal
after analysis by SDS-PAGE and autoradiography (Fig. 3A,
lanes 3 and 4). This result adds further proof of the presence
of Ras- or Rap-related proteins in P. falciparum, as described
by others (16, 23, 32).

Ras-like protein levels are decreased upon treatment of P.
falciparum parasites with limonene. Gelb et al. suggested that
the antitumorigenic effect of limonene is based on the inhibi-
tion of Ras protein prenylation and its subsequent incorrect

FIG. 2. Monoterpene treatment partially arrests P. falciparum de-
velopment at the ring stage. Parasite forms from cultures treated with
0.5 mM limonene and from untreated cultures were plotted against
time of culture. The value for each form is given as a percentage of the
sum of all forms at each time interval from three independent exper-
iments. C, control cultures; L, limonene-treated cultures. The error
bars indicate standard deviations. Significantly different values (P ,
0.05) for treated versus untreated cultures are labeled with stars. Black
stars indicate significant differences in treated or untreated ring-stage
parasites, and white stars indicate significant differences in treated or
untreated trophozoite-stage parasites. IRBC, infected red blood cells.
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cytoplasmic (and not membrane-associated) localization (13).
This effect has also been demonstrated for the human-derived
myeloid THP-1 and lymphoid RPMI-8402 cell lines (15).
Given the interference with the progression of limonene-
treated parasites from the ring stage to the trophozoite stage,
as demonstrated in Fig. 2, we asked if levels of cell cycle
control-associated proteins, namely, Ras derivatives, are influ-
enced by limonene treatment. In order to visualize if limonene
treatment inhibits the isoprenylation of the putative plasmo-
dial Ras analogue, the immunoprecipitation experiment was
repeated by using parasites subjected to 0.5 mM limonene
treatment. Immunoprecipitation of identical quantities of pu-
rified schizont extract protein showed a significant decrease in
the band labeling intensities for the treated sample versus the
untreated sample (Fig. 3B, lane 2 versus lane 1). When a
[35S]methionine-labeled extract was immunoprecipitated with
the anti-p21h-ras, no decrease in band intensity was found for
any immunoprecipitated protein species, confirming that treat-
ment with 0.5 mM limonene only inhibited the incorporation
of farnesyl moieties (Fig. 3C). The various observed bands in
Fig. 3C result from the low-stringency washes of the immuno-
precipitated material.

DISCUSSION

Upon metabolic labeling with the isoprenoid precursor gera-
nylgeranyl pyrophosphate or farnesyl pyrophosphate, we could
detect several isoprenylated proteins in P. falciparum. Incor-
poration of [3H]FPP led to the labeling of proteins in the range
of approximately 7 kDa, approximately 10 kDa, 21 to 24 kDa,

and 50 kDa, whereas [3H]GGPP incubation failed to label the
50-kDa peptide. Similar results were obtained when Giardia
lamblia (22) trophozoites were labeled with [3H]mevalonate.
The authors also found a cluster of 21- to 26-kDa proteins and
a 50-kDa protein. In Trypanosoma brucei (12), metabolic in-
corporation of [3H]mevalonate also resulted in the appearance
of a 14-kDa and an '46-kDa prenylated protein and a 21- to
24-kDa protein cluster. However, additional, uncharacterized,
proteins in the range of '30 kDa and '69 kDa were also
found. Protein prenylation is usually demonstrated by meta-
bolic labeling with [3H]mevalonic acid; however, this precursor
is not incorporated into P. falciparum (5, 7, 25). Danesi et al.
demonstrated specific labeling of either farnesylated or gera-
nylgeranylated proteins in the human prostate cancer cell line
PC-3 (9). Despite the fact that eukaryotic cells incorporate
external precursors of isoprenoid metabolism only in the pres-
ence of hydroxymethylglutaryl-coenzyme A reductase inhibi-
tors (9), we had observed efficient labeling without previous
depletion of the parasites’ intracellular prenyl diphosphate
pool (7), possibly pointing to receptor-mediated uptake of
these compounds from the medium. Additionally, the failure
to take up mevalonate may also be interpreted as inability of
the parasite to metabolize this compound since the mevalonate
pathway is probably absent in P. falciparum (35).

Several studies have previously hypothesized the existence
of protein prenylation in P. falciparum. First, it was shown that
cell extracts of P. falciparum convert mevalonate into farnesyl
pyrophosphate, a precursor of protein prenylation (25), al-
though the extracts used in these trials may not have been free
of erythrocyte components, explaining the mevalonate utiliza-
tion in these tests despite the absence of mevalonate-process-
ing enzymes in P. falciparum (17, 35). Second, by using com-
mercially available antibodies against the Ras and Rap
proteins, which are known to be farnesylated or geranylgera-
nylated in other cell types, Ras- and Rap-like proteins were
identified in Plasmodium parasites (32). Additionally, others
demonstrated the existence of Rab-like proteins (16). Later,
the rab6 and rab11 genes were cloned and both showed typical
prenylation sites (21, 34). A recent study identified protein
farnesyl transferase and protein geranylgeranyl transferase I
activities in P. falciparum (5).

By RP-TLC analysis, we confirmed the nature of isoprenoid
moieties attached to P. falciparum proteins. Our finding that
very little [3H]FPP was transformed into [3H]GGPP was re-
ported earlier by Danesi et al. for human PC-3 cells. In their
study, neither [3H]FPP nor [3H]GGPP was modified to any
other compound (9). In our experiments, when parasites were
labeled with [3H]GGPP, we detected attached [3H]geranylge-
raniol and, surprisingly, [3H]dolichol moieties. The presence of
[3H]dolichol in our TLC may account for the existence of a
dolichylated protein with a molecular mass similar to that of
the 27-kDa polypeptide described by Hjertman et al. in human
colon carcinoma cells (14).

Limonene, the principal component of orange peel oil, has
been identified as a nontoxic agent with potential for cancer
chemotherapy (8). In several model systems, limonene pre-
vents the formation of chemically induced tumors and displays
significant antitumor effects (36). On this basis, limonene and
its metabolites have been tested in clinical trials (36). Li-
monene and its metabolites have been demonstrated to selec-

FIG. 3. Immunoprecipitation of p21ras from P. falciparum at the
schizont stage. (A) Infected or noninfected red blood cells were la-
beled with [3H]FPP or [3H]GGPP and immunoprecipitated with anti-
p20h-rap/krev (lanes 1 and 3) or anti-p21h-ras antibody (lanes 2 and 4).
Lanes 3 and 4 show immunoprecipitation of noninfected red blood
cells with the respective antibodies. (B and C) Limonene at 0.5 mM
specifically inhibits protein p21h-ras prenylation but not protein synthe-
sis. (B) Identical numbers of purified lysed schizonts were labeled with
[3H]FPP, treated (1) with limonene (0.5 mM) or left untreated (2),
and then immunoprecipitated with protein A-Sepharose-bound mono-
clonal anti-Ras immunoglobulins and analyzed by SDS-PAGE and
autoradiography. Lanes: 1, untreated parasites; 2, treated parasites.
(C) Identical numbers of purified lysed schizonts labeled with [35S]me-
thionine and treated (1) with limonene (0.5 mM) or left untreated (2)
were then immunoprecipitated with protein A-Sepharose-bound
monoclonal anti-Ras immunoglobulins and analyzed by SDS-PAGE.
Lanes: 1, untreated parasites; 2, treated parasites. The arrowhead
indicates the molecular size range where the Ras-like protein is ex-
pected.
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tively inhibit the isoprenylation of 21- to 26-kDa proteins,
including the Ras protein (13, 15). Due to its activity on fast-
growing cells such as tumor cells, on the one hand, and the
presence of protein prenyl transferase activities in P. falcipa-
rum (5), on the other hand, we assessed the effects of limonene
treatment on parasite cultures.

In order to analyze effects on cell metabolism which depend
on isoprenylation, we opted for a limonene concentration 2.4
times lower than the IC50. This concentration allowed us to
analyze proteins with attachment of isoprenyl precursors, since
there was no inhibition of overall protein synthesis. Generally,
the labeling of isoprenylated proteins decreased, most signifi-
cantly after labeling with [3H]FPP. Other groups demonstrated
equal effects of limonene on both farnesyl transferases and
geranylgeranyl transferases (13). It may be proposed that the
corresponding transferases in P. falciparum are different from
their mammalian relatives, explaining the differential inhibi-
tion by limonene. Morphologically, after 72 h of treatment with
0.5 mM limonene, progression from the ring stage to the tro-
phozoite stage was decreased, which led us to search for spe-
cific factors involved in this process. We focused on members
of the Ras superfamily, which are related to cell cycle control
and signaling in other cell types (14). For example, depletion of
farnesylated Ras proteins leads to arrest of the cell cycle,
possibly due to subsequently incorrect localization of the pro-
teins (31). Therefore, we immunoprecipitated parasite lysates
with anti-Ras and anti-Rap antibodies after incorporation of
[3H]FPP or [3H]GGPP, respectively. Based on our results, we
suggest that the anti-Ras-immunoprecipitable protein is the P.
falciparum Ras-like protein, as found previously by Western
blot analysis and immunofluorescence assay (32). Accordingly,
the protein immunoprecipitated with anti-Rap immunoglobu-
lins could be termed the P. falciparum Rap-like protein.

We then utilized the monoterpene inhibitor of protein pre-
nyl transferases limonene to show that incorporation of radio-
activity into P. falciparum Ras-like protein specifically de-
creases after treatment. This effect had been demonstrated for
the human-derived myeloid THP-1 and lymphoid RPMI-8402
cell lines (4). Similarly, we found significant [3H]FPP labeling
inhibition of the Ras-like protein by limonene but no decrease
in the overall amount of precipitated proteins after labeling
with [35S]methionine.

When limonene was evaluated in phase 1 and 2 clinical
trials, applications at doses of 8 g/m2 showed no apparent toxic
effect (36). Considering that the average corporal surface area
is 1.8 m2, corresponding to 7 liters of liquid components (29),
the dose used in clinical trials corresponds to a concentration
of 15.5 mM. Thus, the IC90 for P. falciparum calculated herein,
which was found to be 2.27 mM in vitro, lies significantly below
the value of 15.5 mM used in vivo. Additionally, comparing the
inhibition intensities in immunoprecipitation experiments de-
tecting isoprenylated proteins, we concluded that the concen-
tration of limonene that inhibits isoprenylation in Plasmodium
to the same rate as in human cells is approximately 10 times
lower, indicating that limonene is more active against Plasmo-
dium than against human cells (8).

Taken together, these findings led us to conclude that li-
monene or other nontoxic monoterpenes currently being
tested in cancer therapy may prove as efficient as the recently
described compound phosmidomycin, which efficiently inhib-

ited the non-mevalonate pathway of isoprenoid synthesis in P.
falciparum (17).
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