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Pharmacological studies have indicated that the choline analog G25 is a potent inhibitor of Plasmodium
falciparum growth in vitro and in vivo. Although choline transport has been suggested to be the target of G25,
the exact mode of action of this compound is not known. Here we show that, similar to its effects on P.
falciparum, G25 prevents choline entry into Saccharomyces cerevisiae cells and inhibits S. cerevisiae growth.
However, we show that the uptake of this compound is not mediated by the choline carrier Hnm1. An hnm1�
yeast mutant, which lacks the only choline transporter gene HNM1, was not altered in the transport of a labeled
analog of this compound. Eleven yeast mutants lacking genes involved in different steps of phospholipid
biosynthesis were analyzed for their sensitivity to G25. Four mutants affected in the de novo cytidyldiphos-
phate-choline-dependent phosphatidylcholine biosynthetic pathway and, surprisingly, a mutant strain lacking
the phosphatidylserine decarboxylase-encoding gene PSD1 (but not PSD2) were found to be highly resistant to
this compound. Based on these data for S. cerevisiae, labeling studies in P. falciparum were performed to
examine the effect of G25 on the biosynthetic pathways of the major phospholipids phosphatidylcholine and
phosphatidylethanolamine. Labeling studies in P. falciparum and in vitro studies with recombinant P. falci-
parum phosphatidylserine decarboxylase further supported the inhibition of both the de novo phosphatidyl-
choline metabolic pathway and the synthesis of phosphatidylethanolamine from phosphatidylserine. Together,
our data indicate that G25 specifically targets the pathways for synthesis of the two major phospholipids,
phosphatidylcholine and phosphatidylethanolamine, to exert its antimalarial activity.

Plasmodium falciparum, the causative agent of the most se-
vere form of human malaria, is responsible for over 2 million
deaths annually (49). The emergence of parasites resistant to
the most commonly used antimalarials, such as chloroquine,
mefloquine, and pyrimethamine, has hampered efforts to com-
bat this disease, emphasizing the need to develop new com-
pounds for malaria treatment and prophylaxis.

The rapid multiplication of P. falciparum in human erythro-
cytes requires active synthesis of new membranes. Therefore,
developing drugs that target membrane biogenesis is an attrac-
tive strategy to fight malaria. The finding that quaternary am-
monium choline analogs inhibit the synthesis of new mem-
branes and block the growth of the parasite has stimulated
efforts to develop this class of compounds for antimalarial
chemotherapy (4–6, 11, 12). With a combinatorial chemistry
approach to obtain compounds with greater specificity and
potency against malaria, more than 420 choline analogs have
been synthesized, and their structures were optimized with
quantitative structural-activity criteria (11, 12, 44, 45). These
compounds displayed a very close correlation between inhibi-
tion of parasite growth in vitro and specific inhibition of par-
asite membrane biogenesis (1, 47, 48).

One of these compounds, G25, inhibited P. falciparum growth
in vitro and cleared malaria infection in monkeys infected with
P. falciparum and Plasmodium cynomolgi at very low doses (48).
A tritium-labeled bisquaternary ammonium salt analog of G25,
VB5-T (50% inhibitory concentration [IC50], �18 nM), was
shown to accumulate several hundredfold in trophozoite-in-
fected compared to uninfected red blood cells (48). Accumu-
lation of this agent within the parasite is linear with concen-
trations up to 1,000-fold above the IC50 and appears to be
irreversible (48). The antimalarial potency of G25 is similar to
that of chloroquine, which kills the parasite at low nanomolar
extracellular concentrations but accumulates within the para-
site food vacuole to the millimolar range (39). Although choline
analogs are highly effective against malaria and are entering
clinical evaluation, the difficulties in the experimental ma-
nipulation of P. falciparum has hampered efforts to understand
their mode of action and identify their cellular targets.

The amenability of the yeast Saccharomyces cerevisiae to
genetic manipulation has made it an invaluable system to char-
acterize the metabolic pathways involved in the synthesis of
phospholipids, sterols and fatty acids. S. cerevisiae membranes
consist largely of phosphatidylcholine (44%), phosphatidyl-
ethanolamine (18%), and phosphatidylinositol (19.5%) (25).
These glycerolipids are thought to be essential for S. cerevisiae
growth in medium that contains glucose or nonfermentable
carbon sources (7, 10, 38, 41). As summarized in Fig. 1, their
synthesis involves distinct but highly coregulated biosynthetic
pathways: (i) the cytidyldiphosphate (CDP)-choline pathway,
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which uses choline as a precursor for the de novo synthesis of
phosphatidylcholine (19, 21, 23, 27, 50); (ii) the CDP-ethanol-
amine pathway, which uses ethanolamine as a precursor for the
de novo synthesis of phosphatidylethanolamine (20, 22, 26);
(iii) the CDP-diacylglycerol (DAG) pathway, which utilizes se-
rine and CDP-DAG to form phosphatidylserine, which is then
decarboxylated to form phosphatidylethanolamine; and (iv) the
phosphatidylinositol pathway, which synthesizes phosphatidylino-
sitol from CDP-DAG and inositol (14, 28, 31, 34, 41–43).

The CDP-DAG and CDP-ethanolamine pathways converge
into phosphatidylethanolamine, which is subsequently methyl-
ated in a three step S-adenosyl-L-methionine-dependent meth-
ylation to form phosphatidylcholine. This reaction is catalyzed
by two methyltransferases encoded by the phosphatidylethano-
lamine N-methyltransferase PEM1 and phospholipid N-meth-
yltransferase PEM2 genes. The CDP-DAG pathway is the ma-
jor pathway leading to the formation of phosphatidylcholine in
S. cerevisiae (13). Therefore, in this organism, neither choline
nor the enzymes of the CDP-choline pathway are essential for
survival. The CDP-choline pathway becomes essential when
the genes encoding the enzymes in the CDP-DAG pathway are
altered or deleted (29).

Biochemical studies in P. falciparum and the available ge-
nome sequences have made it possible to define the pathways
for synthesis of the major phospholipids (18, 46) (Fig. 1). With

the exception of the choline transporter and the phospholipid
methyltransferases, all the genes encoding enzymes of the
CDP-choline, CDP-ethanolamine, and CDP-DAG pathways
have been identified. The similarity between P. falciparum and
S. cerevisiae in the biogenesis of the major phospholipids sug-
gests that S. cerevisiae can be used as a surrogate system to
characterize the function of P. falciparum phospholipid synthe-
sizing genes and determine the mode of entry and cellular
targets of antimalarial lipid inhibitors.

Here, we report that the antimalarial choline analog G25
inhibits the growth of S. cerevisiae in vitro and, in the same
range of concentrations, is an effective inhibitor of choline
transport in wild-type S. cerevisiae. Similar initial rate and
overall uptake of a radiolabeled bisquaternary ammonium an-
alog of G25 was measured in both wild-type and hnm1� cells
lacking the only yeast choline transporter Hnm1. These results
demonstrate that the choline carrier Hnm1 does not mediate
the entry of bisquaternary ammonium compounds. Of 11 in-
dividual S. cerevisiae knockouts lacking genes involved in dif-
ferent steps of phosphatidylcholine biosynthesis, four mutants
altered in the de novo CDP-choline pathway and one mutant
lacking the phosphatidylserine decarboxylase-encoding gene
PSD1 were highly resistant to G25.

Labeling studies in P. falciparum demonstrated that G25
completely and specifically inhibits the de novo CDP-choline-
dependent phosphatidylcholine biosynthetic pathway. Surpris-
ingly, higher concentrations of this compound resulted in the
inhibition of synthesis of phosphatidylethanolamine from
phosphatidylserine but had no effect on any other step of the
CDP-DAG pathway. Interestingly, we found that G25 inhibits
the phosphatidylserine decarboxylase activity of purified re-
combinant P. falciparum Psd1 in a way similar to the inhibition
of the native enzyme. Together, our data indicate that G25
specifically targets the pathways for synthesis of the two major
phospholipids, phosphatidylcholine and phosphatidylethanol-
amine, to exert its antimalarial activity. These novel findings
constitute important information for quaternary ammonium
compounds that are entering clinical studies and further sup-
port the use of S. cerevisiae as a surrogate system to identify the
targets of antimalarial compounds.

MATERIALS AND METHODS

Chemicals. G25 (1,16-hexadecamethylenebis[N-methylpyrrolidinium] dibro-
mide) (11), T16 (1,12-dodecanemethylene bis[4-methyl-5-ethylthiazolium] diio-
dide), and [3H]T16 were synthesized in house (Richier et al., unpublished data).

Strains and growth conditions. Wild-type BY4741 (MATahis3�1 leu2�0
met15�0 ura3�0) and mutant (hnm1�, psd1�, cki1�, pem1�, ept1�, cpt1�, eki1�,
psd2�, pct1�, ect1�, and pem2�) S. cerevisiae strains used in this study were
purchased from Research Genetics (Invitrogen). These strains were grown on
YPD (1% yeast extract, 2% dextrose, and 2% peptone) or synthetic complete
medium (SD; 1.7% yeast nitrogen base, 5% ammonium sulfate, and 2% dex-
trose). The Nigerian strain of P. falciparum was propagated in human red blood
cells at 4% hematocrit by the method of Trager and Jensen (40). Plate growth
assays were performed by growing wild-type and mutant yeast strains in YPD to
mid-log phase. Cultures were serially diluted 1:10 starting with a density of 3 �
107 cells/ml. The growth of cells was monitored by spotting 3 �l of each dilution
onto solid medium in the absence or presence of 5 �M G25. Growth assays in
liquid media were performed by inoculating wild-type and hnm1� cells to a
density of 104 cells/ml in YPD supplemented with increasing concentrations of
choline analogs. The optical density at 600 nm was measured when the control
without choline analogs reached a density of 1.8 � 107 cells/ml.

Uptake assays. S. cerevisiae strains were grown in synthetic complete medium
supplemented as required to maintain cell growth to an optical density at 600 nm

FIG. 1. Phospholipid metabolism in S. cerevisiae and P. falciparum.
Pathways for the synthesis of the major phospholipids in S. cerevisiae
(thin gray arrows) and P. falciparum (thick solid arrows) are shown: 1,
phosphatidylserine synthase (Pss1); 2, phosphatidylserine decarboxy-
lases (Psd1 and Psd2); 3, phosphatidylethanolamine methyltransfer-
ase (Pem1); 4, phospholipid methyltransferase (Pem2); 5, choline ki-
nase (Cki1); 6, phosphocholine cytidylyltransferase (Pct1); 7, choline
phosphotransferase (Cpt1); 8, ethanolamine kinase (Eki1); 9, phospho-
ethanolamine cytidylyltransferase (Ept1); 10, ethanolamine phospho-
transferase (Ect1); 11, phosphoethanolamine methyltransferase (P. fal-
ciparum Pmt). PA, phosphatidic acid; CDP-DAG, cytidyldiphosphate
diacylglycerol; PtdSer, phosphatidylserine; PtdEtn, phosphatidyleth-
anolamine; PME, phosphatidylmonomethylethanolamine; PDE, phos-
phatidyldimethylethanolamine; PtdCho, phosphatidylcholine; PtdIno,
phosphatidylinositol.
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of 0.55 to 0.65. Cells were harvested by centrifugation at 3,200 � g for 10 min at
4°C, washed twice in cold phosphate-buffered saline and resuspended in nitro-
gen-free medium (SD without ammonium sulfate). Each reaction was performed
in a 1-ml final volume in the presence of 12 nM [methyl-3H]choline (82 Ci/mmol;
Amersham). After 3 min of incubation at 30°C with shaking, transport was
immediately stopped by filtration through Whatman GF/C glass microfiber pa-
per. The filters were washed three times with 5 ml of ice-cold phosphate-buffered
saline, air dried, and analyzed in a scintillation counter.

For time course uptake, 3 � 107 to 4 � 107 cells were incubated at 30°C in 1 ml
of nitrogen-free medium in the presence of 25 nM [3H]T16 (69 Ci/mmol) for 1,
2, 3, 4, 5, 7, 10, and 15 min, after which 5 ml of cold phosphate-buffered saline
was added to stop the reaction. Kinetic parameters were determined after 4 min
of incubation at 30°C in the presence of [3H]T16 at concentrations ranging from
25 nM to 75 �M (69 Ci to 23 mCi/mol). The samples were centrifuged at 4°C for
10 min at 1,200 � g, the supernatants were discarded, and the cells were then
resuspended in 5 ml of cold phosphate-buffered saline. The reaction was termi-
nated by filtering the cell suspension through GF/C membranes that had been
treated with 15 ml of 0.05% polyethyleneimine. The filters were washed twice
with 5 ml of cold phosphate-buffered saline, air dried, and analyzed in a scintil-
lation counter. The cellular accumulation ratio was calculated as previously
described for T16 and G25 (9, 48).

Labeling studies and phospholipid analysis in P. falciparum. Nigerian strains
of P. falciparum were asexually cultured in the presence of basic medium (RPMI
1640 supplemented with 25 mM HEPES, pH 7.4) and 10% AB-positive human
serum (40). Parasite synchronization was obtained with three successive 5%
sorbitol treatments (30). Synchronized P. falciparum-infected erythrocytes (7 to
10% parasitemia, trophozoites) were incubated for 1 h at 37°C at 4% hematocrit
in 2 ml (final volume) of basic medium in the absence or the presence of different
concentrations of the compound G25. The appropriate radioactive precursor of
lipid metabolism was then added, followed by a further 3 h of incubation. Radio-
active precursors were used as follows: 30 �M [methyl-3H]choline (334 mCi/mmol),
2 �M [3H]ethanolamine (2 Ci/mmol), and 10 �M [3-14C]serine (57 mCi/mmol).

Following incubation with radiolabeled precursors, cells were concentrated by
centrifugation at 1,200 � g for 5 min at 4°C and washed twice, the cellular lipids

were extracted by a mixture of chloroform and methanol (17), and the organic
phase was evaporated under air. The dried material was dissolved in 100 �l of
chloroform-methanol (9:1, vol/vol), and lipids were separated by thin-layer chro-
matography. Samples were applied to precoated silica gel plates (Merck, Darm-
stadt, Germany), which were developed in chloroform–methanol–acetic acid–0.1
M sodium borate (75:45:12:3, vol/vol/vol/vol). Phospholipids spots were revealed
with iodine vapors and identified with appropriate standards. The silica gel of the
lipid spots was scraped directly into scintillation vials containing 3 ml of liquid
scintillation fluid and counted in a Beckman LS 5000 spectrophotometer. The
amount of labeled precursors incorporated into cellular lipids was computed on
the basis of radioactivity incorporated into lipids and the specific activity of the
precursors in the incubation medium.

Phosphatidylserine decarboxylase assay. Recombinant P. falciparum phospha-
tidylserine decarboxylase was purified as described by Baunaure and colleagues
(8). The assay mixture (0.3 ml) contained 0.1 M potassium phosphate buffer (pH
6.8), 0.06% (wt/vol) Triton X-100, 200 �M L-[dipalmitoyl]phosphatidyl[3-14C]
serine (1.35 mCi/mmol; Amersham), and the enzyme fraction containing recom-
binant protein of P. falciparum (240 �g). After incubation at 37°C for 1 h, the
reaction was terminated by the addition of 400 �l of chloroform. Chloroform-
soluble materials were extracted, dried, and then dissolved in chloroform-meth-
anol (9:1, vol/vol). Phospholipids were separated by thin-layer chromatography
as described above. The radioactive phospholipids were localized and identified
with appropriate standards, and radioactivity was quantified with a phosphoim-
ager analyzer (Molecular Dynamics).

RESULTS

Antimalarial drug G25 inhibits the growth of S. cerevisiae.
To examine the effect of the antimalarial choline analog G25
(1,16-hexadecamethylenebis[N-methylpyrrolidinium] dibro-
mide) (Fig. 2A) on the growth of S. cerevisiae in vitro, wild-type
strain BY4741 was inoculated at 104 cells/ml in liquid medium
in the presence of increasing concentrations of the compound
and incubated at 30°C for 16 h. Growth inhibition was assessed
by measuring the optical density at 600 nm and comparing it to
that of the wild-type strain grown under the same conditions in
the absence of the compound. G25 inhibited yeast growth with
an IC50 of 2.5 �M (Fig. 2B). This IC50 value is in the range of
the predicted intracellular concentration of G25 in P. falcipa-

FIG. 2. Inhibition of S. cerevisiae growth by G25 and its analog T16.
(A) Chemical structure of G25 (1,16-hexadecamethylenebis[N-meth-
ylpyrrolidinium] dibromide) and T16 (1,12-dodecanemethylene bis[4-
methyl-5-ethylthiazolium] diodide). (B) Liquid growth assays were
performed in increasing concentrations of G25 and T16 as described in
the text.

FIG. 3. Inhibition of choline uptake in S. cerevisiae by G25. Choline
transport in the wild-type strain of S. cerevisiae was measured as de-
scribed in Materials and Methods. The uptake of 1 �M [methyl-
3H]choline in the presence of 100 �M ethanolamine (Etn) and a 4-,
20-, and 100-fold excess of unlabeled choline, G25, and T16 is shown
as a percentage of the counts obtained in the control (Ctrl) without
drugs, choline, or ethanolamine.

2818 ROGGERO ET AL. ANTIMICROB. AGENTS CHEMOTHER.



rum due to the accumulative properties inside infected eryth-
rocytes (48).

Uptake analysis and inhibition of choline transport by cho-
line analogs in S. cerevisiae. Bisquaternary ammonium choline
analogs have been shown to inhibit choline entry into Plasmo-
dium-infected erythrocytes (1, 3). To determine whether these
compounds block choline uptake in S. cerevisiae, we examined
the transport of [methyl-3H]choline in the absence and pres-
ence of various concentrations of G25 and its structural analog
T16 (1,12-dodecanemethylene bis[4-methyl-5-ethylthiazolium]
diiodide) (Fig. 2A), predicted by quantitative structure-activity
studies and confirmed experimentally to have potent in vitro
antimalarial and antifungal inhibitory activities similar to those
of G25 with IC50 values of �16 nM (9) and �4 �M (Fig. 2B),
respectively.

G25 inhibited choline uptake in a dose-dependent manner,
with 50% inhibition of choline transport in 20-fold excess and
84% inhibition in 100-fold excess (Fig. 3). The G25 analog T16
also inhibited choline transport, albeit less efficiently than G25,
with 26% inhibition of choline transport in 20-fold excess and
57% inhibition in 100-fold excess (Fig. 3). As a control, 20- and
100-fold excesses of unlabeled choline inhibited uptake of ra-
diolabeled choline by 89 and 97%, respectively. Altogether,
these data suggest that bisquaternary ammonium compounds
are excellent inhibitors of choline uptake in S. cerevisiae.

To directly examine the transport of choline analogs in
S. cerevisiae, we synthesized a tritium-labeled bisquaternary
ammonium salt, [3H]T16, and examined its transport proper-
ties in wild-type cells at 4 and 30°C. No significant uptake of
T16 in S. cerevisiae could be measured at 4°C (Fig. 4A). In con-
trast, [3H]T16 uptake could be measured at 30°C and was

linear during the first 12 min, after which it reached a plateau,
suggesting that entry of bisquaternary ammonium compounds
into yeast cells is carrier mediated (Fig. 4A). Unlike in P. fal-
ciparum-infected erythrocytes, where G25 and T16 have been
shown to accumulate with cellular accumulation ratios of �300
and �500, respectively, after 3 h of incubation (9, 48), the
cellular accumulation ratio of T16 in S. cerevisiae was esti-
mated to be less than 7 (data not shown).

To determine the kinetic parameters of this transport, [3H]
T16 uptake was measured after 4 min of incubation at 30°C as
a function of its extracellular concentration. The Lineweaver-
Burk representation of this transport resulted in an apparent
Km of 5.05 � 0.26 �M for [3H]T16 and a maximum velocity
Vmax of 0.98 � 0.48 pmol/min per 107 cells (Fig. 4B). As a
control, uptake of [methyl-3H]choline in the wild-type strain
was found to be carrier mediated, with a Km of 0.53 � 0.18 �M
and a Vmax of 40 pmol/min/107 cells (data not shown), as
reported previously (33, 52).

To rule out the possible role of Hnm1 in the uptake of
bisquaternary ammonium compounds by yeast cells, we mea-
sured the transport of [3H]T16 in an hnm1� mutant strain,
which lacks the choline transporter gene HNM1 (Fig. 4C), and
compared it to that measured in the wild-type strain (Fig. 4B).
As in the wild-type strain, T16 transport in the hnm1� strain
was found to be carrier mediated, with a Km of 7.45 � 1.98 �M
and a Vmax of 0.76 � 0.21 pmol/min/107 cells (Fig. 4C). Thus,
no differences in T16 uptake could be detected between the
hnm1� and wild-type strains. As expected, no choline trans-
port could be detected in the hnm1� mutant (data not shown).
Altogether, these data suggest that yeast cells utilize other

FIG. 4. Transport kinetic of a radiolabeled G25 analog, [3H]T16, in
S. cerevisiae. (A) Transport of [3H]T16 was measured as described in
Materials and Methods in nitrogen-free medium. Wild-type (WT, solid
and open circles) and hnm1� (solid and open triangles) strains were
assayed for uptake of [3H]T16 over time at 30°C (solid circles and
triangles) and 4°C (open circles and triangles). Each value is the mean
� standard deviation of triplicate determinations of a typical experi-
ment. Transport of [3H]T16 as a function of the indicated concentra-
tions of T16 was measured at 30°C for 4 min in the wild-type (B) and
hnm1� (C) strains. The curve was fitted to the Michaelis-Menten
equation (V � Vmax � S[Km � S]). The Lineweaver-Burk representa-
tion of the saturation curve is shown as an inset. For A to C, only one
representative experiment performed in triplicate of two independent
experiments is shown.
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transport systems for the uptake of bisquaternary ammonium
compounds.

Sensitivity of mutants affected in phospholipid metabolism
to choline analogs. Choline analogs are proposed to inhibit
membrane biogenesis in P. falciparum (3, 11, 45). However, the
steps in the phospholipid biosynthesis pathways that are spe-
cifically targeted by these compounds are not yet known. To
assess whether the mode of action of G25 is linked to disrup-
tion of phospholipid metabolism, we used S. cerevisiae as a
surrogate system to compare the sensitivity to G25 of the
wild-type strain and 11 individual knockouts in the CDP-cho-
line, CDP-ethanolamine, and CDP-DAG pathways. As shown
in Fig. 5, substantial resistance to G25 was conferred by loss of
the choline kinase (Cki1), choline phosphotransferase (Cpt1),
phosphocholine cytidylyltransferase (Pct1), and choline carrier
(Hnm1) activities of the CDP-choline pathway.

Surprisingly, the psd1� mutant strain, which lacks the PSD1
gene encoding the phosphatidylserine decarboxylase activity
that converts 95% of cellular phosphatidylserine into phos-
phatidylethanolamine in the mitochondria (42), was also found
to be highly resistant to G25 (Fig. 5). No resistance was con-
ferred by loss of the phosphatidylethanolamine methyltrans-
ferases Pem1 and Pem2 or the enzymes of the CDP-ethanol-
amine pathway. Furthermore, unlike the psd1� mutant strain,
loss of the Golgi/vacuole phosphatidylserine decarboxylase
Psd2, which synthesizes only 5% of the phosphatidylethanol-
amine pool, had no effect on G25 sensitivity. These data
indicate that the sensitivity of S. cerevisiae to G25 requires a
functional de novo CDP-choline pathway for synthesis of
phosphatidylcholine from choline and a functional Psd1 activ-

ity for phosphatidylethanolamine synthesis from phosphatidyl-
serine.

G25 inhibits the CDP-choline pathway and phosphatidyl-
ethanolamine formation from phosphatidylserine in P. falci-
parum. The similarity between the P. falciparum and S. cerevi-
siae phospholipid metabolic pathways and the finding that
deletion of numerous genes of phospholipid metabolism in S.
cerevisiae resulted in major resistance to G25 suggested that
this compound might directly inhibit phospholipid-synthesizing
enzymes in P. falciparum. To investigate the possible inhibition
by G25 of the de novo CDP-choline pathway in P. falciparum,
we examined the incorporation of labeled choline into phos-
phatidylcholine in trophozoite-infected erythrocytes in the ab-
sence and presence of increasing concentrations of G25. This
assay takes into account both the inhibitory effect of G25 on
choline uptake and any additional inhibition by this compound
of one or multiple enzymes of the CDP-choline pathway.

As shown in Fig. 6A, G25 induced a dose-dependent inhi-
bition of the de novo synthesis of phosphatidylcholine. At con-

FIG. 5. Sensitivity to G25 of the wild type and mutants affected in
different steps of phosphatidylcholine biosynthesis. Plate growth lim-
iting-dilution assays were performed as described in Materials and
Methods in the absence and presence of 5 �M G25. The strains used
are described in Materials and Methods. The genes deleted in these
strains are detailed in Fig. 1.

FIG. 6. Effect of G25 on phosphatidylethanolamine and phosphati-
dylcholine synthesis from phosphatidylserine and choline, respectively.
From 5 � 107 to 6 � 107 synchronized P. falciparum-infected eryth-
rocytes (7% trophozoite stage) were incubated at 4% haematocrit for
1 h in RPMI-based medium containing the indicated concentration of
G25 before adding (A) 30 �M [methyl-3H]choline (334 mCi/mmol) or
(B) 10 �M [14C]serine (57 mCi/mmol). After incubation at 37°C for
3 h, the cellular lipids were extracted and fractionated on thin-layer
chromatography plates for quantification of radioactivity in phos-
phatidylserine (PtdSer, solid diamonds), phosphatidylcholine (PtdCho,
solid squares), and phosphatidylethanolamine (PtdEtn, open circles).
Each value is the mean � standard deviation of triplicate determina-
tions of two independent experiments.
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centrations higher than 0.1 �M, G25 caused a significant
decrease of phosphatidylcholine biosynthesis, with 56% inhi-
bition at 1 �M and nearly complete inhibition at 10 �M. In
contrast, under similar conditions, G25 concentrations up 100
�M had no effect on the incorporation of radiolabeled etha-
nolamine into phosphatidylethanolamine (not shown). These
results are consistent with our data for S. cerevisiae, which
showed that deletion of EK1, ECT1, and EPT1, involved in the
de novo synthesis of phosphatidylethanolamine from ethanol-
amine, did not confer resistance to G25 (Fig. 5).

We also investigated the possible inhibition of phosphatidyl-
serine decarboxylase activity in P. falciparum by G25. P. falci-
parum-infected erythrocytes were labeled with radiolabeled
serine, which is readily incorporated into phosphatidylserine,
in the presence and absence of increasing concentrations of
G25, and the effect of this compound on the parasite’s endog-
enous phosphatidylserine decarboxylase activity was measured
by following the formation of phosphatidylethanolamine from
phosphatidylserine (Fig. 6B). Phosphatidylethanolamine was
constantly formed from phosphatidylserine in the absence or
presence of low concentrations of G25. Although the total
incorporation of serine was not affected by G25, high concen-
trations of this compound resulted in a dramatic decrease in
the endogenous phosphatidylserine decarboxylase activity,
with a 77% decrease in the pool of phosphatidylethanolamine
formed at 100 �M G25 (Fig. 6B). Concomitantly, at this con-
centration of G25, phosphatidylserine was increased in the
same range, indicating that the phosphatidylserine decarbox-
ylase activity was blocked (Fig. 6B).

G25 inhibits the activity of recombinant P. falciparum phos-
phatidylserine decarboxylase. To further investigate the inhib-
itory effect of G25 on the formation of phosphatidylethano-
lamine from phosphatidylserine, we performed in vitro assays
with a recombinant phosphatidylserine decarboxylase enzyme
Psd1 from P. falciparum, encoded by the single-copy gene
PSD1. The enzymatic activity of the recombinant P. falciparum
Psd1 protein was tested under optimal conditions as described
in Materials and Methods in the absence and presence of
increasing concentrations of G25. Whereas in the absence of
G25 recombinant P. falciparum Psd1 efficiently converted
phosphatidylserine into phosphatidylethanolamine, addition of
G25 resulted in a steady decrease in the activity of the enzyme
as the concentration of the compound increased (Fig. 7), sug-
gesting a direct inhibition of P. falciparum Psd1 activity by G25.

DISCUSSION

Quaternary ammonium compound analogs of choline rep-
resent a new class of drugs with a promising therapeutic future
for treatment of multidrug-resistant malaria (1–3, 11, 45, 48)
and possibly other parasitic infections (51). Studies in P. fal-
ciparum have suggested that choline transport might be the
primary target of these compounds (1, 4). However, the role of
choline influx and phosphatidylcholine biosynthesis in parasite
development and survival has not been detailed. Furthermore,
the difficulty in genetically manipulating P. falciparum has se-
verely hampered efforts to understand the exact mode of ac-
tion of these compounds.

Here, we provide the first evidence that the antimalarial
choline analog G25 inhibits the growth of S. cerevisiae and that

mutations in phospholipid metabolic genes affect the sensitivity
of S. cerevisiae to this compound. The S. cerevisiae and malarial
pathways of phospholipid biogenesis are similar enough that
the targets of phospholipid inhibitors that we can find in
S. cerevisiae are most likely to be relevant to P. falciparum. The
IC50 value measured in S. cerevisiae is 2.5 �M, whereas that
measured in various P. falciparum strains ranged between 1
and 5.3 nM (11). Interestingly, whereas G25 and its analog T16
accumulate in P. falciparum-infected erythrocytes with cellular
accumulation ratios of �300 and �500, respectively, after 3 h
of incubation (9, 48), our results indicate a cellular accumula-
tion ratio for T16 of less than 7 in S. cerevisiae. The differences
in growth inhibition assays and drug cellular accumulation
could thus account for the differences in IC50s between the two
organisms.

The sensitivity of S. cerevisiae to G25 and its structural an-
alog T16 and the availability of a radioactive form of T16 led
us to investigate the effect of these two compounds on the
entry of choline into S. cerevisiae cells. Similar to previous
studies in P. falciparum, our studies showed that G25 and T16
are very effective inhibitors of choline transport in S. cerevisiae,
with 50% inhibition of choline uptake measured when G25 and
T16 were present at 20- and 100-fold excess, respectively. Be-
cause choline is not essential for S. cerevisiae growth, and
because the IC50 values for G25 and T16 were not affected by
the presence or absence of choline in the medium (data not
shown), the ability of G25 to inhibit choline transport cannot
alone account for its antifungal activity.

We showed that entry of the G25 analog T16 into wild-type
and hnm1� yeast strains occurs through a temperature-depen-
dent carrier-mediated process with similar kinetic characteris-
tics, indicating a mode of entry of bisquaternary ammonium in
S. cerevisiae distinct from that of the choline carrier. Deves and
Krupka have shown that the lengthening of the alkyl chain in
choline analogs makes them high-affinity inhibitors of choline
transport but prevents their entry via the erythrocytic choline
carrier (15). A similar mechanism might account for the ability
of G25 and T16 to inhibit choline transport in S. cerevisiae and
P. falciparum without being transported via the endogenous
choline carriers. We suggest that in S. cerevisiae and most likely
in P. falciparum as well, G25 is not transported via the choline
transporter Hnm1 and that once inside the cell, this compound
exerts its activity by interfering with specific cellular functions.
Future studies will focus on determining the primary route of
entry of this compound in S. cerevisiae.

Our data showed that S. cerevisiae mutants lacking specific
phospholipid-synthesizing genes display substantial resistance
to G25. Interestingly, loss of every gene of the de novo CDP-
choline pathway, choline transporter (HNM1), choline kinase
(CKI1), choline phosphotransferase (CPT1), and phosphocho-
line cytidylyltransferase (PCT1) resulted in resistance to this
compound. Remarkably, a psd1� strain, which lacks PSD1, was
also found to be highly resistant to G25. In S. cerevisiae, phos-
phatidylserine, which is synthesized in the endoplasmic reticu-
lum and mitochondrion-associated membrane, is first transport-
ed to the inner mitochondrial membrane and Golgi/vacuole
compartments, the sites of phosphatidylserine decarboxylase 1
(Psd1p) and 2 (Psd2), respectively. It is subsequently converted
to phosphatidylethanolamine (41, 42). Psd1p is the major
phosphatidylserine decarboxylase, converting 95% of the cel-

VOL. 48, 2004 ANTIMALARIAL BY CHOLINE ANALOGS 2821



lular phosphatidylserine and producing most of the cellular
phosphatidylethanolamine in the absence of an ethanolamine
precursor (42). In addition to its role in S. cerevisiae membrane
structure, phosphatidylethanolamine plays a central role in
lysosome/vacuole autophagy by covalently conjugating to Apg8p
(24) and also serves as a donor of ethanolamine phosphate to
glycosylphosphatidylinositol anchors, whose synthesis is essen-
tial for yeast cell viability (16, 32). Because P. falciparum pos-
sesses homologues of the S. cerevisiae PSD1, CKI1, CPT1, and
PCT1 genes, we hypothesized that G25 might exert its antima-
larial activity by blocking the synthesis of phosphatidylcholine
from choline, and phosphatidylethanolamine from phosphati-
dylserine.

Labeling studies in P. falciparum with the phospholipid pre-
cursors choline and serine demonstrated that G25 inhibited
both the incorporation of choline into phosphatidylcholine and
phosphatidylserine decarboxylation in a dose-dependent man-
ner. A concentration of only 1 �M of this compound was suf-
ficient to inhibit phosphatidylcholine synthesis from choline,
and inhibition was complete at 10 �M G25. Although this
inhibition could be accounted for solely by the ability of cho-
line analogs to inhibit choline entry into Plasmodium-infected
erythrocytes (1), we cannot at this stage exclude additional
inhibition by this compound of one or multiple enzymes of the
CDP-choline pathway. Nonetheless, G25 concentrations up to
100 �M had no effect on the de novo biosynthesis of phospha-
tidylethanolamine from ethanolamine in P. falciparum, suggest-
ing that the effect of this compound on the de novo phosphati-
dylcholine biosynthetic pathway is very specific. Similarly, albeit at
higher concentrations, G25 was able to affect the incorporation
of serine into phosphatidylethanolamine via the CDP-DAG
pathway by specifically inhibiting the decarboxylation step of
phosphatidylserine into phosphatidylethanolamine. At a con-
centration of 100 �M, G25 inhibited phosphatidylethanol-
amine formation from phosphatidylserine by 77%. Interest-
ingly, at this concentration, G25 had no effect on the first step

of the CDP-DAG pathway catalyzed by the phosphatidylserine
synthase.

Two possible hypotheses could account for the resistance of
S. cerevisiae mutants to G25. First, G25 might not directly kill
S. cerevisiae cells but rather be converted into toxic derivatives
by Psd1 and other enzymes of the CDP-choline pathway. De-
letion of the genes encoding those enzymes reduces the toxicity
of the compound. Second, G25 might directly inhibit specific
enzymes of the phospholipid metabolic pathways, and deletion
of PSD1 or any of the four genes of the CDP-choline pathway,
although not essential for survival, results in changes in the
composition and/or structure of the S. cerevisiae membranes,
leading to low entry and/or effect of G25. In S. cerevisiae,
phosphatidylcholine can be synthesized either via the CDP-
choline pathway from choline transported via the choline
transporter Hnm1 or via the transmethylation of phosphati-
dylethanolamine by two methyltransferases encoded by the
PEM1/CHO2 and PEM2/OPI3 genes (13). The genes involved
in these pathways are highly regulated by the availability of the
phospholipid precursors inositol and choline (13, 37).

Yeast cells utilize the CDP-DAG pathway as the primary
route of synthesis of phosphatidylcholine. The CDP-choline
pathway, although not essential, is also active even in the ab-
sence of choline in the medium (13, 35). This suggests that
although the two pathways can compensate for each other to
allow survival, the composition of phosphatidylcholine synthe-
sized by each pathway might be different under normal con-
ditions. Considering the mechanism of catalysis of choline
kinase, phosphocholine cytidyltransferase, CDP-choline phos-
photransferase, and phosphatidylserine decarboxylase, it is dif-
ficult to envisage that G25 could be a substrate for those
enzymes. Furthermore, studies in P. falciparum with a radio-
active analog of G25, VB5-T, have shown that this compound
was not metabolized and that it acts directly as an active com-
pound (48). Our in vitro studies with recombinant P. falcipa-
rum Psd1 showed that G25 specifically inhibited the phospha-

FIG. 7. Effect of G25 on the activity of purified recombinant P. falciparum Psd1 enzyme. P. falciparum Psd1 activity was determined as described
in Materials and Methods by measuring the amount of [14C]phosphatidylethanolamine (PtdEtn) formed from phosphatidylserine (PtdSer).
(A) Thin-layer chromatography analysis of P. falciparum Psd1-mediated conversion of phosphatidylserine into phosphatidylethanolamine in the
absence and presence of increasing concentrations of G25. (B) Quantitative analysis of the thin-layer chromatography data shown in panel A.
Values are means � standard deviation of triplicate determination of two independent experiments.
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tidylserine decarboxylation reaction catalyzed by this enzyme,
providing further support for the second hypothesis.

The recent discovery in P. falciparum of a plant-like pathway
for phosphatidylcholine biosynthesis involving methylation of
phosphoethanolamine into phosphocholine by a phosphoeth-
anolamine methyltransferase, Pmt (36), suggests that choline
uptake might not be essential for parasite survival, whereas the
later steps of the CDP-choline pathway catalyzed by the phos-
phocholine cytidyltransferase and CDP-choline phosphotrans-
ferase enzymes might be essential. Future genetic studies to
determine the importance of the CDP-choline pathway in
P. falciparum and future biochemical studies with recombinant
P. falciparum choline kinase, phosphocholine cytidyltransfer-
ase, or CDP-choline phosphotransferase enzymes to directly
determine their sensitivity to G25 are warranted.

In conclusion, our data unraveled two new mechanisms of
action of G25 in P. falciparum and S. cerevisiae. G25 specifically
inhibits the de novo synthesis of phosphatidylcholine from
choline and the phosphatidylserine decarboxylase-dependent
formation of phosphatidylethanolamine from phosphatidylser-
ine. These novel findings constitute important information for
quaternary ammonium compounds that are entering clinical
studies. These studies further support the use of S. cerevisiae as
a surrogate system to identify the targets of antimalarial com-
pounds.
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