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It has long been held that the malaria parasite, Plasmodium sp., is incapable of de novo fatty acid synthesis.
This view has recently been overturned with the emergence of data for the presence of a fatty acid biosynthetic
pathway in the relict plastid of P. falciparum (known as the apicoplast). This pathway represents the type II
pathway common to plant chloroplasts and bacteria but distinct from the type I pathway of animals including
humans. Specific inhibitors of the type II pathway, thiolactomycin and triclosan, have been reported to target
this Plasmodium pathway. Here we report further inhibitors of the plastid-based pathway that inhibit Plas-
modium parasites. These include several analogues of thiolactomycin, two with sixfold-greater efficacy than
thiolactomycin. We also report that parasites respond very rapidly to such inhibitors and that the greatest
sensitivity is seen in ring-stage parasites. This study substantiates the importance of fatty acid synthesis for
blood-stage parasite survival and shows that this pathway provides scope for the development of novel
antimalarial drugs.

Malaria is one of the world’s most important infectious dis-
eases in terms of both mortality and morbidity, causing over 1
million deaths and 300 to 500 million clinical infections annu-
ally (43). The rapid development of strains resistant to existing
antimalarial compounds is frustrating efforts to combat the
disease, and new chemotherapeutic targets are urgently re-
quired (43). The recent discovery of a plastid (plant chloroplast
homologue) in Plasmodium falciparum and other apicomplex-
an parasites (18, 21, 22, 42) has offered a promising new ave-
nue for this quest (2, 16, 31). Plastids ultimately derive from a
prokaryotic endosymbiosis (1, 4), and plastid pathways that
were inherited when the Plasmodium ancestor acquired this
bacterial-type organelle (known as the apicoplast in these par-
asites) potentially offer specific targets for drugs because hu-
man cells lack a plastid. One such pathway found in plastids of
plants and algae is de novo synthesis of fatty acids.

Fatty acids play a critical role in cells as metabolic precursors
for biological membranes and energy stores. Their synthesis
occurs as iterative elongations of acyl chains utilizing the 2-car-
bon donor malonyl coenzyme A (CoA) (Fig. 1). Fatty acid
synthase (FAS) is the principal enzymatic unit of this process,
and in bacterial systems separate proteins constitute the sev-
eral enzyme activities of FAS. This system is known as the type
II or dissociated pathway and is believed to represent the
ancestral state (34). In animals, gene fusion events have re-
sulted in FAS diverging as a single large multifunctional pro-

tein (34), and this cytosolic pathway is known as the type I or
associated pathway. Plants utilize a plastid-based pathway, and
this is of the bacterial type II system, suggesting that this
pathway derived with the plastid in these organisms (12).

Plasmodium spp. have long been believed to be unable to
make their own fatty acids, depending instead on scavenged
fatty acids from the host erythrocyte and serum (8, 14, 38). This
notion is now being revised, with strong evidence for a type II
pathway for de novo fatty acid synthesis occurring in apico-
plasts. The first indication of fatty acid synthesis in apicoplasts
was the discovery of nucleus-encoded FAS genes whose prod-
ucts are targeted to the apicoplast. These include acyl carrier
protein (ACP), �-ketoacyl-ACP synthases III (FabH) and I/II
(FabB/F) (39, 40), and enoyl-ACP reductase (FabI) (23, 35)
(Fig. 1). Biochemical evidence for fatty acid synthesis in P.
falciparum followed with 14C-labeled precursors (acetate and
malonyl-CoA) incorporated into fatty acids (predominantly
C10 to C14) in both in vivo and in vitro systems (35). Moreover,
precursor incorporation is sensitive to triclosan, a known in-
hibitor of type II FAS, which is shown elsewhere, including by
crystallography, to bind specifically to P. falciparum FabI (28,
35). This strongly implicates the apicoplast as the site of this
fatty acid biosynthetic activity. In this study we further explore
fatty acid synthesis as a target for chemotherapeutics by testing
the antiparasite activity of several further compounds directed
against type II fatty acid biosynthesis.

MATERIALS AND METHODS

Drug inhibition of in vitro-cultured P. falciparum. Asynchronous P. falciparum
cultures (strain W2mef) were cultured asexually in human erythrocytes (37).
Parasites were resuspended in microtiter trays with 200 �l of hypoxanthine-free
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growth medium (to 0.5% parasitemia, 4% hematocrit) containing serial twofold
dilutions of the compound being tested across the tray (plus no-compound
controls) and 0.4 �Ci of [3H]hypoxanthine. Parasites were incubated for 40 h,
and label incorporation was measured as previously described (5). Triplicate (at
least) experiments were performed. Thiolactomycin and its analogues were syn-
thesized as described previously (41).

For life cycle stage-specific inhibition assays, P. falciparum (strain W2mef)
cultures were synchronized by sorbitol treatment (9) and then allowed to com-
plete one cycle and invade new erythrocytes at 3% parasitemia. Over the next
48-h cycle fresh aliquots of this culture were removed every 8 h for [3H]hypox-
anthine incorporation assays that were performed over 16 h (instead of 40 h, to
narrow the window of parasite stages for each assay). Inhibition was calculated
relative to parasite aliquots without inhibitor (for maximal incorporation) and
with 20 mM sodium azide (for minimal incorporation) to adjust for the differing
rates of incorporation of [3H]hypoxanthine at different parasite stages. Each
experiment was performed in triplicate.

RESULTS

Analogues of thiolactomycin show improved inhibition of P.
falciparum. We have previously reported that the antibiotic
thiolactomycin, an inhibitor of type II FAS-condensing en-
zymes �-ketoacyl-ACP synthases I, II, and III (FabB, FabF,
and FabH, respectively), inhibits P. falciparum grown in vitro
(39). To explore thiolactomycin sensitivity further, we have
tested a series of analogues of thiolactomycin against parasite

cultures. Half-maximal inhibition concentrations (IC50s) for
each of these compounds were measured by a standard [3H]hy-
poxanthine uptake assay (5) (Table 1). These analogues were
based on the thiolactone ring and mainly represent variations
of the hydrophobic side group represented by a short isopre-
noid moiety in thiolactomycin (Table 1). Several analogues
showed efficacies equal to or greater than that of thiolactomy-
cin, and the best two showed a sixfold improvement (analogues
4 and 7). These results indicate two conspicuous trends that
relate the nature of the side chain to efficacy. One is that
increased side chain length correlates with greater inhibition
(compare analogues 9, 1, 4, and 7). The second trend is evident
in compounds with equal side chain length but different satu-
ration levels. Analogues 1 to 3 and 4 to 6 show that more
double bonds correlate with greater inhibition. These two fea-
tures suggest that the length and flexibility of this side group
play an important role in antibiotic interaction with its target
enzymes.

Further inhibitors of fatty acid biosynthesis inhibit P. falci-
parum. The fungal metabolite cerulenin is another inhibitor of
�-ketoacyl-ACP synthases and forms a covalent bond at the
active sites of synthases I and II (FabB and FabF). We tested
cerulenin against P. falciparum and recorded an IC50 of 11 �

FIG. 1. Pathway of type II de novo fatty acid biosynthesis showing
key enzymes (boldface) and substrates. Enzymes belonging to the FAS
complex are indicated by the box. The substrate for FAS, malonyl-
CoA, is formed from acetyl-CoA by ACC. Fatty acid elongation con-
sists of rounds of priming ACP with a malonyl moiety followed by
condensation, reduction, dehydration, and reduction reactions that
add two carbons to the growing acyl chain in each round. The first
condensation reaction is catalyzed by FabH, and subsequent conden-
sation reactions are catalyzed by FabB and/or FabF. Enzymes marked
with an “X” are targets for inhibitory drugs that are the subjects of this
investigation. FabD, malonyl-CoA:ACP transacylase; FabB, FabF, and
FabH, �-ketoacyl-ACP synthases I, II, and III, respectively; FabG,
�-ketoacyl-ACP reductase; FabZ, �-hydroxyacyl-ACP dehydratase;
FabI, enoyl-ACP reductase.

TABLE 1. Sensitivity of P. falciparum multidrug-resistant strain
W2mef to thiolactomycin analogues

Compound no. Structure IC50 (�M)a

1 (thiolactomycin) 49 � 8

2 100 � 3

3 259 � 19

4 8 � 0.2

5 57 � 3

6 71 � 5

7 8 � 0.4

8 16 � 1

9 471 � 32

10 46 � 5

11 30 � 3

a With standard deviation.
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4 �M. This concentration is equivalent to that seen in bacterial
systems (27).

Fatty acid synthesis also presents drug targets upstream of
FAS. The major substrate for FAS is malonyl-CoA, and its
production from acetyl-CoA is often considered the first com-
mitted step of de novo fatty acid synthesis (Fig. 1) (3, 12). This
reaction is catalyzed by acetyl-CoA carboxylase (ACC), and
aryloxyphenoxypropionate herbicides specifically target certain
forms of ACC. ACC activity in the related apicomplexan par-
asite Toxoplasma gondii has been shown elsewhere to be sen-
sitive to this group of compounds (44, 45). We have tested
equivalent compounds for inhibition of P. falciparum growth.
We report that fenoxaprop, tralkoxydim, and diclofop inhibit
P. falciparum with IC50s of 144 � 22, 181 � 6, and 210 � 8 �M,
respectively. These concentrations are equivalent to those
shown elsewhere to inhibit T. gondii ACC (45) and are in a
similar range as the IC50s for sensitive plants (5 to 35 �M) (44,
45).

P. falciparum shows the greatest sensitivity to fatty acid
biosynthesis inhibitors in early-erythrocyte growth stages. In
order to examine growth stage-specific sensitivity of P. falcipa-
rum to fatty acid biosynthesis inhibitors, we synchronized par-
asite cultures and tested the effects of two such inhibitors
throughout this cycle. The inhibitors used were thiolactomycin
and triclosan. Triclosan is another specific inhibitor of type II
FAS that binds to and inhibits enoyl-ACP reductase (FabI)
(Fig. 1) (13, 20, 24). Triclosan has been recently shown to
inhibit P. falciparum with an IC50 of 0.7 to 7 �M, depending on
the parasite strain tested (23, 35).

Parasite inhibition with thiolactomycin and triclosan was
measured over the blood-stage asexual life cycle of P. falcipa-
rum (approximately 40 h) for six time intervals, each starting
8 h apart. Each time interval was 16 h long, over which inhi-
bition assays were conducted. Inhibitor concentrations that
showed high, medium, and low levels of inhibition in asynchro-
nous cultures were used. For each time interval culture smears
were made at the beginning and end of the assays to monitor
cell stages. At the beginning of the first assay all parasites were
young rings (the first stage of infection) with no schizonts
(dividing cells) remaining from the previous cycle. At the be-
ginning of the last assay the vast majority of parasites were
schizonts, although in some cases new rings had appeared. At
the conclusion of these assays all parasites were either free
merozoites or new rings. [3H]hypoxanthine uptake for healthy
parasites (without inhibitors) varies according to parasite life
cycle stage. The lowest uptake is in early rings (time interval 0
to 16 h), and the greatest is in trophozoites (time interval 24 to
40 h), where it is 30 times that of early rings. The schizont
uptake rate (in time interval 40 to 56 h) was also higher than
that of rings, by approximately threefold. This higher rate of
incorporation of [3H]hypoxanthine into schizonts than into
rings meant that the incorporation response for the last assay
was chiefly from schizonts (and not from the newly invaded
rings of this assay). Drug inhibition for each time interval was
calculated as a percentage relative to maximal incorporation
(treatments without inhibitor) and minimal incorporation
(treatments with 20 mM sodium azide [36]), and these values
are shown in Fig. 2. The sensitivity of both compounds was
independent of parasite density (data not shown).

The results show that parasite sensitivity to thiolactomycin

and triclosan is not constant throughout the growth cycle, with
considerable differences seen between early- and late-stage
parasites in erythrocytes (Fig. 2). For both compounds the
greatest inhibition was seen in early stages after invasion
(rings). A steady decrease in parasite sensitivity was seen as
parasite growth progressed until almost complete parasite in-
sensitivity was seen in the schizont stages at the concentrations
used. Equivalent results with two different inhibitors suggested
that the higher susceptibility of rings was not due to differential
drug availability to parasites at different growth stages.

DISCUSSION

While the primary function of type I and type II FASs is
conserved, their substantial conformational differences have
created opportunities for inhibitors of FAS to select between
them. An understanding of the precise mechanism for this
discrimination between FASs awaits structural and drug-bind-
ing data from a type I FAS. Nevertheless, the utility of this
discrimination has already been proven by the long use of
triclosan as an antimicrobial agent in such products as tooth-
pastes and shampoo (13, 20, 24) and by treatment of bacterial

FIG. 2. Life cycle-dependent sensitivities of P. falciparum to FAS
inhibitors thiolactomycin and triclosan throughout asexual growth.
Percentages of inhibition compared to those for parasites without
drugs are recorded for six 16-h time intervals throughout the growth
cycle of synchronized parasites in erythrocytes. Three concentrations
were tested for each compound.
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infections with thiolactomycin in mice (25). The apparent pres-
ence of a type II pathway for fatty acid biosynthesis in the P.
falciparum apicoplast therefore presents an excellent potential
target for parasite-specific inhibitors.

Since the initial report of P. falciparum inhibition by thio-
lactomycin (39), the crystal structure of thiolactomycin bound
to Escherichia coli FabB has been solved (30). This structure
shows that the thiolactone ring of thiolactomycin binds non-
covalently to the protein’s active site, apparently mimicking the
thiolmalonate intermediate of the condensing reaction. More-
over, in conjunction with mutagenesis studies, several key res-
idues (Phe 229, His 298, and His 333) have been identified that
facilitate this protein-inhibitor interaction. Alignment of P.
falciparum FabB/F with the E. coli FabB shows that these
residues are all conserved in the P. falciparum sequence (Phe
232, His 306, and His 343; FabB/F accession number
AF237575). This strongly implies that the P. falciparum
FabB/F protein could be a target for thiolactomycin and could
account for the antiparasite activity of this compound. FabH
enzymes are also inhibited by thiolactomycin but to a lesser
degree than are FabB or FabF enzymes (12, 30). This is due to
replacement of the His 333 residue common to FabB/Fs with
an Asn residue in FabHs, leading to reduced drug-binding
affinity (30). This difference is also conserved in the P. falcipa-
rum FabH sequence. Hence, while FabH most probably offers
a second target to thiolactomycin, we predict that this plays a
lesser role than does FabB/F in parasite inhibition.

Price et al. (30) further observe that the isoprenoid moiety of
thiolactomycin (Table 1) occupies a hydrophobic crevice in the
active site that is distinct from the hydrophobic groove in this
enzyme that ordinarily accommodates the elongating fatty ac-
ids. Within this crevice, Price et al. (30) identify two pairs of
amino acids (Ala 271, Pro 272, Gly 391, and Phe 392) that
sandwich the isoprenoid moiety by intercalated stacking. We
note that these amino acid pairs occur as parts of two protein
domains that are highly conserved throughout type II condens-
ing enzymes FabB and FabF and that these four principal
amino acids are identically represented by the P. falciparum
FabB/F (Ala 274, Pro 275, Gly 403, and Phe 404; FabB/F
accession number AF237575). Price et al. (30) also comment
that the crevice is deeper than the length of the thiolactomycin
side chain and is, therefore, not optimally filled by thiolacto-
mycin. Our studies of thiolactomycin analogues support this
assertion, where the length and flexibility of this side chain do
influence the level of parasite inhibition. Moreover, it is the
longer side chains, which may better occupy this cleft, that
show the greatest inhibition. The subtle changes in thiolacto-
mycin structure represented by these analogues suggest that an
improved fit in the hydrophobic crevice offers greater enzyme
inhibition. Studies of the pea (17) and mycobacteria (19) have
also tested analogues of thiolactomycin in assays for fatty acid
biosynthesis or activities of the individual condensing enzymes.
These studies report similar increases in inhibition of fatty acid
synthesis with longer side chains, as well as sensitivity to satu-
ration level of this group. It is probable, therefore, that the
hydrophobic crevice in the E. coli FabB, for which no specific
function has yet been assigned, is a common feature of FabBs
(as well as FabFs) and perhaps is responsible for the selectivity
of thiolactomycin for type II FASs. Importantly, these results
present scope for rational design of thiolactomycin-based com-

pounds that could provide even greater antiparasite activity.
Thiolactomycin has already been shown elsewhere to be non-
toxic to mice and offers significant protection against urinary
tract and intraperitoneal bacterial infections (25). This family
of compounds now warrants greater investigation as potential
antimalarial drugs.

Cerulenin provides an interesting parallel to thiolactomycin,
given that it also possesses a long hydrophobic tail and is an
inhibitor of FabB and FabF. The crystal structures of cerulenin
bound to E. coli FabB and FabF have also been solved (26, 30).
In this case, however, cerulenin’s long hydrophobic side chain
sits in the hydrophobic groove that accommodates the elon-
gating fatty acids rather than the crevice used by the thiolac-
tomycin tail. As for thiolactomycin, the key catalytic amino
acid residues that interact with cerulenin have been identified
(Cys 163, His 298, His 333, and Phe 392), and these are all
conserved in the P. falciparum FabB/F (Cys 165, His 306, His
343, and Phe 404; FabB/F accession number AF237575). This
suggests that the P. falciparum FabB/F is likely a target for
cerulenin.

Aryloxyphenoxypropionate herbicides are a useful class of
selective herbicides due to their specificity for the plastid ACCs
of grasses. In most plants, and many algae, the plastid appears
to have retained a prokaryotic form of ACC where each of its
three catalytic domains is represented by a separate protein
(11, 32, 33). However, grasses target a form of this enzyme,
which consists of a single protein, to their plastids. This mul-
tidomain ACC in the plastids of grasses is sensitive to the
aryloxyphenoxypropionate herbicides (44), while the multisub-
unit ACCs of other plastids, or indeed the ACCs in the cytosol
of plants and animals, are not. Both P. falciparum and the
related apicomplexan parasite T. gondii encode an equivalent
single-protein-type ACC that is targeted to the apicoplast (10,
15). ACC activity assays and mutational analyses of the T.
gondii ACC have demonstrated a specific inhibition of this
enzyme by aryloxyphenoxypropionate herbicides (44, 45). P.
falciparum has sensitivity to aryloxyphenoxypropionate herbi-
cides equivalent to that of T. gondii. This most likely represents
specific inhibition of the P. falciparum ACC, although confir-
mation of this awaits biochemical studies.

The differing sensitivity of P. falciparum to thiolactomycin
and triclosan in different growth stages of intraerythrocytic
parasites adds further insight into the action of these inhibi-
tors. In T. gondii, apicoplast inhibition is reported elsewhere to
be associated with a “delayed death” phenotype where parasite
inhibition is seen only upon invasion of a subsequent host cell
(6, 7, 29). However, the action of fatty acid synthesis inhibitors
on P. falciparum has an immediate effect on parasite health
without any such delay. These results indicate that nascent
fatty acids are most important in the initial stages of erythro-
cyte infection when the extremely reduced merozoite begins to
elaborate in order to consume its new host cell.

Conclusion. A type II pathway for fatty acid biosynthesis in
the apicoplast of P. falciparum is now strongly supported by
both molecular and biochemical data. Multiple points in this
pathway are known to be selectively targeted by drugs from
both bacterial and plant studies. In this study we show that P.
falciparum is also vulnerable at these points of attack. Collec-
tively these data strongly support the critical nature of this
pathway in the malaria parasite. Although this class of inhibi-
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tors shows efficacy only in the high nanomolar to micromolar
range, this study provides an important proof of principle—
that this newly discovered plant-type pathway can be targeted
by selective inhibitors. Analogue studies indicate that scope
exists for much higher efficacy with such inhibitors.
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