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Abstract Resistance to commonly used malaria drugs is
spreading and new drugs are required urgently. The recent
identification of a relict chloroplast (apicoplast) in malaria and
related parasites offers numerous new targets for drug therapy
using well-characterized compounds. The apicoplast contains a
range of metabolic pathways and housekeeping processes that
differ radically to those of the host thereby presenting ideal
strategies for drug therapy. Indeed, many compounds targeting
these plastid pathways are antimalarial and have favourable
profiles based on extensive knowledge from their use as
antibacterials. © 2001 Harcourt Publishers Ltd

INTRODUCTION

alaria is a major global health problem. Three main

strategies are presently attempting to control the dis-

ease: vaccination, vector control, and parasiticidal
drugs. Of these, parasiticidal drugs are currently the main line
of disease control until vaccination or mosquito control can
be implemented more successfully. There is however a deep-
ening crisis with emerging resistance among malaria parasites
to the existing drugs. For these reasons it is imperative that
new lines of drugs be explored before existing drugs lose too
much efficacy.

The recent identification of a relict chloroplast in malaria
parasites has profound implications for drug therapies to
combat this important disease. Chloroplasts are chlorophyll-
containing organelles found in plants and algae. Their key func-
tion is photosynthesis and they come in red, brown and even
colourless, non-photosynthetic versions. Strictly speaking the
term chloroplast should only be used to describe green ver-
sions of the organelle; plastid is the more generic term. Plastids
(of all colours) originate from endosymbiotic cyanobacteria.’
In other words a plastid is a modified photosynthetic bac-
terium living inside a eukaryotic cell. These endosymbionts
are semi-autonomous, living (to a limited extent) a life of their
own within the host. The original acquisition of plastids pre-
sumably provided the host with the ability to photosynthesise.
However, creating food from CO, and sunshine is not the only
task plastids perform for their hosts. Plastids are also the site
of a number of anabolic processes whose products are sup-
plied to the surrounding host cell. These metabolic services
make plastids indispensable to plant and algal cells, even non-
photosynthetic ones.

The apicomplexan plastid, which we refer to as the api-
coplast, ultimately arose from the same endosymbiosis as all
other plastids.? The apicoplast also appears to service its
host with multiple functions, but the apicoplast apparently
lacks the capacity to photosynthesise. Several biosynthetic
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pathways similar to those found in plant and algal chloroplasts
are beginning to be characterized in apicoplasts. It is not yet
clear what the key function of the apicoplast is but the or-
ganelle is clearly indispensable.>* Curiously though, parasites
cured of their apicoplasts do not die immediately. Rather, they
fail to invade new host cells successfully.* This suggests that
apicoplasts provide some component essential to invasion and
or establishment of the parasitophorous vacuole in the host
cell. Current efforts to identify this unknown component cen-
tre around unravelling the various biosynthetic pathways of
the apicoplasts. As an adjunct of this research many parasitici-
dal compounds are being identified.

For drug purposes, we can think of the apicoplast as a mini-
bacterium living inside the malaria parasite. Inside this ‘cell’-
within-a-cell occur all the familiar cellular processes such as
DNA replication, transcription, translation, post-translational
modification, catabolism and anabolism. Each of these pro-
cesses is bacterial in nature and potentially a drug target be-
cause they differ to the host processes, which are fundamen-
tally eukaryotic. In this review we will examine each of these
apicoplast metabolic categories, and their drug potential, in
turn.

DNA REPLICATION

The genome of the parasite plastid is circular® (like most bacte-
rial chromosomes) and a bacterial-type DNA gyrase is thought
to be required for replication of the apicoplast genome
in P falciparum.® In support of this, the fluoroquinolone
ciprofloxacin has been shown to inhibit apicoplast (prokary-
otic) DNA replication but not nuclear (eukaryotic) replica-
tion in P, falciparum.’ Additionally, Fichera and Roos® demon-
strated that ciprofloxacin inhibits apicoplast DNA replication
in another apicomplexan parasite, Toxoplasma gondii. Vari-
ous derivatives of quinolones and fluoroquinolones have been
tested for their ability to inhibit apicoplast DNA replication
and models for their mode of action proposed.® These find-
ings validate DNA replication as a viable therapeutic target in
the apicoplast and point towards ciprofloxacin as a potential
antimalarial.

Ciprofloxacin blocks prokaryotic DNA replication by in-
hibiting DNA gyrase, a prokaryotic type II topoisomerase in-
volved in untangling DNA during replication. DNA gyrase
works by cutting a double-stranded DNA molecule, passing
the tangled lengths of DNA through the cut, then resealing the
cut to restore the circular architecture of prokaryotic DNA. A
prokaryotic DNA gyrase has not yet been identified in P, falci-
parum but there is evidence of gyr4 and gyrB like sequences
(the genes encoding DNA gyrase) in the unpublished P, falci-
parum genome data.

Ciprofloxacin interferes with the resealing step and re-
sults in linearization of the circular DNA, thus causing death
of prokaryotic organisms. Because DNA replication in mam-
malian cells does not involve a prokaryotic DNA gyrase,
treatment of malaria with ciprofloxacin would be expected
to result in few side effects. However, bacteria resistant to
ciprofloxacin have been reported,”® which raises the spec-
tre that resistant strains of P falciparum may also emerge
if ciprofloxacin is pursued as an antimalarial. Ciprofloxacin
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resistance in bacteria appears to result from single point
mutations in gyr4.”® The observed mutations conferring
ciprofloxacin resistance involve residues between 83 and
94.7% This suggests that residues in this region of gyrA are
close to, or are part of, the substrate binding site, indicat-
ing that resistance is caused by a reduced binding affinity
of ciprofloxacin to DNA gyrase. Thus, there may be a dan-
ger that use of ciprofloxacin as an antimalarial could lead to
drug resistance by mutation of the malarial DNA gyrase. It
is therefore paramount to analyze the likelihood of whether
similar point mutations could arise in P falciparum treated
with ciprofloxacin; the presence of gyr4 in the malaria par-
asite needs to be confirmed and the sequence examined for
potential resistant variants. Putatively resistant versions can be
constructed by genetic engineering and tested in laboratory
cultures. This information should be obtained prior to further
development of ciprofloxacin as an antimalarial.

TRANSCRIPTION

Transcription in plastids utilizes an RNA polymerase homol-
ogous to that of cyanobacteria and other eubacteria, the so-
called «,, B, B/ DNA-dependent RNA polymerase.” Just as it
does in bacteria, this polymerase recognises —10, —35 pro-
moters courtesy of the o factor and transcribes polycistronic
RNAs from plastid DNA operons. The apicoplast genome en-
codes the B and B’ subunits of the polymerase (7poB, rpoCl,
rpoC2 genes) strongly suggesting it uses a similar transcription
system.> The « subunit (rpoA) and the sigma factor (rpoD) are
not encoded by the apicoplast DNA so these genes are likely to
be encoded by the nucleus and the products targeted into the
plastid, as occurs in plants and algae for the 7poD gene. The
o3, B, B’ polymerase of bacteria and plastids is highly sensitive
to rifampicin, and antimalarial activity of rifampicin suggests
this drug blocks apicoplast transcription.’ Plant plastids also
use a second phage-like RNA polymerase that is related to the
RNA polymerase used by most mitochondria.® A phage-like
RNA polymerase was recently identified in Plasmodium falci-
parumbutitis believed to be the mitochondrial polymerase.'?
No drugs specific to phage type polymerase are known to us.

TRANSLATION

Numerous antibacterial agents work by inhibiting protein
translation. There is currently no direct proof of translation
in the apicoplast (despite the efforts of many laboratories),
but, based on indirect evidence, apicoplast genes are almost
certainly translated. For example, the apicoplast genome con-
tains genes for ribosomal RNAs predicted to fold into proper
ribosomal subunits, open reading frames predicted to en-
code many ribosomal proteins, translation components such
as elongation factor-Tu (fufA), and a full set of tRNAs.> Per-
sistence of these and other genes provides strong evidence
for a translation system. Moreover, ribosome-like particles of
bacterial size are visible in the apicoplast!!"!> and polysomes
containing plastid rRNA and mRNA can be partially purified
from erythrocyte stages of the parasite.'® Finally, several drugs
that block prokaryotic translation systems are parasiticidal.'*
Some of these drugs (including doxycycline, clindamycin and

spiramycin) are used clinically for the treatment of malaria
and toxoplasmosis, so it is vital that we understand how (or
whether?) they affect the apicoplast.

Lincosamides (lincomycin and clindamycin) and macro-
lides (erythromycin and azithromycin) block protein synthesis
by interacting with the peptidyl transferase domain of bacterial
23S rRNA.'7 It has long been known that these antibiotics in-
hibit growth of apicomplexan parasites such as P, falciparum,
T gondii, C. parvum and Babesia microti (cited in Refs 2, 18,
19! and in T’ gondii there is strong circumstantial evidence
implicating blockage of apicoplast translation.?*-?3

Two thiopeptide antibacterials (thiostrepton and micro-
coccin) are potent inhibitors of P falciparum growth in
vitro?*2° and in vivo (Sullivan et al. 2000). Thiostrepton ap-
pears to function by binding to guanosine triphosphatase
(GTPase) binding domain of the large subunit rRNA block-
ing apicoplast translation.?*?” Only the plastid rRNA has the
thiostrepton-susceptible genotype in P falciparum, so this
drug is unlikely to affect cytosolic or mitochondrial rRNAs.
The apicoplast rRNA of T gondii does not have the suscep-
tible genotype, and T gondii growth is not inhibited by the
drug (Roos unpublished).

Several other inhibitors of bacterial translation (including
tetracycline and doxycycline) are also parasiticidal and may
inhibit plastid translation (Table 1), although the precise target
of these drugs is uncertain.'23

FATTY ACID SYNTHESIS

Bacteria and chloroplasts synthesize fatty acids using a so-
called Type II FAS (fatty acid synthase), which utilizes several
distinct enzymes (proteins) for the steps of the fatty acid syn-
thase biosynthetic pathway.?* Conversely, humans and other
plastid-lacking eukaryotes possess a single multi-functional
protein (termed Type I) which appears to be derived from
a gene fusion event incorporating several type II proteins into
a single multifunctional protein.’° Malaria parasites have long
been held to be unable to synthesize fatty acids de novo but
emerging evidence indicates that the apicoplast harbours a
Type II FAS machinery. This anabolic pathway could be in-
volved in synthesis of lipids required by the apicoplast. It
has been suggested that P falciparum synthesises fatty acids
for formation of the parasitophorous vacuole (PV) during
invasion of host erythrocytes and the requirement for api-
coplast activity for successful infection is consistent with this
postulate.'#3!

The first breakthrough in the identification of a fatty acid
biosynthesis pathway was the identification of genes encod-
ing apicoplast-targeted homologues of several bacterial type
II fatty acid biosynthesis sub-units.’! One of these sub-units,
3-ketoacyl-ACP synthase (FabH), is the target for the antibiotic
thiolactomycin, and thiolactomycin displays in vitro inhibition
of Plasmodium.>' Another type II FAS sub-unit, enoyl-ACP re-
ductase (Fabl), has also been identified in the P falciparum
apicoplast.>? Fabl catalyses the NADH-dependent reduction
of enoyl-ACP into a saturated acyl chain.?® Fabl is the target
of the broad spectrum antibacterial triclosan®! and it was re-
cently shown that triclosan inhibits the purified P, falciparum
enoyl-ACP reductase, as well as inhibiting parasite growth

Drug Resistance Updates (2001) 4, 145—151 © 2001 Harcourt Publishers Ltd



Apicoplast as a drug target

Table | Drugs with possible targets in the malaria plastid
Metabolic activity Drug/herbicide Putative target ICsg Comments Refs
DNA Ciprofloxacin plastid DNA topoisomerase |l (gyrA) P50 um® Confirmed by direct [6, 65-67]
Replication Tg30 uM observation of apicoplast
Cp 80 pug/ml DNA in Tg
RNA Rifampicin plastid RNA polymerase B-subunit  Pf3 uM Causes delayed death but [68, 69]
Transcription (rpoB) Tg3 um® no hard evidence for
mode of action
Protein Clindamycin plastid 23S rRNA (rrnL) Pf20 nM°® Causes delayed death but [3, 22, 23, 65]
translation Tg10 nM® no hard evidence for
Cp20 uM mode of action
Erythromycin Cp ~40 uM Causes delayed death but [65]
no hard evidence for
mode of action
Azithromycin Pf2 um® Causes delayed death but [21-23, 65]
Tg2 uM no hard evidence for
Cp90 uM mode of action
Spiramycin Tg 40 ng/ml Causes delayed death but [22, 23]
no hard evidence for
mode of action
Thiostrepton Pf2 uM Strong indirect evidence [24, 25, 70]
Tg—NA for activity in plastid
Micrococcin Pf 35 nM Strong indirect evidence [26]
for activity in plastid
Chloramphenicol Pf 10 uM® Causes delayed death but [21, 23, 28, 65]
Tg5 uM® no hard evidence for
Cp 300 uM mode of action
Doxycycline plastid 16S rRNA (rrnS) Pf 100 uM May also target mitochon- [28, 65]
Cp200 uM drial protein synthesis
Tetracycline Pf 10 uM May also target mitochon- [21, 28, 65]
Tg20 uM drial protein synthesis
Cp 100 uM
Amythiamicin elongation factor Tu (tufA) Pf 10 nM Implied in Pf by [71]
observation of polysome
formations
Amino acid Glyphosate 5-enopyruvyl shikimate 3-phosphate Pf3 mM Target enzyme [54, 55, 56]
biosynthesis synthase (aroA) Tg2 mM characterised but pathway
Cp6 mM shown to be cytosolic
rather than plastidic
IPP biosynthesis Fosmidomycin DOXP reductoisomerase Pf 350 nM Confirmed by inhibition of [51]
recombinant Pf enzyme
Fatty acid Thiolactomycin B-ketoacyl-ACP synthase Il ( fabH) pf 50 uM No direct evidence for [31]
biosynthesis Tg 100 uM® mechanism of parasiticidal
activity
Clodinafop acetyl-CoA carboxylase (ACC) Tg 10 uM Implied by growth [48]
inhibition in Tg
Quizalofop Tg 100 uM Implied by growth [48]
inhibition in Tg
Haloxyfop Tg 100 uM Implied by growth [48]
inhibition in Tg
Triclosan enoyl-ACP reductase (fabl) Confirmed in vitro and [32]

in vivo in Pf

*abbreviations.

®David Roos unpublished.

“The apparent lack of an apicoplast in the related apicomplexan parasite Cryptosporidium parvum suggests drugs that inhibit both C. parvum and
P. falciparum may additionally possess extra-plastidic targets. Indeed, where antibiotic drugs inhibit C. parvum at similar levels to apicoplast-possessing
parasites, the target organelle may likely be the mitochondria.
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in vitro and in vivo.3? Furthermore, in vivo experiments using
40 mg/kg triclosan on blood stage malaria parasites showed no
evidence of side effects,>® suggesting that triclosan is nontoxic
to human erythrocytes. Other evidence for nontoxicity comes
from the safe, widespread use of triclosan in consumer prod-
ucts such as toothpastes, deodorants, soaps, detergents, and
anti-acne preparations.’® Taken together, these observations
point towards triclosan as a promising antimalarial.

In E. coli, triclosan competes with enoyl-ACP for the Fabl
substrate site.>® Once bound to the site, triclosan blocks ox-
idation of NADH and promotes binding of NAD™ to Fabl.?
This results in formation of a noncovalent FabI-NAD*-triclosan
ternary complex which effectively removes Fabl protein
from the catalytic cycle and, in doing so, inhibits fatty acid
biosynthesis.’® However, McMurry et al.’” have found that
E. coli harbouring the point mutation Gly93 to Val in the fabl
gene are resistant to triclosan. Analysis of the crystal structure
of E. coli revealed that Gly93 lines the cleft of the substrate
binding pocket,’” indicating that substitution of Gly93 with
Val interferes with triclosan binding. Subsequent studies have
found that Val, a bulkier amino acid than Gly, protrudes into
the binding pocket and occupies the same space as triclosan.®
Thus, it has been concluded that the Val93 mutation results
in triclosan resistance because of steric interference at the
substrate binding pocket,*® which ultimately prevents the for-
mation of the FabI-NAD*-triclosan ternary complex.’® Addi-
tionally, Heath et al.*® have found that the Val93 mutation
and similar mutations in the region of the substrate binding
pocket confer resistance to triclosan analogues and other Fabl
inhibitors. This implies that E. coli exhibiting resistance to one
Fabl inhibitor may exhibit cross resistance to additional Fabl
inhibitors.

Could triclosan resistance arise in P falciparum? Similar-
ities between the Fabl proteins of E. coli and P, falciparum
suggest that a similar mutation might result in triclosan re-
sistance in P falciparum compromising the usefulness of tri-
closan as an antimalarial. To determine whether the Val93 mu-
tation confers triclosan resistance in P, falciparum, we are in
the process of mutating the fabl gene of P falciparum. The
result of this study will indicate whether triclosan resistance in
P, falciparum can arise from a point mutation and will impact
on how development of triclosan as an antimalarial should be
pursued.

Bacillus subtilis and Staphylococcus aureus also exhibit
triclosan resistance.’®“° However, unlike E. coli, resistance in
these bacteria is not the result of mutated Fabl. Rather, re-
sistance in these bacteria results from the presence of addi-
tional genes, fabL in B. subtilis®® and fabK in S. aureus,™
that are able to replace Fabl in FAB. FabL and FabK are not
inhibited by triclosan, hence the resistance of these organ-
isms to triclosan.?®% To further justify the development of
triclosan as an antimalarial, it should be determined whether
P, falciparum possesses FabL and/or FabK homologues. These
caveats notwithstanding, Fabl is an exciting new drug target
for malaria and perhaps other infectious diseases. For instance,
the mycobacterial homologue of Fabl is the target of the im-
portant anti-tuberculosis drug isoniazid. 42 Hence, it is impor-
tant that the FAB pathway of the apicoplast, and the fate of the
lipids produced, be further investigated. We note, for instance,
that the related parasite Cryptosporidium is thiolactomycin-

insensitive* and possesses a Type I FAS. Cryptosporidium may
lack an apicoplast*! so the link between drug sensitivity and
a type II apicoplast FAB pathway appears valid but much still
remains to be learned, particularly if effective drug strategies
are to be put in place.

The rate-limiting step of fatty acid synthesis in plants is the
supply of malonyl-CoA by the chloroplast acetyl-CoA carboxy-
lase (ACC), an enzyme targeted by the arloxyphenoxypro-
prionate class of anti-graminicidal herbicides.*>%¢ While the
chloroplast ACC is a single large polypeptide in the grasses,
in other plants it is made up of four separate sub-units that
are insensitive to arloxyphenoxyproprionates. I gondii pos-
sesses an apicoplast-targetted ACC carboxylase similar to the
multi-domain chloroplast enzyme found in diatom algae and
grasses,?” and Toxoplasma is likewise sensitive to arloxyphe-
noxyproprionate herbicides.*® Several of these herbicides also
inhibited 7 gondii growth in human fibroblasts.® A likely
apicoplast-targeted ACC is also found in P, falciparum.”’ Some
apicomplexan parasites also appear to possess cytosolic iso-
forms of the enzyme, which, as with those isoforms in plants,
are expected to be herbicide-insensitive.*”#® Another class of
herbicides targeting the ACC of grass, the cyclohexanediones
(see ¥ for review), did not inhibit the 7/ gondii ACC.% Progress
is being made towards an understanding of the specific inter-
action between herbicides and ACC,* which may pave the
way for the rational design of more potent ACC inhibitors.

ISOPENTENYL DIPHOSPHATE SYNTHESIS

Isopentenyl diphosphate (IPP) is the precursor for the struc-
turally diverse isoprenoid class of compounds. In animals and
plants, IPP is synthesized via the classical mevalonate pathway.
An alternate pathway proceeding via 1-deoxy-D-xylulose
5-phosphate (DOXP) has recently been elucidated in chloro-
plasts and bacteria,* and two enzymes from this pathway have
been identified in P falciparum.’ One of these enzymes,
DOXP reductoisomerase, is the target of the antibiotic fos-
midomycin, and recombinant P, falciparum DOXP reductoiso-
merase is inhibited by fosmidomycin.”! Fosmidomycin also in-
hibits the growth of P, falciparum in culture, and cures malaria
ina mouse model.>! Assays to test potential inhibitors of DOXP
enzymes in bacterial systems®? and in plant test systems> have
already exposed new inhibitors of DOXP synthase (the first
step of IPP synthesis). It remains to be seen if these com-
pounds act against the P, falciparum DOXP synthase and if so,
whether they inhibit parasite growth.

AROMATIC AMINO ACID SYNTHESIS

Aromatic (essential) amino acids are synthesized by the shiki-
mate pathway, which is located in the plastid in plants and
algae. Animals lack a shikimate pathway, which is why aro-
matic amino acids are essential in their diet. Plasmodium
has been presumed to be auxotrophic for aromatic amino
acids, but this paradigm has recently been called into ques-
tion with the discovery of a shikimate pathway in Plasmod-
ium, Cryptosporidium and Toxoplasma.>® This might ex-
plain the parasiticidal activity of glyphosate, a common herbi-
cide (RoundUp™, Zero™, Tumbleweed™), which blocks the
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activity of 5-enopyruvyl shikimate 3-phosphate synthase.’* Al-
though the shikimate pathway may provide a useful target for
parasiticidal drug design, these enzymes appear to be located
in the parasite cytosol®>>° (as they are in fungi) and not in the
apicoplast as initially implied.

HEME SYNTHESIS

Animals synthesize heme from glycine and succinyl CoA using
the Shemin pathway, but plastids (and their cyanobacterial
forebears) use an unusual pathway starting with glutamate lig-
ated to tRNA-GIu.>” The Shemin pathway apparently occurs
in P falciparum®® - presumably in the mitochondrion and
cytosol - but there may also be a cyanobacterial-type heme
pathway in the apicoplast. For instance, a likely apicoplast-
targeted dehydratase (a key enzyme of heme synthesis) has
been identified in P falciparum that groups with the pre-
dominantly Mg?* binding plastid dehydratases, rather than the
Zn** binding mitochondrial equivalents.>® However, another

Fosmidomycin
Thiolactomycin
Triclosan
<———— Chloroquing

/ \\ Proguanil

Atovaquone  Glyphosate

Ciprofloxacin
Rifampicin —— 8 —>

Clindamycin

Doxycycline

Fig. I Anti-malarials inhibit essential processes located in sev-
eral parasite sub-cellular compartments. The image depicts
three erythrocytes, one of which (cut away) is infected with a
malarial parasite. Among the commonly used anti-malarials,
proguanil targets the cytosolic folate biosynthetic pathway,
chloroquine interferes with the process of haem detoxification
in the food-vacuole (brown), and atovaquone inhibits the mi-
tochondrial electron transport chain (For reviews see 63, 64).
Triclosan and thiolactomycin inhibit apicoplast (green) fatty
acid synthesis, while fosmidomycin targets the apicoplast-based
DOXP pathway. Ciprofloxacin prevents the replication of the
apicoplast genome and rifampicin acts upon apicoplast RNA
transcription. Clindamycin seems to act upon apicoplast protein
translation, while Doxycycline appears to inhibit both apicoplast
and mitochondrial protein translation. Conversely, glyphosate
inhibits a shikimate pathway that appears to be cytosolic, rather
than plastidic.

Apicoplast as a drug target

heme synthesis enzyme has been identified which bears an
apparent mitochondrial-targeting signal.®* Moreover, Bonday
and colleagues®' have speculated that P falciparum uses an
additional dehydratase imported from the erythrocyte cytosol.
Locallization of the enzymes recognised to-date, and the char-
acterization of the remaining unidentified enzymes of the
heme synthesis pathway should help clarify this currently
confusing issue. Heme synthesis is an established target for
herbicides,®? and given P falciparum possesses at least one
plant-like heme synthesis enzyme, the elucidation of the full
pathway should illuminate further potential drug targets.

CONCLUSION

The malaria plastid presents a broad range of potential new
chemotherapeutic options to combat the disease (Fig. 1). Af-
ter only a few years of research, a relatively large number of
antimalarial compounds with alleged targets in the apicoplast
have already been identified (Table 1). If these targets turn out
to be viable in therapy, an enormous head start for drug de-
velopment is already in hand. Progress has been rapid thanks
to the availability of genome data to identify genes encoding
these targets. Since the mode of action, and potential mech-
anisms of resistance, for many of these lead compounds is
already established in bacterial systems, we can anticipate rel-
atively rapid progress towards utility. This array of new tar-
gets complements the existing collection of targets in other
subcellular compartments of the parasite (Fig. 1) and offers
increasing hope for management of the disease.

Received 7 November 2000, reviewed 14 January 2001, accepted 22 January 2001

Correspondence to: Geoffrey |. McFadden, E-mail: g.mcfadden@botany.unimelb.

edu.au

References

|. Delwiche CF, Palmer JD. The origin of plastids and their spread via
secondary endosymbiosis. Pl Syst Evol 1997 [Suppl]; |1: 51-86.

2. Gleeson MT. The plastid in Apicomplexa: what use is it Int
] Parasitol 2000; 30: 1053—1070.

3. Fichera ME, Roos DS. A plastid organelle as a drug target in
apicomplexan parasites. Nature 1997; 390: 407—409.

4. He CY, Shaw MK, Pletcher CH et al. A plastid segregation defect in
the protozoan parasite Toxoplasma gondii. EMBO Journal 2001; 20:
330-339.

5. Wilson RJM, Denny PWV, Preiser PR et al. Complete gene map of the
plastid-like DNA of the malaria parasite Plasmodium falciparum. ) Mol
Biol 1996; 261: 155-172.

6. Gozalbes R, Brun-Pascaud M, Garcia-Domenech R et al.
Anti-Toxoplasma activities of 24 quinolones and fluoroquinolones in
vitro: Prediction of activity by molecular topology and virtual
computational techniques. Antimicrobial Agents & Chemotherapy
2000; 44: 2771-2776.

7. Walker RA, Saunders N, Lawson A] et al. Use of a LightCycler gyrA
mutation assay for rapid identification of mutations conferring
decreased susceptibility to ciprofloxacin in multiresistant Salmonella

© 2001 Harcourt Publishers Ltd  Drug Resistance Updates (2001) 4, 145151



Ralph et al.

20.

21.

22.

23.

24.

25.

26.

enterica serotype typhimurium DT 104 isolates. ] of Clin Microbiol
2001; 39: 1443—-1448.

. Onodera Y. Tanaka M, Sato K. Inhibitory activity of quinolones

against DNA gyrase of Mycobacterium tuberculosis. ] Antimicrob
Chemother 2001; 47: 447-450.

. Gray MW, Lang BF. Transcription in chloroplasts and mitochondria:

a tale of two polymerases. Trends Microbiol 1998; 6: [-3.

. Li JN, Maga JA, Cermakian N, Cedergren R, Feagin JE. Identification

and characterization of a Plasmodium falciparum RNA polymerase
gene with similarity to mitochondrial RNA polymerases. Mol
Biochem Parasitol 2001; 113: 261-269.

. Ma Y, Kouranov A. LaSalsa SE, Schnell D). Two components of the

chloroplast protein import apparatus, |AP6 and IAP75, interact with
the transit sequuence during recognition and translocation of
precursor proteins at the outer envelope. ] Cell Biol 1996; 134:
315-327.

. McFadden GI, Reith M, Munholland |, Lang-Unnasch N. Plastid in

human parasites. Nature 1996; 381: 482.

. McFadden GI, Waller RF, Reith M, Munholland , Lang-Unnasch N.

Plastids in apicomplexan parasites. Pl Syst Evol 1997 [Suppl.]; I I:
261-287.

. McFadden GlI, Roos DS. Apicomplexan plastids as drug targets.

Trends Microbiol 1999; 6: 328-333.

. Hopkins J, Fowler R, Krishna S et al. The plastid in Plasmodium

falciparum asexual blood stages: a three-dimensional ultrastructural
analysis. Protist 1999; 150: 283-295.

. Roy A, Cox RA, Williamson DH, Wilson R]. Protein synthesis in the

plastid of Plasmodium falciparum. Protist 1999; 150: 183—188.

. Steigbigel N. Erythromycin, lincomycin and clindamycin. In: G.

Mandel, R. Douglas, and J. Bennett eds. Principles and practice of
infectious diseases. New York: Churchill Livinsgtone, 1990: 308-317.

. Blunt D, Kjramtsov N, Upton S, Montelone B. Molecular karyotype

analysis of Cryptosoridium parvum: evidence for eight chromosomes
and a low-molecular-size molecule. Clin Diagn Lab Immunol 1997; 4:
I1=13.

. Jeffries AC, Johnson AM. The growing importance of the plastid-like

DNA:s of the Apicomplexa. Int | Parasitol 1996; 26: 1139—1150.
Tomavo S, Boothroyd ]JC. Interconnection between organellar
functions, development and drug resistance in the protozoan
parasite, Toxoplasma gondii. Int | for Parasitol 1995; 25: 1293—-1299.
Beckers CJM, Roos DS, Donald RGK et al. Inhibition of cytoplasmic
and organellar protein synthesis in toxoplasma gondii - implications
for the target of macrolide antibiotics. ] Clin Invest 1995; 95:
367-376.

Pfefferkorn ER, Borotz SE. Comparison of mutants of Toxoplasma
gondii selected for resistance to azithromycin, spiramycin, or
clindamycin Antimicrob Agents Chemother 1994; 338: 31-37.
Fichera ME, Bhopale MK, Roos DS. In vitro assays elucidate peculiar
kinetics of clindamycin action against Toxoplasma gondii.
Antimicrobial Agents & Chemotherapy 1995; 39: 1530-1537.
McConkey GA, Rogers MJ, McCutchan TF. Inhibition of Plasmodium
falciparum protein synthesis: targeting the plastid-like organelle with
thiosrepton. ] Biol Chem 1997; 272: 2046—2049.

Rogers M), Burkham YV, McCutchan TF, Draper DE. Interaction of
thiostrepton with an RNA fragment derived from the
plastid-encoded ribosomal RNA of the malaria parasite. RNA 1997;
3: 815-820.

Rogers M), Cundliffe E, McCutchan TF. The antibiotic micrococcin is
a potent inhibitor of growth and prtein sythesis in the malaria
parasite. Antimicrob Agents Chemoth 1998; 42: 715-716.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Clough B, Strath M, Preiser P, Denny P, Wilson R. Thiostrepton
binds to malarial plastid rRNA. FEBS Lett 1997; 406: 123—125.
Budimulja AS, Syafruddin, Tapchaisri P, Wilairat P, Marzuki S. The
sensitivity of Plasmodium protein synthesis to prokaryotic ribosomal
inhibitors. Mol Biochem Parasitol 1997; 84: 137-141.

Harwood J. Recent advances in the biosynthesis of plant fatty-acids.
Biochim Biophys Acta 1996; 1301: 7-56.

Smith S. The animal fatty acid synthase: one gene, one polypeptide,
seven enzymes. FASEB | 1994; 8: 1248-1259.

Waller RF, Keeling PJ, Donald RGK et al. Nuclear-encoded proteins
target to the plastid in Toxoplasma gondii and Plasmodium falciparum.
Proc Natl Acad Sci USA 1998; 95: 12352—12357.

Surolia N, Surolia A. Triclosan offers protection against blood stages
of malaria by inhibiting enoyl-ACP reductase of Plasmodium
falciparum. Nat Med 2001; 7: 167-173.

Heath R}, Rock CO. Enoyl-acyl carrier protein reductase (fabi) plays
a determinant role in completing cycles of fatty acid elongation in
Escherichia coli. ] Biol Chem 1995; 270: 26538-26542.

Levy CWV, Roujeinikova A, Sedelnikova S et al. Molecular basis of
triclosan activity. Nature 1999; 398: 383-384.

Bhargava HN, Leonard PA. Triclosan: applications and safety.
American Journal of Infection Control 1996; 24: 209-218.

Heath RJ, Rubin JR, Holland DR et al. Mechanism of triclosan
inhibition of bacterial fatty acid synthesis. | Biol Chem 1999; 274:
Irrro-niri4.

McMurry LM, Oethinger M, Levy SB. Triclosan targets lipid
synthesis. Nature 1998; 394: 531-532.

Heath R}, Su N, Murphy C, Rock CO. The enoyl-[acyl carrier
protein] reductases, Fabl and FabL from Bacillus subtilis. ] Biol Chem
2001; in press.

Heath RJ, Li ], Roland GE, Rock CO. Broad spectrum antimicrobial
biocides target the Fabl component of fatty acid biosynthesis. ] Biol
Chem 1998; 273: 30316-30320.

Heath R}, Li ], Roland GE, Rock CO. Inhibition of the Staphylococcus
aureus NADPH-dependent enoyl-acyl carrier protein reductase by
triclosan and hexachlorophene. | Biol Chem 2000; 275: 4654—4659.
Parikh SL, Xiao GP, Tonge PJ. Inhibition of InhA, the enoyl reductase
from Mycobacterium tuberculosis, by triclosan and isoniazid.
Biochemistry 2000; 39: 7645-7650.

McMurry LM, McDermott PF, Levy SB. Genetic evidence that InhA
of Mycobacterium smegmatis is a target for triclosan. Antimicrob
Agen Chemot 1999; 43: 711-713.

Zhu G, Marchewka MJ, Woods KM, Upton ), Keithly JS. Molecular
analysis of a Type | fatty acid synthase in Cryptosporidium parvum. Mol
Biochem Parasitol 2000; 105: 253-260.

Zhu G, Marchewka M|, Keithly JS. Cryptosporidium parvum

appears to lack a plastid genome. Microbiology-Uk 2000; [46:
315-321.

Golz A, Focke M, Lichtenthaler HK. Inhibitors of de novo fatty acid
biosynthesis in higher plants. ] Plant Physiol 1994; 143: 426—433.
Konishi T, Sasaki Y. Compartmentalization of two forms of
acetyl-CoA carboxylase in plants and the origin of their tolerance
toward herbicides. Proc Natl Acad Sci USA 1994; 91: 3598-3601.
Jelenska |, Crawford M), Harb OS et al. Subcellular localization of
acetyl-CoA carboxylase in the apicomplexan parasite Toxoplasma
gondii. Proc Natl Acad Sci USA 2001; 98: 2723-2728.

Zuther E, Johnson JJ, Haselkorn R, McLeod R, Gornicki P. Growth of
Toxoplasma gondii is inhibited by aryloxyphenoxypropionate
herbicides targeting acetyl-CoA carboxylase. Proc Natl Acad Sci
USA 1999; 96: 13387—-13392.

Drug Resistance Updates (2001) 4, 145—-151

© 2001 Harcourt Publishers Ltd



49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

Nikolskaya T, Zagnitko O, Tevzadze G, Haselkorn R, Gornicki P.
Herbicide sensitivity determinant of wheat plastid acetyl-CoA
carboxylase is located in a 400-amino acid fragment of the
carboxyltransferase domain. Proc Natl Acad Sci USA 1999; 96:
14647-14651.

Lichtenthaler HK, Schwender |, Disch A, Rohmer M. Biosynthesis of
isoprenoids in higher plant chloroplasts proceeds via a
mevalonate-independent pathway. FEBS Letters 1997; 400: 271-274.
Jomaa H, Wiesner ), Sanderbrand S et al. Inhibitors of the
nonmevalonate pathway of isoprenoid biosynthesis as antimalarial
drugs. Science 1999; 285: 1573—-1576.

Altincicek B, Hintz M, Sanderbrand S et al. Tools for discovery of
inhibitors of the |-deoxy-D-xylulose 5-phosphate (DXP) synthase
and DXP reductoisomerase: an approach with enzymes from the
pathogenic bacterium Pseudomonas aeruginosa. FEMS Microbiol Lett
2000; 190: 329-333.

Zeidler ], Schwender |, Mueller C, Lichtenthaler HK. The
non-mevalonate isoprenoid biosynthesis of plants as a test system
for drugs against malaria and pathogenic bacteria. Biochem Soc
Trans 2000; 28: 796—798.

Roberts F, Roberts C, Johnson ] et al. Evidence for the shikimate
pathway apicomplexan parasites. Nature 1998; 393: 801-806.
Keeling PJ, Palmer JD, Donald RGK et al. Shikimate pathway in
apicomplexan parasites. Nature 1998; 397: 219-220.

Fitzpatrick T, Ricken S, Lanzer M et al. Subcellular localization and
characterization of chorismate synthase in the apicomplexan
Plasmodium falciparum. PG - 65-75. Mol Microbiol 2001; 40(1):
65-75.

Kannangara CG, Gough SP, Bruyant P et al. tRNA®" as a cofactor in
§-aminolevulinate biosynthesis: steps that regulate chlorophyll
synthesis. Trends Biochem Sci 1988; 13: 139-143.

Surolia N, Pasmanaban G. De novo biosynthesis of heme offers a new
chemotherapeutic target in the human malarial parasite. Biochem.
Biophys Res Commun 1992; 187: 744-750.

Sato S, Tews |, Wilson RJM. Impact of a plastid-bearing
endocytobiont on apicomplexan genomes. Int ] Parasitol 2000; 30:
427-439.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Apicoplast as a drug target

Wilson CM, Smith AB, Baylon RV. Characterization of the
delta-aminolevulinate synthase gene homologue in P. falciparum. Mol
Biochem Parasitol 1996; 75: 271-276.

Bonday ZQ, Dhanasekaran S, Rangarajan PN, Padmanaban G. Import
of host delta-aminolevulinate dehydratase into the malarial parasite:
identification of a new drug target. Nat Med 2000; 6: 898-903.
Prasad ARK, Dailey HA. Generation of resistance to the diphenyl
ether herbicide acifluorfen by mel cells. Biochem Biophys Re
Commun 1995; 215: 186—191.

Macreadie |, Ginsburg H, Sirawaraporn W, Tilley L. Antimalarial drug
development and new targets. Parasitology Today 2000; |6:
438-444.

Warhurst DC. Drug resistance in Plasmodium falciparum malaria.
Infection 1999; 27: S55-S58.

Woods KM, Nesterenko MV, Upton §). Efficacy of 101 antimicrobials
and other agents on the development of Cryptosporidium parvum in
vitro. Ann Trop Med Parasitol 1996; 90: 603—-615.

Weissig V, Vetro-Widenhouse T, Rowe T. Topoisomerase Il inhibitors
induce cleavage of nuclear and 35-kb plastid DNAs in the malarial
parasite Plasmodium falciparum. DNA Cell Biol 1997; 16: 1483—
1492.

Divo A, Sartorelli A, Patton C, Bia F. Activity of fluoroquinolone
antibiotics against Plasmodium falciparum in vitro. Antimicrob Agents
Chemother 1988; 32: 1182—1186.

Strath M, Scott FT, Gardner M, Williamson D, Wilson |. Antimalarial
activity of rifampicin in vitro and in rodent models. Trans R Soc Trop
Med Hyg 1993; 87: 211-216.

Pukrittayakamee S, Viravan C, Charoenlarp P et al. Antimalarial
effects of rifampin in Plasmodium vivax malaria Antimicrob Agents
Chemother 1994; 38: 511-514.

Sullivan M, Li J, Kumar S, Rogers MJ, McCutchan TF. Effects of
interruption of apicoplast function on malaria infection,
development, and transmission. Mol Biochem Parasitol 2000; 109:
17-23.

Clough B, Rangachari K, Strath M, Preiser PR, Wilson R. Antibiotic
inhibitors of organellar protein synthesis in Plasmodium falciparum.
Protist 1999; 150: 189-195.

© 2001 Harcourt Publishers Ltd  Drug Resistance Updates (2001) 4, 145151



	Abstract
	INTRODUCTION
	DNA REPLICATION
	TRANSCRIPTION
	TRANSLATION
	Table 1

	FATTY ACID SYNTHESIS
	ISOPENTENYL DIPHOSPHATE SYNTHESIS
	AROMATIC AMINO ACID SYNTHESIS
	HEME SYNTHESIS
	CONCLUSION
	Fig. 1

	References

