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Introduction: The relict plastid, or apicoplast, is a characteristic feature of
Plasmodium spp. and reflects the unusual evolutionary origins of these para-
sites. The essential role this organelle plays in the life of the parasite, and its
unusual, non-mammalian metabolism, make the apicoplast an excellent
drug target.

Areas covered: This review focuses on the biological role of the apicoplast in
the erythrocytic life cycle and what that reveals about existing drug targets.
We also discuss the future of the apicoplast in the development of anti-malar-
ials, emphasizing those pathways with greatest potential as a source of novel
drug targets and emphasizing the need to understand in vitro drug responses
to optimize eventual use of these drugs to treat malaria.

Expert opinion: More than a decade of research on the apicoplast has
confirmed the promise of this organelle as a source of drug targets. It is
now possible to rationally assess the value of existing drugs and new drug
targets, and to understand the role these drugs can play in the arsenal of
anti-malarial treatments.
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1. Introduction

The health impact of apicomplexan parasites [1] and the speed with which they
develop resistance to existing treatments [2] make each discovery of a new source
of drug targets exciting news. The discovery of the apicoplast, the reduced plastid
found in most apicomplexan parasites [3-5], engendered much excitement because
it provided new, prokaryotic drug targets susceptible to existing, clinically approved,
drugs. The apicoplast also seemed to present many ‘non-eukaryotic’ processes with
promise as targets for further drug development [6-9]. More than 15 years on from
the identification of the apicoplast 3], and almost 10 years from the first compre-
hensive description of the functions of this organelle (8], it seems an opportune
moment to assess the value of this organelle as a drug target and examine its
future prospects.

This review will focus on the future of the apicoplast as a drug target in the most
medically relevant apicomplexan, the Plasmodium spp. parasites that cause malaria.
Many valuable reviews provide in-depth understanding of apicoplast biology in
other apicomplexans and aspects of apicoplast biology not currently considered as
potential drug targets. These topics will only be touched on here.

There are three prospective roles for anti-malarial compounds: prophylactic,
therapeutic and transmission blocking. Plasmodium has two sites of infection in
its human host. Following a bite from an infected mosquito, the parasite establishes
itself in liver cells where it undergoes a single replicative phase, producing thousands
of daughter merozoites. During this stage, the infected host is asymptomatic and the
parasite does not reinvade the liver, so drugs specifically targeting this life stage can
only be used prophylactically. Once the merozoites enter the bloodstream and begin
replicating in the red blood cells, they produce the classic cyclical fever and other,
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Article highlights.

e The Plasmodium apicoplast is an essential organelle
containing many unusual, non-mammalian metabolic
pathways that are promising drug targets.

In the erythrocytic life stage, the essential role of the
apicoplast is to provide the parasite with

isoprenoid precursors.

Drugs can kill Plasmodium by directly targeting
isoprenoid precursor synthesis or by disrupting this
pathway by interfering with pathways essential for
apicoplast survival.

e The isoprenoid, ferredoxin-NADP* reductase (FNR) and
iron sulfur cluster biogenesis pathways are directly
involved isoprenoid precursor biosynthesis and contain
many promising drug targets.

Apicoplast functions such as energy metabolism and
transmembrane transport represent a pool of essential,
but poorly described enzymes that are a source of
future drug targets.

This box summarizes key points contained in the article.

more serious symptoms of clinical malaria. Drugs targeting
this stage can be used either prophylactically or therapeutically
for the treatment of clinical malaria. During clinical infection,
a subset of parasites differentate into the reproductive
gametocytes, which can continue the parasite life cycle if
they are taken up by a mosquito feeding on an infected
individual. Eliminating gametocytes does not directly impact
clinical symptoms but drugs targeting this stage are important
tools for reducing malaria transmission.

1.1 Origin of the apicoplast
In assessing the potential of the apicoplast as a drug target, a
vital and often overlooked question is: how did this organelle
arise? The consensus phylogenetic analyses divide eukaryotes
into six supergroups and place Apicomplexa in the SAR (stra-
menophiles, alveolates and rhizaria) supergroup [10,11], which
is distinct from both its animal hosts — Opisthokonta - and
the green plants — Archaeplastida (Figure 1). Apicomplexa
started their evolutionary journey to obligate parasitism
from an unlikely start point of being photosynthetic organisms;
a path recently confirmed by the discovery of fully
photosynthetic apicomplexan-like algae. Phylogenetic studies
show that these two groups and the dinoflagellate algae arose
from a common photosynthetic ancestor [12-15]. What becomes
clear from the evolutionary data is that Apicomplexa are neither
‘animal cells with a plastid’ nor ‘parasitic plants’. Rather, they
have a unique evolutionary history and it therefore follows
that they will have many unique biological characteristics.
The apicoplast is one of the unique biological characteristics
of the apicomplexan parasites. Unlike the plant plastid, which
is directly derived from a photosynthetic bacterium, the apico-
plast is a secondary plastid derived from a photosynthetic
eukaryote [12]. An apicomplexan ancestor engulfed a red alga
and, over time, incorporated the plastid and the components

necessary for its function while discarding the rest of the algal
cell (15]. The most obvious remnants of this process are the
third (algal outer membrane) and fourth (host cell endosome)
membranes that surround the apicoplast and the transfer into
the nuclear genome of most of the genes essential for apico-
plast function. The presence of these extra membranes, and
the need to import nuclear-encoded proteins back across
them, create problems not seen in animals and most plants.
In consequence, Apicomplexa possess some unusual pathways
that are required to circumvent these problems [16-19]. Beyond
these unusual characteristics, the apicoplast retains the basic
features of a plastid: that is a set of prokaryotic/plant-like met-
abolic pathways that make this organelle such an exciting pros-
pect as a drug target. However, as the biology of the apicoplast
has been revealed, it is increasingly apparent that the apicoplast
differs markedly from plant plastids. This divergence of the
apicoplast is highlighted in a recent phylogenetic analysis of
plastid origins that clearly place the apicoplast in a group that
is evolutionarily distinct from plastids of the green plants and
Archaeplastida algae [20). This evolutionary divergence, and
the large number of unidentified genes within this novel
apicomplexan-related plastid lineage, present both obstacles
and opportunities in targeting the apicoplast with anti-malarials.

2. Apicoplast as a drug target

The first complete picture of apicoplast metabolic pathways was
generated from a virtual proteome assembled by combining
information about the characteristic signals needed to direct
nuclear-encoded proteins to the apicoplast with the function of
the genes that carried those signals. The Plasmodium apicoplast
was revealed as a stripped down version of a chloroplast, in
which ~ 500 nucleus-encoded and apicoplast-targeted proteins
combined with 35 proteins encoded within the apicoplast by
its circular genome [4,8]. Of course, the photosynthetic pathways
had been lost, but it was confirmed that the apicoplast carried
four identifiable metabolic pathways: isoprenoid precursor
synthesis, fatty acid synthesis, heme synthesis and iron-
sulfur cluster biogenesis. Also present were the components of
the ‘housekeeping’ functions of genome replication, transcrip-
tion, translation, post-translational modification and protein
turnover. In addition to these well-described pathways, other
functions such as the import and export of metabolites, produc-
tion of energy and reducing power and the growth and division
of the organelle exist but are poorly understood. Very few molec-
ular components for these latter processes are known, in part
because some apicoplast membrane proteins lack canonical tar-
geting motifs [21] and so are not recognized as apicoplast proteins
by existing in silico techniques. Therefore, the utility of these
processes as drug targets is uncertain. Three of the well-
characterized apicoplast functions - fatty acid synthesis, isopren-
oid precursor synthesis and housekeeping — were clearly bacterial
in nature and, therefore, potential targets for existing antibiotic
drugs. Many such antibiotics had been tested on Plasmodium
in culture with some success [22-24]. Nothing, however, was
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Figure 1. Cartoon of a simplified, unrooted tree of eukaryotes showing the six supergroups (dotted lines) and highlighting
the distant relationships between Plasmodium, plants and algae, and vertebrates.

Adapted from [10].
CCTH: Cryptomonads, centrohelids, telonemids and haptophytes.

known about their mode of action prior to the characterization
of the apicoplast and its metabolism. The discovery of the apico-
plast essentially rationalized some hitherto enigmatic activities of
antibacterials against a eukaryotic pathogen.

2.1 Apicoplast is essential for parasite survival

The complexity of Plasmodium has been a major impediment to
quickly identifying targets for known inhibitory compounds;
with a significant incidence of off-target effects confounding
the interpretation of many drug screens [25,26]. Genetic experi-
ments, both in Plasmodium spp. and Toxoplasma, proved crucial
in elucidating apicoplast biology and the relevance of various
drug targets. Interfering with specific apicoplast processes using
reverse genetic techniques created a much clearer picture of how
the apicoplast functions and its processes are integrated into the
functions of the entire parasite.

The first, and most significant finding, arising from these
genetic approaches was confirmation that the apicoplast is
essential to the survival of the parasite. Overexpression of
an unusual fusion protein in Toxoplasma gondii disrupted seg-
regation of the apicoplast during cell division. Daughter cells
lacking an apicoplast did not survive [27]. This study confirmed
the hypothesis of apicoplast essentiality that came from numer-
ous studies showing that inhibitors of prokaryotic genome
replication and protein translation killed Plasmodium and
Toxoplasma and had specific effects on the apicoplast [28-31].
Direct target validation, through identification of resistance
mutations, for these compounds remains somewhat elusive,
with only one such study published to date [32]. Indeed, the par-
asite response to some compounds originally believed to target
apicoplast ‘housekeeping’ processes actually suggest alternative
targets within the parasite [29,33,34].

2.2 ‘Delayed death’ drug response
Studies examining the effect of drugs that target apicoplast
‘housekeeping’ processes revealed an unusual aspect of api-
complexan biology: the phenomenon of ‘delayed death’ [28-31].
When growing in human cells, Plasmodium spp. (and T gondii)
undergo a complex division process to produce multiple daugh-
ter cells within a single parasitophorous vacuole. These daughter
cells are released by rupture of the vacuole and host cell and
go on to invade new cells. When treated with compounds
inhibiting apicoplast genome replication, transcription, protein
translation, post-translation modification or protein turnover,
the parasites continue to grow, divide and release daughter cells
that are capable of invading new host cells [29-31,34,35]. However,
once these daughter cells establish a new infection, growth fails
and no further progeny are produced, hence the term
delayed death. The death of the parasite following reinvasion
occurs even if drug is removed at this stage [29]. The biology
underpinning ‘delayed death’ remains poorly understood,
although it is clearly mediated by the disruption in the
apicoplast. Indeed, this characteristic response to compounds
affecting ‘housekeeping’ processes has been used as a way to
screen compound libraries for those targeting the apicoplast 36].
The ‘delayed death’ response has important ramifications
for targeting apicoplast ‘housekeeping’ processes to treat acute
infections. The long response time rules out the use of these
drugs in a clinical setting, except as the longer-lasting partner
in a combination therapy. Drugs targeting apicoplast transla-
tion are, however, useful for short-term prophylaxis in travel-
ers because of their good safety profile and absence of
resistance thus far. The delayed death phenotype appears to
extend to the liver stages of Plasmodium infection, with para-
sites able to complete this first stage in the mammalian host
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but producing daughter cells that cannot establish a viable
blood cell infection (37]. Indeed, in a mouse model the
treatment of artificially intense liver infections with apicoplast
drugs induces sterile immunity, so these drugs and the genes
they target are being investigated as a component of liver stage
vaccines [37].

2.3 Isoprenoid precursor synthesis is the essential
apicoplast pathway in the erythrocytic life stage

It has been clear for some time that the apicoplast is essential
in red blood cell stages of Plasmodium, but it has been less
clear why. This question was recently resolved using an
innovative chemical rescue strategy. By supplementing
in vitro cultures of Plasmodium falciparum with isopentenyl
pyrophosphate (IPP), the product of the apicoplast localized
isoprenoid precursor synthesis pathway, the parasite can be
rescued from treatments blocking IPP synthesis or more
generally inhibiting apicoplast housekeeping functions [38].
Indeed, long-term drug pressure under chemical rescue
allows for the elimination of the apicoplast. As long as
IPP supplementation continues, apicoplast-free parasites
continue normal growth [38], confirming IPP synthesis as
the necessary role of the apicoplast in cultured blood stage
of P. falciparum.

Apicoplast-localized isoprenoid precursor synthesis was one
the first apicoplast metabolic pathway to be described and
successfully targeted with anti-bacterial drugs [6]. In bacteria
and plastids, the seven enzymes of the MEP pathway convert
glyceraldehyde 3-phosphate and pyruvate into the isoprenoid
precursors (Figure 2). Mammals, and most other non-
photosynthetic eukaryotes, exclusively employ the mevalonate
pathway, which uses acetyl-CoA as a precursor. Plants require
both pathways [39], but apicomplexan parasites have dispensed
with the eukaryotic pathway and retain only the apicoplast
localized MEP pathway. The anti-bacterial fosmidomycin tar-
gets the second step of MEP isoprenoid precursor synthesis,
DOXP-reductase (DXR) 40411 and kills P. falciparum in
in vitro blood cell cultures at high nanomolar concentra-
tions (6] and Plasmodium berghei in vitro liver stage infections
at low micromolar concentrations [42]. Fosmidomycin also
proved an effective anti-malarial in mice and humans, but a
relatively long and complicated dosing regime and a high
rate of recrudescence [43,44] raised questions about its effective-
ness as a monotherapy. Subsequently, it has been included in
clinical trials as a component of combination therapy
(reviewed in [49]).

Despite the early success of fosmidomycin, no other MEP
pathway inhibitors have progressed to clinical trials. Indeed,
only a few DXR inhibitors have proven more effective than
fosmidomycin in i vitro trials [6,46-48]. This may reflect the
recently reported dual action of fosmidomycin, apparently
inhibiting not only DXR but also the downstream enzyme
ISPD (Figure 2) [49). Attempts to improve DXR inhibition
may impact adversely on ISPD inhibition, rendering fosmido-
mycin derivatives less effective. Among the other enzymes of

the pathway, only IspE has been successfully targeted with
small molecule inhibitors in Plasmodium (50). Clearly, there
are opportunities to employ other MEP pathway inhibitors
against the parasite. The MEP pathway continues to be of
interest as an antibiotic, and possibly a herbicide [51], and there
are significant opportunities to use compounds identified in
other systems as treatments for malaria.

Somewhat surprisingly, given the many years since inhibi-
tion of apicoplast, isoprenoid precursor synthesis proved to
be a useful malaria treatment, there are little published data
on the downstream effects of blocking this pathway, or on
the cellular response of the parasite to treatment with fosmido-
mycin. Recently, it was shown that blocking isoprenoid precur-
sor synthesis in blood stages results in an unusual growth
response, with parasites surviving much of the red cell cycle,
even undergoing several nuclear divisions, before stalling prior
to daughter cell formation [42]. It is not clear at what point
treated parasites become non-viable, but this information
could prove vital to understanding treatment regimes, recru-
descence and the development of resistance, as the ability to
delay development to avoid drug pressure appears to be an
important tool in the drug resistance arsenal of the
parasite [52-54]. Fosmidomycin also blocks apicoplast develop-
ment [42], but given the ability of IPP rescued parasites to
survive without an apicoplast, it seems that this apicoplast-
specific effect is not sufficient to kill the parasite. That leaves
open the question: which of the many downstream uses of
apicoplast-synthesized isoprenoid precursors are vital to para-
site survival? Understanding this key metabolic question could
provide many drug targets that will act synergistically with
apicoplast isoprenoid precursor synthesis inhibitors.

2.4 Relevance of other apicoplast pathways

as drug targets

The finding that isoprenoid precursor synthesis is the raison
détre of the Plasmodium apicoplast in the red blood cell stages
greatly clarifies the study of anti-malarials targeting the apico-
plast. For clinical therapeutics, it is necessary prioritize targets
that directly affect isoprenoid precursor synthesis or overall
apicoplast development that underpins it. Other pathways
remain important for transmission blocking and prophylaxis,
but are deprioritized in developing drugs to treat clinical
malaria. With these criteria in mind, the known and hypoth-
esized apicoplast pathways can be organized into three groups:
those not necessary for survival in the red blood cell, those with
promise as targets but no known inhibitors and those where
specific target molecules need to be identified before the search
for inhibitors can begin.

2.4.1 Apicoplast fatty acid and heme synthesis are not
essential for erythrocytic life stages

Two apicoplast metabolic pathways can be eliminated from
the search for blood stage targets. Genetic evidence confirmed
that apicoplast fatty acid synthesis (Figure 2) is not essential in
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Figure 2. Synthesis pathways of apicoplast localized iso-
prenoid precursor and fatty acid synthesis. Highlighted are
the generation and use of reducing power and ATP,
enzymes containing iron-sulfur clusters (FeS), and the site
of activity of ferredoxin reductase (FNR). Genes not required
for erythrocytic growth in Plasmodium berghei/Plasmodium
falciparum* or Plasmodium yoelii**.

Adapted from [8,44].

ACP: Acyl carrier protein, DMAPP: Dimethylallyl diphosphate, DOXP: 1-deoxy-
p-xylulose-5-phosphate, IPP: Isopentenyl diphosphate, MEP: 2-C-methyl-b-
erythritol 4-phosphate.

the red blood cell stages or gametocytes, eliminating this path-
way as a clinical or transmission blocking drug target [25.26,55].
However, fatty acid biosynthesis may yet prove valuable as a
prophylactic target as studies in mouse models of malaria
show significant effects from knocking out this pathway on
liver stages of the parasite. It has not yet been established if
fatty acid biosynthesis is essential to human parasite liver
stages and even the data from different species of mouse
malaria suggest differences in essentialicy. For instance,
Plasmodium yoelli shows an absolute requirement for fatty
acid synthesis to progress through the liver stage (26,55 but
P. berghei fatty acid biosynthesis mutants have a less severe
phenotype. Sporozoites from P. berghei parasites lacking a
key fatty acid gene are less efficient in infecting the liver
in vitro but show only a limited reduction in infectivity

Targeting apicoplasts in malaria parasites

in vivo (25]. Sporozoites entering mice via insect bite or intra-
venously can successfully establish infections in the majority
of cases, albeit with a 3 — 4 days delay in the appearance of
parasite in the bloodstream [25]. Thus, a clearer understanding
of how human malaria parasites respond to loss of fatty acid
synthesis in the liver stage is needed before this pathway can
rejoin the list of viable drug targets, even as a prophylactic.

The heme biosynthesis pathway is biologically intriguing
because of its bizarre hybrid nature in apicomplexan parasites.
During their evolution apicomplexans have combined the
classic Shemin pathway, whose enzymatic reactions span the
mitochondrion and cytosol with the plastid localized pathway
found in plants to create a chimeric pathway in which synthe-
sis begins in the mitochondrion and traverses both the cytosol
and apicoplast before returning to the mitochondrion for
the final steps [1856-61]. The fact that chemically rescued
P. falciparum can survive without an apicoplast (38], and hence
without the heme synthesizing enzymes this organelle con-
tains, strongly implies that parasite-derived heme synthesis is
not required in red blood cell stages. The viability of
apicoplast-deficient parasites in sexual or liver stages has not
been assessed, so it is difficult to draw conclusions about the
role of heme synthesis in these life stages. Mitochondrial activ-
ity appears to be much more important when the parasite is
outside the red blood cell [62-64], so the heme synthesis may
play a role in gametes and liver stage parasites. If this turns
out to be the case, heme synthesis may be an important
drug target for transmission blocking and prophylaxis.

2.4.2 Apicoplast pathways with identified targets

In the evolutionary process that integrated the apicoplast into
the single-cell eukaryote that went on to become Plasmodium
spp.» most of the apicoplast genome was transferred from the
endosymbiont to the host nucleus [65]. For the apicoplast to
survive, the protein products of these genes need to be trans-
ported back into the organelle, a process that requires them
to transit across four membranes [3,16]. From the perspective
of parasite biology, this process presents good prospects as a
drug target. Reducing the flow of essential proteins should
impact all aspects of apicoplast activity, thereby assuring the
death of the parasite. Many of the proteins involved in apico-
plast protein targeting have been described and are either
unusual variants of more canonical cell process, such as the
ERAD complex that is a derivative of the ER protein degrada-
tion pathway [17,19.66], or plastid-specific transport proteins [67]
that lack homologs in mammalian systems. Two components
of this import system, the inner membrane protein Tic20 and
the chaperone Tic22, are essential for apicoplast biogenesis
and parasite viability in 7. gondii (68.69]. Many components
of this pathway have been characterized but thus far only
one compound, 15-deoxyspergualin [70], has been proposed to
directly target this pathway in Plasmodium. 15-Deoxyspergualin
has anti-malarial activity and appears to affect the apicoplast in a
manner consistent with inhibition of protein import, but defini-
tive confirmation of the specific target of this compound remains
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elusive [70-721. Other inhibitors of the plant-like components of
protein import have been studied, but the 7z vitro nature and
mechanistic focus of these studies means that these compounds
are not suitable for drug development.

Current evidence suggests that disrupting the apicoplast
iron-sulfur biogenesis pathway will impact parasite viability.
Iron-sulfur clusters are integral cofactors in many apicoplast
enzymes (8], including two enzymes in the isoprenoid precur-
sor synthesis pathway [73]. Targeting this pathway should,
therefore, kill the parasite by blocking isoprenoid precursor
synthesis. There is another, independent iron-sulfur cluster
biogenesis pathway in the mitochondria [7475), but iron-
sulfur clusters are not readily transported between organelles
in other systems [74], so mitochondrially produce iron-
sulfur clusters are unlikely to rescue parasites from drugs
targeting the apicoplast pathway. Unfortunately, there are
no reports confirming whether iron-sulfur biogenesis is
essential, and no drugs targeting iron-sulfur biogenesis have
been identified in Plasmodium or other organisms.

Another promising drug target that is linked to the iron-
sulfur biogenesis pathway is the ferredoxin-NADP" reductase
(ENR) enzyme of the ferredoxin redox pathway. In energy
use, apicoplasts are akin to ‘dark plastids’ that occur in tissues
lacking light for photosynthesis. Dark plastids import sugars
to provide energy and reducing power. The ferredoxin redox
pathway is essential in these plastids to deliver reducing power
to several pathways [76). In the apicoplast ferredoxin is used for
isoprenoid precursor synthesis and iron-sulfur cluster
biogenesis [77-79] so it is likely essential for parasite viability.
The apicoplast FNR is evolutionarily distinct from mamma-
lian enzymes and should therefore be a viable drug target [7s].
Several studies have addressed the structural and catalytic
characteristic of FNR in P. falciparum, laying the foundation
for inhibitor identification and development [77,79.801. To date,
however, no drug-like FNR inhibitors have been published.
Somewhat surprisingly, the essential nature of FNR has not
been confirmed genetically in Plasmodium or in T. gondi.

2.4.3 Unusual but essential targets

One of the mysteries of the apicoplast is how it obtains
sufficient energy. The current understanding of the available
sources of adenosine triphosphate (ATP) and reducing power
suggest they are insufficient to underpin all apicoplast pro-
cesses [8]. The only identified source of ATP is as a byproduct
of the conversion of imported phosphoenolpyruvate to pyru-
vate by the apicoplast localized pyruvate kinase, but this pro-
cess produces only a single ATP that is consumed in the
downstream pathways that utilize pyruvate so there is no net
production (Figure 2). Sources of reducing power, in the
form of NADH and NADPH are also unclear, with the
only known reaction being the conversion of pyruvate to
acetyl-CoA by pyruvate dehydrogenase (PDH) (s,81). PDH is
not essential for apicoplast or parasite survival in the red blood
cell [55], so there must be other, non-canonical pathways
producing the energy and reducing power for the apicoplast.

Such energy producing pathways could provide a rich source
of drug targets because of their novel nature and the obvious
need for energy to drive apicoplast metabolism.

Another promising but poorly understood aspect of
apicoplast biology is the transport of metabolites across the
four apicoplast membranes. To survive, the organelle must
import metabolic ‘raw materials’, such as carbon backbones,
sources of energy and essential ions and small molecules.
Apicoplasts must also export the products of its anabolic path-
ways, primarily IPP in the red blood cell stage, and any unusable
or toxic metabolic byproducts. These tasks are generally per-
formed by membrane transporters, a class of proteins that
have been intensively investigated as drug targets in other
systems [82-84]. The catalog of Plasmodium membrane transport-
ers is extensive [85], but identifying apicoplast-specific transport
proteins is complicated by the absence of canonical apicoplast
targeting information in many of these large transmembrane
proteins [86]. Understanding function is also difficult because
of the promiscuous nature of many of these transporters
and the difficulty in defining specific substrates based on
sequence similarities between species. Only two apicoplast-
localized transporters have been thoroughly characterized in
Plasmodium. These proteins are members of the plastidic triose
phosphate transporter (TPT) class and are responsible for trans-
porting phosphoenolpyruvate, a primary source of both energy
and carbon backbones, into the apicoplast [21,87). Work in
Toxoplasma has identified an ortholog of the Plasmodium
TPTs (88). However, beyond the TPTs, the understanding of
what transporters are present and why remains rudimentary.
This is particularly true for the most important — but as yet
unidentified - apicoplast transporter that is responsible for
exporting IPP. Based on the known biology of the apicoplast,
inhibiting IPP transport out of the apicoplast should have a
significant impact on parasite viability. Unfortunately, there is
litdle information on how IPP is moved across membranes in
any system. All we know is that IPP is not a substrate of the
plastidic phosphate transporters in higher plants [89].

3. Conclusion

The unusual, non-mammalian characteristics of the apicoplast
continue to make it a promising target for anti-malarial drugs.
In the clinically relevant red blood cell stages, the role of the
apicoplast is to provide isoprenoid precursors to the rest of
the parasite. The malaria parasite can be killed both by inhibi-
tors (such as fosmidomycin) that directly target the isoprenoid
precursor biosynthesis, and by many common antibiotics,
which act indirectly by disrupting the viability of the apicoplast
itself. Plasmodium spp. show specific responses to direct and
indirect inhibition, and this provides valuable insight in how
best to use these drugs to treat malaria. In addition to the targets
of existing drugs, the apicoplast contains proteins such as FNR
and the components of the protein import pathway that repre-
sent a source of well-characterized, plant-like drug targets that
have yet to be exploited. Apicoplast-specific processes such as
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energy metabolism and the transmembrane transport of small
molecules represent poorly understood, but vital apicoplast
processes that should provide a wealth of new drug targets in
the future.

4. Expert opinion

Does the apicoplast have a future as a source of targets for
anti-malarial drugs? The rapid increase in the knowledge of
the biology of the apicoplast has closed off some promising
avenues of drug discovery and, at first glance, this may seem
to reduce the value of the apicoplast as a drug target. How-
ever, a deeper look into both the current knowledge and
what remains unknown suggest that we are at the end of the
beginning for the study of the apicoplast as a drug target,
rather than the beginning of the end. The apicoplast contin-
ues to present one of the more promising targets because of
the unusual, prokaryotic/plant-like characteristics of its activ-
ities. Importantly, the specificity of novel apicoplast drugs can
now be assessed with simple cell-based assays and the charac-
teristic drug responses can be used to predict the usefulness of
these drugs in combination therapy. These are advantages
shared by few other organelles or pathways currently being
targeted by drugs in P. falciparum.

The evolutionary origins of apicomplexan parasites and the
apicoplast point to the possibility of an unusual, non-
mammalian biology in P. falciparum and studies into the
workings of the apicoplast bear this out. The fusion of two
types of heme pathways into a multi-organelle spanning syn-
thetic pathway highlights the fact that Plasmodium parasites
have developed many unique solutions to common biological
problems. There remain many aspects of apicoplast biology
that promise to yield more novel targets. Some, such as
isoprenoid synthesis and transcription involve known, non-
mammalian proteins that have not as yet been assessed as tar-
gets. Other processes are obviously essential for apicoplast
function and parasite survival but are not driven by the genes
and pathways that fulfill these functions in other organisms.
This is true for two of the most promising areas of study:
apicoplast energy metabolism and the import and export of
metabolic intermediates. Obviously, a great deal of work is
needed to understand the activity and druggability of these
targets, but the basic biology of the parasite suggests that
such efforts will be worthwhile.

The two clear drug response phenotypes, IPP rescue and
delayed death, that definitively identify the apicoplast as the tar-
get of inhibitory compounds present an enormous advantage
for identifying drugs and understanding their effects. There
are many described compounds that non-specifically inhibit
Plasmodium growth in vitro, and a major hurdle in ant-
malarial drug development programs is procuring confirmation

that the expected target is being inhibited. This problem is

Targeting apicoplasts in malaria parasites

exacerbated by the difficulty in using molecular techniques to
identify drug targets in Plasmodium, a problem highlighted by
the ongoing debate over the target of artemisinin [90-94].
Without a confirmed target, linking 772 vitro enzyme inhibiton
and structure-activity relationships (SAR) to parasite effects
become problematic. In some cases, these extensive and time-
consuming studies actually provided the first evidence for off-
target effects. With the known phenotypes in the apicoplast,
this problem is largely eliminated. IPP rescue experiments can
definitively show apicoplast targeting. Similarly, delayed-death
assays can show which apicoplast process is inhibited. There
are few other drug targets where this type of target confirmation
can be gathered with simple, cell-based assays.

Understanding how the apicoplast responds to drugs is also
an advantage for the development of combination therapies.
The ‘delayed-death’ effect of many compounds targeting the
apicoplast limits their effectiveness as monotherapies, but
understanding the biological nature of their effects means
that they are more easily combined with fast-acting drugs to
yield effective combination therapies. Also, those drugs shown
to target apicoplast isoprenoid precursor synthesis could be
combined with drugs targeting downstream pathways that
utilize isoprenoids to improve the efficacy of both drugs.

To take advantage of the apicoplast as a drug target, there
are three research goals that need to be met. In the short
term, the essential nature of known pathways needs to be con-
firmed via genetic and/or cell biological approaches. Once
confirmed as essential, the process of identifying inhibitors
of these pathways should begin in earnest. Over the longer
term, elucidating the mysterious aspects of apicoplast biology
should be pursued, as this will provide drug targets for the
future. Second, efforts should be made to identify the ulti-
mate destination of the apicoplast-synthesized isoprenoid pre-
cursors. These downstream processes represent the drug
targets most likely to yield synergistic effects with drugs tar-
geting the apicoplast. Finally, efforts should be made to link
known drug responses in in vitro grown parasites with those
responses in iz vivo systems to better assess the value of target-
ing the apicoplast in the context of the combination therapies
used to treat clinical malaria. It appears that most existing api-
coplast targeting compounds produce only a small number of
in vitro drug responses, so understanding how these in vitro
responses correspond to iz vivo outcomes will determine the
most appropriate use of apicoplast targeting drugs in the fight
to eliminate malaria.
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