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DISCOVERY OF NEW TARGETS FOR ANTIMALARIAL CHEMOTHERAPY
GRELLIER P.*, DEPOIX D.*, SCHREVEL J.* & FLORENT L*

Summary:

The understanding of the bioclogy and the biochemistry of malaria
parasites has considerably increased over the past two decades
with the discovery of many potential targets for new antimalarial
drugs. The decrypted genomes of several Plasmodium species and
the new post-genomic tools further enriched our “reservoir” of
targets and increased our ability fo validate potential drug fargets
or fo study the entire parasite metabolism. This review discusses
targets involved in calcium metabolism, protein prenylation and
apicoplast functions that have emerged by different approaches.

KEY WORDS : antimalarials, drug fargets, arfemisinin, SERCA, apicoplast,
isoprenoid, haem, famesyliransferase.

alaria, caused by the protozoa Plasmodium,

is the most deadly parasitic infectious disease

worldwide with 300-500 million cases and 2.7-
3 million death per year, in majority among children
(< 5 years old). Today, the chemotherapeutic arsenal
for malaria treatments is limited to three main families
of compounds: the quinolines (quinine, chloroquine,
mefloquine...), the antifolates (sulfadoxine, pyrimetha-
mine...) and the artemisinin derivatives. Widespread
drug resistance resulted in the ineffectiveness of many
antimalarials and chemotherapy now requires drug
combinations. The understanding of the biology and
the biochemistry of malaria parasites has increased
considerably over the past two decades, as well as the
understanding of the mechanisms of action and resis-
tance of antimalarials (Woodrow & Krishna, 2000).
Many potential targets for new drugs were identified
(Table D. The decrypted genomes of several Plasmo-
dium species further enriched the “reservoir” of puta-
tive targets either because they were homologous to
validated targets in other organisms, or because they
were species specific, with no homologous counter-
part. Furthermore, recent advances in genetic mani-
pulation of Plasmodium greatly increased the ability
to validate potential drug targets and the access to trans-
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criptome and proteome analysis offered new oppor-
tunities to study the entire parasite metabolism. High-
throughput bioassays against these targets are becoming
more accessible to the academic laboratories and allow
to screen a large diversity of molecules issued either
from pharmaceutical or natural product libraries, which
may provide lead molecules for new antimalarial drugs
(Mambu & Grellier, 2007). In this report, we review
some of these newly identified targets for antimalarial
chemotherapy.

SARCOPLASMIC/ENDOPLASMIC
RETICULUM CALCIUM PfATPase (SERCA)

rtemisinin and its derivatives are key antimalaria

agents constituting the foundation of the ACT

(artemisinin-based combination therapy) strategy
developed by WHO against malaria. Understanding
how artemisinins work is particularly important to pre-
vent the emergence of resistant parasites. Indeed, there
are accumulating evidences for increasing artemisinin
resistance in vitro of P. falciparum isolates (Jambou et
al., 2005) and reduced in vitro susceptibility to dihy-
droartemisinin and recrudescence have been observed
after artesunate monotherapy (Menard et al., 2005).
However and fortunately, no clear clinical resistance
was reported. The mechanism(s) of action and the cel-
lular target(s) for artemisinins remain controversial
(Golenser et al., 2006; Krishna et al., 2006). Artemisi-
nins are fast acting agents, the endoperoxide bridge
being the key pharmacophore. It was commonly pro-
posed that iron contained in parasite haem reacted with
the peroxide moiety leading to production of free radi-
cals, haem-artemisinin adducts and alkylation of pro-
teins, resulting in parasite damage. This multiple-target
mechanism of action of artemisinin was supported,
until now, by the lack of evidence for artemisinin resis-
tance. It was also suggested that the electron transport
chain of P. falciparum might be a target for artemisinin.
However, several reports supported that artemisinin
activity was outside the parasite food vacuole that
contains haem and in fact the sarco-endoplasmic reti-
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Target Enzyme/processs Inhibitor
Food vacuole Haem polymerization Quinolines (O'Neill et al., 2006)
Production of reactive species Artemisinins (Benoit-Vical et al., 2007; Golenser et
Trioxaquines al., 2006; Vennerstrom et al., 2004)
Trioxolanes

Pyrimidine metabolism
Folate metabolism

Purine metabolism

Mitochondrion

Lipid metabolism

Shikimate pathway

Apicoplast

Redox homeostasis

Protein prenylation
Proteases

Calcium metabolism

Kinases

Orotate phosphoribosyltransferase,
Thymidylate synthase
Dihydrofolate reductase
Dihydropteroate synthase
Adenosine deaminase

Purine nucleoside phosphorylase
Hypoxanthine/xanthine/guanine
phosphoribosyltransferase
Electron transport chain

Glycerophospholipid synthesis
Sphingolipid metabolism
Non-mevalonate pathway: DOXP
reductoisomerase

Type 1l fatty acid synthase system:

B-ketoacyl-ACP synthase
Enoyl-ACP-reductase
5-enolpyruvylshikimate 3-
phosphate synthase
Replication, transcription,
translation

Glutathione reductase
Thioredoxin reductase
Protein farnesyltransferase
Haemoglobin degradation:
Plasmepsins, falcipains

Erythrocyte invasion

Amino- and exopeptidases
Sacroplasmic/endoplasmic
Reticulum calcium ATPase
Cyclin-dependent protein kinases,
Pfnek-1, Pferk-1, Pfmrk

5-substituted orotate analogues

Pyrimethamine, proguanil
Sulfonamides

Adenosine analogues
Immucillins
5-phosphorylated immucillins

Coenzyme Q analogues:
Atovaquone

Choline analogues: G25
Ceramide analogues
Fosmidomycin

Thiolactomycin
Triclosan

Glyphosate

Quinolone antibiotics,
rifampicin, tetracycline related
antibiotics, clindamycin
Methylene blue, naphthoquinones

Tetrahydroquinolines
Leupeptin, pepstatin, vinyl
sulfones, calpain inhibitors,
transition stage analogues,
E-64, allicin

Bestatin, dipeptide analogues,
malonic hydoxamates
Artemisinins

Trioxolanes

Purine analogues, quinolinones,
isoquinoline sulfonamides,

(Hyde, 2007)
(Hyde, 2007)

(Hyde, 2007)

(Mather et al., 2007)
(Wengelnik et al., 2002)
(Labaied et al., 2004)
(Wiesner & Jomaa, 2007)

(Surolia & Surolia, 2001; Waller et al.,
1998)

(McRobert et al., 2005)

(Sato & Wilson, 2005)

(Bauer et al., 2006; Schirmer et al.,
2003)

(Van Voorhis et al., 2007)

(Flipo et al., 2007; Goldberg, 2005;
O’Donnell & Blackman, 2005)

(Eckstein-Ludwig et al., 2003)

(Doerig & Meijer, 2007)
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oxindoles, chalcones

Table 1. — Targets for antimalarial chemotherapy.

culum Ca**-ATPase (SERCA) of P. falciparum (PfATPG6)
might be the primary target of artemisinins (Eckstein-
Ludwig et al., 2003). SERCA is responsible for the
maintenance of calcium ion concentrations, which is
essential for cell survival. Artemisinin is structurally
similar to thapsigargin, a SERCA inhibitor. Three-dimen-
sional modelling and docking simulation demonstrated
that artemisinin bound to SERCA by hydrophobic inter-
actions leaving the peroxide bonds exposed and acces-
sible to cleavage by iron, leading to enzyme inactiva-
tion and parasite death (Jung et al., 2005). This was
supported by a single amino acid mutation (L263E) in
parasite SERCA expressed in X. laevis oocytes that
modulated sensitivity to artemisinin (Uhlemann et al.,
2005) and by a single nucleotide polymorphism (S769N)
associated to reduced in vitro artemether susceptibi-
lity in French Guiana isolates (Jambou et al., 2005).
How this last mutation interferes with the artemether
action remains unclear.

Xih EMOP, August 2008

Even if at present no decisive evidence favours a main
mechanism of action for artemisinins (if there is a major
one), SERCA by its important role in calcium homeo-
stasis emerges as a potential new target for antimala-
rial development. Calcium controls vital processes in
cells but little is known about mechanisms controlling
Ca?" homeostasis and signalling in Plasmodium. A recent
genomic and phylogenic comparison revealed that api-
complexa contain unusual calcium response pathways
that need deeper investigations and could be exploited
as new therapeutic agents (Nagamune & Sibley, 2006).

PROTEIN PRENYLATION IN P. FALCIPARUM

renylated proteins play essential functions in many
cellular processes including vesicular trafficking,
signal transduction and regulation of DNA repli-
cation as well as cell cycle. Such post-translational modi-
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fications allow to anchor proteins to membranes and
to promote protein-protein interactions (i.e. for the Ras
superfamily G-proteins). Prenyltranferases are enzymes
catalyzing the addition of lipid moieties to proteins and
are currently considered as potential targets in cancer
therapy. Several candidate compounds targeting prenyl-
transferases show a great promise as antitumor agents.
Well tolerated in man, they are currently being tested
in clinical trials. In mammals, protein farnesyltransfe-
rase (PFT) transfers a 15-carbone isoprenoid unit, a far-
nesyl group, from farnesyl pyrophosphate to the
cysteine in the C-terminal motif CaaX (C: cysteine, a:
usually aliphatic amino acid, X: preferentially methio-
nine, glutamine, serine). Protein geranylgeranyltrans-
ferase-1 (PGGT-D) attaches a geranylgeranyl (20-carbone
unit) group from geranylgeranyl phosphate to the cys-
teine of a C-terminal motif Caal/F. PGGT-II adds two
geranylgeranyl groups to the C-terminal sequences CC,
CXC and CCXX.

Protein prenylation has been demonstrated in parasites
such as Giardia, Trypanosoma, Leishmania, Toxoplasma
and Plasmodium. PFT has been particularly well stu-
died in Trypanosoma brucei and Plasmodium falci-
parum: differences between the active sites of para-
site versus mammalian PFTs pointed to parasite PFTs
as potential drug targets (Gelb et al., 2003). Further-
more, interest was strengthened by the fact that pep-
tidomimetics and prenyl analogues of PFT substrates
were shown to inhibit in vitro parasite growth (Cha-
krabarti et al., 2002; Ohkanda et al., 2001). Although
the PGGT-I activity was reported, searches in the P. fal-
ciparum genome database revealed an apparent absence
of PGGT-1 gene (Nallan et al., 2005).

Because of their anticancer properties, PFT inhibitors
are well developed by the pharmaceutical industry. A
“piggy-back” approach using the chemical compounds
and pharmacological data from industry allowed to
develop tetrahydroquinoline (THQ)-based PFT inhibi-
tors inhibiting the P. falciparum PFT and the in vitro
growth of different parasite strains with low nanomolar
concentrations (Nallan et al., 2005). Growth inhibition
was correlated to the inhibition of protein farnesylation
in cultured malaria parasites and to cellular localiza-
tion changes of prenylated proteins, supporting PFT as
the target of THQs. In vivo, in P. berghei-infected mice,
the lead compound (delivered in blood using pumps)
delayed the onset of parasitemia and eradicated para-
sites in 60 % of mice for a concentration of 200 mg/
kg/day. No toxicity was observed in treated animals.
A series of piperazinyl PFT inhibitors were also repor-
ted to inhibit the in vitro growth of P. falciparum (cor-
related with a reduction of protein prenylation) and the
in vivo growth of P. berghei (delivered intraperitoneally)
(Wiesner et al., 2004). Efforts are now underway to
optimize the water solubility, the bioavailability and the
pharmacokinetic properties of PFT inhibitors (Van
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Voorhis et al., 2007). As well, these studies underlined
the important role of farnesylated proteins in P. falci-
parum life cycle, and the need to identify and cha-
racterize these potential new targets.

A P. falciparum clone resistant to the THQ PFT inhi-
bitor BMS-388891 was experimentally obtained under
drug pressure (Eastman et al., 2005). This resistance
was associated with a single point mutation (adenine >
guanine) in the gene coding for the B subunit of PFT
that changed a tyrosine for a cysteine in position 837,
predicted to be in the peptide binding pocket. This muta-
tion led to a decreased affinity of PFT for BMS-388891.
Homology model of Plasmodium PFT based on the
crystal structure of rat PFT and docking of BMS-388891
supported the importance of the mutation Y837C in the
resistance. In a recent work, the resistance of P. fal-
ciparum to a different THQ inhibitor BMS-339941 also
revealed a single point mutation in the  subunit of PFT
(G612A) near the farnesyl pyrophosphate binding site
and cross-resistance to other THQ inhibitors was obser-
ved (Eastman et al., 2007). Such a rapid emergence of
resistance limits the potential of THQ PFT inhibitors
as antimalarial agents. They, as well as all future anti-
malarials, will need to be used in combination with
other drugs to decrease the occurrence of resistance.
The Y837C mutation arised independently at least
twice in 3 X 108 parasites in vitro suggesting that this
mutation could arise multiple times in an infected per-
son (Eastman et al., 2005).

TARGETING APICOPLAST FUNCTIONS

I ong time considered as an enigmatic single-copy

organelle surrounded by 3-4 membranes and

found in numerous apicomplexa, the apicoplast
revealed during this last decade interesting properties
for the development of chemotherapeutic agents (Sato
& Wilson, 2005). It probably evolved as a result of
secondary endosymbiosis of a prokaryote, which seems
to have a cyanobacterial origin, by an ancestor of the
apicomplexa, leading to an organelle that maintains a
separate 35-kb genome and some specific functions.
Protein synthesis occurs in apicoplast but relatively few
RNAs and proteins are specified by the apicoplast
genome itself (essentially components for the organelle
protein synthesis), the other products being encoded
by the nuclear genome that has acquired most of the
original genes during the parasite evolution. Apicoplast
proteins are thus primarily synthesised in parasite cyto-
sol and post-translationally targeted to the apicoplast
using a bipartite signal consisting of a classical euka-
ryotic signal peptide and a plant-like transit peptide.
Based on these characteristics, 466 nuclearly encoded
proteins were predicted to be targeted to this organelle
(Foth et al., 2003), although, up to now, the import of
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very few proteins has been demonstrated by genetic
approaches or by detecting their enzymatic activities.
Apicoplast possesses specific biochemical pathways for
synthesis of fatty acids, isoprenoids, haem as well as
for DNA replication and protein synthesis that are pre-
sent in bacteria and plants but are absent in humans
thereby providing specific targets for antimalarial drugs.

FATTY ACID PATHWAY

P. falciparum synthesizes fatty acids with the type II
fatty acid synthase system (FAS 1), which consists of
six separate enzymes, and that is widespread among
bacteria and eukaryotic plastids (Fig. 1). In contrast,
animals and humans have the type I fatty acid synthase
(FAS D, which is a multi-functional polypeptide car-
rying all the enzymatic activities. FAS T seems to be absent
from P. falciparum in contrast to other apicomplexa
such as Cryptosporidium parvum, which has no plastid
and only FAS 1, and Toxoplasma gondii, which pos-
sesses both fatty acids systems. Surprisingly, no FAS 1
and FAS 1I pathways were identified in Theileria indi-
cating that apicomplexa have maintained different fatty
acid-biosynthetic pathways according to the adaptation
to their host cell niches (Mazumdar & Striepen, 2007).
Interestingly, the natural antibiotic thiolactomycin is an
inhibitor of B-ketoacyl-ACP synthases of FAS 1I (FabH,
FabB/F) and was shown to inhibit P. falciparum in cul-

Acetyl-ACP

ACP Acetyl-CoA
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ACP  KASIII

C_O ACP

T / . Y

CHa THQ FabD
—
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/ cytoplasm

Fabl

ﬁH T "
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ture (Waller et al., 1998). As well, the antimicrobial Tri-
closan, a specific inhibitor of the enoyl-ACP-reductases
(PfENR or Fabl) of FAS 11, inhibits P. falciparum in vitro
and can cure Plasmodium-infected mice (Surolia & Suro-
lia, 2001). X-ray structural analysis of PfENR has expan-
ded the knowledge of the structure-activity relation-
ships of Triclosan. This leads to analogues active in low
micromolar range in vitro on P. falciparum and dis-
playing a higher affinity for PfENR (Freundlich et al.,
2007).

ISOPRENOID PATHWAY

In humans and fungus, this pathway generates iso-
pentyl diphosphate from mevalonate, an intermediate
of the synthesis of important biomolecules (sterols,
dolichols, vitamins A, E, coenzyme Q...). Despite the
fact that P. falciparum does not synthesize cholesterol,
isoprenoid metabolism is critical for parasite develop-
ment as evidenced by the PFT studies. Unlike humans,
Plasmodium synthesizes isoprenoids using 1-deoxy-D-
xylulose-5-phosphate (DOXP) as precursor. This non-
mevalonate pathway or methyl erythritol phosphate
biosynthetic pathway was previously found in eubacte-
ria and plants but was absent in humans constituting
a good target for antimalarials (Wiesner & Jomaa,
2007). One enzyme of this pathway, the DOXP reduc-
toisomerase, is specifically inhibited by fosmidomycin,

Fig. 1. — Type II fatty acid synthesis
pathway in apicoplast.

The glycolysis product phosphoenol-
pyruvate is imported into the apico-
plast and converted to acetyl-Coen-
zyme A (CoA) by the pyruvate kinase
and the pyruvate dehydrogenase.
Malonyl-CoA is produced from the
acetyl-CoA by the acetyl-CoA car-
boxylase 1 (ACCasel). Acetyl-CoA
and malonyl-CoA are transfered to
the acyl carrier protein (ACP) by FabD
and condensed by the B-ketoacyl-ACP
synthase FabH (or KASIID). Reduction
by the B-ketoacyl-ACP reductase FabG
and dehydratation by the B-hydroxy-
acyl-ACP dehydratase FabZ, followed
by reduction by the enoyl-ACP reduc-
tase Fabl conduct to reduced acyl
chain. A new round of reduction is
initiated by condensation of the acyl
chain to malonyl-ACP by the f-
ketoacyl-ACP synthase FabF/B (or
KASI/ID. Repetition of this process
leads to lengthening chain. Fatty acids
are transported to the parasite cyto-
plasm for elongation and used for
phospholipid biosynthesis. Several
compounds inhibit FASII enzymes:
the aryloxyphenoxypropionate deri-
vatives as the herbicide, clodinafop,

Parasite

Fatty acids

inhibits ACCasel, the antibiotic thiolactomycin inhibits FabH and FabB/F, the antimicrobial triclosan inhibits Fabl and the inhibitor NAS91

inhibits FabZ.
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an antibiotic already evaluated in phase II clinical trails
as antimicrobial agent. Fosmidomycin acts rapidly on
P. falciparum in culture and can cure mice infected
by P. vinckei. This validated the non-mevalonate path-
way as a target for antimalarial drug development. Clini-
cal trials on malaria patients showed a rapid clearance
of parasites after seven days of treatment. However,
the antibiotic was only partially efficient since a recru-
descence was observed in 50 % of cases, certainly due
to the short half-life of fosmidomycin (Lell et al., 2003).
Research of fosmidomycin derivatives with higher effi-
ciency, longer half-life and better absorption are in
progress as well as the study of the other enzymes of
the pathway (Singh et al., 2007). Interestingly,
fosmidomycin has synergic effect with the antibiotic
clindamycin and randomized controlled trials in Gabon
showed that the association of both molecules is as effi-
cient as the sulfadoxine-pyrimethamine combination in
malaria treatment (Oyakhirome et al., 2007).

REPLICATION, TRANSCRIPTION AND TRANSLATION
OF THE PLASTID GENOME

At least 30 proteins involved in DNA (9) and RNA (10)
metabolisms, and protein synthesis (11) have been pre-
dicted to be imported into the plastid of P. falciparum
(Sato & Wilson, 2005). Antibiotics interfering with bac-
terial DNA replication, transcription and protein synthesis
are thus potential antimalarials. Indeed, several inhibi-
tors of the prokaryotic DNA and RNA machinery (e.g.,
quinolone antibiotics and rifampicin) or of the proka-
ryotic protein synthesis (e.g., tetracycline related anti-
biotics) have a significant antimalarial activity, at least
in vitro. But whether they act by targeting processes
from bacterial origin in apicoplast or in mitochondria,
is difficult to determine. Clindamycin, an inhibitor of
peptide bond formation during the elongation cycle of
prokaryotic protein synthesis, has been successfully
used in combination with other antimalarials to treat
uncomplicated cases of malaria (Lell & Kremsner, 2002).
Two classes of antimalarial effectors seem to emerge:
fast-acting antibiotics (rifampicin, thiostrepton) with an
immediate effect on parasite growth and slow-acting
antibiotics (clindamycin and tetracycline) with a para-
site delayed-death (no apparent effect on the first ery-
throcytic cycle but the progeny failed to complete the
second erythrocytic cycle) (Goodman et al., 2007). These
molecules are however primarily used as antibiotics and
their introduction as antimalarials questions their impact
on the emergence of bacterial resistances.

HAEM BIOSYNTHESIS

Malaria parasite depends on de novo synthesis of haem
despite acquiring haem from the host red blood cell
(Surolia & Padmanaban, 1992). All the genes of the
haem-biosynthetic pathway have been identified in the
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parasite genome (Padmanaban et al., 2007). Interes-
tingly, the second enzyme in the pathway, the porpho-
bilinogen synthase, is localized into the plastid and has
plant-like features that distinguish it from the host
enzyme (Sato et al., 2004). Haem biosynthesis was ini-
tially proposed to take place in different parasite com-
partments: mitochondrion and apicoplast. Recently, a
more complex scenario was proposed involving, in
addition to the intrinsic parasite pathway, an extrinsic
haem-biosynthetic pathway in the parasite cytosol that
uses imported enzymes of the red blood cell (Pad-
manaban et al., 2007). What is the importance of such
a redundancy among the haem-biosyntheic enzymes
for the parasite development? Which is the dominant
pathway? These questions need to be answered to
exploit this pathway for drug development.

CONCLUSION

mportant progresses have been made in defining

potential new targets against malaria parasites. Data

from the malaria sequenced genomes have consi-
derably contributed to enrich our “reservoir” of targets.
In addition to gene products homologous to validated
targets in other organisms, virtually, all gene products
having no homologous counterparts in human should
be considered as putative targets for antimalarial therapy.
We are however facing important challenges in the
next decade to propose new targets or new lead anti-
malarial drugs to the pharmaceutical industries. 1) Vali-
dation of targets that are essential for the parasite deve-
lopment remains an important limitation. Despite the
remarkable advances in genetic of human and rodent
Plasmodium (gene insertion or replacement), these
technologies remain heavy to undertake, limiting large
screenings of genes. However, methodologies for a sys-
tematic identification of genes essential for Plasmodium
begin to be available (Sakamoto et al., 2005). 2) Abi-
lity to propose efficient heterologous expression and
folding systems to produce recombinant active proteins
for targets, in order to set up assays for screening of
inhibitors or to obtain 3D-dimensional structure eluci-
dations using X-ray crystallography for drug design.
Importance of this last point was pointed out by
Mehlin et al. (2006) who expressed in E. coli 1000 open
reading frames from P. falciparum: 33 % of these tar-
gets were obtained under an insoluble form and only
6.7 % were indeed soluble.
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