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ABSTRACT

Despite promising results on efficient vaccine and the development of effective
new drugs, malaria continues to kill more than 1-2 million of people each ycar, and
resistance to drugs has become a pressing problem. In the context of new drug
discovery, it is important to identify key regulators of the development of the human
malaria parasite, Plasmodium falciparum.

P. falciparum has a complex life cycle consisting of a succession of °
developmental stages. Some of these stages are characterised by intense cell
divisions, while others undergo differentiation accompanied by cell cycle arrest.
Eukaryotic protein kinases (6PKs) form a large family of enzymes with crucial roles
in such cellular processes; hence malarial ePK represent potential drug targets. The
availability of a genomic database for P. falciparum had permited a systematic
analysis of the entire con_iplement of protein kinases encoded in the genome (the so-
called “kinome™). The reshlting plasmodial kinase set was classified into eukaryotic
protein kinase families. During this analysis, a novel subfamily of twenty protein
kinases unrelated to any, of the ePK families was identified and called FIKK. This
new family, localized in subtelomeric regions of the P. falciparum chromosomes, is
conserved in the Apicomplexa phylum, but no homologues were found in other
organisms so far. The phylogenetic studies of P. falciparum kinases confirmed the
presence of two genes encoding atypical CDK{cycin-dependent kinases)-related
kinases in the genome, Pferk-3 and Pferk-4. Comparison of their sequences to those
of CDKs from other orgé.nisms revealed that in addition to large extensions, Pfork-3
and Pfork-4 possess two large insertions within the catalytic domain. These
extensions and insertions-were shown to be expressed in the parasite.

The characterisation of these proteins (the FIKK family, Pferk-3 and Pfcrk-4;
lead to the conclusion that in standard conditions of kinase assay experiments, these
proteins do not display any kinase activity in vitro. However, protein-protein
interaction studies showed that Pferk-3 and Pferk-4 are part of in complexes, which
display kinase activity.




RESUME

1’ agent responsable du paludisme est Plasmodium falciparum, un protozoaire
parasite appartenant an phylum des Apicomplexes. P. falciparum a développé des
résistances aux drogues suite a leur utilisation massive, et continue de tuer 1 &4 2
millions de personnes .]')ar an, Il est crucial d’identifier de nouvelles cibles
thérapeutiques afin de contrer I’émergence de nouvelles résistances. Les protéines
kinases eucaryotes (ePK) forment une large famille d’enzymes qui jouent un réle
important dans les mécanismes moléculaires contrdlant la prolifération et la
différentiation cellulaire, et certaines de ces protéines powrraient éire validées, chez
P. falciparum, comme cibles potentielles pour le développement de nouveaux anti-
paludigues.

Afin de mieux comprendre les réseaux qui contrdlent la multiplication et 1a
différentiation cellulaire chez P. falciparum, il est nécessaire de constituer une liste
des régulateurs potentiels (ceci étant rendu possible par ’achévement du séquengage
de son génome). L’analyse du « kinome » montre que le génome de P. falciparum
contient 65 génes codant pour des ¢PKs. Cette recherche nous a permis d’identifier
une nouvelle famille de 20 génes apparentée aux ePKs, principalement localisés dans
la région sub-telomérique des chromosomes, Cetie famille, que nous avons nommée
FIKK en raison d’un motif d’acides aminés conservé (FIKK), sembl¢ s’éire étendue
au phylum des Apicomplexes, et aucun auire homologue n’a été trouvé chez d’autres
organismes jusqu’a prése;it. Parmi les ¢PKs, Pfork-3 et Pferk-4 sont appareniées 4 la
famille des «cyclin-dependent kinases » (CDKs), et sont donc susceptibles
d’intervenir dans le développement de P. falciparum. En comparant leurs séquences
4 d’antres CDKs cormues" chez d’autres organismes cucaryotes, il s’avére que Pferk-3
et Pferk-4 possédent des caractéristiques structurales atypiques, telles que de;
extensions et deux insertions dans le domaine catalytique. Nous avons montré que les
insertions sont exprimées au cours du développement érythrocytaire, et il semblerait
qu’elles ne perfurbent pas la structure générale de ces kinases.

L’importance fonctionnelle des FIKKs, Pfork-3 et Pfork-4 dans le
développement de P. falciparum reste & élucider. Dans les conditions d’essais
enzymatiques classiques, aucune de ces protéines ne présente d’activité kinase in
vitro. Cependant, I'étude des interactions proiéine-protéine suggére gque Pferk-3 et
Pferk-4, doni nous avons montré qu’elles sont cxprimées lors de la schizogonie
erythrocytaire, sont associées 4 des complexes qui eux possedent une activit¢ kinase.
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During my University course, | have always been interested and fascinated by host-
parasitc relationship. It is amazing to look at the diffcrent models of parasitism and to
see how propagation strategies have emerged through evolution. A parasite uses its
host (such as energy apd resources) in order to replicate, and in most cases,
contribute to the killing df its host, but with a tight precision to just have time to
“ump™ to another host. Some parasites are transmitted through ingestion of spores;
other may pass from one veriebrate host to another through predation. With the
evolution of hemophagy in inveriebrates, it is likely that ancestral invertebratc _
parasites (such as the apicomplexan P. falciparum, see below) developed adaptations

to invade a secondary vertebrate host.

The complex life cycle of P. falciparum, the causative agent of the severe form of
human malaria reflecis a series of evolutionary adaptations that optimised its ability
to exploit its host. Working in the laboratory of Dr Christian Doerig, during the last
three years, I have been ‘interested in looking at molecular mechanisms controlling

cell proliferation and stage {ransition in P. falciparum.

1.1 MALARIA

1.1.1 History of malaria and identification of the causal agent

The name “Malaria” comes from the 17th century. In Italian, "mal-aria" means bad
air, associated with “evilésmelﬁng" vapours from swamps. In 1630, Don Francisco
Lopez showed the curative property of quinquina’s bark. Two centuries later, from
this tree, the French chernists J, Pelletier and J, Caventou identified quinine as the
active molecule. In 1880, the French surgeon Charles Laveran observed parasites in
fresh patient blood, Twenty-seven years later (1907), his discovery allowed him to
get the Nobel prize for medicine, In 1885, the Italian histologist Golgi observed
multiplication of asexual blood forms of the parasite. In the late 1890's, Pafrick
Manson postulated transimission by mosquitoes, which was revealed by Dr, Ronald
Ross, who had obscrved development of Plasmodia in the midgut of mosquitoes,
thereby establishing a major feature of the life cycle, in which the development of the
malaria parasite occurs through two obligate hosts: an anopheline mosquito and

human.
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The causal agent of malaria is a unicellular eukaryotic parasite of the genus
Plasmodium, which belongs to the phylum Apiconiplexa. Four species are known to
infect humans: Plasmodium falciparum (P. falciparum), P. vivax, P. ovale and P.
malariae. P. falciparum is responsible for the lethal form of malaria. However, in
some cases, P. vivax and -P. malariae can also cause complicated disease (see section

below).

1.1.2 Geographic distribution and clinical features of the diseasc

The World Health Organization cstimatcs that yearly 300-500 million cases of
malaria occur (>90% of them in Aftica), and that morc than 1-2 million people die of
malaria (half of these are children under 5 years of age} (WHO sources,
http://www.who.inl/mediacentre/factsheets/fs094/en/).

Malaria, the world's most prevalent vector-bome disease, occurs in over 100
countries. More than 40% of the world’s population are at risk. Large areas of
Central and South America, Hispaniola (Haiti and the Dominican Republic), Africa,
the Indian subcontinent, Southeast Asia, the Middle East, and Oceania are considered
malarig-risk areas and malaria generally occurs in areas where environmental
conditions allow parasité multiplication in the mosquito vector. Thus, malaria is
usually restricted to tropical and subtropical areas {(Fig. 1) and altitudes below 1,500
m. However, this distribution might be affected by climatic changes, especially
global warming, and population movements. P, vivax and P. falciparum are the most
commonly encountered species, with P. vivax being the most widespread
geographically. P. falciparum (as well as P. malariae) is encountered primarily in
tropical and subtropical arcas; P. falciparum is by far the most prevalent, P.vivax
and P. ovale are traditio_hally thought to occupy the complementary niches of the
precedent species. Howev.er, mixed infections P.vivax/P. falciparum are common in
endemic areas. P. ovale predominate in Sub-Saharan Africa and P. vivax in the other
areas, but P. ovale and. P. vivax are not always distinguishable on the basis of
morphologic characteristics alone and the increasing use of molecular tools will help

to clarify their exact distribution.
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Malaria Endemic Countries, 2003

- No Malaria

| Countries with Malaria R»sk

Note This map shows countries with endemic malana
{ In most of these countires, malana risk is imited to certain areas

Fig. 1: Geographical distribution of malaria
Malaria is widespread through the world (South America, Africa, Asia), mostly
localized in tropical and subtropical regions (in yellow).

(http.//dpd.cdc.gov/DPDx/HTML/Malaria.htm)

In most cases, symptoms begin 10 days to 4 weeks after infection, although a person
may feel ill as early as 8 days or up to 1 year later. Untreated malaria can progress to
severe disease that may be rapidly (<24 hours) fatal. The most frequent symptoms
include fever and chills, which can be accompanied by headache, myalgia (pain in
muscle), arthralgia (pain in a joint), weakness, vomiting, and diarrhea. Other clinical
features include splenomegaly (enlargement of the spleen), anemia,
thrombocytopenia (decrease in the number of platelets in the blood), hypoglycemia,
pulmonary or renal dysfunction, and neurologic changes. The clinical presentation
can vary substantially depending on the infecting species, the level of parasitemia,
and the immune status of the patient. Infections caused by P. falciparum can
progress to severe, potentially fatal forms with central nervous system involvement
(cerebral malaria), acute renal failure, severe anaemia, or adult respiratory distress
syndrome. Complications of P. vivax malaria include splenomegaly (with, rarely,

splenic rupture), and those of P. malariae include nephrotic syndrome.

1.1.3 Controlling Malaria

In 1955, the WHO began a worldwide malaria eradication program. DDT (dichloro-
diphenyl-trichloroethane) was sprayed to kill mosquitoes and chloroquine was used

in large amounts to treat people. Initially, the DDT program was very successful, but
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was abandoned by 1969 because of undesirable consequences of large-scale release
of the molecule in the environment, such as accumulation in the food chain. One of
the most critical problems was the occurrence of DDT-resistant strains of mosquitoes
and also emergence of chloroquine resistant strains of Plasmodium. At the present
time, P. falciparum is widely genetically resistant to chloroquine (WHO, 2001)
(Fig.2) and resistance to chloroquine of P. vivax has increased in South Asia
(Murphy et al., 1993). Plasmodium strains became resistant also to quinoline

derivative products after intensive curative use (see section 1.1.4).

Fig. 2: Geographical distribution of Plasmodium to chloroquine treatment:
The first cases of chloroquine resistance were identified in south Asia and in the
north of South-America at the end of 1950's, followed by a rapid spread of this

resistance through Asia, South-America, and Africa (http://www.sciencenews.org)

1.1.4 Treatment and chemotherapy development:

Treatments differ according to the infecting species, the geographic area where the
infection occurred, and the severity of the disease. In terms of prophylaxis (travellers
to malaria-risk areas in South America, Africa, the Indian subcontinent, Asia, and the
South Pacific), it is recommended to take one of the following drugs: mefloquine
(Lariam®), doxycycline, or Malarone™. Malarone is a combination of two drugs
(atovaquone and proguanil), which is an effective but expensive alternative for
travellers who cannot take mefloquine or doxycycline. Chloroquine (Aralen®) and

Hydroxychloroquine sulfate (Plaquenil®) are also greatly used. However, P.
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Jalciparum has developed resistance to chloroquine (see section controlling malaria),
and the best antimalarial drug for treating chloroquine-resistant malaria parasite
remains quinine (or mefloquine and infravenous quiniding), which is fairly toxic.
However, quinine resistance is also increasing, especially in Southeast Asia,
particularly in the border areas of Thailand (Panisko and Keysione, 1990).
Chloroquine (CQ) has also been replaced by sulfadoxine pyrimethamine (SP) for
treatment of Plasmodium falciparum malaria, but there is evidences demonstrating
that malaria parasites bearing high-level pyrimethamine resistance originally arrived
in Africa from southeast Asia (Roper et al., 2004).

Attempts to develop an effective malaria vaccine have so far failed, because of
variability of Plasmodium surface proleins (Staalsoe et al., 2002), however, recent
studies have shown promising phase II resuits of a trial to tcst the cfficacy of
RTS,S/AS02A vaccine (Alonso et al, 2004). Nevertheless, to date, despite
emergence of resistance, chemotherapy has been the only cfficient strategy to fighi
against the parasite. So, current efforts focus on research into new compounds with
novel mechanisms of action and on measures to prevent or delay resistance when
drugs are introduced.

In this context, complementary approaches have been started over the past 20 years:
(i) the screening of chemical libraries on parasite culture and (ii} the identification of
a specific target followed by the search for specific inhibitor. Most currently used
drugs were found to inhibit parasite development through interference with two main
pathways (Olliaro and Yuthavong, 1999).

- Hemoglobin digestion: quinine, quinoline derivative compounds: chloroquine,
mefloquine, naphtoquinone (atovaquone, which is also known to target a
mitochondrial enzyme), halofantrine, and artemisine

- Nucleic acid synthesis: anti-folic I (sulfadoxine, dapsone) and II (pyrimethamin,

proguanil, cycloguanil).

Research is in progress to identify new drugs aimed at specific targets such as lipid
metabolism, proteases, and protein kinases. Parasite proteases, for instance, are
required for the invasion of erythrocytes by merozoites and for the degradation of
hemoglobin by intracrythrocytic trophozoites (see sectionl.l.5 below). Different
anti-protease compounds (such as vinyl sulfones which inhibit falcipain) {(Rosenthal
et al.,, 1996) blocked P. julciparum development. Morcover, plasmodial protcascs

thought to be involved in rupture/invasion events have been identified, and
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consequently have lead to the beginning of a drug development process (Rosenthal el
al., 2002). Although rclatively few new antimalarial drugs are undergoing chinical
testing, progress has been made on drugs targeting the parasite hacmoglobin
digestion. Due to its toxicily, halofantrine, for instance, identified in the 1940s, was
not developed until the 1980s and its use has been limited (Bryson and Goa, 1992).
The most effective new drugs are artemisinin and related compounds. Artemisinin
was Isolated in 1972 from a plant traditionally used in China for treating fever
{Meshnick et al., 1996). Artemisinin and its derivatives have becn synthesized and
are undergoing clinical testing. The first results bave shown that these compounds
are effective against chloroquine-resistant P. falciparum (de Vries and Dien, 1996)
and have been combined with currently used standard drugs for the treatment of drug
resistant falciparum malaria. Most research work has focused on the use of artesunate
combined with, namely, mefloquine, amodiaquine, sulfadoxine/pyrimethamine, and
chloroquine. Thete is clear evidence that combinations improve efficacy without
increasing toxicity. However, the absolute cure rates that are achieved by
combinations vary widely and depend on the level of resistance of the standard drug
(Rosenthal ct al., 2002).

1.1.5 Life cyele

The malaria parasite life cycle involves two hosts (Fig.3). During a blood meal, a
malaria-infected female Anopheles mosquito inoculates sporozoites into the human
host (see Fig.3, ). Sporozoites infect liver cells #¥ and mature inte schizonts 2,
which rupture and relcase merozoites %8 After this initial replication in the liver (exo-
erythrocytic schizogony Ef), the merozoites invade red blood cells, where they
undergo asexual multiplication (erythrocytic schizogony ). During erythrocyte
invasion, the parasite establishes a parasitophorous vacuole membrane, inside which
it resides, It then matures from the initial ring stage to the trophozoite stage, and
[inally develops into a schizont, the rupture of which leads to the release of up to 32
merozoites . Frythrocytic schizogony is the slage of the life cycle that is
responsible for malaria pathogenesis. Instead of undergoing asexual multiplication,
and under the control of stimuli that are not understood, some parasites withdraw
from proliferation and differentliale into sexual erythrocytic stages (male or female
gametocytes) 4 (sec Fig. 4 for microscopic identification of the different RBC

stages). During a blood meal, a female Anopheles mosquito can ingest male
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(microgametocytes) and female (macrogametocytes) gametocytes @, which initiate
the parasites’ multiplication in the mosquito known as the sporogonic cycle .
While in the mosquito's midgut, the gametocytes develop into gametes. The male
microgametocytes, undergo a process called exflagellation, whereby eight flagellated
gametes are formed from every microgametocyte. Fertilisation of the female
macrogamete then ensues generating zygotes €. The zygotes in turn develop into
motile and elongated ookinetes ®, which cross the midgut epithelium of the
mosquito, and become attached to the outer surface of the midgut, where they
develop into oocysts ®. The oocysts, in which intense asexual multiplication occurs,
grow. Its rupture releases sporozoites @&, which make their way to the mosquito's
salivary glands. Inoculation of the sporozoites into a new human host reinitiates the

malaria life cycle ©.
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Fig.3: Life cycle of Plasmodium falciparum (for legend, see section1.1.5)
://dpd.cdc.gov/DPDx/HTML/Malaria.htm

16




In contrast to other types of parasite (e.g. phylum Microsporidia), which can infect a
wide range of hosts, only a limited range of vertebrates (including mammals, birds,
reptiles) is susceptible to infection by malaria parasites. Mosquitoes of the genus
Anopheles transmit parasites that infect humans, monkeys and rodents, whereas
Culex and Aedes mosquitoes predominate in the transmission of Plasmodium species
infecting birds. The vectors of malara parasites of reptiles are largely unknown.
Although in both hosts (vertebrate/invertebrate) Plasmodium undergoes rounds of
massive asexnal division punctuated by phases of differentiation, all Plasmaodium

species however have their particularities,

Life cyele features can differ between plasmodial species in several ways (Table 1).
For instance, the duration of the erythrocytic schizogony cycle varies among
vertebrate hosts. The simian P. chabaudi asexual erythrocyte division is completed in
24 hours, whereas for P. falciparum, P. vivax, P. ovale it takes around 48 hours and
for P. malariae 72 hours. Furthermore, mature P, falciparum schizonts contain 8-32
merozoites, whereas, P. vivax and P. ovale schizonts produce 12-24 and 6-12
merozoites, respectively. In P. vivax and P. ovale, some of the sporozoites undergo
latency in the liver for months to years (in a so-called dormant hypnozoite form)
cause relapses by invading the bloodstream weeks, or even years later whereas P.
Sfalciparum, and P. malarice sporozoites appear to develop immediately after liver

invasion (Chin and Coalney, 1971).

1.1.6 Phylogeny and specific features

Species of the genus Plasmodium (class Sporozoea, sub-class Coccidia, order
Eucoccidiorida, sub-order Haemosporoina, family Plasmodiidue) (Appendix A) are
characterised by an apical complex constituted of vesicular structures such as
rhoptrics and micronemes, by the presence of an apicoplast (Fig.6, section 1.1.7) and
by an obligate intracellilar life (Fig.4, section 1.1.5). Duc to the presence of an
apicoplast, Plasmodium species have been grouped in the so-called Apicomplexa
phylum. The genus Plasmodium is closely related to the Heparocystis and
Haemoproteus genera, which form a paraphyletic assemblage (Perkins and Schall,
2002). Particularly, all Plasmodium species are characlerized by fcatures such as
schizogony, production of crystalline pigment (hemozoin) and gametocyte

differentiation in blood cells.
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Fig. 4: Erythrocyte stages of Plasmodium falciparum
http://dpd.cdc.gov/DPDx/HTML/Malaria.htm

The first drawing panel represent each stage during red blood cell development
(from ring to merozoite and gametocyte stage). Microscopy pictures (on the right
panel) have been done using a Giemsa coloration in which parasite (blue) could be

visualized into red blood cell (pink).
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Key Morphological Difterences Between
Human Plasmedinm Species in Blood Siears

vivax ovale malariae | falciparum

Ring Stage

Trophozoite

Schizant

Segmenter
sequestered

Gametocytes

Table 1: Comparison of development features between Plasmodial species
Among the four human Plasmodium species, each of them displays specific
morphological features, and erythrocyte schizogony leads to a different number of

merozoites into the segmentey.
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There are over 200 described species of Plasmodium that infect various species of

vertebrates (reptiles, birds, and mamrnals) (Rich and Ayala, 2003),

Evolutionary studies suggest that divergence of the Plasmodium lineage occurred
several hundreds million years ago, which gave rise to several parasitic species about
129 million years ago (Escalante and Ayala, 1995). The origin of P. fulciparum
parasitism in human is still unclear. Some studies suggest a lateral transfer from birds
in the past 10 000 years whereas others suggest that an ancestor of Plasmodium was
present in the common Primate ancestor before the divergence between humans and

chimpanzees (Sherman, 2001).

Apicomplexa form a monophyletic group with the dinoflagellates and ciliates within
the alveolates assemblage of protisl eukaryotes (Fast et al., 2002) (Fig.5) (Baldauf,
2003). This assemblage is characterized by the presence of sac systems beneath the

plasma membranes (called alveoli) and also the presence of a plastid.

1.1,7 Ultrastructure of P, falciparum

Plasmodium ultrastructure is complex and involves several cellular compartments
and their rclatives’ membranes.

The apicoplast, homologous to the chloroplasts of plants and algae, is thought to
have originated [rom a secondary endo-symbiosis of an algae (Foth and McFadden,
2003) (Fig.6). Because of this archeal origin and hence its absence from metazoan
cells, the apicoplast could be a potential therapeutic target in apicomplexan parasites
{Ralph et al., 2004; Soldati, 1999). This essential cellular compartment is imporiant
for the biosynthesis of fatty acids components of many membrane proteins and for
iron metabolism (Wirth, 2002). The 35kb apicoplast genome encodes only 30
proteins, but as it is the case for mitochondia and chloroplasts, the apicoplast
proteome is supplemented by protein encoded in the nuciear genome. Approximately
10% of the predicted nuclear genes encode proteins potentially associated with the
apicoplast (Foth et al., 2003), as suggested by the presence of a bipartite signal

targeting these proteins to the organclle.
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Additionally, there is evidence for a single mitochondrion in Plasmodium, which has
a 6kb genome. The mitochondrion and apicoplast are always attached to each other

at their edges, their ends or some other region (Bannister et al., 2000a).

An apical complex, composed of rhoptries, micronemes and dense bodies (Fig.6), is
present in the invasive stages (merozoite, sporozoite, ookinete) and is directly
involved in invasion (release of host cell binding protein for contact, discharge of
material for the formation of the parasitophorous membrane in which the parasite
will develop inside the host cell). During intra-erythrocytic development, the parasite
is able to enlarge a tubulovesicular membrane extension of the parasitophorous

membrane, leading to the formation of Maurer’s clefts (Fig.7).
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Fig. 5: Phylogenetic distance between malaria parasites and the organisms used
as model eukaryotes.

With the exception of the plant Arabidopsis, the organisms whose kinome has been
characterised (veast, worms, Drosophila and human), all belong to the Opisthokonta
lineage, which is vastly distant from the Alveolata branch, which include the

Apicomplexa, Dinoflagellate and Ciliate (Baldauf, 2003)
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Fig. 6: Ultra-structure of Plasmodium merozoite
Plasmodium possesses a plastid called apicoplast like other species of the phylum of

Apicomlexa (Bannister et al., 2000a).
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Fig. 7: Ultrastructure of Plasmodium trophozoite (left) and schizont (right)
During erythrocytic cycle, Plasmodium develops vesicular membrane extensions

called Maurer's cleft (Bannister et al., 2000a).
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1.1.8 The malaria parasite genome, transcriptome and proieome

The genome of the 3D7 clone of P. falciparum has recently been sequenced through
an international effort, and the sequence is available (together with a variety of
information and  bioinformatics tools} on the PlasmoDB  Website

(http://plasmodb.org).

It is 24.6 Mb in length and consists of 14 chromosomes ranging from ~0.6 - 3.4 Mb .

{Gardner, 1999; Wellems et al., 1999}, Thus the P. falciparum genome is twice the
size of that of the yeast 8. cerevisiae (Table 2).

Specie Genome size (Mb)
E. coli 4.7

§. cerevisiae 14

P. falciparum 24.6

C. e!eggns 100.2

D. melanogaster 120
Human 3000

Table 2: Genome size comparison
(E, coli: Escherichia coli, S. cerevisiae: Saccharomyces cerevisiae, C. elegans:

Caenorhabditis elegans, D. melanogaster: Drosophila melanogaster)

The genomc contains about 5300 predicted genes (Gardner et al, 2002). P.
Jalciparum chromosomes vary considerably in length, with most of the variation
occurring in subtelomeric regions. Field isolates exhibif extensive size polymorphism
that is thought to be due to recombination events between different parasite clones
during meiosis in the mosquito (Hinterberg et al.,, 1994). Var/Rif/Stevor genes, for
example, are located on the subtelomeric regions of P. falciparum chromosomes.
These genes have been duplicated and recombined during evolution, which lead to a
repertoire of 59 var, 149 rif genes and 28 stevor genes in P. falciparum 3D7 (Voss et
al., 2000). The genome is very A+T-rich (80% overall, but almost 100% in non-
coding regions). As mentioned above, malaria parasites also possess a mitochondrial
genome of approximately 6 kb, and a 35 kb circular DNA that has been localized to
the apicoplast.
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During erythrocyiic schizogony, mRNA expression increases during development
into the trophozoite and is maintained during maturation from trophozoite into
schizont (Fig.8) (Amot and Gull, 1998). LeRoch et af (2003) and DeRist et af (2003)
have performed two independent expression profile studies of the predicted genes
expressed during erythrocyte and sporozoites stages (Le Roch et al., 2003) (Bozdech
et al., 2003) (sec PlasmoDB Web site, hitp://plasmodb.org). In the first analysis,
5159 genes were studied (i.e 98% of the predicted genes) and the data suggested .
4557 genes (i.e 88% of the predicted genes) were expressed in at Jeast one of the
stages, which corroborate the transcriptome study of DeRisi ef al. (Bozdech et al.,
2003) in which 4488 genes were analysed and 80% of ORI's (open reading frame)
were expressed and revealed changes in transcript abundance during RBC

development of the parasite.
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Fig. 8: DNA, RNA, protein synthesis during development of P. Jalciparam in
synchronised cultures (Arnot and Gull, 1998)
Synthesis has been measured as incorporation of radiolabelled precursors. R: ring

stage; ET: early trophozoite; LT: late trophozoite; S: schizont, MS: mature schizont

Of the 5268 predicted proteins, about 60% (i.e. 3208 hypothetical proteins) did not
have sufficient similarity to proteins in other organism to justify prediction of
functional assignments (Gardner et al., 2002). Compared to homologous sequences
from other organisms, many Plasmodium protcins arc distinguished by the presence
of numerous insertions. Mass spectrometry analyses have shown that at least 2415
genes are translated during four stages of the Plasmodium life development

(merozoite, trophozoite, gametocyte and sporozoite) (Florens et al,, 2002), which
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represent about 46% of the predicted proteins. In another study, 1289 proteins were
identified in erythrocytic stages and gametocytes (Lasonder et al.,, 2002). During
erythrocyte stages, overall protein translation increases progressively through the
early stages of the cycle, with a peak of expression in late trophozoites and a

subsequent decrcasc in schizonts (Fig. 8).

1.2 PROTEIN KINASES

P. falciparum has a complex life cycle, which involves two hosts in which the
parasites undergo several stage transitions. We are interested in molecular
mechanisms controlling cell cycle progression. In eukaryotes protein kinases are well

known to be involved in this process.

1.2.1 Importance of protein phosphorylation in cellular processes

In response to specific environmental stimuli, cellular proteins involved are
activated/deactivated through a variety of regulation processes, some of which
involve posi-translational modifications such as methylation, phosphorylation,
ubiquitination, glycosylation, or acetylation.

For instance, the arginine methylation of the protein STAT1 (signal transducer and
activator of transcription) has been characterized as a signalling requirement for
interferon o/f induced transcriptional induction (Mowen et al,, 2001). However,
modulation of protein phosphorylation through the antagonistic effects of protein
kinases (PKs) and proteiﬁ phosphatases {dephosphorylation) has been recognised as
the major regulatory mechanism of most cellular processes. PKs constitute one of the
largest families of enzymes in nature (Sowadski, 2001). The NCBI non-redundant
database currently contains 5271 protein kinase-like sequences (Protein kinase
resources htip://pkr.sdsc.edu), and approximately 2% of the eukaryotic genome
cades for PKs (Rubin et al,, 2000). PKs are classified in two groups: the eukaryotic
protein kinascs {cPKs) and prokaryotic protein kinases (which comprise histidine
protoin kinascs, see below). The kinome of S cerevisiae contains 115 ¢PKs (Hunter
and Plowman, 1997), and the genomes of D, melanogaster, C. elegans and H.

sapiens comprise respectively 239, 454-493 and 510-518 ePK-coding genes
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(Morrison et al., 2000) (Kostich et al., 2002, Manning et al,, 2002a; Manning et al.,
2002b; Plowman et al., 1999),

1.2.2 Phosphorylation definition

Phosphorylation is an enzymatic reaction catalysed by protein kinases, in which the

y-phosphate of ATP (adenosine triphosphate) is {ransferred to a specific residue

(histidine, serine, threonine or tyrosine) within 2 polypeptide. The intrinsic

biophysical properties of the phosphoryl group, such as its high charge density, its
property to form strong salt bridges with arginine and lysine, and its capacity for
forming multiple hydrogen bonds, render it a prevalent agent for perturbing protein
structure (Johnson and Barford, 1993). In general, there are three major classes of
protein kinases in eukaryotes, with differing amino acid targets:
* Serinc/threonine protein kinases transfer a phosphate (P) from ATP to a
serine or threonine residue in the target protein
s Protein tyrosine kinase: to a tyrosinc residue
s Dual-specificity .I protein kinases transfer P to both threonine and tyrosine
residues.
In prokaryote, the major class is:

e Histidine protein kinase

In enkaryotes, protein kinases related to HK have been identified as well and play an

important role in plants (see section 1.2.4.2 below).

1.2.3 Fukaryotic protein kinases, Hanks classification and conserved residues

Hanks ef al. organized the known members of the eukaryotic protein kinase super-
family into distinct families that share basic structural and functional propertics
(Hanks and Quinn, 1991). The primary criterion used in the development of this
classification scheme is “similarity in catalytic domain amino acid sequence”. This
property, considered alone, has proven to be a good indicator of other features held
in common by the different members of a family, such as similarity (i) in overall
structural topology; (ii) fhodcs of regulation, and (iii) substrate specificities. The

initial classification system distributed ePKs into four major groups:
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e The AGC group: .including cAMP-dependent PK, cGMP-dependent PK and
PKC ’
e The CMGC group: constituted of the cyclin-dependent- (CDK), mitogen-
activated- (MAFK), glycogen-synthase- (GSK) and CDK-like kinases
e The CaMK group: the calmodulin-dependent kinases
s The TyrK group: the tyrosine kinases.
ePKs that did not clecarly fit into any of these groups were at this time placed into the
OPK (“other protein kinases ") group.
Later on, analyses of the entire complement of protein kinase (“kinome™) encoded in
a few genomes have been published. On the basis of these new data, threc additional
major ePK. groups were recognized (Hanks, 2003) (a full classification scheme is
available at htip://wwww kinase.com):
e The CK1 group: the casein kinase 1
s The STE group, which includes many enzymes functioning in MAPK
pathway (although the MAPKSs themsclves belong to the CMGC group)
e The tyrosine kinase-like (TKL}) group, which, as its name indicates, includes
enzymes that are related to those in the TyrK group although they are serine-

threonine protein kinases.

The residues essential for the integrity of the structure and the active site of ePKs
were identified by multiple alignments of protein kinase amino acids scquences
(Hanks et al.,, 1988), and also by chemical modifications (Taylor et al., 1993) and
alanine scanning mutagenesis (Gibbs and Zoller, 1991). Based on these results, 11
(to 14) residues are con-s'idered to be really important for protein kinase activity
(Hanks et al., 1988; Knighton et al., 1991) (see Fig. 9: 11 key residues highly
conserved in the protein kinase catalytic domain). Over the past ten years, the crystéi
structure of several protein kinases has been solved. As well as primary sequence,
structural features are shared by all the protein kinases studied so far. Structurally,
protein kinases are composed of two lobes (N terminal and C terminal lobes). The

space between these globular structures forms the catalytic cleft (see section 1.5.4).

27

B O ST T ST T T 2 Lo T P I I R LRI sy R Rt R RS S
R T L . T S0l TRt e M0 e 0 %L et Yiver b coemtmafll s 0 Theie TR Ll T

B T L R I R PR TR = Bt PR I o A TN

et Spede SNBSS 1 O



http://wwww.kinase.com

GxGxxGss Ky Eoz HRDXXXXNi72 Dygst'G  Eage Do R

] i1 Vib VI VI IX xl

Fig 9: 11 key residues highly conserved in the protein kinasc catalytic domain
(Knighton et al., 1991)

The glycine triad GxGxxG (corresponding to G51, 53 and G56 in human PKAw)
directly participate in binding ATP. The lysine in subdomain 1T (K73} is also
involved in the anchoring of ATP (contacts the o~ and B-phosphate). In some case
{e.g hPKA ¢, but not hRCDK2) K73 forms a salt bridge with the carboxyl group of the
conserved glutamate of subdomain Il (E92). The aspariate and aspuragine within
the HRDXXXXN signature motif of ePKs in subdomain VIb (D167, N172) are
directly involved in the phosphotransfer. The aspartate in the DFG motif of
subdomain VII (D185), which binds to the Mg (or M) ion, associates with the
and y-phosphates of ATP. The ghuwamate in subdomain VII (E209), which forms a
salt bond with the arginine in subdomain XI, provides structural stability of the C-
terminal lobe. The aspariate in subdomain IX (D221) is involved in structural
stability of the catalytic loop of subdomain VI through hydrogen bonding with the

backbone.

Despite the fact that most serine-threonine ePKs groups are found in all eukaryotes,
indicating that their appearance occurred carly in ¢volution, afterwards, cach of the
kinomes has evolved specifically. Tor instance, some genomes have developed
through evolution a considerable extension of specific ePK families. Yeast and
Drosophila have 4 and 10 members of the casein kinase 1 (CK1) group respectively,
whereas the C. elegans genome encodes 85 CKl-related proteins (Plowman et al.,
1999). Recent data on the Trypanosoma brucei and Leishmania mgjor Kinome
analysis suggest also an expansion of a subfamily of the STE group and the NIMA-
like family (unpublishe{i result Parsons M., Ward P. and Motiram, J.C., personal
communication).

A comparative description of the plant Adrabidopsis thaliana kinome to the
previously available kinomes (yeast, worm, insects, mammals and plants) has been
published (Champion et al., 2004). It emerged that whereas members of ali the major
serine/threonine kinase families are found in all eukaryotes studied (from yeast to

mammals), TyrK members are not found in yeast. Morcover, it has been also

28




reported that only a few unicellular eukaryotes (Chlamydomonas, Entamoeba and
Phytophthora so far) possess putative TyrK family members (Shiv and Li, 2004),
whereas 90 tyrosine kinase genes have been identified in the human genome (58
receptor tyrosine kinases (RTKs) -and 32 non-receptor tyrosine kinases (NRTKs))
(Madhusudan and Ganesan, 2004; Shiu and Li, 2004). So, il has been suggested that
because TyrKs function is mostly linked to hormone-response receptor pathways,
this family has been cxpanded in multi-cellular organisms as an adaptation to the

needs for intercellular communication.

Some genes encoding “eukaryotic type” protein kinases are also present in
prokaryotes genomes and display kinase aclivity on serine, threonine, and tyrosine
residues, like classical ePK. For example, phosphotransfer by AfsK from
Streptonmyces coelicolor to a regulatory protein substrate (Matsumoto et al., 1994), as
well as the autophosphorylation of the recombinant Pknl at serine and threonine
residues from Myxococcws xanthus (Munoz-Dorado et al., 1991) were reported. Pkn-
related kinases are also present in other prokaryotic genomes (Streptomyces,
Bacillus, Mycobacterium, Pseudomonas) (Leonard et al., 1998). However, there are
no Pkn kinase homologues in some bacterial genomes (such as £. coli) or in Archea,
suggesting theses “eukaryotic type” protein kinases may have been acquired later in
some prokaryotic genomes by horizontal transfer from an ancestral eukaryote to a
common ancestor of Streptomyces, Bacillus, Mycobacterium and Pseudomonas

(Plowman et gl., 1999).

1.2.4 Protein kinases in Prokaryotes

1.2.4.1 Microbial-like kinase

In contrast to Pkn-related kinase, other “eukaryote type” protein kinases are found
both in prokaryote and in Archea species, suggesting in this case the existence of an
ancestral protein kinase prior to the divergence of cukaryotes, bacteria and Archea
(Leonard et al., 1998). Four distinct familics of the so-called “microbial like protein
kinase™ have been identified so far: ABCI, RIO1, AQ578 and YGR262C (piD261)
(Leonard et al., 1998). Despite the presence of “eukaryote type” protein kinases in
prokaryotes, most prokaryotic signal transduction systems (and few eukaryotic

pathways) use a phosphotransfer scheme involving histidine kinases (HKs}.
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1.2.4.2 Prokaryotic histidine kinases
In bacteria and archea, more than 400 histidine PXs (HPKs) have been identified,

and they serve a wide range of funciions, including chemotaxis, osmoregulation, and
nitrogen metabolism (Maltsev et al,, 2002). HKs show little similarity to protein
kinases that phosphorylalt'e serine, threonine or tyrosine residues, but may share a
distant evolutionary relationship with these enzymes. HKs are composed of two
domains: the kinase domain and the response regulator (RR) domain, The HK is
regulated by environmental stimuli and autophosphorylates on a histidine residue. _
Autophosphorylation is a bimolecular reaction between homodimers, in which an
HK monomer catalyses the phosphorylation of the conserved histidine residue in the
other monomer. The high-energy phosphoryl group is subsequently transferred to an
aspartate residue in the RR domain, which results in activation of an associated
domain that affects the response, (Foussard et al., 2001; Stock et al., 2000; West and
Stock, 2001; Wolanin et al., 2002). A number of studies have shown that HKs could
be also involved in hormone-dependent developmental processes in eukaryotes,
notably in plants. For cxample, Catharanthus roseus (Madagascar periwinkle)
expresses CrCKR1, a histidine kinase receptor homologue (Papon et al,, 2002). It
have been shown that a family of such receptors (related to bacterial histidine
kinases) mediates ethylene signalling in Arabidopsis (Wang et al., 2003), The fact
that only onc of the eleven HK subfamilies is present in cukaryoles suggests that a

lateral transfer has occurred in these organisms (Wolanin et al., 2002).

1.2.5 Unusual protein Kinases

1.2.5.1 PK-like proteins with no kinase activity and inactive altered protein kinase

Surprisingly, several ePK domains are known to lack kinase activity, and thes¢
proteins have been postulated to act as kinase substrates and scaffolds for assembly
of signalling complexes. (Kroiher ¢t al., 2001; Morrison, 2001). A few genes also
encode so-called “altered protein kinases”. For instance, the mammalian Kit gene
encodes a protein kinase whose domain contains an amino acid sequence {called
“kinase insert”), located __between the “N-terminal-ATP binding” lobe and the “C-
terminal-substrate binding” lobe. And interestingly, the full-length Kit gene is only
expressed before meiotic phase in the embryonic gonad, whereas in the post meiotic
cell testis, two transcripts are found: the first transcript encodes the N-terminal half

of the kinase domain (i.e. ATP-binding lobe) and the second one encodes the second
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part of the gene (i.e. missing the exira-cellular N-terminal domain, the
transmembrane domain, the ATP-binding site and the kinase insert domain} (Rossi et
al.,, 1992}, Recently, a gene encoding a truncated tyrosine kinase (TK) has been
identificd in Hydra vulgaris as well, This gene, termed Hint (Hinlerteil), encodes
only the substrate-binding domain of the TK such as that seen in Kit (Kroiher et al.,
2000). Interestingly, Hydra Hint is the only member of a family, which has been
shown to encode partial-léngth proteins (Retdling et al., 2000). There is no obvious
evolutionary relationship between Kit and Hint. Nevertheless, the fact that the
truncation yields a transcript encoding the same part of the kinase domain (substrate-
binding lobe) is quite intriguing. How were genes encoding inactive kinase sclected
through the evolution? Kroiher suggested a possible route of evolution by which
“duplication events precede the appearance of the inactivating mutation. In this case,
the negative effect of the mutant would be diluted to the point where it would not be
expected to cause a problem. The system would be free to evolve signalling pathway
involving inactive kinase.” As mentioned earlicr, such inactive kinases have been
postulated to act as kinase substrates and scaffolds for assembly of signalling
complexes. For instance, KSR (Kinase suppressor of Ras), identified as a component
of the Ras pathway in mammals, is thought to act as a MAPK scaffold (Kroiher et
al,, 2001; Morrison, 2001)

1.2.5.2 Atypical kinase (aPK)

In contrast to the lack of enzymatic activity of some PK, several enzymes, which are

unrelated (or only distantiy related) to ePKs at the primary structure level, possess
protein kinase activity. These proteins have been termed “atypical protein kinases”
(aPKs). In several organisms, different aPKs have becn identificd. This includes lipid
kinases (such as phosphatidyl-inositol 3’kinase (PI3K)), DNA-dependent protein
kinase, and members of pyruvate dehydrogenase kinase family (Meek et al., 2004;
Wymann and Pirola, 1998). Although lipid kinases (type I: PI3Ks, PI4Ks, and type
IL: PIPKs), contain only a few short sequence motifs similar to motifs in the ePK
domain, structural analysis of PIPKIIB (human PIPKSs type II) has shown a conserved
ATP binding core which .is similar to the conventional one of PK (Rao et al., 1998).

1.2.5.3 Active kinase missing important residues
Other residues can actually substitute the «invariant» residues, conserved in almost

alt ePKs. For instance, WNKI1 is a mammalian serine kinase in which the conserved
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lysine residue (“VAIKK”, critical for ATP binding) is replaced by a cysteine
(Cys250). Surprisingly, WNK1 still display a kinase activity. Structural modelling
and site-directed mutagenesis indicate that the missing lysine in position 250, which
is involved in ATP positioning, is apparently substituted by another lysine (located at
a position usually occupied by a conserved glycine) (Xu et al., 2000). However, in
most of the cases, the kinases in which a point mutation leads to the loss of an
important residue are inactive. For example, some receptor-tyrosine kinases (RTKs)
have diverged to become.signal-transducing molecules that lack kinase activity (such
as the vertebrate ErB3 kinase, CCK-4, Rick). CCK-4 receptor tyrosine kinase
subfamily (found in invertebrates and vertebrates) lacks the conserved DFG (in
which D is dircetly involved in the association of Mg**/Mn®*, which arc coupled to
ATP), CCK-4 also shares additional unusual N-conserved features. Moreover,
mutation of the non-conserved FLS to DFG in Hydra CCK-4 does not restore the
kinase activity, whereas ;‘éstoration of this motif in the Rick family confers activity
to the protein (Kroiher et al., 2001).

Throughout the eukaryotic kingdom, the protein kinase family is large and
diversified. Despite phylogenetic distances and divergences of signalling pathways,

genes encoding protein kinases have been conserved from prokaryotes to eukaryotes.

1.3 SIGNALLING MECHANISMS IN P, FALCIPARUM

We have seen in the previous section that phosphorylation by protein kinases is an
important process of protein modification. This crucial mechanism triggers the
activation or deactivation of many signalling pathways. Many of these signalling
pathways are dependent on external stimuli, and are associated with cell surface
receptors located in the cell membrane. None of these receptors have been identified
so far in Plasmodium species; however, there have been many reporis of external
factors that influence the ﬁdevelopment of the parasite. It has been shown for instance
that exposure to ‘“‘stress” causes asexual erythrocyte stage parasites to commit to
sexual development (gametocytogenesis). But the specific nature of the stimuli and
the signalling pathways ihvolved in sensing and responding to them is still unknown
{Dyer and Day, 2000b). Previous experiments with human host hormones have

shown that insulin, progesterone, 17-p-oestradiol and testosterone (Lingnau et al.,
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1993) enhancc gametocyte conversion of P. falciparum, in vitro. Neither the
mechanism of hormone action nor the signalling pathway, which is activated in the
parasite, has been investigated (Dyer and Day, 2000b). In concordance with the
precedent experiments, two studies have provided evidence of the involvement of a
receptor-dependent pathv-v'ay, which control the sexuval development of P. falciparum.
Firstly, a cAMP-dependent pathway (Inselburg, 1983) and G protein coupled
receptor (Dyer and Day, 2000a) have been proposed as mediators of the

commitment to gametocytogenesis. Second, another study has revealed that

xanthurenic acid (XA, a by-product of the tryptophan catabolism pathway in
mosquitoes) induces exflagelation in vivo and in vitro (Billker et al, 1998).
Moreover, recent data suggests that in this case, a calcium dependent protein kinase
(CDPKA4) functions downstream of the XA-induced signal as an essential regulator of
differentiation into the male gametc (Billker et al., 2004).

Previous studies on either gametocytogenesis commitment or gametogencsis show
that Plasmodium is responsive to environmental influences through signalling
pathways. The characterisétion of proteins involved in these pathways is necessary to
understand the biology of the parasite and also to define crucial pathways with which

it could be possible to interfere using specific inhibitors.

1.4 SEARCH FOR P, FALCIPARUM KINASE INHIBITORS

Most extracellular signals are amplified and transduced inside cells by protein kinase
cascades whose activitiés are normally tightly regulated. However, in mammals,
mutant alleles of these protein kinase genes (or of other oncogenes that signal
through these protein kinase cascades) are able to perturb entire signalling networks,
leading to the deregulation of diverse biological processes (such as control of cell
growth found in cancer). Indeed, intensive research on cancer leads to the
development of selective protein kinasc inhibitors that can block {or modulate)
“abnormal” kinase activity, Most of them have been designed directly against the
ATP-binding site of various protein kinases. For instance, purines that are
structurally similar to ATP have become attractive for rational drug design and
purine-derived kinase inhibitors have been synthesised (Fabbro et al., 2002) (Cohen,

2001). These investigations lead the commercialisation in 2002 of the first protein
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kinase inhibitor (called .Gleevec®) as an anti-cancer agent (Cohen, 2002), and

several more kinase inhibitors arc in clinical trial for a variety of diseases.

In the casc of malaria, purine-derived kinase inhibitors have been tested for their
selective activity against parasite culture and recombinant plasmodial kinases. In this
context, libraries of various purine derivatives were screened for antimalarial activity

in culture (Harmse et al., '2001). This study indicated that some purine-based kinase

inhibitors are able to interfere with parasile growth. Structure analysis of these active _

compounds revealed common features, which could be exploited to synthesise new
compounds with higher inhibitory activity and specificity towards P. falciparum
(Harmse et al., 2001). Affinity chromatography approaches, using immobilised
inhibitors and Plasmodium protein extracts, have been also carried out to isolate
parasite targets. This method allowed the identification of CKI (casein kinase 1) as a
target for purvalanol B (95), a compound shown in the Harmse et al. study to inthibit
the parasite cell culture growth (Knockaert et al., 2000).

A number of Plasmodium protein kinases identified in the laboratory have sufficient
in vitro activity as recombinant enzymes to be used in medium throughput screening
procedures, and adaptation of inhibition assays has been achieved for a few enzymes,
in collaboration with L. Meijer {CNRS, Roscoff) and M. Sauvain (IRD, Toulouse) in
the context of a screening project of chemical and natural extract librairies,

repsectively.

1.5 CYCLIN DEPENDENT KINASE (CDK)

1.5.1 Definition

The main characteristic of the cyelin-dependent kinase (CDKs) family is the fact that
their activity requires association with specific activator proteins (cyclins). CDKs
play a well-established role in the regulation of the eukaryotic cell division cycle and
have also been implicatéd in the conirol of gene transcription and other processes.
The activity of the cell cycle machinery is itself under the control of upstream

signalling pathways (Fig.. 10).
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1.5.2 Mammalian cell and yeast models of cell cycle control by CDKs

The control of cell division is relatively well understood in yeast and mammalian
cells (Kitazono AA, 2001; Morgan; 1997; Sowadski, 2001), While resting cells are in
GO, cell division is composed of four phases: the phase (G1), the DNA synthesis
phase (S), following by a short arrest phase (G2), which ends with mitosis (M).

1,5.2. 1 Mammalian mod‘el~

In higher eukaryotes, several CDK and cyclins control the transition between the
different phases of the cell cycle division (Fig. 9). In the human genome, 11 CDK
proteins have been identified {Cdk1-Cdk11). In the case of human cyclins, only A-
type, B-type, D-type, and E-type are directly involved in cell cycle control, whereas
cyclin H, in association with Cdk7 is required for complete activation of other CDKs
(see below) (Kitazono ."AA, 2001), Cde2 (Cdkl) and Cdk2 are functionally
homologous to yecast Cde2/Cdc28 and are clearly involved in central cell division
functions, as they are responsible for the entry into M and S phase, respectively (Fig.
10.). Cdk2 interact with CycE at the beginning of S phase, which induce DNA
synthesis, whereas interaction with CycA plays an undefined role on the progression
through DNA synthesis. .

G1/S transition: the retinoblastoma protein (pRB) acts as a key regulator of the G1-S
transition of the cell cycle by its capacity to modulate the activity of E2F
transcription factors. pRB can exist in a hyper- and hypophosphorylated form. The
latter form sequesters the transcription factor E2F, suppressing the transcription of
E2F target genes, pRB phosphorylation induces conformational changes, which lead
to the release of E2F and consequently, the transcription of E2F target genes can
oceur and trigger cell cycle progression. Phosphorylation of pRB is dependent on
cyclin D~ or E-dependent kinase activities such as Cdk2/Cyc E and Cdk4,6/Cyc D
complexes. Recent functional genetic studies on mouse show that a loss of Cdk2
affects the timing of S phase. This result suggests that Cdk2 is not essential for
development, and other CDKs could replace its function. However, the authors
demonstrate that Cdk2 is required for germ cell development and meiosis (Berthet et
al., 2003). .

G2/M transition: M phase is then initiated by the binding of Cdkl and CycB.
(Owen, 2001). The Cdki/CycB complex triggers the entry into mitosis. It has been
also published that Cdk1/CycA may also contribute to the preparation for mitosis.
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Others CDKs play auxiliary cell cycles roles or are not involved in cell cycle
function. Cdk3 is closely related to Cdkl and 2. Expression of Cdk3 dominant
negative mutants slows down the progression through Gi, which may indicate a role
in the cell cycele (van den Heuvel and Harlow, 1993).

Cdk4 and Cdké in association with cyclins of the CycD family are indirectly
involved in mitosis by suppressing the antiproliferative effects of retinoblastoma
{pRb) protein (Owen, 2001)., Cdk4 and Cdké seem to not be essential, indeed, in
cells lacking pRb, Gl ﬁrog;ression could occurs in the absence of Cdk4-6/CycD
activity (Bartek et al.,, 1996) (Hirai and Sherr, 1996). Cdk5 is involved in neural
differentiation (activated by p35) (Lew et al., 1994) (Tsai et al., 1994). Cdk7, related
to yeast Kin28/Mcs6, is a CDK-activating kinase (CAK), which in specific
association with cyclin H, activates Cdk2 by phosphorylating this protein on Thr160,
Cdk7-CycH 1is also associated with the transcription factor TFIIH, and
phosphorylates the C-terminal domain (CTD) of RNA polymerase I during
transcription (Svejstrup ¢t al., 1996). Cdk8 (homologue to the S. cerevisiae Srbl0),

Cdk10 and Cdk11 are involved in transcriptional control too.

1.5.2.2 Yeast model

In yeast, a single CDK is able to regulate the cell division (Cdc28 in the budding
yeast Saccharomyces cerevisiae, Cdc2 in the fission yeast Schizosaccharomyces
pombe). Progression through the cell eycle phases is controlled by association of the
CDK with specific cyclins. In Saccharomyces cerevisiae, during the G1 phase, three
“G1” cyclins are required: Cinl, Cin2, CIn3 (with overlapping functions). A partially
redundant family of six :cyclins (Clb1-6) governs the entry into S phase (primarily
Clb5, 6), and M phase (Clb1-4) (Nasmyth, 1996). In Schizosaccharomyces pombe,
the mechanisin is less complex. A single cyclin, Cdcl3 is required for mitoti¢
function of Cdc2, whereas initiation of DNA synthesis involves the cyclins Clgl and
Clg2.

There are other yeast protein kinases related to the CDK family that play roles in
different processes. Sacc}:aromyces cerevisiae Kin28 is related to CDKs, and more
specifically related to the CDK-activating kinase (CAK). This protein kinase is
associated with Cell (a human CycH homologue, see below) (Valay et al., 1996).
Despite its sequence homology with CAKs, its functions are limited to the regulation
of transcription through (i) association with TFHK transcription factor (Keogh et al.,
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2002) and (ii) activity on the C-terminal domain (CTD) of RNA polymerase II
(Feaver et al,, 1994). Surprisingly, although the closesl §. cerevisiae relative of CAK
doecs not possess CAK activity, another protein kinase related to CDKs, Cakl (or
Civl) is required for Cde2 phosphorylation in vivo (Espinoza et al., 1996) (Thuyet et
al., 1996).The Sckizosaccharomyces pombe Mcs6 {(also known as Mopl or Crkl), a
CAK homologue, forms a complex with cyclin Mcs2, and is also involved in
regulation of transcﬁptio;i. In contrast to the Saccharomyces cerevisiae Kin28, Mcs6
posses a CDK-activating kinase (CAK) activity (Niggl996) like the human Cdk7 _
homologue (see below). In §. cerevisiae, the CDK Pho85 functions in complex either
with Pcll (Hes26) or Pel2 (OrfD) and may overlap with cde28 in G1 control. indeed,
although Pho85 and Pcll-2 are not essential for cell growth, in the absence of Cdc28,
these complexes are required for passage through G1 (Espinoza et al, 1994;
Measday et al,, 1994). Srb10 and Ctk! (in association with their relative cyclin-like
Srb11 and Ctk2 respectively) are associated with RNA polymerase I, display kinase
activity on the C-terminal domain (CTD} of RNA polymerase II, and are involved in
other transcription processes (Kuchin et al., 1995; Liao et al., 1995; Sterner et al.,
1995). _

In addition to activation through cyclin binding, CDK activity is governed by a
complex network of regulatory subunits and phosphorylation/dephosphorylation
evenis, whose precise effects on CDK conformation have been revealed by recent

crystallographic studies.
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® —  Activation by de-phosphorylation

= Activation by phosphorylation
() —{ Inactivation by phosphorylation
(® —{ Inactivation by de-phosphorylation

Fig. 10: Control cell cycle progression by CDK in mammalian cells
(http://virologie.free.fr/11-Cycle_cellulaire/Cycle_cellulaire.htm)

Cell cycle progression in mammals is controlled through a complex network of
phosphorylation-dephosphorylation process involving CDK (e.g Cdc2 which control
the entrance into mitosis), cyclin activators (e.g. cyclin B/Cdc2), phosphatase

activators (e.g cdc25C) or kinase inhibitors (e.g Weel ).
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1.5.3 Regulation of CDK activity

1.5 3.1 Regulation by cyclins

Cyclins comprise a diverse family of proteins of 30-90kDa that share weak
homology, except in the so-called cyclin box (a region of 100 amino acid residues
involved in interaction with CDK) (Andrews and Measday, 1998). The binding of
the cyclin to the CDK, which occurs on a conserved motif of the kinase subunit
called the PSTAIRE helix, induces a conformation change in the siructure of the
enzyme and cxposcs the catalytic residues and regions important for substrate
binding. In vivo experiments have shown that monomeric recombinant hurmnan Cdk?2
is essentially inactivc on histone H1 (a usual CDK substrate), whereas in the
presence of equimolar amounts of cyelin A, the H1 kinase activity is many fold
higher than Cdk2 alone (Connell-Crowley et al., 1993).

The yeast and human cell cycle models have revealed the specificity of CDK-cyclin
interactions, which depends not only on the affinity between the two molecules, but
also on timing of protein expression and subcellular localisation. For instance, in
CDK-cyclin interactions during mitosis, the first level of regulation is the abundance
of cyclins, which fluctuate during the cell cycle, thereby underlying the stage-
specific timing of CDK activity. Later on, small proteins (ubiquitin) are coupled with
mitotic cyclins, and mark them for rapid degradation by the proteasome. Moteover,
during interphase, human mitotic cyclins (CycA/CycB) localize in the cytoplasm and
are aclively transported to the nucleus during mitosis, where the specific CDKs are
also localized (Pines and Hunter, 1991).

Although the cyclin binding is the primary determinant of CDK function, the

phosphorylation state of specific residues on the CDK moiety and additional

regulatory subunits also modulate its activity.
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1.5.3.2 Regulation by phosphorviation:

For full activation, most CDKs need fo be phosphorylated by the Cdk-activating
kinase (CAK) at a conserved threonine residue (Thr160 for Cdk2), located in the
fiexible T loop. Cdk2 structural studies have revealed that Thri60 phosphorylation
induces an extension of the T loop. In contrast to cyclin binding, Thr160
phosphorylation has a relatively minor effect on the active sitc architecture, but its
role is probably to improve protein-substrate binding. In vitro experiments have
revealed that incubation of recombinant human Cdk2/cycA with CAK resulted in a
80-fold increase in H1 kinase activity (Connell-Crowley et al., 1993).

It has also been noticed that phosphorylaiton on specific residues (Cdk2
phosphorylation on Thrl4 and Tyrl5) inhibits CDK aciivily. In mammals, the major
enzyme responsible for TyrlS phosphorylation is Weel, whereas Miytl
phosphorylates either Thr14 or TyrlS. Dephosphorylation of both residues by the
Cdc25 phosphatase increases Cdk2 activity (Morgan, 1997). For instance,
immunoprecipitates of cyclin A /hCDK2 incubated with recombinant Cdc25
increased the histone H1 kinase activity of these immune complexes 5- to 10-fold
(Owen, 2001; Sebastian et al., 1993),

1.5.3.3 Reoulation by regulatory subunits:

The activity of CDK-cyclin complex is also controlled by Cdk-inhibitory-subunits
(CKIs) (Morgan, 1997).

In yeast: three CKls have been identified in S. cerevisiae (Farl, Sicl, Pho81)
whereas only one CKI has been found in Schizosaccharomyces pombe (Ruml).
During mating-type differentiation (in response to pheromone stimuli), Farl is
phosphorylated by a MAPK and inhibits the Cdc28/Clnl-3 complexes involved in
the transition from G1 to S phases, which leads to cell cycle arrest. Sicl plays a role
in the tight control of the activity Cde28/Clb5-6 complexes, which trigger entry into
S phase: Sicl preveht,s this activity until the end of Gl. Pho81 inhibits
Pho85(/Pho80) complexcs under low phosphate condition. In §. pombe, Ruml
contribute to the inhibition of Cdc2/Cdcl3 before mitosis, hence preventing
premature entry into mitosis.

In mammals: (herc arc two classes of mammalian CKls: the Ink4 and the Cip/Kip
familics, The former (which inciudes pl5, pl6, pi8 and pl9) is involved in the
inhibition of Cdk4/6-cycD complexes (Jeffrey et al., 2000), whereas the Iatter (which
contains three members: p21, p27 and pS7) inhibits specifically Cdk2-cycE/A during
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the G1/S and Cdk4/6-cycD during Gl (Viallard et al., 2001). The inhibitory
mechanisms are not fully understood, however, in the case of Cdk2/cycA/p27,
crystallography studies have shown that the binding of p27 disturbs CDK-cyclin

complex conformation, preventing substrate ATP binding (Russo et al., 1996).

1.5.4 CDK Structure

Cdk2 is one of the smallest protein kinases known. Monomeric, unphosphorylated
Cdk2 is an inactive 33kDa protein. Cdk2 has been crystallized in the presence and
absence of cyclin partners and its structure, in both the inactive and active
conformation, is well understood. Cdk2 has the typical “two-lobe” structure (Fig. 11
and 12) that is conserved among Ser/Th/Tyr PKs. The active site cleft, where ATP

and the substrate bind, lies between the two lobes.

Eleven CDK subdomains and related conserved residues:

Hanks et al. have divided S/Th kinases into XI subdomains (Fig. 10), on the basis of

conserved residues (Fig.9, section 1.2.3).

Fig. 11: Human CDK2 structure
The kinase domain has been divided into XI subdomains by Hanks et al.

(http://pkr.sdsc.edu/html/3D/xray/cyclin/htmimaincdk2. htm)
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Regulato hosphorylation site
contains both T14 and Y15

ATP- glycine loop
contains other conserved
residues involved in ATP
binding (e.g. Lys 33)

T Loop- peptide recognition and
activating phosphorylation

DFG Sequence
Conserved Mg®' chelation

Fig 12: Human CDK2 structure and conserved domains involved in the catalytic
activity (De Azevedo et al., 1996)

The glycine-rich loop of the ATP binding site, which has the consensus sequence
Gly-x-Gly-x-x-Gly is located in subdomain I. The Gly triad serves as a phosphate
anchor, forming bonds to the phosphates of the ATP. Thrl4 and Tyrl5 of the
glycine-rich loop are the sites that act to regulate Cdk2 activity, as a phosphate bound
to the Thrl4 hydroxyl group would prevent ATP from entering the pocket.
Phosphorylation at either Thr14 or Tyrl5 may also interfere with protein substrate
binding or change the conformation of the glycine-rich loop, preventing ATP from
binding in the right orientation, thus inhibiting kinase activity. Subdomain Il
includes the conserved lysine residues needed for maximum enzyme function (at
position K33 of the small lobe). In mutation experiments, it was found that the
residues Arg36, Asp38, Glu40, and Glu42 of subdomain II must be intact in order for
cyclin to bind. Subdomain III is made up of residues 44-58 which form the large
alpha-1 helix, the only alpha helix of the small lobe. The Subdomain III includes the
PSTAIRE sequence, a conserved region of the cyclin dependent kinases. Mutations
in this region have been shown to abolish cyclin binding. Subdomain IV does not
contain any important conserved residues or motifs and does not seem to be directly
involved in catalysis or substrate recognition (it may be just important structurally).
Subdomain V links the small and the large lobes. Subdomain Vla is a large
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hydrophobic region, which is the “backbone” of the protein kinase and supports its
structure, Subdomain VIb is composed of two hydrophobic beta strands. The region
between them forms the catalytic region directly involved in the phosphotransfer,
which contains the consensus motif “HRDLKxxN”, Aspl127, Lys129 and Asnl32 are
highly conserved residues through the protein kinases and are involved in positioning
of ATP. Subdomain VII in Cdk?2 contains the conserved DFG motif and also the N-
terminal portion of the T-loop. D binds to the Mg** (or Mn?*) ion associated with the
B and y-phosphates of ATP. Subdomain VIII is important because it contains most
of the T-loop, which is the activation region of the molecule that gets phosphorylated
by CAXK (for CDKs) by other proteins kinases (for many protein kinases other than
CDKs). Although subdomain X is not highly conserved within the protein kinase
family, it is conserved within the cyclin-dependent kinases, where it contains the
GDSEID motif. The importance of the subdomains IX and XI is still unknown,
although it has been established that the glutamate in subdomain VIII (E209), which
forms a salt bond with the arginine in subdomain XI, provides structural stability to
the C-terminal lobe. The aspartate in subdomain IX (D221) is involved in structural
stability of the catalytic loop of subdomain VI through hydrogen bonding with the

backbone.

1.6 P. FALCIPARUM CDK

1.6.1 Cell cycle control in lasmodiwm erythrocytic schizogony

Plasmodium falciparum is capable of initiating different types of ccll division to
facilitate different growth modes during its life cycle (section 1.1.5). Both in the
mosquito or in the human host, the parasite has developed different cell division
programs: mitosis/meiosis, atrest, differentiation, and schizogony (in which a
polynucleated schizont leads to the formation of daughter celis).

Indeed, during sporogony “in the mosquito, the diploid ookinete stage divides by
normal mitosis and meiosis to form haploid sporozoites. In the vertebrate host P.
Jalciparum reproduces asexually both in erythrocytes and in hepatocytes by
schizogony, where multiple rounds of DNA replication accur, followed by nuclear
division without corresponding cytoplasmic division. This creates u single syncytial

cell, which then forms individual merozoites. Merozoiles are also capable of
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developing into gametes in the erythrocyte, during which the cell cycle temporarily

ceases and the parasite differentiates into the appropriate gametocyte” (Leete and
Rubin, 1996).

In Plasmodium, during the erythrocyte asexual multiplication, DNA synthesis occurs
thoughout the trophozoite stage development (Fig.8, section 1.1.8). Microscopic
picture analysis of spindle and nuclear body numbers in parasites indicate that there
is an apparent asynchrony in chromosomal multiplication within a single parasite
(Read et al., 1993). Indeed, the number of merozoites in a given schizont does not
follow the powers of two that would be expected if nuclear division was synchronous
(Bannister et al., 2000b). In other apicomplexan parasites, such as Toxoplasma, odd
numbers of nuclei have been also noticed in multinucleated stages (Hu et al., 2002).
Based on these data, it is currently though that “in multinucleated parasites,
individual nuclei could be autonomous with respect to DNA replication” (Hu et al.,
2002). Moreover, in contrast to mammalian cell division, there is an absence of
chromosome condensation or maintain of nuclear membrane. Based on theses
results, a model has been proposed (Fig. 13) in which the invading merozoite is
thought to be in G1 and S is initiated at the trophozoite stage with no significant

G2/M period, except at the segmenter stage of the schizont (Jacobberger et al., 1992).

Merozoite
invasion Ring Trophozoite 8 26 merozoites

b 24 36 48 hours post invasion

—

# typical eukaryotic mitosis

Fig. 13: Peculiarities of the Plasmodium cell cycle during erythrocytic
schizogony (adapted from Doerig et al., 2000)

In Plasmodium, the invading merozoite is thought to be in GI (in grey) and S (in
green) is initiated at the trophozoite stage. Schizogony occurs with asynchronous
nuclear divisions (in blue), which differ from eukaryotic mitosis model. Indeed, the

schizont can contain 8 to 26 merozoites, including an odd number.
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1,6.2 Characterized Plasmodium CDK and cyclins

Tour P. falciparum enzymes related to CDKs have already been identified: PIPKS,
Pfinrk, Pferk-1 and PfPK6 (Table 3).

PfPKS5 is the plasmodial CDK, which is the most closely related to Cde2. However,
the cyclin binding domain (“PSTAIRE” region), which is usually well conserved in
Cdc2-homologucs is substituted in PIPKS by PSTTIRE. In a first study, PfPKS gene |
failed to complement Cdc2/28 yeast mutant (presumably because the gene was not
expressed in yeast) (Rosé-Macdonald et al., 1994). Nevertheless, other independent
work has shown that neither the PfPKS homologous gene from P, knowlesi nor P.
berghei is able to complement a yeast cde28 mutant (although, this time, the
recombinant PK5 was expressed). In vitro, the recombinant PfPK5 is active on
several exogenous kinase substrates (such as o-casein, histone HI, the carboxy-
terminal domain (CTD) of RNA polymerase II} and also autophosphorylates (neither
the intrinsic mechanism nor the residue(s) involved are yet determined). Morcover,
PfPKS is activated by hetcrologous activators (human cyclin H, xenope ringo) and
also by plasmodial cyclins (Pfeyc-1 and Pfcyc-3, section plasmodial cyclin). Western
blot analysis has shown that the protein is expressed in similar amounts throughout
the erythrocyte development (Ross-Macdonald et al,, 1994), but its real function is
still unknown.

Pimrk was initially identified by Li et al (Li et al., 1996}, and sequence homologies
have revealed similarity to the CAK family. It has been noticed also that two inserts
are present in the kinasc domain: 5 amino acids just before the cyclin binding motif
(PSTAIRE) and 13 amino acids within the T-loop region. Northern blot analysis has
shown that a 2500-nucleotide transcript is expressed predominantly in gametocytes,
suggesting that this gene could be involved in sexual stage development.
Complementary studies demonstrated that the recombinant protein is active on
histone H1. Moreover, addition of human cyclin H (the physiological partner of
Cdk?) increases its activity (Waters et al., 2000). No activation of plasmodium CDK
by Pfimrk has been demonstrated so far. Thus, the function of Pfmrk as a CAK

remains undetermined.
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Pferk-1, a second gene encoding a Cdc2-related protein kinase has been identified in
P. falciparum by Doerig C et al (Doerig et al., 1995). Sequence analysis of the open
reading frame suggests the presence of a large cxtension up-strcam of the kinase
domain. The gene is expressed during erythrocyte stages and a doublet at 2.5kb and
3.5kb were detectable on Northern blot studies (only in gametocytes stage), however,
the significance of this -doublet is still unknown. No kinase activity has been

demonstrated so far.

P{PK6 shows similarity to both CDK and mitogen-activated protein kinases
(MAPK) families. In vitro, without any cyclin activators, the recombinant protein
autophosphorylates and phosphorylates exogenous substrate such as histone HI
(Bracchi-Ricard et al., 2000) and myelin basic protein (MBP) (Equinét L,
unpublished data). Immunofluorescence studics indicated that the protein is
expressed both in nucleus and cytosol during late erythrocyte stages (trophozoite and
shizont). Study of its probable role in activating nuclear proteins, such as MCM
(mini-chromosome maintenance proteins, involved in DNA replication) is in process
(Bracchi-Ricard V., Chakrabarti D.).

Four cyclins have been identified in the Plasmodium genome database: Pfeyc-1,
Pfeyc-2, Pfcyc-3 and Pfeyc-4 (Merckx et al., 2003). Pfcyc-1 and Pfeyc-3 activate
P{PKS5 in vitro, however, no activation has been shown by Pfeye-2 so far, and
activation of PfPKS by Pfcyc-4 was not reproducible (Merckx et al., 2003). Among
the plasmodial cyclins, Pfcyc-1 is the most similar to human cyclin H. Tn the human
model, cyclin H forms an active complex with Cdk7. To investigate further
similarities between hCdk7 and Pfimrk, kinase assays with recombinant protein have
been performed. Result shown that addition of Pfcyc~1 indeed increased the activity
of Pfmrk, but at a very low level (about 2-fold) (Le Roch et al., 2000),
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Reference !
;

|

|

Enzyme Family Substrate

ePK

AGC
P{PKA PKA kemptide (Syin et al., 2001)
PIPKG PKG PKG peptide substrate  (Deng and Baker, 2002)
P{PKB PKB tustone Hland flas g ymar ec at,, 2004)

CMGC
Pfinrk CDK (CAK) 111,CTD (Li et al., 1996; Waters et al., 2000) -
Pferk-1 CDK (Doerig et al., 1995) '

- . {Le Roch et al 2000; Merckx et al
PPKS CDK H1, CTD 2003; Ross-Macdonald et al., 1994) ~
P{PK6 CDK/MAPK HI1, MBP {Bracchi-Ricard et al., 2000) y
) (Doerig et al., 1996; Graeser ct al

Pfmap-1 MAPK MBP 1997; Lin et al., 1996)
Pfmap-2 MAPK MBP (Dorin et al., 1999)
P{PK7 MAPK/PKA  MBP, Casein (Dorin, 2004)
P{GSK3 GSK3 Peptide (Droucheau et al., 2004) E
PfPK1 GSK3 (Kappes et al., 1995)
PILAMMER Lammer like (Li et al., 2001)

CamPK
P{CDPK1 CatDK Casein, histone (Zhao et al., 1994)
PfCDPK?2 Cat+DK (Farber et al., 1997)
PfCDPK3 Ca+DK (Li et al., 2000)
PICDPK4 Ca+DK (Billker et al., 2004)
PfPK2 Ca+DK (Zhao et al., 1992)
PfCK1 UK Casein (Barik et al., 1997)

OPK
Ptnek-1 NIMA like Casein (Dorin et al., 2001)
P{Kin SNF1 (Bracchi et al., 1996)
PfEST exported PK (Kun et al., 1997)
PPK4 ;g'mpha (Mohrle et al., 1997)
R45 FIKK (Bonnefoy et al., 1992)

Table 3: 23 previously identified Plasmodinm protein kinases

Liach protein is represented by the name given by the authors who reported its
characterisation (see last column for references) as well the protein kinase family
(ved) or subfamily (black) to which each protein belongs. The third column indicates

some of the proteins that have been shown fo be substrates for the plasmodial protein

kinases.
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1.7 SMALL MOLECULE PLASMODIUM CDK KINASE INHIBITORS

Two CDX inhibitors (olomoucine and roscovitine, two ATP compeiitors) have been
tested for their ability to inhibit-Pfmrk activity in vitro (Waters et al., 2000).
However, both of them failed, and structural models suggested that Pfinck residues
avoid the entrance of these compounds ito the ATP pocket. In contrast, PfPK5 is
sensitive to olomoucine, suggesting that drug susceptibility differs between
plasmodial protein kinases (as it is the case for human protein kinase). Additional )
inhibition tests have been performed using a broad spectrum of CDK inhibitors as
well as compounds {rom a chemical database (Woodard et al., 2003). In this analysis,
effective inhibitors were identified to be specific to Pfinrk only (no cross reactivity
against PfPK5), which demonstrates that selective inhibitors can be identified,” and
consequently rational drug design should be possible also for plasmodial CDKs. The
kinase activity of PfPK6 is sensitive to both CDK inhibitors (Bracchi-Ricard et al.,
2000).

Plasmodial CDKs identified so far display atypical features, such as large N-ierminal
extensions, small insertions within the kinase domain, and cyclin independent
activity. As mentioned above, PIPK6 shows similar levels of homology to CDKs and
to MAPKs.

Recombinant PfPKS and Pfinrk display cyclin-dependent stimulation of kinase
activity in vitro. Recombinant PfPK6 has cyclin-independent kinase activity in vitro,
whereas recombinant Pferk-1 does not display any activity in vitro (possibly because
of a lack of an activator, such as a cyclin partner). PfPK5 and PfPK6 (as well as P.
Jalciparum protein kinases from other families, see Table 3) are sufficiently aciive in
vitro (see above) to allow high throughput screening of chemical libraries, an avenue-
that is currently being explored.
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1.8 AIM OF MY PhD PROJECT

‘The human malaria parasite, P. falciparum, has a complex life cycle consisting of a
succession of developmental stages. Some of these stages are characterised by
intense cell divisions, whﬂe others undergo differentiation accompanied by cell cycle
arrest, The asexual development of the parasite in the red blood cell corresponds to

the symptomatic phase of malaria, whereas differentiation into gametocytes

contributes to transmission to the mosquito host. A strategy to stop either the

infection in patients or transmission of the disease could be developed. In this
context, it is really important to understand the molecular mechanisms controlling

Plasmodium cell cycle development in order to interfere with if.

Kinase inhibitors have becn found, and used as anti-proliferative compounds in
cancer therapy. Moreover, compared to human ePKs, structural divergence of
parasitic kinases suggest, that specific inhibitors could be found (Hammarion et al.,
2003). Study of the role of protein kinases in the life cycle of the parasite, as well as
their potentiality as a drug target are the main research project of our laboratory
(WCMP-INSERM, U609, Glasgow, Dr C. Doerig,), the final purpose of which is the

identification of specific kinase inhibitors.

In order to identify crucial pathways and atypical protein kinases, the entire
complement of potential protein kinases in the parasite's genome has been
investigated. The first part of my PhD project is focussed on the identification,
analysis and classification of the protein kinases present in the genome of P.
Jalciparum. This analysis underlined the presence of a new “Plasmodial” kinase
family (the so-called FIXX), the characterisation of which corresponds to the second
part of my work. The central role played by cyclin-dependent family (CDK) in
eukaryotic cell division, suggests that these enzymes could play a major role in
parasite life-cycle progression and therefore may represent attractive drug targets.
The last part of my project concerns the molecular and biochemical characterization
of atypical CDK-related kjnases, including Pferk-3 and Pferk-4.
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Chapter2: MATERIALS AND METHODS
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2.1 MATERIALS AND METHODS concerning P. FALCIPARUM

2.1.1 Culture of erythrocytic stages of 2. falciparum

The P. falciparum clone 3D7 (Szarfman et al., 1988) was cultured in vitro as
described by (Jensen and Trager, 1978). Briefly, the parasites were grown at 5% of
hematocrit in complete RPMI 1640 medium (5 liter: 79,45g RPMI 1640 powder
(Gibco BRL), 0.25g hypoxanthine, 10g sedium bicarbonate - NaHCO;, 0.25 mg
gentamyein sulphate, 0.5% w/v of albumax II- lipid rich bovine serum albumin, pH .
7.2, filter-sterilize and store), cither in 25em? (5 ml stocks) or 75em? ventilated-flasks
(25ml preparative cultures). The flasks were kept in a 37°C incubator with a 3% CO;,
1% Oy, 96% N; atmosphere. To remove serum and lenkocytes, the blood (obtained in
donation pouches from the Blood Transfusion Service, Gartnavel Hospital, Glasgow)
was washed three times I('centrifugation at 2000g, Smin) in RPMI 1640 before use.
The medium was changed cvery day. The parasitemia was controlled daily by
examining Giemsa-stained blood smears (Sigma). When the parasitemia reached 8-
10%, the culture was harvested or diluted (usually to 0.5%)

2.1.2 Synchronisation of cultures

2.1.2.1 Synchronisation by sorbitol ireatment

This synchronisation technique (Lambros and Vanderberg, 1979} relies on the fact
that late trophozoites and schizonts, but not rings and early trophozoites, are killed by
incubation in sorbitol. A Sml stock of young stage parasite culture (8% parasitemia
rich in ring or young trophozoite) was spun down, and the cells were resuspended in
4ml of 5% sorbitol. After incubation at room temperature for 10min, the cells were-
washed twice into complete RPMI 1640 medium and resuspended in complete
medium. This procedure. was repeated 30min later to narrow the synchronisation
window. To keep the parasites synchronized, the sorbitol treatment must be repeated

once a week.

2.1.2.2 Synchronisation by Percoll flotation
A washed infected RBC pellet was resuspended in RPMI 1640 medium (1:4), and

layered on top of 70% Percoll (Pasvol et al., 1978) (2 culture volumes). After 2000g /

10min of centrifugation, maturc stage infected RBC form a band in an upper layer,
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whereas rings and uninfected RBCs sediment to the peliet. Afier recovery of maiure
stages, followed by a wash of infected red blood cells, flasks were set at 5% of

hematocrit in complete RPMI 1640 medium.,

2.1.3 Harvest of garasiteé

Cultures were harvested for protein or nucleic acid extraction when they reached 8%
parasitemia. The cells were washed once in PBS (Gibco) and the pellet was _
resuspended in 2 packed cell volumes of 0.3% of saponin and incubated on ice for 10
min. After a 5000g, 5 min, 4°C centrifugation, the parasites were resuspended a
second time in 2 volumes of 0.3% of saponine for 5 min. The pellet of parasites was
washed three times in cold PBS and stored at -80°C.

2.1.4 Preparation of parasile protein exiracts

Fresh or frozen saponin-lﬁxsed P. falciparum (3D7) pellets were sonicated in RIPA
buffer (30 mM Tris pH 8.0, 150 mM NaCl, 20 mM MgClz, 1 mM EDTA, 1 mM
dithiothreitol (DTT),10uM ATP, 0.5% Triton X100, 1% NP40, 10 mM -
glycerophosphate, 10 mM NaF, 0.1 mM sodium orthovanadate, 1 mM PMSF, 10
mM benzamidine and Complexe ™ protease inhibitors). Lysates were cleared by
centrifugation at 10,000g ‘for 15 min at 4°C, and the total amount of proteins in the

supernatant was measured by the Biorad Protein Assay.

2.1.5 gDNA extraction

A parasite pellet was resuspended in a solution of 10 volumes of PBS containing-
150pg/ml proteinase K. Sodium dodecyl sulfate (SDS, Sigma) was added to a final
concentration of 2%. Afier a gentle agitation, the tube was incubated at 55°C for at
least 2 hours. DNA was subsequently recovered by two steps of phenol-chloroform
extraction, in which one volume of phenol: chloroform: isoamy! alcohol (25:24:1)
(saturated with 10mM of Tris, pHS8, 1mM EDTA (Sigma)) was added to the DNA
solution. The tube was rebeatedly inverted gently on a wheel until the emulsion was
homogeneous, After centrifugation (10 000g, 5 min), the top aqueous layer was
transferred 10 a new tube. The DNA was precipitated by addition of 0,1 volumes of
sodium acetale (3M, pH 5.2, Sigma) and two volumes of absolute ethanol and
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incubation at -20°C for 30 min. DNA pellet was spun down for 15min at 10 000g,
and the dry pellet was resuspended in an appropriate volume of di;0. Concentration
and purity were measured using a spectrophotometer at 260nm and 280 nm (ODy4=1

means a DNA concentration 50 ug/ul).

2.1.6 mRNA extraction ( fgv Trizol preparation)

A parasite pellet was resuspended in 10 volumes of Trizol (Gibco BRL), and left on

ice for 5 min (or stored at -80°C). Two volumes of RNAse-free chloroform werc
added, and the tube was shaken for 15sec and left at room temperature (rt) for 3min.
After centrifugation at 6000g for 30min, the aqucous superatant was removed to a
fresh tube. 0,83 volume of isopropanol was added to the tube and left on ice for at
least 30min. RNA was recovered by centrifugation for 30min, at 10 000g, After air-
drying, the RNA pellet was resuspended in an appropriate volume of
diethylpyrocarbonate (DEPC) water or formamide (for Northern blots; in this case,
the sample was incubated for 10min at 60°C, before loading the gel). RNA
concentration was measured 150pg/ml using a spectrophotomcter at 260nm
(OD2¢0=1 means a RNA concentration 40 pg/pl) and the integrity of the RNA was
checked on a gel.

2.1.7 Transfection

Two electroporation methods are widely used for transfection of Plasmodium
Jalciparum. The first one consists of transfecting infected RBC (synchronous parasite
at high parasitemia, rich in young rings at the time of transfection), whereas the
second method consists of first transfecting non-infected RBCs (niRBC), which are
then infected by addition of late schizonts/segmenters. In the latter method,
transfected niRBC are conserved at 4°C and infected later on. In both cases, for
electroporation, RBC are pelleted and resuspended in 500u] of cold cytomix. 50-
100pg of DNA previously suspended in 100ul of cytomix are added to the former
RBC solution (Cytomix: 120mM KCI, 0.15mM CaCly, 2mM EGTA, 5mM MgCl,,
10mM K HPO/KH;PO4, 25mM HEPES, pH 7.6). The mix is transferred to a cold
0.2cm cuvette for clectroporation (setfings are 0,31kV/960uF, the time constant

should be around 12-15ms). Immediately after the electrical pulse, fresh medium is
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added, and then the cells are transferred from the cuvette to a culture flask with 10ml
of culture medium, and placed in the incubator. On day lwo, the medium is changed,
50 ul of fresh RBCs (50% hematocrit) are added, and the selection drug is added to
the culture medium (2.5pg/ml of Blasticidin, Calbiochem). The medium is then
changed daily until parasites become microscopically detectable on Giemsa-stained
slides. Once parasites are detectable, the culture can be frozen by cryopreservation.

To check for integration, gDNA extraction is done every month.

2.1.8 Cryopreservation of parasties in liguid nitrogen

5 ml of a 5% parasitemia culture (containing a high proportion of ring stages) were
centrifuged at 5000g for 5 min, and the supernatant was removed. One packed' cells
volume of deep-freeze solution (28% glyceral, 3% sorbitol, 0.65% NaCl) was added
drop-wise to the cell peiIet. Cells were resuspended and placed into cryotubes for
immediate freezing in liquid nitrogen. In order to establish a new culture from a
frozen stock, the cryotube was incubated in a water bath at 37°C for 15min. The
content was transferred to a sterile 15ml tube and the volume was measured. For
each ml of red blood cell solution, 0.2mL of solution A (12% NaCl in distilled water)
was added drop-wise, stirred constantly, and left for 3min. Secondly, 10mi of
solution B (1,6% NaCl in distilled water) was addcd to the tube drop-wise. After
centrifugation for Smin at 5000g, the infected RBCs were resuspended in 10ml of
solution C (0.2% Dextrose, 0.9% NaCl in distilled water) added drop-wise. Finally,
after another centrifugation, the supernatant was removed and discarded. Cells were
resuspended in Smi of culture medium with fresh blood to obtain a haematocrit of

5%. The culture was then maintained as described above.

2.2 BIO- COMPUTING METHODS

2.2.1 Identification of kinase genes in the P. falciparum genome

2.2.1.1 Gene search by kevwords

A search for kinases by text search has been performed on
http://www.PlasmoDB.org using Plasmodium database (PlasmoDB) and “kinase” as
a query. The algorithm allows regular expression searching of gene names for

PlasmoDB genes using -the approximate pattern match program agrep. Agrep
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http://www.PlasmoDB.org

program allows regular expressions, as well as boolean combinations using ";" for
"AND" and "," for "OR". The resulting matches will be the best maich possible

against the database of official gene names, descriptions, user comments or gene

synonyms.

2.2.1.2 Gene search by ITidden Markov Model search, performed by P. Ward

The set of predicted peptides of the Plasmodium falciparum genome 3D7 was
downloaded from PlasmoDB. A Hidden Markov Model search of the predicted
proteins cncoded by the gemome was carried out using a consensus eukaryotic .
protein kinase profile downloaded from the Proiein families database (Pfam) web
site (http://www.sanger.ac.uk/Softiware/Pfam/). In addition, PlasmoDB was searched
for proteins carrying a Gene Ontology molecular function assignment of “protein
kinase activity’ (GO:0004672). The two lists were compared to ensure none had
been missed. All the hits werc aligned using our own Hidden Markov Model, trained
on a complete set of human protein kinases, to check for the presence of the key
kinase motifs. In this way non-kinases were identified and removed, and the FIKX
family members (see below) were identified and subsequently treated as a separate
set. Furthermore, the genomic context of each kinase gene was examined to check
for missing exons using GeneDB (www.genedb.org) and the alignment was
optimised manually. Once a definitive set of 65 sequences representing typical ¢PKs
had been assembled, a phylogenetic tree was produced using Phylip (Felsenstein,
2002), with the Protdist and Fitch algorithms.

2.2.2 Genes encoding aPKs

Basic local alignment segrch tool Protein (BLASTP) searches on PlasmoDB werg
performed using atypical protein kinases (aPKs) fromn Homo sapiens (or mammals)
as queries (A6 kinases [AS55922], lipid kinases [000443], aminoglycoside
phosphotransferases [POQSSS], pyruvate dehydrogenase kinase [AAB60498], ATM
[2124355A], ATR [AAC50929], BCR [NP_004318], transient receptor potential
cation channel6/channei-kinase 2 [NP_061197], actin-fragmin kinascs (protein
scquence of [Q94706]) (Kostich et al.,, 2002). GeneDB was also used to look for
Pfam domains (ABC1, FAT, FATC, Bromodomain, RIO performed by P. Ward).
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2.2.3 ClustalW

Multi-alignment of nucleic acid or protein sequences were done using the ClustalW

algorithm, available on http://www.infobiogen. fr (Thompson et al., 1994)

2.2.4 Phvlogenetic tree of P. falciparum ePKs (done by J. Paker).

For phylogenetic analysis of P. fulciparum ePKs, non-conserved portions of aligned .

sequences were ignored and the iree was compiled using a protein distance matrix
method. All major groupings discussed were observed in a 100 replicate bootstrap

tree (for more details see reference (Ward et al., 2004)).

2.2.5 FIKK search on general databases and Apicomplexan genomes

A broad investigation of eukaryotic general genome dalabases was performed to
investigate the presence of any FIKK-related sequences in other organisms by
BLASTP analysis (on NR prot All, Swall, Swiss-prot protein databases) and
TBLASTN analyse (on Genbank, dbEST nucleic databases), using FIKK amino acid
sequences as queries. Motif searches were also conducted using conserved FIKK
motifs as queries. Protein homologs from other apicomplexan specics were identified
by blasting conserved FIKK domains protein sequence against the databases from
various genomic sequencing project sources: P. yoelii yoelii, P.vivax, P. berghei, P.
chabaudi, P. knowlesi émd P. reichenowi on PlasmoDB [http://plasmoDB.org);
Cryptosporidium parvum at the National Center for Biotechmology Information
[http://www.ncbi.nlm.nih.gov], Theileria annulata at the Wellcome Trust Sanger
Institute [http://www.sanger.ac.uk}, Toxoplasma gondii the Toxoplasma Database
[ToxoDB, http://toxodb.org/], Eimeria tenella at the Wellcome Trust Sanger Institute
[http://www.sanger.ac.uk/Projects]). Except for the hit sequences firom P.vivax and T.
gondii, whose genomes have been annotated, other sequences (the conserved kinase
domain sequences) were manually rccovered based on sequenced homology with
FIKK family.
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2.2.6 FIKK sequence alignment and phylogenetic tree

The conserved regions of all predicted 2. falciparum FIKKs (except PF14_0733/34)
and of FIKK homologues from P. yoelii yoelii, P.vivax, P. berghei and P. knowlesi
were aligned using the ClustalW software. For the phylogenetic tree, the kinase
domains of 23 FIKK-like proteins were taken and gaps between the subdomains
were removed. Phylogenetic relationships were inferred by using a protein distance
matrix method. The reliability of the frees was assessed, as previously described, by
the bootstrap method on the same analysis using only 2. faleiparum FIKK (sce
Appendix E ((Ward et al., 2004), Fig. 6).

2.2.7 Compilation of DeRisi et al, and Le Roch et al microarray datas

Microarray data from the Le Roch er af. (Le Roch et al., 2003) and De Risi ef
al. (Bozdech et al., 2003) studies were downloaded from PlasmoDB
{http://plasmoDB.org) and compiled to produce a comprehensive expression
profile. Genes were arranged as a function of the timing of their expression
during the erythrocyte development according Bozdech et al. data. The
phaseogram (data generated by De Risi ef al) represent the relative
abundance of mRNAs throughout the erythrocytic asexual cycle. The
Bozdcch ef al. study was based on microarrays of specific oligonucleotides
designed for each P. jfalciparum gene (representing 4488 of the 5409
predicted PlasmoDB ORFs, (Bozdech et al., 2003)). mRNA level was
measured by two-colour competitive hybridisation between total RNA from
each time point and a reféi'ence pool of fotal RNA from all time points during
48 hours. The starting point was onc-hour post invasion, and measurements
were done every hour for 48h of the asexual cycle, (See material and methods
from (Bozdech et al,, 2003) for details). Data from Le Roch et al. included
also a ftranscriptome analysis of additional development stages: free
merozoites (M), gametocytes (G) and sporozoites (S). In order to simplify
these data, we use a color code (red/orange/white boxes; sce legend to Fig,
16) (see (Le Roch et al., 2003) for details).



http://plasmoDB.org

2.3 MOLECULAR METHODS:

2.3.1 Reverse transcripiion

DNAse I-treated RNA was reverse transcribed and subsequently amplified using (i)
the SuperScript ™ First-Strand Synthesis System from the RT-PCR Kit (Invitrogen)
and (ii) the Oligo(dT) method for first-strand synthesis. In brief, Sug of total RNA
was mixed with oligo(dT) [5Ong/ul final concentration], dNTP mix [1mM {inal -
concentration], incubated for 5min at 65°C and then placed on ice for 1min. The
reaction was then mixed with 1X final RT buffer, MgCl, [SmM], DDT [10mM] and
RNase OUT™ recombinant ribonuclease inhibitor {40U], incubated at 42°C for 2
min. Then, 50 units of reverse transcriptase were added (except in the “no RT
conirol” mix) and incubated at 42°C for 50min, followed by incubation at 70°C for

15min.

2.3.2 Polymerase chain reﬁction {PCR)

Amplification of the target cDNA was carried out i1 100 pl of reaction buffer
containing 1ui of cDNA (from the previous preparation, or from a plasmid-based
¢DNA library from ase}_;ual parasites, kindly provided by P. Alano), 1 uM each
primer, 100 uM dNTP, 1.25 mM MgCly, and 1 Unit DNA polymecrase and 1X of the
corresponding DNA polymerase buffer (provided by manufacturer), under the
following PCR. conditions: 2 min at 94°C for one cycle, 45 sec at 94°C, 45 sec at
50°C, 1 min/kb at 68°C for 35 cycles, 10 min at 68°C. Different thermostable DNA
polymerases have been used: TaKaRa Ex Taq™ polymerase (Takara Bio Inc.), Taq
DNA polymerase (I11Viti‘0gen) and Platinium® Pfx DNA polymerase (Invitrogen,
which possesses a proofreading 3’-5° exonuclease activity. PCR products amplificd
by the two first polymerases have one A. added at their 3’termini, which allow direct
TA-vector cloning of t1:16 fragment. In the case of amplicons obtained with the
Platinium® Pfx DNA polymerase {which does not add As at the 3’ termini), an
additional PCR cycle was performed using TaKaRa Ex Taq ™ polymerase (Takara
Bio Inc.) or Taq DNA polymerase (Invitrogen) to allow, subsequent cloning into the
pGEM®'T Easy cloning vector (Promega, see below for cloning methods). Tor

protein expression, coding sequences were cloned into expression vectors such as
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glutathione S-transferase (GST)-tagged pGEX4T3 (Amersham Biosciences), His-
tagged Champion ™ pET directional TOPO® (Invitrogen) or 6xHis-tagged pQE30
{Qiagen) expression vectors; the inserts were verified by automated DNA sequencing

prior to prolein expression.

2.3.2,1 Gene-specific  PCR__conditions _and_primers used for FIKK PCR
amplifications '

MALI3P1. 109 amplification

A varicty of PCR conditions were tested to amplify MAL13P1.109 from either
gDNA or cDNA: 3 different DNA polymerases (the polymerases mentioned above),
Mg+ concentration (from 1.25 to 2.5 mM), annealing T° (from 40 to 55°C),

elongation time (up to 3min), and different combination of primers:
MALI3P1.109_Forward_PlasmoDB: 3'CACCCGCOGATCCATGAAAAAGAAAGAAAA

TAC; MALI3P1.109_Reverse PlasmoDB: 5'CCGCTCGAGTTAAATACATATATATATAT
TTATATATAT TATTACG

MAL7IP1.175 and MAL7PI.144 amplifications
MAL7P1.175 and MAL7P1.144 fragments were only amplified with Takara DNA

polymerase and the following primers:

MAL7P1.144 Forward_PlasmoDB: 5"CACCCGCGGATCCATGAAATTCAGGAAAAGT
MAL7PI1. 144 Reverse _PlasmoDB: 5'CCGCTCGAGTTACTTTTITTTGTACCACCACGG
MAL7P1.175 Forward2_PlasmoDB: 5'CACCCGCGGATCCATGGATAAATGGACAAAT

AAACC; MAL7P1.175 Reverse PlasmoDB: 5'CCGCTCGAGTTAAATATTGGATGACCAC
CAAGG

MAL7P1.175 oligonucleotides were firstly designed to contain the start and stop
codons of the full-length PfMAL7P1.175 open reading frame predicted on PlasmoDB
(using MAL7P1.175 Forwardl PlasmoDB:5'CACCCGCGGATCCATGAAATTCAGGAA
AAGT). However, this did not yield the expecied amplification product, possibly
because of hybridization between the two primers, which might anncal (48.5% ol
complementarity). So we amplified the fragment using
MAL7P1.175_Forward2_PlasmoDB, a primer designed 7 amino acids downstream
of MAL7P1.175 Forwardl PlasmoDB. Moreover, according to Genefinder
predictions, MAL7P1.175_Forward2_PlasmoDB corresponds to the start codon.
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PFI]_ 0510 amplification

Amplification from gDNA was performed under classical conditions using
forward2/reverse (samc. amplification product with forwardl/reverse around
1900bp). Amplification tests from cDNA were carried out using different forward
primers suggested by gene predictions models oligonucleotides: PF1I_0510
_Forward 1_Glimmer S'CACCCGCGGATCCATGATTTATA TTAAATTACGCTTA,
PF11_051 OﬁForward__Z_PlasmoDB: 5' CACCCGCGGATCCATGAAAAATGAATGGAA
TGAATTTATA; PFil_0510 _Forward_3_ PlasmoDB:5' CACCCGCGGATCCATG .
ATTAATTTATGT AAAATATGG; and PF] 1 0510 Reverse  Glimmer/ PlasmoDB 5'
CCQCICG AGLITATICTTT CCACCATGG ATTTTTACT.

PFI0100¢ and PFLO040¢ amplifications

Both genes were amplified from the cDNA library using the following primers,
PFI0100c_Forward PlasmoDB  5'CACCCGCGGATCCATGAGTTTTITATAATTGTTCTG
A PEIOI OGC_Rcverse_PlasmoDB 5' CCGCTCGAGTTACAAATCTGTCGACC ACCATGG
PFLO04 Oc__Forward_Glimmer S'CACCCGCGGATCCATGTATATTTTGAGAAATATGTTC
PFLO040c_Reverse2_ PlasmoDB 5' GGGGCTCGAGTTATGTTTCGTTAAACCATGGGTG
TGTCA, whereas PFL0040c_Reversel _Glimmer §' CCGCTCGAGTCATAAGTTCTTCTT
CATA AAC did not allow any cDNA amplification,

2.3.2.2 Primers used for expression studies of Pferk-3 and -4 extensions

PCR fragment Forward primer Reverse primer
Pferk-3/a Pferk-3/BamHY/wh. [/F2 R/Pferk-3/a

Pferk-3/b F/Pfork-3/b R/Pcrk-3/a

Pferk-3/c F/Pfork-3/b R/Pferk-3/cxtension
Pferk-3/d Pferk-3_Forward_catalytic R/Pferk-3/Sall/cat wh.l
Pferk-3/e F/Pferk-3/COOH_ext R/Pferk-3/Sall/cat_wil
Pferk-4/a Pfork-4/ wh.ldbt/BamHI R/Pferk-4/a

Pfcrk-4/b F/ Pfork-4/b R/Pferk-4/a

Pferk-4/c ¥/ Pferk-4/b R/Pferk-4/b

Pferk-4/d F/ Pferk-4/c R/Pferk-4/c

Pferk-4/d' F/ Pferk-4/d R/Pferk-4/extension

Pferk-3/BamHI/wh.\/F2: cgcggatccatgaacgttaaagatgtg; R/Pferk-3/a: atcccattcaaaaca
act; F/Pfork-3/b: aactctitgiggaaggta; R/Pferk-3/extension: ctitcaattttattictee; Pferk-
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3_Forward catalytic: gggggatccgataaaagtaatgtaagttacacaaat; F/Pferk-3/COOH ext:
aaaggcttatettegaagta;, R/Pferk-3/Sall/cal_whi: gaggggicgactla tatitictititettitcaacee;
Pfcrk-4/ wh.ldbt/BamHI: cgeggatccatgaatatcgaccaaaat; R/Pferk-4/a: tgcataccatatcatat
ga; F/ Pferk-4/b: caaagegatagacacatigaa; R/Pferk-4/b: tgtaggaacaaaaatic; F/ Pfork-
4/c: catctaatgacatcacticea; R/Pferk-4/c: taaatcctccaaagtgtat; T/ Pfork-4/d: aactg

cgcagtaagttta, R/Pferk-4/extension: aaaatcacggggaaataaat

2.3.3 Plasmid construction

T cloning into the pGEM®T Easy vector allowed a rapid cloning of PCR product
(see technical manual from manufacturer for details). In brief, the 10 pl ligation
reaction contained 1X ligation buffer, 50ng of vector, a 3:1 to 1:3 molar ratio of PCR
product:vector (using 50 ng of vector), 3 units of T4 DNA ligase, and was incubated
overnight at 4°C. After transformation into JM109 bacteria (see section 2.3.4),
recombinant clones were identified by color screcning on agar-amplicillin plates, the
presence of the expected insert was verified by PCR on the white colonies and
overnight cultures were sct-up for plasmid purification (sec below). The inserts were

then sequenced.

2.3.3.2 Cloning info QGEX4T3 {Amersham Riosciences) and pQOE30 (Qiagen)
expression veciors

PCR products containing appropriate restriction digestion sites in the forward and
reverse primers were purified by Wizard® PCR Preps DNA purification system
(Promega) prior to digestion. Digestions of plasmid expression vector and PCR insert
were performed in the appropriate buffers of the restriction enzymes according
manufacturer recommendations (Biolabs), and the digestion reactions were stopped
by heating at 65°C for 20 min. The ligation of the inscrt into the vector was
performed with the T4 DNA ligase (Invitrogen) under the same condition as ligation
of the PCR product into pGEM®T Easy vector (see above), and an aliquote of the
ligation reaction was transformed into an appropriate bacterial strain: BL21 Star™
DE3 (Invitrogen) and SG13009 (Promega) strains for pGEX4T3 and pQE30
respectively. Recombinant clones were identified by PCR from resuspended bacterial

colonies.
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Molecular cloning of Gst-Pferk-3 and Gst-Pferk-3dead.

Oligonucleotides (Pfcrk—B_meard_catalytic: 5’GGGGGATCCGATAAAAGTAATG
TAAGTTACACAAAT, Pfcrk—j’_Revcrsc_catalytic: 5’GGGGTCGACTTATCCTET
TTGATTACTCTGT) were designed to contain the initiation and the stop codons,
respectively (double underline) of the Pferk-3 kinase domain firstly predicted on
PlasmoDB (PFD0740w) before February-March 2003, as well as BamH]1 and Safi
sites respectively (single underline). Since February-March 2003, PlasmoDB
predicts a large C terminal cxtension. The presence of this oxicnsion was verified
by sequencing after amplification from cDNA, confirming that the initial predicted
C-terminal sequence was erroneous {see appendix F). The ORF was amplified by
PCR from a ¢DNA library with TaKaRa DNA polymerase by Karine Le Roch. The
1926 bp PCR product was directly digested with BamH1 and Sa/l prior to
inscrtion in the pGEX 4T3 vector (Amersham Biosciences, see above). The pGEX-
4T3-Pferk-3 plasmid was electroporated into E. coli BL21, and the insert was
verified by sequencing prior to expression of the recombinant protein (by Karine
Le Roch).

Catalytically inactive (“kinase-dead™) Pferk-3 (Gst-Pferk-3dead) was obtained by
site directed mutagenesis (Lysl335 ->M) using the overlap extension PCR technique
(Ho et al., 1989), A 869 bp BamHI-Xhol cDNA fragment carrying the mutation was
amplified and used to replace the corresponding region of wild type Pfork-3, yielding
the plasmid pGEX-Pferk-3/K1335M. The entire Pferk-3dead coding region was

verified by sequencing prior to expression of the recombinant protein in £. coli.

Molecular cloning of Gst-Pferk-4wt, Gst-Pfork-44D and Gst-Pferk-4ADdead.:
Oligonucleotides  (Pferk-4_Forward_catalytic: 5’GGGGGATCCACAAGCAATCCTT

ATATGAAAGA;  Pferk-4_Reverse catalytic:  5’GGGCTCGAGCTAAAAGTAATATG
TTCCGTTATC) were designed to contain the initiation and the stop codons,
respectively (double undexline) of Pf-crk-4 kinase domain predicted on PlasmoDB
(PFC0755¢), as well as BamH]1 and Xhol sites respectively (single underline). The
ORF was amplified by PCR from a ¢cDNA library with TaKaRa DNA polymerase by
Ali Jafarshad. The 2208 bp PCR product was directly digested with BamHL and
Xhol prior to insertion in the pGEX 413 vector (see above). The pGEX-4T3-Pferk-
dwt plasmid was clectroporated into E. coli BL21, and the insert was verified by
sequencing prior to exf)ression of the recombinant protein. Previous studies

performed by Ali Jafarshad, have shown that in vitro expression of pGEX-4T3-

62




Pferk-4wt is impossible, due to the presence of a homopolymeric stretch of Asp

residues (from the 11 10" amino-acid to the 1191™

domain. Deletion of 243 bp (nt 3330-3573 of the ORF, including this Asp-rich

, see appendix F) inside the kinase

stretch) to generate the Gst-Pferk-4AD plasmid (i) allowed the expression of the
recombinant protein (Jafarshad Ali, Doerig C.).

Catalytically inactive (“kinase-dead”) Gst-Pferk-4AD (Gst-Pfork-4AD dead) was
obtained by site directed mutagenesis (Lys2733->M) using the overlap extension
PCR technique (Ho et al., 1989). A 580 bp BamHI- Nsil cDNA fragment carrying the -
mutation was amplified and used to replace the corresponding region of wild type
Plerk-4AD, yielding the plasmid pGEX-Pferk-4AD /K2733M. The enlire Pferk-
4ADdead coding region was verified by sequencing prior to expression of the

recombinant protein in BL21 E. coli.

Molecular cloning of Hfs.—}")%rk~4AD.'

The Pferk-4AD 1956-bp BamH1/Xhol digested fragment was inserted between the
BamH] and Sall sites of the PQE30 vector, yielding the plasmid PQE30-Pferk-4AD.
The plasmid was electroporated into SG13009 E. coli, and the insert was verified by

sequencing prior to expression of the recombinant protein.

2.3.3.3 Cloning into Champion ™ pET directional TOPQ® (Invitrogen

Blunt end PCR products, amplified with PfX-Tag DNA polymerase, were cloned

into Champion ™ pET100 directional TOPO® In this system, PCR products were
directionally cloned by adding four bases to the forward primer (CACC). The
overhang in the cloning vector {GTGG) invades the 5° end of the PCR product and
anneals to the added bases, which allow the correct orientation of the PCR product.
Plasmid construct was electroporated into BL21 Star™ DE3 FE.coli strain and

recombinant clones were identified by PCR,

MoIequar cloning of His-PFLO040c¢c

PFL0040c was amplified from the ¢cDNA library using the following primers:
PFL0040c_Forward Glimmer: 5'CACCCGCGGATCCATGTATATTTTGAGAAATATGTIC

and PFL0O040c_Reverse PlasmoDB: 5'GGGCTCGAGITATGTTTCGTTAAACC
ATGGGTGTGTCA, which contains start and stop codons {double underline), and four
bases at the 5’cnd of the forward primer (“CACC™), to allow dircetional TOPO®
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cloning (see above). After amplification from a P. falciparum ¢DNA with PfX-Taq
DNA polymerase, the PCR product was directly cloned into TOPO pET100 vector,
The TOPO-PfPFL0040c plasmid was electroporated into BL.21 £. coli, and the insert

was verified by sequencing prior to expression of the recombinant protein.

2.3.3.4 Cloning into pCam-BSD vector for transformation_of asexual stage P.

falciparum parasites

pCam-BSD (see annexe G for a map) is a selectable episomal plasmid kindly
provided by David A. Fidock (Department of Microbiology and immunology, A.
Einstein College of Medecine, NY, US), which has been previously used for allelic
replacement in P ﬁ!lcip;:zmm (selection with blasticidin). Transfection plasmids
(pCam-BSD/Pferk-1, pCam-BSD/Pferk-3, pCam-BSD/Pferk-4) were constructed by
amplifying partial fragments of the kinase domain of Pferk-1, -3 and -4, using the
following primers:

pCam-BSD/Pferk-1/F/BamH1 :gecgeggatecacgtatggageagtatataga; pCam-BSD/Pferk-
1/R/Notl:ataagaatgeggecgeaggigetcgataccataatgtgac; pCam-BSD/Pferk-3/F/BamH1:
gegeggatecgeatatggagatgtitggatg; pCam-BSD/Pferk-3/R/Notl:ataagaatgeggecgetggt
ggtetataccataatgtaataactet; pCam-BSD/Pferk-4/F/BamH 1 :gegeggatecgtatatggaaaagta
tttaagget; pCam-BSD/Pferk-4/R/Notl:ataagaatgeggeegetggtggtetatatigtaaagttataatatt.
Primers were designed to contain BamHI and Ndel restriclion sites (in italic).
Amplified products were-digested by the appropriate restriction enzymes and ligated
into pCam-BSD digested with the same enzymes, Plasmids were transformed into
XL1blue E. coli under ampicillin pressure, and positive clones were selected
following PCR (using pCam-BSD/F: taticctaatcatgtaaatcitaaa and pCam-BSD/R:

caattaaccctcactaaag) and sequenced before patasite transformation.

2.3.4 Bacterial transformation by electroporation:

50-100 ng of DNA previously dissolved in sterile water are added to 40-50ul of
electrocompetent bacteria pellet (see below for preparation of electrocompetent
bacteria). The mix is transferred to an ice cold 0,2cm cuvette for clectroporation
(setting are 2.5kV, the titne constant should be around 5ms; Biorad Micropulser' ).
Immediately after electroporation, the cuvette is placed on ice and then the cells are

transferred from the cuvette to a tube with 1ml of LB culture medium (Luria-Bertani
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medium, sigma), and placed for agitation into the incubator at 37°C for 1h. The

bacteria are then plated on solid LB-agar containing the appropriate selective drug,

2.3.5 Preparation of electrocompetent bacteria

Stocks of E. cofi JIM109, BL21, XL1blue electrocompetent cells were produced by
the following method. 1 1 of LD was inoculated with 10ml of a fresh overnight
culture and placed at 37°C, under vigorous shaking until the OD reached 0.6-1. The
culture was then placed on ice for 30 min before centrifugation at 1500g for 15 min
at 4°C. The pellet was washed twice with 500ml of ice-cold sterile water and then
resuspended in 20ml of sterile ice-cold 10% glycerol-water. After a final
centrifugation at 1500g for 15 min at 4°C, the pellet was resuspended in a final
volume of 2-3ml of the previous glycerol solution and aliquoted into Lppendorf
tubes (50ul/tube). The aliquotes were then stored at -80°C.,

2.3.6 Plasmid purification;

Plasmid DNA was purified with the QIAprep Miniprep Kit (QIAGEN; see the
manufacturer’s recommendation for details), In brief, this plasmid purification
procedure is based on alkaline lysis of bacterial cells followed by selective
adsorption of plasmid DNA onto silica in the presence of high salt. Elution occurred
at low salt concentration. In the case of higher quantity of plasmid purification,

QIAGEN Plasmid Maxi kits were uscd (sce manufacturer for protocol).

2.3.7 Northern blot analysis

Northern blot analysis was performed using a membrane kindly provided by H.
Taylor, on which approximately 5 pg of total RNA from synchronized asexual
parasites (ring, trophozoite or schizont stages) were loaded on an agarose gel before
membrane transfer as described previously (Taylor ct al., 2001), The membrane was
hybridized to a **P labelled probc under the following conditions. Membrane was
pre-hybridized for at least Zh at 55°C in Church and Gilbert buffer (0.5 M sodium
phosphate, pH. 7.2, 7% SDS). The probe was a >*P labelled PCR product of a partial
coding sequence within the catalytic domain of either Pferk-3 or Pfork-4, A 1926-
Pferk-3 PCR product was amplifted using Pfurk-3_Forward_catalytic and Pferk-
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3 Reverse _catulylic primers (see appendix F) from the pGex4T3-Pferk-3, under the
following PCR conditions: 2 min al 94°C for one cycle, 45 sec at 94°C, 45 sec at
50°C, 2 min at 68°C for 35 cycles, 10 min at 68°C. A 1968-Pferk-4AD PCR product
was amplified using #Pferk-4 Forward_catalytic and Pferk-4_Reverse_catalytic
primers (see appendix F) from the pGex4T3-Pferk-4AD, under the same PCR
conditions, The PCR products were purified (Wizard®, Promega) before labelling.
PfRhopH2 probe (Ling et al., 2003) was used as a positive conirol. Labelling was

donc using Prime-Ii® II Random Primer Labeling Kit (Stratagene). In brief, the .

reaction tube contained 25 ng of DNA in 23 ul and 10 ul of random oligonucleotide
primers. The reaction was heated at 100°C, for 5 minutes. After a brief
centrifugation, the following reagents were added into the reaction tube: 10 pl of 5x
dATP primer buffer (containing dCTP, dGTP and dTTP), 5 ul of labeled [u—P]
dATP (3000 Ci/mmol) nucleotide, 1 pl of Exo(-) Klenow (5 U/pl), and incubated at
37-40°C for 2-10 minutes. Reaction was stopped by adding 2 pl of stop mix. The
probe was purified from unincorporated radiolabel on MicroSpin columns
{Amersham), denaturcd by hcating at 95-100°C during 5 min, and added to the
membrane in Church and Gilbert buffer for 3-4h, at 55°C. Then the membrane was
washed twice into 2X SSC (0.3M NaCl, 30mM Na3 citrate), 0,1% SDS for 15min at
65°C. Hybridized RNA was visualized by autoradiography.

2.3.8 Bacterial expression and purification of recombinant proteins

2.3.8.1 His-tagged protein: PFLO040c and His-Pferk-44D

PFLO040c protein expression was induced for 3h at 37°C with 1 mM isopropyl-B-D-
galactoside (IPTG), after the 250ml culture has reached an ODgp value of 0.6 in LB
medium (Sigma) with 100pg/ml ampicillin. His-Pferk-4AD  expression (with
100pg/ml ampicillin and 25pg/ml kanamycin) was tested under different conditions:
induction at 30°C and 37°C, from 0 to 1 pM IPTG for 2h-4h, Batch purification of
His tagged protein under native conditions was performed at 4°C on nickel-
nitrilotriacetic (Ni-NTA) metal affinity chromatography column (Ni-NTA agarose
resin, QIAGEN) according manufacturer recommendations. In summary, bacterial
pellets were lysed with lysosyme and sonication in 5 ml of lysis buffer (50mM
Nal;P0,, 300mM NaCl, 10mM imidazolc [Sigma)], 1 mM phenylmethyl-sulfonyl
fluoride (PMSF) and Complex™ mixture protease inhibitor tablet from Roche
Molecular Biochemicals, pH8). Lysates were cleared by centrifugation (8000 g, 4°C,
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30 min.) and the solublc fraction was incubated for 1h30 at 4°C under mild agitation
with 0.5 ml of Ni-NTA agarose resin. The resin was washed twice in a wash buffer
(Lysis buffer, double concentration of imidazole, i.e. 20mM) and the His-tagged
protein was eluted with elution buffer (Lysis buffer, 250mM final concentration of
imidazole) concentrated to 1-2pg/ul using Amicon ultracentrifuge concentrator

{Millipore) and stored at -80°C,

2.38.2 GST-tagged protein: Gst-Pfevk-3, Gst-Pferk-3dead, Gst-Plerk-4AD, Gst-

Prerk-4ADdead and Pfeylins, by batch purification
Pfcrk-3 and Pferk-4 protein expression was induccd with 0.5mM IPTG, at 30°C for

4h, GST fusion proteins were purified under native conditions at 4°C from bacterial

lysate using the affinity matrix Gluthatione Sepharose (Sigma). Cell pellets were
resuspended in lysis buffer (PBS 1X, pH 7.5, Triton 0.1%, IlmM EDTA, 1mM DTT,
1 mM PMSF and Complex™ mixture protease inhibitor tablet), sonicated and
centrifuged. The supernatant was incubated with Gluthatione Sepharose for 1h. The
resin was washed 4 times with lysis buffer and once with a buffer containing 50 mM
TrisHCL, pH 8.7, 75 mM NaCl. The recombinant protein was eluted with the former
buffer containing 15 mM Glutathione (Sigma) and concentrated to 1-2pg/ul using
Amicon ultracentrifuge concentrator and stored at -80°C.,

GST-Pfoye-1, GST—Pfcyé—Z, GST-Pfcyc-4 proteins expression and purification
weroe performed as described previously (Merckx et al., 2003).

2.3.8.3 GST-tagged protein: Gsi-Pferk-3, Gst-Pferk-4AD by _Fast Performance
Liquid Chromatography (FPLC)

In both cases, expressioﬁ was induced with 0.1mM IPTG, at 20°C overnight. Cell
pellets werc rosuspended in buffer A (40mM HEPES, pH 7.5, 300mM NaCl, 0.02%
monothioglycerol, 1 mM PMSF and Complex'™ mixture protease inhibitor tablet).

Proteins were purified -under native conditions from the soluble fraction by
glutathione affinity chromatography using FPLC equipment (AKTA FPLC,
Amershamn, 4mL Gluthatione Sepharose columm). The column was washed twice
with buffer A (each time, 10 volumes of the column) and proteins were eluted with
buffer A containing 20mM of glutathione. Thirty fractions of 1ml were collected and
analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Fractions containing the protein were pulled together, concentrated to 1-

2pg/ul using Amicon ultcacentrifuge concentrator and stored at -80°C,
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2.3.9 Preparation of SDS-polyacrylamide protcin samples

Protein solutions were denatured and reduced by adding an equal volume of 2x
Laemmii buffer (2X Laemmli buffer contains 20% glycerol, 5ml of 0.1% of
bromophenol blue~dH2Q, 4% SDS, 0.1M TrisHel pH6.8, 5% 2-mercaptocthanol).
The samples were heated at 95 °C for 5 min prior to loading onto an SDS-

polyacrylamide gel.

2.3.10 SDS-polvacrylamide gel electropheresis

Protein concentration was first eslimated by a dye-binding assay based on the
differential color change of a dye in response to various concentrations of protein,
using BSA as a standard (Bio-Rad Protein Assay, see manufacturer for details), and
the integrity and purity of the protein was monitored by SDS-polyacrylamide gel
¢lectropheresis.

Polyacrylamide gels are composed of two phascs: a 5% stacking gel (5% acrylamide,
125mM TrisHel pH6.8, 0.1% SDS, 0.1% ammonitm persulfate and 0.001% of
TEMED) and a resalving gel (containing 9 to 12% of acrylamide, 375mM TrisHel
pHB.8, 0.1% SDS, 0.1% ammonium persulfate and 0.001% of N'-
tetramethylenediamine-TEMED), The gels were run under standard conditions (80V,
15min; 180V, 1h).

2.3.11 Colloidal covinassie staining

Polyacrylamide gels were first fixed for 1 hr in 40% EtOH, 10% acetic acid and
washed in dH,0 before staining in a fresh colloidal Coomassie stain (for 625ml:
500m! Colloidal Coomassie dye stock (50g Ammonium sulphate, 6m! 8§5%
Phosphoric acid, dH20 to 490ml, 10ml of 0.5% Coomassie Brilliant Blue G-250 in
water, and 125ml MeOHj with gentle agitation, for 1h. Then gels were rinsed in
dH20 and dried.

2.3.12 Western Blotting

Proteins were transferred to a nitrocellulose membrane using a semi-dry transfer

apparatus (23V, 150mA for 1h, Biorad Trans-Blot® SD semi-dry transfer cell). The
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transfer buffer contained 14.4g/l glycine, 20% mnethanol and 25mM Tris HCI, pH
8.3, Then, the membrane was blockcd with a blocking buffer containing 3% of w/v
nonfat dry milk-PBS-Tween (PBST: PBS and 0.5% Tween20) for1 h at room
temperature or overnight at 4°C with agitation, The membrane was incubated with
the primary antibedy diluted to the appropriate concentration, in blocking buffer for
1h or overnight at 4 °C with agitation. Usually rabbit anti-histidine (QIAGEN) and
immunopurified chicken anti- Pferk-3 and anti-Pferk-4 were used at 1/2000, whereas
mouse anti-GST was useci at 1/5000. The blot was rinsed in PBST and then washed
twice for 5 min each and twice for 15 min at room femperature, The horseradish
peroxidasc (HRP) labelled secondary antibody (anti-rabbit, anti-chiken, or anti-
mouse) was diluted as recommended (usually 1/10000) in blocking buffer, and
incubated for 1h at room temperature with the membrane. Next, the blot was rinsed
in PBST and washed twice for 5 min each and twice for 15 min at room temperature
and a final wash was performed with PBS. Proteins were detected by Western
Lightning™ Chemiluminescence reagent (PerkinElmer) and visualized by

autoradiography.

2.3.13 Immunological methods

2.3.13.1 Preparation of chicken antibodies

Immunopurified antibodies were prepared from immunised eggs of chickens with
peptides derived from the Pferk-3 and Pferk-4 kinase domains and for Pferk-3 and
Pferk-4 insertions 1 (Dean Goldring, University of Natal, South Africa).

To obtain chicken antibodies (IgYs), synthetic peptides: VVD- Pferk-3
{(CKNRRTLNEDMLSVVD), insertion PN”G”-Pferk-3 (PNERDIKYLRNLPCWN),
LKA-Pferk-4 (CLKAETKDSNIUTLQY), insertion ITI-Pferk-4
(CITIEDLEKDLVMHSID) derived from Pferk-3 and Pferk-4 sequences (see
Anmnexe) were produced by Neosystems and used for immunization of chickens.
Peptides were designed with a cysteine residue for coupling to rabbit albumin (except
for VVD-Pferk-3 and LKA-Pferk-4 peptides whose chosen peptides do not contain a
cysteine, a N-terminal Cys residues (underline) was added) and peptides were
coupled to rabbit albumin using 3-maleimidobenzoic acid Nhydroxysuccinimide
ester (Kitagawa and Aikawa, 1976). Two chickens were immunized intramuscularly
in the breast muscle with 200ug of the peptide {(as a conjugate} emulsified with

Freund's complete adjuvant on day 0 of the experiment, and at weeks 2, 4 and 6 with

69




conjugate emulsified with Freund's incomplete adjuvant (Kitagawa and Aikawa,
1976). Eggs were collected and labeled for 16 weeks after immunisation and stored
at 4°C until processed. Immunoglobulin Y (IgY) was isolated from chicken yoiks
using the method of Polson et o/ (Polson et al., 1985) involving a series of
polyethylene glycol precipitations. The final IgY pellet was resuspended in 0.1 M
sodium phosphatc buffer pH 7.6 containing 0.02% sodium azide and stored at 40C.
IgY was isolated fiom eggs each week. Anti-peptide anlibodies were affinity purified
by cycling the isolated antibodies over a SulfoLink-peptide affinity column prepared
according to the manufacturer's instructions (Pierce). Antibodies were eluted with
glycine-HC1 pH 2.8 und the pH of the eluant neutralized with 10% volume of 1M
phosphate buffer at pH 8.5. Protein was measured at 280 nm and the concentration

determincd using the IgY extinction coefficient of 1.25.

2.3.13.2 Immunofluorescence assays (IFAs)

The immunopurified peptide antibodies were used in immunofluorescence assays,

essentially as described previously (Dorin et al., 1999). Thin films of synchronized
P. falciparum infected erythrocytes were dried on glass slides and fixed for 5§ min at -
20°C in methanol. All subsequent steps were at Room temperature. The slides were
rinsed with PBS and incubated for 20 min in PBS containing 3% of w/v nonfat dry
milk (blocking buffer). They were incubated for 60 min in a humidified chamber
with primary antibody (1: 100 dilution of peptide antibody), and washed with block
buffer (3 times, 5 min each). They were then incubated for 30 min with rhodamine-
conjugated rabbit anti-chicken IgG (Abcam®) diluted 50-fold in block buffer, washed
again with block buffer (3 times, 5 min each), mounted in PBS containing 0.5 yg/ml
of the DNA-staining reagent DAPI (4',6-diaminido-2-phenylindols). The parasites
were then viewed using a DeltaVision fluorescence deconvolution microscope
(Applied Precision).

2.3.14 Kinase assa

2.3.14.1 Standard kinase ‘assaz

The assays were performed in a standard reaction (30 pl) containing (25mM Tris, pH
7.5, 15mM MgCly, 2mM MnClz) (Le Roch et al., 2000), 35uM {y—"*P]dATP (3000
Ci/mmol, Amershamy), 0.5-1pg recombinant kinase, 5pig substrate at 30°C for 30min.
Reactions were stopped by adding 8l of 2X Laemli buffer, and samples were loaded
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on SDS-acrylamide gel. fhe dried gel was exposed at least overnight against Kodak
film and autoradiogram was analysed for protein phosphorylation. Different
substrates were tested: histonc HI (Life Technologies, Inc.), MBP (Invitrogen),
casein (¢ and B, Sigma).

2.3.14.2 Test of Pferk-3 and Plerie4 enzymatic activity

Kinase assay were performed in different kinase buffers (25mM Tris, pH 7.5, 15mM
MgCl,, 2mM MnCly) (Le Roch et al,, 2000), (50mM Tris, pH 7.5, 10mM MgCl,)
(Waters et al., 2000), (50mM Tris, pH 7.5, 15mM MnCl) (Bracchi-Ricard et al.,
2000), and MAPK buffer for Pfcrk-4 only (20 mM Tris/HCI , pH 7.5, 20 mm MgCl,,
2 mm MnCl) (Dorin et al., 2001), using 500 ng of recombinant enzyme.

In the test of activation by exogenous or Plasmodium cyclins, reactions were initiated
by the addition of 0.5 pg each of the recombinant protein kinase and a cyclin partner
after both proteins had been allowed to form a complex at 30 °C for 30 min in kinase
assay buffer. Pferk-3 and Pfork-4 were also tested on a peptide subsirate derived from
histonc H1 (PKTPKKAKKL) (Signa TECT® cde2 Protein Kinase Assay System,
Promega), which is selective to cdc2 kinase activity. In this case, quantification of
peptide substrate phosphorylation was mcasured by scintillation counting (see Signa
TECT® protocol for details, Promega).

2.3.14.3 FIKK kinase assay.
FIKK kinase assays were carried out using a kinase buffer containing (25mM Tris,
pH 7.5, 15mM MgCl,, 2mM MnCl;), under standard conditions,

2.3.14.4 Preparation of parasite protein extract for Kinase assay

Proteins extracts from asynchronous parasites were used as substrates in kinase
assays. The extracts were first passed through a G25 Sephadex column to remove
endogenous ATP and then incubated for 15 min at 30°C and for 15min at 55-65°C to
inactivate endogenous kinases. The kinase assay was performed using 20pg of total

protein extract per reaction.
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2.3.15 Protein interaction studies

2.3.15.1 Pull down experiments
Glutathione-agarose beads coated with GST, GST-Pferk-3, GST-Pferk-3dead, GST-
Pferk-4 or GST-Pferk-4dead were incubated in parasite extracts or in RIPA buffer

alone at 4°C, under mild agitation for 1h (100 pg of total parasite proteins for 10 pg
of recombinant protein on beads). The beads were then washed three times in RTPA
buffer, once in RIPA buffer with 0.1% SDS and once in a standard kinase buffer
containing 10 mM NaF, 10 mM [B-glycerophosphate, 1 mM PMSF, and Complexe
protease inhibitors. Beads were resuspended in a volume of kinase buffer equal to the
volume of beads, A standard kinase assay was then performed in a final volume of

30ul, and the samples were analyzed by SDS-PAGE and autoradiography.

2.3.15.2 Immunoprecipitation (IP) experiments

For immunoprecipitation, parasite extract (100pg) was incubated with
immunopurified anti- chicken antibodies (1.5 pg) on ice for 2h, Protein A Sepharose
CL4B (Pharmacia Biotech) was coated with anti-chicken lgY rabbit antibodies
(Pierce) for 90 min under mild agitation at 4°C in RIPA buffer, and washed 4 times
with RIPA buffer. The immunocomplexes in the parasite extract were then
precipitated with 10pl of Protein-A/anti-chicken rabbit antibodies beads at 4°C under
mild agitation for 90 min. The following chicken IgY antibodies were used as
negative conirols: non-immune, immunopurified anti-hvman C5a Receptor (against
the peptide sequence DSKTFTPSTDDTSPRKSQAV). Another negative control was
performed by omitting tﬁe primary IgY and incubating the cxtract only with anti-
chicken / protein A beads. Immunocomplexes were washed three times in RIPA
buffer, once in RIPA buffer with 0.1% SDS, and once in kinase buffer, and finally
suspended in 10ul kinase buffer. The kinase assays were performed in a standard

reaction of 30pl as described ahove.
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Chapter 3: THE ENTIRE COMPLEMENT OF
PROTEIN KINASES ENCODED IN THE
GENOME OF P. falciparum
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Overview

Reversible phosphorylation is the most important mechanismy commonly used to
control the functional states of proteins. Indeed, covalent attachment of a phosphate
group on a specific protein residue (His, Ser, Thr or Tyr) by a protein kinasc
modulates target protein é'ctivity, by inducing a conformation change. Protein kinases
are key regulators of signal transduction, and are involved in a number of cellular
processes such as DNA replication, cell cycle control, gene transcription and energy
metabolism. Through evolution, from yeast to human, these proteins have conserved
important motifs, which are crucial for catalytic activity, structural stability, and
recognition of specific - ligands (substrate/activator/inhibitor). Based on their
sequence homology, a classification of eukaryotic protein kinases (¢PKs) has been
initiated by Hanks ef @/, (see Chapter 1, section 1.2) ePKs have been divided into
seven major groups, which themselves are organized into functional kinase families.
Biological computing sollware programmes have been developed over the last
decade, much of which are available on the Web and constitute a series of useful
tools to explore the feafures of amino-acid sequences. For instance, for rapid
sequence comparison, basic local alignment search tool (BLAST) is an easily
handled sofiwarc in which one can comparc a query sequence against ecither
nucieotide or protein databases. The output of a BLAST analysis is a list of

sequences that display more similarity to the query within the target database.

Only 23 protein kinases had been identified in P. falciparum at the start of this study
in January 2003 (scc Tablc 3, chapter 1), The availability of the complete sequence
of the Plasmodium falciparum genome on the “PlasmoDB” database,
http://www PlasmoDB.com (Kissinger et al,, 2002) allowed us to identify all genes
cncoding protein kinases-(the so called “kinome”). Whereas the “proteome” contains
the whole set of proteins, which arc expressed in an organism, the “kinome™ is
limiied to the protein kinase family. In our analysis, we have limited this definition to
the genes, which are potentially expressed. “Kinome” is a recent word used by

scientists working on protein kinases.

The work described in this section is focused on the identification, classification and
analysis of the genes encoding protein kinases in P. falciparum. the eukaryotic

protein kinases (ePKs) and atypical protein kinases (aPKs). The final part of this
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chapter presents a compilation of mRNA expression data available on PlasmoDB,
leading to a comprehensive expression pattern of the kinome during the erythrocytic

stages.

3.1 SEARCH FOR EUKARYOTIC PROTEIN KINASES IN P. FALCIPARUM

In order to identify genes encoding protein kinases in P. falciparum, we first
searched the predicted PlasmoDB protein databasc using a text “kinase” search. Only
61 potential protein kinases were found among 5268 predicted protcins. Recent
papers published on the human, worm, yeast and plant “kinomes” suggest that
predicted protein databases are not complete and complementary siudies are
necessary to “build-up” a “kinome”. So, to further our search, we collaborated with
bioiniformaticians (J. Paker (Abbott Laboratories, US) and P. Ward (University of
Glasgow, WCMP)) to perform a Hidden Markov Model search (HMM), a method
usually used for this purpose (Manning et al.,, 2002a; Plowman et al., 1999). This
HMM search is based on a conserved protein kinase motif search, using a consensus

cukaryotic protein kinase profile (Pfam kinase profile (GO:0004672)).

Given a HMM value cut-off of 2.4 10-5 (HMM value of plasmodial genes below 2.4
10-5), P. Ward identified a set of 87 potential ePKs (Table 4, accession number in
blue). Comparison of our two sets (text scarch and HMM search) allowed us to find
27 additional potential protein kinases, which were missed by the text search (Table
5, accession number ir{ blue). Only one potential protein kinase (PFE0170c),
identified in the first set of 61, was not found in the “HMM” set (Table 4, orange
box). Indeed, although its HMM value is above the cut-off (1.1 10-2 >2.4 10-5), its
primary structure assigns this protein to a potential protein kinase. To prevent
missing any other probable protein kinases, I looked at the amino acid sequence of
the 21 “improbable protein kinases” (Table 4, accession number in black), which
HMM value is above the cut-off. Based on the eleven-conserved motifs defined by
Hariks et a! (see Chapter 1, section 1.2.3, Fig.9) (Hanks and Quinn, 1991; Knighton
et al., 1991), only PFE0170c seems to be a potential protein kinase, which leads to a
total of 88 potentials ePKs.

Among the 88 “probable protein kinases™ set, we selected only the protein kinases
that possess the 11 residues required to assign a protein io the protein kinase family

according to Hanks classification. Alignment of the 88 “probable” protcin kinases,
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allowed us to identify the protein kinase domain {(data not shown). Some of these
predicted protcins arc characterized by large (N and C-terminal) extensions, as well
as insertions within the protein kinase domain. These features support our data on
Pferk-3 and Pferk-4 (see Chapter 5) and also the fact that many Plasmodium proteins
are longer than their homologues found in other organisms, a consequence of the
presence of “low-complexity segments” (Xue and Forsdyke, 2003). In some cases
protein kinases contain large insertions (up to 600 amino-acid, see supplementary
material: http://www.biomedcentral.com/content/supplementary /1471-2164-5-79- .
Sl.xt), and multi-alignment software (Clustalw) misplaces important catalytic
motifs. Therefore, I checked all 88 probable proiein kinase sequences and only 65
genes encoding typical ePKs (i.e. containing typical protein kinase residues) have
been retained for phylogenetic analysis (Table 5: accession number in red). Among
the 23 remuaining sequences, 20 were identified to share similarities to each other
(Table 4 and 5: accession number followed by *) and have been grouped into to the
so-called FIKK family (sé’e Chapter 4).
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Sequence

MAL6P1.108
PFL1885¢
PFL2250c
MAL13P1.279
PF13_0211
PF14_0516
PF11_0242
PFB0815w
PFC0420w
PF14_0294
PFO7_0072
PFC0525¢
PFD0865¢
PF14_0346
PF14_0227
PFC0385¢
PF13_0085
PFL1370w
PFE1290w
PF11_0239
PFI1685w
PF11_0096
PF10_0141
PF11_0147
PF13_0206
PF14_0392
MAL6P1.56
MAL7P1.100
PFDO740w
MAL13P1.278
PFB0520w
PF14_0431
PF14_0476
PF11_0227
PFB0150c
MAL6P1.271

HMM value

1.5e-104
7e-102

1.8e-100

6.8e-97
8.6e-9
1e-93
4.8e-93
1.5e-92
3.1e-88
9.6e-87
8.4e-86
4.1e-84
6.2e-84
3.1e-83
1e-82
1.4e-82
1.3e-81
7.9e-80
3.1e-77
3.5e-77
5.3e-76
6.1e-75
9.8e-75
1.7e-74
1.1e-71
1.3e-71
4.4e-71
2.3e-68
4.5e-67
1e-60
3.3e-60
1.7e-58
4e-58
1.3e-55
1.8e-53
7.1e-52

Sequence

PF11_0156
MAL13P1.84
PF11_0488
PFB0605w
PF13_0258
PF14_0423
PFI1280c
MAL6P1.191
PFL2280w
PF11_0377
PFO8_0044
PFC0485w
PF11_0220
PFB0665w
PF14_0408
PF11_0464
PFL0080c
PF11_0060
PFC0755¢
MAL13P1.196
MAL7P1.73
PFI11290w
PFI1275w
MAL7P1.18
PFC0105w
MAL6P1.146
PFI1415w
|PFA0380w
PFC0945w
PFI10100c
PFC0060c
PF10110c
PFD1165w
PF10_0380
PF11_0510
MAL7P1.144

HMM value

1.4e-49
3.6e-49
1.8e-46
3.9e-44
2.4e-42
1.9e-40
2.8e-38
2e-36

6.5e-35
2.2e-34
7.6e-34
5.3e-30
1.2e-28
5.9e-28
1.2e-27
1e-26

6.9e-25
2.2e-23
1.7e-20
4.6e-19
4.1e-18
8.3e-18
8.6e-13
1.5e-12
1.6e-11
7.1e-11
1.7e-10
2.8e-10
7.4e-10
1.3e-09
5.2e-09
8.1e-09
1.9e-08
2.2e-08
2.4e-08
7.9e-08

Sequence

PFA0130c
PFLO0040c
MAL7P1.132
PFI10125¢
PFI0095¢
MAL7P1.175
PF14_0320
PFE0045¢c
PF10_0160
PFI10120c
PF11_0079
PFD1175w
MAL7P1.127
PF13_0166

MAL7PT.01

PF14_0264

PF10105¢
PF10115¢

MAL13P1.109 *

PF14_0715
MAL8P1.42
MAL7P1.26
PF11_0127
PFI0160w
MAL13P1.114
PF14_0734
PFO8_0098
PFD0975w
PFI1650w
MAL13P1.267
PF14_0143
PFE0935c¢
PF10_0224
MAL7P1.68
PFA0410w

HMM value

1.1e-07
1.9e-07
2.4e-07
3e-07

3.5e-07
4.1e-07
1.2e-06
1.4e-06
5.2e-06
7.4e-06
1e-05

1.4e-05
1.8e-05
2.4e-05

|2.4e-05

0.00016
0.00086
0.0016
0.002
0.011
0.012
0.019
0.033
0.046
0.1
0.11
0.43
0.9

1.5
3.3

4.2

4.6

5.9

6.2

6.6

7.3

Table 4: 87 potential ePKs among 108 plasmodial ePK-related sequences found

by Hidden Markov Model (HMM) search

Genes are represented by their PlasmoDB identifiers in the first column, followed by

their related HMM value. This table contains 87 “probable’ protein kinases (in
blue), in which the HMM value is below the cut-off (blue box). Among the 21

“improbable” protein kinases (in black), only PFE0I70c (orange box) possess the

conserved motif to assign this protein to a probable protein kinase. Protein kinase

name followed by * belong to the new identified FIKK family (see Chapter 4)
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Table 5: 65 ePK among the 88 “probable” plasmodial protein kinases

Genes are represented by their PlasmoDB identifiers accession number and their
related HMM value. In the second column "texttHMMsearch”, 88 kinases have been
identified by either text «protein kinase » search on PlasmoDB predicted protein
database or by HMM search. Protein kinases identified only by text search are in
orange, whereas protein kinase identified by HMM search only are in blue. Based on
the 11 important catalytic residues, 65 ePK (in the third column) were identified.
Interestingly, 10 proteins (*) miss imporfant residues such as the glycine domain and

share the same conserved motif FIKK (see Chapter 4).




HMM value text/HMMsearch

1,50E-104
7,00E-102
1,80E-100
6,80E-97
8,60E-96
1,00E-93
4,80E-93
1,50E-92
3,10E-88
9,60E-87
8,40E-86
4,10E-84
6,20E-84
3,10E-83
1,00E-82
1,40E-82
1,30E-81
7,90E-80
3,10E-77
3,50E-77
5,30E-76
6,10E-75
9,80E-75
1,70E-74
1,10E-71
1,30E-71
4,40E-71
2,30E-68
4,50E-67
1,00E-60
3,30E-60
1,70E-58
4,00E-58
1,30E-55
1,80E-563
7,10E-52
1,40E-49
3,60E-49
1,80E-46
3,90E-44
2,40E-42
1,90E-40
2,80E-38
2,00E-36

MAL6P1.108
PFL1885¢
PFL2250c
MAL13P1.279
PF13_0211
PF14_0516
PF11_0242
PFB0815w
PFC0420w
PF14_0294
PFO7_0072
PFC0525¢
PFDO0865¢
PF14_0346
PF14_0227
PFC0385¢
PF13_0085
PFL1370w
PFE1290w
PF11_0239
PFI1685w
PF11_0096
PF10_0141
PF11_0147
PF13_0206
PF14_0392
MAL6P1.56
MAL7P1.100
PFD0740w
MAL13P1.278
PFB0520w
PF14_0431
PF14_0476
PF11_0227
PFB0150c
MAL6P1.271
PF11_0156
MAL13P1.84
PF11_0488
PFBO605w
PF13_0258
PF14_0423
PFI1280¢c
MAL6P1.191

ePK

MAL6P1.108
PFL1885¢
PFL2250c
MAL13P1.279
PF13 0211
PF14 0516
PF11_0242
PFBO815w
PFC0420w
PF14_0294
PFO7_0072
PFC0525¢
PFD0865¢c
PF14 0346
PF14 0227
PFC0385c
PF13 0085
PFL1370w
PFE1290w
PF11_0239
PF11685w
PF11 0096
PF10 0141
PF11 0147
PF13 0206
PF14 0392
MALBP1 .56
MAL7P1.100
PFD0O740w
MAL13P1.278
PFB0520w
PF14_0431
PF14 0476
PF11_0227
PFB0150c
MALGP1.271
PF11_0156
MAL13P1 84
PF11 0488
PFB0O605w
PF13 0258
PF14 0423
PFI11280c
MALG6P1.191
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HMM value text/HMM earch

6,50E-35
2,20E-34
7,60E-34
5,30E-30
1,20E-28
5,90E-28
1,20E-27
1,00E-26
6,90E-25
2,20E-23
1,70E-20
4,60E-19
4,10E-18
8,30E-18
8,60E-13
1,50E-12
1,60E-11
7,10E-11
1,70E-10
2,80E-10
7,40E-10
1,30E-09
5,20E-09
8,10E-09
1,90E-08
2,20E-08
2,40E-08
7,90E-08
1,10E-07
1,90E-07
2,40E-07
3,00E-07
3,50E-07
4,10E-07
1,20E-06
1,40E-06
5,20E-06
7,40E-06
1,00E-05
1,40E-05
1,80E-05
2,40E-05
2,40E-05
1.10F-02

PFL2280w
PF11_0377
PFO08_0044
PFC0485w
PF11_0220
PFBO665wW
PF14_0408
PF11_0464
PFL0080C
PF11_0060
PFC0755¢
MAL13P1.196
MAL7P1.73
PFI1290w
PFI1275w
MAL7P1.18
PFC0105w
MAL6P1.146
PFI1415w
PFA0380w
PFC0945w
PFI0100c
PFC0060c
PFI0110c
PFD1165w
PF10_0380
PF11_0510
MAL7P1.144
PFA0130c
PFL0040c
MAL7P1.132
PFI0125¢
PFI0095¢
MAL7P1.175
PF14_0320
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*
*
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*

*

MAL7P1.91
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3.2, PHYLOGENETIC ANALYSIS OF P FALCIPARUM EUKARYOTIC
PROTEIN KINASES:

According to Hanks ef @/, based on sequence homology, ePKs can be distributed in
seven groups including: AGC, CMGC, CaMK, TyrK, CK1, STE, TKL (see Chapter
1, section 1.2.3). Other ePKs, which do not cluster with any of these groups, are
placed into the OPK {“other protein kinases™) group. To cluster the 65 malarial
cnzymes to the seven major groups, I. Packer constructed a phylogenetic tree, using
a multiple alignment including the 65 P. falciparum ePK and the human/yeast
protein kinase representative of each protein kinase family (Fig.14). Insertions and
extensions were omifted from amino-acid sequences alignment and only the protein
kinase domain was used in this analysis. The resulting tree (Fig.14) indicates that the

parasite possesses enzymies belonging to most of the ¢PK groups.

3.2.1 AGC group.

Five malarial protein kinases cluster within this group. Three of them have been
previously characterized: the c¢AMP and c¢GMP dependent protein kinases:
respectively PfPKA [PFI1685w] (Syin et al., 2001} and PfPKG [PF14_0346] (Deng
and Baker, 2002) and also the protein kinase B (PfPKB) [PFL2250¢] (Kumar et al.,
2004). In several cukaryotes including numerous protists, the cAMP pathway plays a
central role in many dcvclopmental processes. In ecukaryotes, PKA exists as an
inactive complex of catalytic und regulatory subunits: the cAMP dependent kinase
(PKAc) and the inhibitory regulatory subunits (PKAr). A screening of the
Plasmodium database reveals the presence also of a related PIPKAr (PFL1110¢),
PKB are actlivated by phosphoinositide-3-kinase (PI3K), and interestingly, the 2.
Jalciparum genome contains a PI3K-related enzyme (see below). Whereas, in
mammals, PKC are important transducers of signals that promote phospholipid
hydrolysis, it appears in our analysis that there is not a clear member of the PKC
subfamily. This first analysis of the AGC group illustrates the fact that some
signalling pathways have been well conserved in P. falciparum, whereas others may

dilfer widely (see below).
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Fig. 14: Phylogenctic tree of P, falciparum ¢PKs (constructed by J. Packer).

65 sequences from P. falciparum (in red) are shown, together with representative
members of major subgroups of human protein kinases (in black). The P. falciparum
sequences are labelled with their identifier in the PlasmoDB database and, where
applicable, with the published name of the enzymes. Branches with bootstrap value
> 70 are shown in red and > 40 in blue. The scale bar represents 0.1 mutational

changes per residue.
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3.2.2 CMGC group

Eighteen malarial protein kinases cluster within this group. Seven enzymes are
rclated to the cyclin-dependent kinase family (CDK). A new one (Pferk-5:
MALGP1.271) was discovered during the present analysis, and the other six had been
identified previously (Pferk-1 Pferk-3, Pferk-4, PIPKS, PfPK6, Pfinrk) ((Doerig et
al., 2002) for review). In eukaryotcs, cyclin activators control CDXK activity; in P.
Sfalciparum, four proteins related to cycling have been identified so far (Merckx et al.,
2003). In previous primary structure analyses, two enzymes, PfPK6 (Bracchi-Ricard
et al., 2000) and Pfcrk-4 (see Chapter 5), have been reported to display features of
both CDKs and mitogen-activaled protein kinases (MAPKs). These previous
observations are consistent with their position on the phylogenetic tree, as these two
enzymes do not cluster strongly within the CDK family. Pferk-4 is in a cluster
(composed of Pferk-4 and uncharacterized MALI3P1.196) at the base of the
CDK/MAPK/GSK3 branch, and PfPK6 is in a cluster (composed of P{PK6 and
Pferk-5) that is intermediate between the CDK and thec MAPK groups. Two
previously characterised MAPKSs, Pifimap-1 (Doerig ct al., 1996; Graeser et al., 1997;
Lin et al., 1996) and Pfmap-2 (Dorin et al., 1999), cluster together with a human
member of the MAPK family, as expected. One gene, PfGSK3 is truly related to the
GSK3 kinase sub-family (Proucheau ct al., 2004). On the base of the GSK3 group,
there are two additional genes, PfPK1 (which has been also characterisced previously
(Droucheau et al., 2004)) and the uncharacterized predicted protcing MAL13P1.84.
P{fCK2 [PF11_0096] forms a distant branch on the base of the GSK3-related group.
Four additional enzymes form another cluster with human Clkl that includes a

previously described LAMMER-related kinasc (Li et al., 2001).

3.2.3 CamK groupn

The CamK group contains seven related ePKs, which underlines the importance of
calcium signalling in the parasite (Garcia, 1999). No malarial protein kinase clusters
closely with the mammalian CamKs. Howcver, six sequences, form a sister branch
to the CamK cluster: PfCDPK1, PfCDPK2, PfCDPK3, PfCDPK4 and the
uncharacterized PF1t 0242 and PF13_0211. These enzymes share the overall
structure of the calcium-dependent protein kinases (CDPKs), which have been found

in Plants and Ciliates, but not in Metazoans. Four of these cnzymes have becn
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previously described: PfCDPK1 [PFB0815w] (Zhao et al, 1994), PICDPK2
MALGP1.108] (Farber ct al., 1997), PCDKP3 {PFC0420w] (Li et al., 2000) and
more recently PICDPK4 [PF07_0072] (Billker et al.,, 2004). The CamK activity
described (Silva-Neto et al, 2002) as crucial for P. gallinaceum ookinete
development in the mosquito vector is likely to be associated with onc of the
enzymes in this group. Recent data, in P. berghei, have shown that the plant-like

calcium .dependent kinase, PFCDPK4, is expressed in the sexual stages and is

essential for developmeﬁt of the parasite in the mosquito (Billker et al., 2004). This .

protein has been identifiecd as an essential mediator of male gametocyte
cxflagellation induced by xanthurenic acid (XA) (see Chapter 1, section 1.3 (Billker
et al.,, 1998)). The last CamK is PIPK2 [Pf11885¢], which constitutes a sister branch
to the CDPKs group. This enzyme was previously characterized as being related to
the CamK family (Zhao et al., 1992),

3.2.4 Absence of members of TyrK group.

No tyrosine kinase has been identified in our analysis. Based on homology sequence
search, tyrosine kinases have been found cspecially in metazoans, but only rarely in
unicellular eukaryotes (see Chapter 1, section 1.2.3; Shiu and Li 2004). Usually they
are associated with the plasma membranc and play a direct role in the transmission of
extracellular signals. It has been suggested (Madhusudan and Ganesan, 2004; Shiu
and Li, 2004) that these proteins have diverged in response to the necessity of
metazoans to develop intercellular communication. However, Western blot
experiments using specific phospho-tyrosine antibodies (which do not cross react
with peptides containing phospho-serine or phospho-threoning) on Plasmodium
protein extracts have been performed (Fig. 15). Similar amounts of protein extract’
from P. falciparum erythrocytic stages and from procyclic and bloodstream forms
from Trypanosoma brucei (as positive controls) were loaded on the gel. In the
Plasmodium extract (lane 1), the antibody recognizes two proteins around 100 and
50kDa. In T brucei, twao principal bands around 30 and 20kDa are present, consistent
with previous studies showing that 7. brucei possesses multiple proteins reacting
with a specific anti-phosphotyrosine antiserum (Parsons et al., 1991}. Hence, the
Western blot results suggest the presence of proteins containing phosphorylated

tyrosine residucs in both species. Preincubation of the parasile protein extracts with
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phosphatases would delinitively conlirm Lhat the antigens contain phesphorylated
resdue(s).

The genome of T. brucei has been sequenced (data published by TIGR institute,
http://www.tigr.org/tdb), and BLASTP analysis as well as text research suggest that
no typical receptor-linked tyrosine kinase are present in this genome. Although in
most cases important residues are conserved through evolution, we cannot exclude
the possibility that in some organisms, some prolein kinases have cvolved
specifically, but have conserved their function (see the example of the unusual
mammalian WNK1 kinase, chapter 1, section 1.2.5.3). So, this preliminary result on
tyrosine kinase underlines the limitation of protein kinase identification by in sifico
search and also the difficulties to find homologous sequences in organisms such as P.
Jalciparum, that are divergent from the eukaryotic models (yeast and mammals).
Because of thesc divergences, it is likely that using yeast/mammal proteins as
templates to find homologues would consequently limit our scarch.

Another explanation for the presence of phosphorylated-tyrosine residues in parasite
proteins extract is that phosphorylation is due to “dual-specificity protein kinases™
which are able to phosphorylate tyrosine (Tyr) residues as well as other residues
(such as threonine (Thr))., Dual specificity protein kinases that phosphorylate the
Thr- and Tyr-residues within the TXY motif of MAP-kinases play a central role in
the regulation of various processes of cell growth and are also known as MAP kinase
kinases (MAPKK). Although no plasmodial ePK is an obvious dual-specificity
protein kinase (see section 3.2.6 below), it cannot be excluded that enzymes
possessing this property are present in P. felciparum and are able to phosphorylate
tyrosine residues.

On the other hand, the monoclonal antibody is derived from mice immunized with
phosphor-tyrosine-containing peptide in order to interact with a broad range of -
mammalian phosphorylated tyrosine proteins. In other words, this antibody
recognizes specifically a consensus of residues usually found around phosphorylated
tyrosines in mammalian protcins. So, the relative specificity of this antibody on a
parasite protein extract is difficult to estimate and it is possible that the antibody

recognized another type of Plasmodium phosphorylated residues.
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Fig. 15: Western blot using anti-phosphorylated tyrosine antibody (left panel)
and associated Coomassie stained acrylamide gel (right panel)

1. P. falciparum erythrocyte stage; 2. T. brucei procyclic form; 3. T. brucei
bloodstream form. 15ug of protein extract was loaded on an acrylamide gel (right
panel). After transfer onto nitrocellulose membrane, Western blot analysis was
performed using antiphosphorylated tyrosine mouse antibody ([P-Tyr-100], Cell
signalling) (1/1000) and mouse HRP conjugated antibody (1/10000) (left panel).

3.2.5 CK1 group.
Whereas in some other kinomes, this family is vastly expanded (e.g. C. elegans with
85 genes), only one malarial protein kinase, the previously described PfCK1 (Barik et

al., 1997) has been found to cluster with human CK1.

3.2.6 Absence of members of the STE group.

No malarial protein kinase clusters with the STE group, which is consistent with the
previous in vitro and in silico search to identify MAPKK malarial homologues
(Dorin, 2004; Dorin et al., 2001).
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3.2.7 TKL group

Five malarial enzymes are close to the TyrK-like group, including PfRaf
[PFB0520w]. PfRaf clusters with the TGF receptor (TGFB1). Despite its name, the
malarial sequence PfRaf is much more similar to TGFB receptors than to
mammalian Raf (Rafl). Indeed, like TGFP receptors, the malarial enzyme P{fRaf has

a predicted N-terminal transmembrane sequence.
3.2.8 Other clusters and “orphan” protein kinases:

3.2.8.1 NIMA/Nek group
Five Plasmodium genes, including the previously characterised Pfnek-1 eniyme

(Dorin et al., 2001), form a cluster with the NIMA/Nek family, a recently identified
protein kinase family (O'Connell et al., 2003).

3.2.8.2 Orphan protein kz‘rgases

Several protein kinases appear not to cluster clearly with any defined group, or
constitute small “satellite” clusters. Examples of such “orphan” protein kinases are
(i) the cluster formed by PfKIN [PF140516], an enzyme previously described as
related to the SNF1 family (Bracchi et al., 1996), and the two uncharacterized
PF14_0476 and PF13_0085, located at the base of the CamK and AGC branches, and
do not associate strongly with any established ePK group.

(it) the “P. falciparum exported protein kinase” PfEST, [MAL7P1.91] (Kun et al,,
1997) , which forms an isolated branch at the base of the tree containing the CMGC,
CamK and AGC groups.

(iii) a small group of three malarial enzymes, including PfPK4 [MALGP1.1467,
which was previously ~characterised as mammalian elongation factor kinase
homologue (eIF-2alpha) (Mohrle et al., 1997).

3.2.9 Absence of prokaryotic histidine kinase ?

In some eukaryotes, especially in plants, enzymes similar to prokaryotic histidine
kinases have been characterized. Some P. falciparum genes (e.g. PFD0685¢ and
PF14_0326) display regions with low-level similarity to the histidine kinase domain,

but the significance of this observation remains to be established. In yeast and
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mammals, MAPKs are activated by MAPKK-dependent phosphorylation on the TxY
conserved motif. In P. falciparum, Pfinap2, a MAPK-related protein, possesses an
unusual activation site TxH. The presence of a histidine residue at this position raises
the question about the potential activation by a histidine kinase, and is in favour of
the hypothesis that functional homologues of such enzymes do indeed exist in the

parasite.

3.3 ATYPICAL PROTEIN KINASES IN P, FALCIPARUM

Several eukaryotic enzymes display kinase activity, but share little similarity with
¢PKs. These proteins have been called “atypical protein kinases” (aPKs). I performed
further analysis to determine whether the P. falciparum genome contains such aPKs.
Atypical protein kinase (aPKs) include A6 kinases, members of lipid kinases
{phosphoinositide kinases: PIKs), aminoglycoside phosphotransferases, pyruvate
dehydrogenase kinase family members, DNA-dependent protein kinase, ATM, ATR,
BCR, transient receptor potential kinase and actin-fragmin kinases (Kostich et al.,
2002). Microbial-like kinases such as RIO kinase or the ABC family (Plowman ct
al., 1999) have been also included as aPK in our analysis.

BLASTP searches of the Plasmodium genome database were performed using aPK
protein sequences of human (or other mammals) as a template (A6 kinase [A55922],
PI3K-C2alpha, aminoglycoside 3’-phosphotransferascs, ATM, ATR protein kinase,
BCR gene, transient receptor potential cation channel6/channel-kinase 2 and actin-
fragmin kinases). In this ‘analysis, only a phosphoinositide-3-kinase (PI3K)-related
sequence [PFE0765w] was found, and no significant hits were obtained with other
human aPKs. The finding of such a malarial PI3K is in agreement with previous
experimental studies (Elabbadi et al., 1994) and also with the prescnce of a PKB
homologue (see above, AGC group), demonsirating the presence of a phosphatidyi-
inositol pathway in the parasite. However, the PIPI3K homologue appears (o not
contain the FAT and FATC domains, which arc present in PIKs from other
organisms and have been associated with protein kinase activity (Bosotti et al.,
2000). Complementary studies performed by P. Ward have shown the presence of
two putative members of the ABC1 family (PF08_0098 and PF14_0143). These
enzymes are known to play a tole in cellular lipid transport. Finally, two other
sequences of PIK (PFE0485w and PFD0%965w) related to PI4K were found (in
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addition to the PfPI3K mentioned above); both of them lack FAT/FATC domains.
Two members of the RIO kinase family (PFL1490w (RIOK1-likc) and PFD(0975w
(RIOK2-like)) have been also identified. In §. cerevisiae for instance, these enzymes

are involved in rRNA processing (Geerhings et al., 2003).

3.4 mRNA EXPRESSION PATTERN OF PROTEIN KINASES DURING THE

P, FALCIPARUM LIFE CYCLE

Recent data on the gene expression profile (“transcriptome”) in the different stages
of the parasite for human and mosquito hosts have been published (Bozdech et al.,
2003; Le Roch et al., 2003). The results (microarray data) from the Le Roch e/ al.
and Bozdech er wl. studies, available on PlasmoDB, were compiled to produce a
general picture of PK genc expression during erythrocytic development, and a
phaseogram was created by ordering the transcriptional profiles in accordance with
the timing of their expression (Fig. 16). The genes were arranged in relation to the
timing of their expression during the erythrocyte phase of parasite development,
according to DeRisi e al. in PlasmoDB, (Bozdech et al., 2003), to illustrate the fact
that essentially all of them are expressed in a regulated way during schizogony, and
that this process involves sequential but overlapping expression of most protein
kinases in the genome.

In all cases, gene expression patterns through the asexual stages are cyclic with a
peak of expression localized at a specific time, which suggests that mRNA levels are
tightly regulated. Most of the PKs are expressed in late stages (trophozoites and
schizonts), but some PK mRNAs are clearly predominantly detected in rings (the
younger form following erythrocyte invasion). Compilation of these data also

indicated that a small number of PfPKs are specific to gametocytes.

3.5 PROTEOMICS DATA OF PROTEIN KINASES DURING 2
FALCIPARUM YITE CYCLE

Proteomics data from Florens er al. (Florens et al., 2002; fohnson et al., 2004) have
been compiled in Fig. 17. Plasmodium protein kinases were arranged in the same
order as the mRNA profile (i.e. in accordance with the timing of their expression
during the erythrocyte dcvclopment according Bozdech et al. data, see Fig. 16).

Although positive data from such proteomics studies strongly suggest that a given
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protein is expressed at a given developmental stage, the absence of a signal for
specific proteins cannot be interpreted. Indeed, we cannot exclude that absence of a
signal in the mass spectrometry analysis, is due to low abundance of the polypeptide
in the extract, or to other limitations of the experimental procedure. So, it is clear that
such proteomics studies provide a broad representative profile of protein expression
during the life cycle of the parasite and that additional work needs to be done on

individual proteins to understand which protein kinase is present at which stage.
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Fig. 16: List of P, falciparum ePKs, aPKs and PK regulators, and mRNA profile
during erythrocytic development of the parasite,

R: ring, T: trophozoite, 8: schizont, M: merozoite, G: gamefocyte, Sp: sporozoite,
Apic: apicoplast, Mitoch: mitochondrion. PlasmoDB gene identifiers are indicated
in the left column, followed by the published names where applicable. Identifiers of
enzymes belonging to defined ePK groups appear in colour (1G:C, CMGC, CamK,
Casein Kinasce 1, TR-like). The phaseogram (data generaied by DeRisi et al
available in PlusmoDB, (Bozdech et al., 2003)) show the red/green colorimetric
representation of gene expression ratio during erythrocyte development of the
rarasite. Positive ratio in red indicates mRNA expression of the gene, whereas green
correspond fo negative ratio (i.e. no expression) and grey or white: no data. mRNA
expression during M, G and Sp stages (data generated by LeRoch et al., (Le Roch et
al., 2003)) is represented by red or orange hoxes. A white box indicates absence of
mRNA in a specifie stage whereas its presence is represented by orange or red box
in SIM/G. Where only one of the two Synchronised merozoite populations gave a
signal (as well as one of the two mature stage IV and V gametocytes), the box is
coloured in orange. Columns (o the right indicate those molecules, which, according
{0 the gene prediction algorithm used in PlasmoDB, possess a putative apicoplast or

mitochondrion targeting sequence.
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ePKs
PF11_0147
MAL6P1.146
PF11280c
PF14_0431
PFD0740w
PFC0485w
PF10_0141
PF11_0096
PFC0105w
PF14_0227
PFB0605w
PF11415w
PFB0520w
PFDO0865¢c
MAL7P1.91
PF11_0488
MAL13P1.279
PFC0525¢
MAL13P1.196
MAL6P1.271
PFL0080C
PFC0385¢c
PF L2250
MAL6P1.56
PFL1370w
MAL7P1.73
PF11_0220
PF11_0227
PFCO0755¢
PFL2280w
PF14_0408
PF11_0156
PF11290w
MALGP1 108
PF14_0320
PF13_0258
PF14_0392
PF11_0060
PFB0150c
PFL1885¢

R T S G M Spor

IIIII‘IIIIIIIII

Name

Pfmap-2
PfPK4 FY
PfLammer
Pferk-3

Pfmrk
PfCK2

CDPK
PfPK7

PfRaf
Pfcrk-1
PfFEST

PfPKS
PfGSK3

Pferk-5
Pfnek-3

RAC

Pfnek-5
Pfnek-1

Pfcrk-4

b M

PfCDPK2

PfPK2

PF11_0377
PF11_0464
PE14 134K
PFO7 0072
MAL13P1.278
PFI1R85w%
PFB08 15w
PFB0665w
PE13 .0211
PF14_0423
PF08_0044
MAL6P1.191
PF14_0476
PF11 (247
MAL13P1.84
MAL7P1.100
PF14_0516
PFA0380w
PFE1290w
PFC0420w
PF13_0085
PF13_0206
PF14_0294
PF11_0239
MAL7P1.18

aPKs:
PFEQO765w
PFL1490w
PFD0975w
PF08_0098
PF14_0143

PK requlators:

PF11_0048
PF13_0232
PF14_0605
PF13_0022
PFL1330c
PFE0920c
PFL1110c

Name

PfCK1

PfPKG

PPKA
PICDPK1

CDPK

PPK1

Pfnek-3
PKIN

Pfnek-4
PfCDPK3

PfPK6
Pfmap-1

PI3K
Rio K
Rio K
ABC1
ABC1

PfCK2R1
PfCK2R2
Pfcyc-1
Pfcyc-4
Pfcyc-2
Pfcyc-3
PfPKAR

Fig. 17: Proteomic data of ePKs, aPKs and PK regulators.

R T S G M Spor

—-

R: ring, T: trophozoite, S: sporozoite, G: gametocyte, M: merozoite, Spor:

sporozoite. Based on proteomics analysis (Johnson et al., 2004), a red box indicates

that peptide(s) derived from the predicted protein has (or have) been identified in

this stage by mass spectrometry analysis.
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3.6 DISCUSSION

Of the 5268 predicted proteins in the P. falciparum genome, only 65 correspond to
typical ePKs, which represents about 1.2%. For comparison, 1.7% and 2.5 % ePK
genes in the human and Caenorhabditis elegans genomes, respectively, encode
protein kinases (Manning et al, 2002b; Plowman et al, 1999) and the
Saccharomyces cerevisiae genome (12Mb), whose size is half that of P. faiciparum,
encodes 115 ePK out of a total of 5800 predicted proteins, which is approximately
2% (Hunter and Plowman, 1997). So, the size of the protein kinasc reperloire in P.

Sfalciparum is smaller than that of the other eukaryote species kinomes studied so far,

Predominant features of the phylogenetic tree:

(i) Most major ¢PK families are present in the kinome of P. fulciparum.
However, no malarial ePK clustered with the tyrosine kinase group, as is the case in
yeast and some other unicellular eukaryotes. The STE members are also absent from
our analysis, suggesting that the organisation of the MAPK pathway may differ from

that in mammals/yeast models.

(ii) Several enzymes did not cluster into defined PXK groups and some of them
are positioned at an intermediate position between established protein kinase
families. Complementary analyses of their amino acid scquence have shown that
these protein kinases share motifs with both protein kinase families, So far, four
PiPKs have been described that appear to be “hybrid” enzymes displaying features
from more than one established ePK family. As mentioned above, PfPK6
[PF130206] and Pferk-4 [PFC0755¢] both display relatedness to CDKs and MAPKS,
and this is confirmed by their position on the tree. The MAPKK-like activation site
of Pfnek-1 [PFL1370w],. a NIMA-related protein kinase, (Dorin et al, 2001)
provides another example of hybrid cnzyme, as well as PfPK7 [PFB0O605w], an
enzyme whose C-terminal region carries a sequence that is conserved in MAPKKSs,
but whose N-terminal region is more closely related to that of fungal PKAs (Dorin,
2004). This featurc is not plasmedial specific, indeed, it has been reported in other
organisms that protein kinases could display such hybrid features. For instance, the
catalytic domain of human hPRP4 (pre-RNA processing gene), a protein kinase
involved in mRNA processing, shares significant amino acid identity with the CDKs
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and MAPKs (Huang et al, 2000). In Trypanosoma brucei, TOMOKI displays
features of both MAPK and CDK (J, Mottram, personal communication). Whether
such “dual” enzymes represent common ancestors of subsequently divergent
families, which have been conserved in the evolution of the Apicomplexan lineage,
or whether these protein kinases are derived from recombination of domains between

existing protein kinase genes, remains to be elucidated.

(iii) Among the seven ePK groups, the CMGC group is the most prominent .

group in the Plasmodium kinome. Interestingly, in other eukaryotic systems a
majority of CMGC kinases are involved in the control of cell proliferation and
development), and their relative abundance in the P. falciparum kinome may reflect
the variety of successive’ proliferative and non-proliferative stages, which constitute

the life cycle of malaria parasites.

(iv) A number of Plasmodium ePKs possess insertions in the catalytic domain, as
well as N terminal extensions or C-terminal extensions. The multiple alignment of
the 65 P. falciparum ePK sequences, together with those of human/yeast protein
kinases, shows that almost half of the plasmodial protein kinases possess insertion
sequences in their kinase domain {from 10 to 570 amino-acids). In contrast, few
examples of such insertions have been reported in the protein kinases of other
organisms, In Crithidia fasciculata, cfcrkd4, a gene encoding a cde-related kinase
(Brown et al, 1992), possesses lwo insertions, which are localized between
subdomains VIb and VII' (66 amino acids size), and between subdomains X and XI
(79 amino acids size). In P. falciparum, mternal regions vary in sizes and are rich in
repeated motifs rich in asparagine (N) residues and also charged residues such as
aspartate (D) and arginine (R). PIPK1 (PFO8_0044), for example, possesses two
large insertions localized either between subdomains V and VIa or subdomains VIb
and VII (with 178 and 330 amino-acids in size respectively). The biggest insertion
(570 amino-acids} is localized in MALGP1.146, between subdomain VIa and VIb.
Interestingly, several of the insertions have been localized at the hinge between the
B-strands of subdomains II and helix alpha of subdomain III, and presumably do not
interfere with the folding of the N-terminal lobe of the enzyme (see Chapter 5,
section 5.1 for illustmtiop) (Kappes ¢t al., 1995). The lunction of thesc elements
(insertions/exlensions) inside the catalytic domain of protcin kinase is still

undetermined, although there is indirect evidence in some cases (e.g. Pfmap-1,
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(Graeser ef al., 1997)) that extensions are absent from the enzymes in parasite protein
extracts, presumably as a result of proteolytic cleavage. These findings illustrate the
fact that Plasmodium is distinguished from other model organisms by the presence of
numerous low complexity inserts (i.e low diversity of amino acid sequence within
the globular domains of proteins) (Aravind et al., 2003). Indeed, 2 comparison of
orthologous proteins reveals that plasmodial proteins can be up to 50% longer than

yeast proteins. This increase in plasmodial protein size (and thus genome size)

contrasts with the compaction of some parasite genomes (such as that of the

microsporidia Encephalitozoon cuniculi (Katinka et al., 2001). Usually, it has been
noticed that large insertions in Plasmodium proteins are rich in asparagine residues,
and may vary in length from small inserts of less than 10 amino acids to large inserts
of more than 100 amino acids. Similar insertions have been also observed in proteins
form other eukaryotcs, like the tryptophane-aspartate (W-D) repeat regions (Smith et
al,, 1999). In Dictyostelium discoideum proteins, a low complexity W-D regions
found in MHCK {myosin heavy chain kinase) is involved in substratec binding
(Steimle ct al., 2001). Studies of the plasmodial GTPase domain have shown that the
insertions are located at an external position of the globular protein, suggesting that
the insert may not interfere with the functions of the rest of the protein, as proposed
above for at least some of the insertions found in PIPKs (Aravind et al., 2003). Low
complexity regions could also be found in N terminal and C-terminal extensions.
Nearly all of the plasmodial ePK possess an N terminal extension; some of them are
rcally large (up to 900 amino acids). Likewise, several protein kinases possess a C-
terminal extension (up to 500 amino acids). The function of these regions is not
understood. While there is some evidence that such regions have a role in protein-
protein interactions or in <protcin kinase regulation in other eukaryotes (Ellis et al,,
2004; Liu et al., 2002), it has been suggested that in Plasmodium these regions might
be involved in immune evasion. Indeed, it has been postulated these low complexity
regions could play a role in causing an ineffective host immune response against the

asparagine-rich regions (Aravind et al,, 2003).

Among the 65 plasmodial ePKs identified in this study, only 23 have been previously
characterized and most of them display enzymatic activity in vitro (sec Chapter 1,
Table 3). Hence, additional experimental testing is required to assign a function to
cach potential protein kinase. The characterisation of biochemical function and

regulation of expression of these protein kinases during specific developmental
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stages will provide useful information in the context of novel drug {arget
identification. Both transcriplome and proteome data have to be interpreted
cautiously, because both mRNA and protein samplcs were cxtracted from P.
Sfalciparum clones that have been -maintained in culture for generations (3D7 and
HB3 strains for respectively Le Roch ef al. and De Risi et ol. studies, available on
PlasmoDB). Therefore, the expression pattern may not reflect that existing in
parasites replicating in the human or mosquito hosts and more experiments should be
performed for each protein kinase to study the expression profile and its localization
in the parasite. However, these results provide a picture of gene co-expression in the
laboratory clones. Co-expressed genes may operate in the same pathway(s), or at
least in the same cellular process during parasite development. For instance, the
expression pattern of Pfcye-1 (a cyclin related to mammalian cyclin H) is almost
identical to that of Pfinrk (a putative CAK homologue), and it is therefore likely that

these two elements function in the same process.
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Chapter 4: FIKK,
ANOVEL PROTEIN- KINASE FAMILY
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Qverview

The characterisation of the P. falciparum ePK complement led to the discovery of a
novel family of 20 genes; closely related to each other and encoding protein kinase-
related polypeptides. This novel family was called FIKK, on the basis of a conserved
“FIKK” amino acid motif present in these proteins. The description of FIKK primary
structure reveals that all important residues in the kinase domain are found in these
sequences, with the exception of the glycine-rich motif involved in ATP binding (see
section 4.1 below). However, literature illustrates the fact that some kinases, which
also lack the glycine triad, are nevertheless active (see Chapter 1, section 1.2.5), To
test the hypothesis that FIKK family members possess protein kinase activity, we
cloned and expressed one of them (PFL40c) in E. coli, and tested its ability to
phosphorylate exogenous substrates in vitro {section 4.4), but so far, we have found
no evidence of protein' kinase activily. To further our understanding of the
mechanisms that have iriggered the emergence of FIKK family in the P. falciparum
genomes, | investigated other Plasmodium, apicomplexan and alveolate genomes in
order to find FIKK homologues, and I found cvidence for the presence of just one

member of this family in some other apicomplexa (sce section 4.2.2).

4.1 IDENTIFICATION AND CHARACTERISATION OF FIKK GENES IN P.
FALCIPARUM GENOME

During our ePKs research on the P. falciparum genome, 16 atypical proteins were
identified in the “probable* kinases set {see Chapter 3, section 3.1, Table 5). An
investigation of P. falciparum genome allowed us to identify four additional genes
belonging to this family, which werc previously grouped within the “improbable”
kinase set (see Chapter 3, section 3.1, Table 4). Based on a conserved amino acid
motif in subdomain II of the ePK catalytic domain, we called this group "FIKK". The
PlasmoDB accession numbers of the 20 FIKK members are represented in Table 6.
Only one of them (PFD1175w) has been described in the literaturc as thc R45
trophozoite antigen, which was recognized by sera from humans living in endemic
areas (Bonnefoy et al., 1992). However, neither kinase activity nor any other

function has been demonstrated so far.
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Accession number chromosome signalp. CTTD Apicop. Mitoch. predicted size

PFA0130c (G) 1 + + ] : 630
PFC0060c (Gf) 4% i o " —
PFE0045¢ 5 + + o is 600
MAL7P1.175 7 : + ; > 523

MAL7P1.144 (G) N - - ' 871

e - 560

PF11_0510 (G) 11

- -
PFL0040c¢ (G) 12 + + - - 562
MALI13P1.109 13 + + - - 546
PF14_0733/4 14 + + + - 587

Table 6: Accession number, chromosomal location and predicted subcellular

localisation targeting domains of the 20 FIKK sequences.

signal p.: signal peptide, CTTD: C-terminal transmembrane domain, Apicop.:
apicoplast targeting peptide, Mitoch.: mitochondrion targeting peptide. The 20 FIKK
sequences are represented by their PlasmoDB identifiers in the first column, and
their chromosomal location is indicated in the second column. The prediction of
subcellular localisation targeting domains is that corresponding to the PlasmoDB
entry, except where the PlasmoDB identifier is followed by ()" (first column; G:
Glimmer, Gf: Genefinder, FP: Fullpath). In these cases, only the indicated algorithm
predicted the targeting/signal peptide. The predicted sizes of the full-length proteins
are indicated in amino acids. The six FIKK whose expression has been studied in

section 4.2.2 are in blue.
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4.1.1 Structure of the predicted FIKK nroteins

A multiple alignment of the FIKK protein sequences (Fig. 18) shows that the kinase
domain is well conserved through the family, with the exception of the N-terminal
region localized up-stream the catalytic domain (data not shown), The conserved
kinase residues are in red, whereas typical FIKK residues are represented in hlue. All
residues which are crucial for phosphotransler and protcin structural stability are well
conserved through the FIKK family, except for the glycine triad (GxGxxG) usually
found in ePK subdomain I and which is involved in ATP binding. Nevertheless, a
conserved GxxY motif (“GVKY” in most of FIKK) is localized up-strcam of
subdomain II and could correspond to a glycine rich motif of subdomain I, and a
tryptophane residue is conserved in the same region in all FIKKs, Some conserved
residues involved in the stability of the kinase structure are absent in a few of the
FIKKSs: (i) a glutamate, usually found in subdomain VIII of ¢PKs, is absent from the
MAL7.P1.175 sequence (ii) likewise, an arginine residue located in subdomain XI in
PT10120c¢, PFC0060c and MAL13P1.109 (however, in these last cases, the absences
could be due to a wrong prediction of the 3’ end of the gene). In addition to the
residues conscrved in typical ePKs, the CLUSTALW alignment emphases the
presence of several amino-acid motifs, which are well conserved in all FIKK
sequences but absent in other ePKs (Fig.18, in blue). These atypical residues have
been used to define signature motifs so that FIKK motif searches could be made in
various databases of other organisms (see section search for TFIKK in other
organisms). As previously noted with respeclt to “typical” plasmodial ePKs, low
complexity extensions are also found in some FIKK, as well as insertions inside the
kinase domain (Fig.18, pink dash). The size of such regions vary among the 20
FIKK, leading 1o predictcd protein lengths comprised between 520 to 1222 amino
acids (Table 6). Most of these genes display the same structure, composed of 3 exons
(generally with a large exon 2 flanked by two small exons, exon 1 and exon 3, see
section cloning FIKK, gene predictions), whereas other genes are composed of a

large exon 1 followed by a small exon 2.
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Fig. 18: Comparative primary structure of P. falciparum FIKKs with ePKs
using CLUSTALW alignment

The residues, which are conserved in most ePKs are indicated in red, whereas
specific residues, conserved in all FIKK family members, are indicated in blue.

Extension and insertion are represented by pink dashes.

4.1.2 Prediction of cellular/sub-cellular localization

The Plasmodium ultra-structure is complex and the parasite has many cellular
compartments bound by membranes (Fig.6 and 7, Chapter 1). Maintenance of
protein function in a multi-compartmented cell requires specific “protein delivery

mechanisms” to ensure effective translocation of proteins to their respective
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destinations, Protein trafficking studies have shown that in Plasmodium the
machinery is similar to that of other eukaryoles. For instance, exported proteins
possess an N-terminus hydrophobic segment (called a signal peptide), which directs
the protein to the secretory pathway. Cousequently, they transit through the FR and
the Golgi apparatus, prior to releasc by cxocylosis at the cell surface. It has been also
shown in Plasmodium that translocation to specific organellcs such as the apicoplast
or mitochondrion is also dependent on specific targeting sequence (Bender et al.,
2003; Foth et al., 2003).

4.1.2.1 Signal peplide and transmembrune regions
Gene predictions from four different algorithms (Plasmodium annotation, Glimmer,

Fullpath and Genefinder) arc available on PlasmoDB, In the case of the FIKK
sequences, these four predictions differ from each other essentially in the 5°end (see
Appendix B). According to the prediction that we selected (see Table 6), 13 FIKK
possess a signal peptide: six, one and six under Glimmer, Fullpath and PlasmoDB
predictions respectively. For instance, PFL0O040¢ PlasmoDB genc prediction does not
display any signal peptide whereas Glimmer model does. In all cases (except
PFE0045¢ and PFI0120c), all algorithms predict both a C-terminal transmembrane
domain and a signal peptide. However, such predictions should be interpreted
cautiously. The significance of gene predictions and signal peptide predictions will

be discussed in section 4.6,

4.1.2.2 Mitochondrion and apicoplast targeting signals:

Plasmodium possesses two DNA containing organelles, in addition to the nucleus:
the apicoplast and the mitochondrion. Studies based on genes targefed to plastids
(including plant chloroplasts) have shown that during evolution, these organelles
have exported some of their genes to the nucleus and re-import the products by using
a protein import machinery based on transit peptides (Martin and Herrmann, 1998).
In the case of Plasmodium organelles (apicoplast and mitochondrion) such genes
have been identified in the nuclens genome, such as [2Fe-2S] Pf-ferredoxin and P/
isocitrate dehydrogenase respectively (Vollmer et al., 2001; Wrenger and Muller,
2003). In both cases, an apicoplast bipartite peptide (composed of a signal peptide
followed by a transit peptide) and a mitochondrial transit peptide have been shown to
be necessary for proper targeting (Bender et al., 2003; Wrenger and Muller, 2003).

Based on the amino acid characteristics usually found in transit peptides (such as
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overall positive charge, enrichment in serine and threonine), algorithms have been
developed to determine the presence of such targeting signals in a given amino acid
sequence. Although in most cases the four gene predictions available on PlasmoDB
web site are different for the N-terminus, we used PlasmoDB predicted protein
sequences to run transit peptide algorithms (available on PlasmoDB). Five of the 20
IFTKKs, all of which are localized on chromosome 9 are potentially addressed to the
apicoplast (see Tablel) whereas only one of them (PfPF14_0733) possesses a
potential mitochondrion-targeting signal sequence. In the case of R45, no signal
peptide is predicted, but N and C terminal transmembrane domains are predicted (10~

38™ and 234-254" amino-acid respectively under gene finder model).

4.1.2.3 Host-targeting signal

A recent bioinformatic study reveals that a conserved 11 amino-acid signal is
required for the secretion of plasmodial proteins from the parasite vacuole to the
human erythrocytc (Hiller ct al., 2004), An investigation of the prediciled proteins set
encoded in the genome of P. falciparum has been performed as well by the authors,
and four of the 320 putative secreted proteins belong to the FIKK family
(PF10_0160, PFI0105c, MALIL3P1.109 and PF14_0733) (Hiller et al., 2004).
Immunofluorescence assays on parasite cultures will determine whether or not theses

proteins are expotted.

4.2 GENE PREDICTION AND CLONING OF FIKK GENES

4.2.1 Gene prediction of PF14_0733 and PF14_0734

Based on a muitiple alignment between PF14 0733, PF14 0734 and threc FIKK
(MAL7P1.175, MALI13P1.109 and PTI0100c¢), the predicted PF14_0733 FIKX is
truncated, and contains only subdomains I to V (Fig, 19). Similarly, for PF14_0734,
the contiguous ORF, seems to correspond to the missing C-terminal part of
PF14_0733 FIKK with subdomains Vla to XI.

Since these two ORFs (PfPF14_0733 “ORF1” and PfI’F14_0734 “ORF2”) are
contiguous in the genome, and separated by a very short region (see below Fig: 20),
we suspect that there may be an erroneous infron prediction, and that the PF14_0733
and PF14_0734 are part of a single, full-length FIKK. To verify this hypothesis, we

performed reverse-transcriptase polymerase chain reaction (RT-PCR) analysis of P.
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Jfalciparum RNA, using a forward primer in the PF14 0733 ORF1 and a reverse

primer in the PF14_0734 ORF2 (Primers have been designed in non-conserved

region, see localisation of primer in Fig. 19).

MAL7P1.175
MAL13P1.109
PFI0100c

MAL7P1.175
MAL13P1.109
PFI0100c

PFfPF14

MAL7P1.175
MAL13P1.109
PFI0100c

PEPF14 0734

MAL7P1.175
MAL13P1.109
PFI0100c
PEPF14_0734

MAL7P1.175
MAL13P1.109
PFI0100c
PEPF14_0734

MAL7P1.175
MAL13P1.109
PFI0100c
PEPF14_0734

MAL7P1.175
MAL13P1.109
PFI0100c

PEfPF14 0734

| Forward primer I
—_——
VYGMNYDVWELKRITTNNCEIGSSRVHKMYETFISSKNGN---GIRLFIKKIPISAWVKQ

FNGVKYSDWKLTSMRRFNLNNNVLKDHKTYKSTIINSKKGNDMKKVKLFIKKIPIDIWVEQ
IGGVNYEKWDLYSIKNENYNESGGRNHEMFSTVISSKSGFRKKKVKLFIKKVPLNSWIEL

111
YKLMNEYEGEYIINAENYVMEAVALSFLNEYYPGIAPKLYRVLFQPDVHYIGGEFPQENI
FNLMKKYEGEYLIDKENYVMEAVSLAFLNEYYPGITPKFYKILYESDKNNMNEKNCKKYK
YNKMDIYHGEFLDGAENFVMEAMVSLFLNKYHPGITPKFYNLLYESENDYSELKGLNELM
"’,!'r\'[f'," Y1 » N R ME ' © 1.7 (S5 "!{"':.“" v BT

Via
FOQDLDTFNSVLTNELESNMNGYIIIVSEYFGENINEYIKRQRKK--MFSIGRKKKKKKLL

FODLNELNDILTKKLENNINGNIVLISEFFGENVFDYIKRKKNTLFVVSDISNEDKKKIL

FCDIDIFKNELIKIRNRNKKGYVVMIWEFFGQNLKEFLHSEKE----NLVITKERKK-IL
————————————————————————————————————— MDDDDD--~--DLVLTVEEKKSIL
Vib VIl

YNCLNLLRKLHNAGLSHLDFTSHNILIS~-DKHEIRLCDFGKATPMYTYNLRHINNINCIH
YNSLNLLMRLHNAGLTHLDLSPDNMLISPKNYEMRLCDLSQSTPIYTNKLRHKEKLNSIK
FECLKLINKLHKAGLTHLDISPENILIG-ENYEMRLCDFGKTTPLYVLNNIDEHNKGHLQ
YKALNLYTRLHEAGLAHLDLSAENVLID-ENNEVRLCDLGKSTPVYTTSLRHLDDSLDLA
--.ﬁ:ﬁ :“:QO&:*'*::.‘*:Q“" /e ':‘A‘ﬁ*.:'::"ﬁzi. .
VIII IX

SEFESCAPCV——————————= ELIKKQEELDITYPLEYLKSITDQEERKTFYFNVSSVDKY
PFESFEPCIGKIEYIPPECWKIVWKYKMNNIKNPIEYLKNISNQEERKKYYYDVSCADKY
RFRSYIPYVGKTKYAPPECWNLKKKYKELGIENPLVYLKTLKDYEYKDTLYFDVLAADIY
IFESCVPCVGKEAYMPPECMKLYKEYRKMKISSPFDYANSVRDRRERRKWYFDVLTAEKY

* * * - .. - - * . * . . . . LRI . *
X X1
MLGIVFIWIWNYNFLWKRSDPSYDLQYLKFEQFDMILDFFKKTKRWPKELKNI IKQ-——~-
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Reverse primer

Fig. 19: CLUSTALW alignment of PfPF14_0733 and PfPF14_0733 with FIKK
kinase domains of MAL7P1.175, MAL13P1.109 and PFI0100¢
Position of primers used for PCR amplification of PfPF14_0733/34 are represented

by the arrows. “*" underlines identical amino-acids between sequences, whereas

and *'.

show similarities (at least two and three identical residues respectively).

The first PfPF14_0733 “ORF1" is in red and the following PfPF14_0734 “ORF2"

is in blue.
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Fig. 20: PfPF14_0733 and PfPF14_0734 predicted open reading frame,
according to four gene models (FullPhat, Genefinder, Glimmer, Pf annotation).
According to PlasmoDB prediction, PfPF14 0733 ORFI, as well as PfPF14 074

ORF?2, are composed of two exons.
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Fragments of around 1000 bp and 1200 bp (expected size are 938 pb and 1218 pb
respectively) were amplified from RNA and gDNA respectively (Fig. 21: lane 1 and
3), indicating first that PF14_0033 and PF14_0034 ORFs correspond to only one
FIKK gene, and second that an intron of approximately 200 bp is present. The
sample in which reverse transcriptase had been omitted from the reaction yielded no

amplified product (Fig. 21: lane 2).

1000 bp
800 bp

Fig. 21: PfPF14_0733/PfPF14_0733 RT-PCR

RT-PCR product (lane 1) was obtained from total RNA from asexual RBC stage,
using primer represented in the Fig. 19. Reverse transcriptase was omitted in the
reaction corresponding to lane 2. Lane 3 present the PCR fragment amplified from

gDNA using the same primers.

Consistent with our RT-PCR results, transcriptome data from DeRisi et al. (Bozdech
et al., 2003) display identical expression profiles for both PF14 0033 and
PF14_0034 genes (see Fig. 30, first lane). The cDNA PCR product was cloned into
pGEMT-easy vector and sequenced. Two independent PCR reactions performed on
two ¢cDNAs samples from different 3D7 cultures led to the same result. Indeed,
sequencing of the junction between “PF14_0033 and PF14_0034" PlasmoDB ORFs
showed that the predicted intronic region is present in the cDNA, including the stop
codon (Fig. 22, bracket a). Furthermore, the intron localized at the C-terminus of
PF14 0034 is longer than predicted (Fig. 22, bracket b), leading to a final PCR
product of about 1000pb on cDNA, as observed by agarose gel electrophoresis (Fig.
21).
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Forward primer

TTATTAAAGGAAATCCAGATGAAAATACAGAAGATGTAAAATTATTTATTAAAAAGGTAC

TTATTAAAGGAAATCOAG AAATATAGAA

VITRAAACAA

TAAATGCTGAAAATTTTGTAATGGAAGCTGTCGCTTCTGCTTTTTTAACGGAATATCATC

AR AR T “h SRACH - T T O T

CAGGAATAACACCAAAATTATATAAAATATTATATGATCCGATTTGAGAAAATAAAAAGA

ATRACKHT Al e

TGA

GTTTACATAAAATAGCTTTTAATGATTTAGGTGCATTTAATTATATTTTGCGTAATAGAT

TTAATTATATTGATAAAAAACGACTAGATATTGGTATGGATGATGATGATGATGATTTAG
———————————————————————————————————— TGGATGATGATGATGATGATTTAG

TTTTAACTGTTGAAGAAAARAAGAGTATTCTTTATAAAGCTTTAAATTTATATACAAGAT
TTTTAACTGTTGAAGAARAARAGAGTATTCTTTATAARAGCTTTAAATTTATATACAAGAT

TACATGAAGCAGGTTTAGCACATCTAGATTTATCAGCAGAARAATGTTTTAATCGATGAGA
TACATGAAGCAGGTTTAGCACATCTAGATTTATCAGCAGAAAATGTTTTAATCGATGAGA

WCCAGGT AGA AT AATCGATAAG!

ATAATGAGGTACGTTTATGTGATTTAGGTAAAAGTACACCTGTGTATACTACTAGCTTAA
ATAATGAGGTACGTTTATGTGATTTAGGTAAAAGTACACCTGTGTATACTACTAGCTTAA

\

GACATTTAGATGACAGTTTAGATTTAGCAATTTTTGAATCCTGCGTACCATGTGTAGGCA
GACATTTAGATGACAGTTTAGATTTAGCAATTTTTGAATCCTGCGTACCATGTGTAGGCA

AL

AAGAAGCTTATATGCCTCCTGAGTGTATGAAGTTATATAAAGAATATCGTAAARATGAAGA
AAGAAGCTTATATGCCTCCTGAGTGTATGAAGTTATATAAAGAATATCGTAAAATGAAGA

TAAGTAGTCCCTTTGATTATGCTAATTCTGTAAGGGATAGAAGAGAAAGAAGARAATGGT
TAAGTAGTCCCTTTGATTATGCTAATTCTGTAAGGGATAGAAGAGAAAGAAGAAAATGGT

TAAT

ATTTTGATGTTTTAACAGCTGAAAAATATATGCTTGGAATTTTCTTTATGTGGATCTGGA
ATTTTGATGTTTTAACAGCTGAAAAAFATATGCTTGGAAFTTTPTTTATGTGGATCTGGA

AARAN 1 & AT TTTC VIS

ATGAAGGCCATTTATGGGATTGTTCAGATCCATCAAAAGATGAAATTTTTAATGAAATAA
ATGAAGGCCATTTATGGGATTGTTCAGATCCATCAAAAGATGAAATTTTTAATGAAATAA

..... BATT T AR

ATGAATGTGARATGGACTTGGATAAGTGCGATTTAACTGATAATTGGCCTGAAGGGTTGA
ATGAATGTGAAATGGACTTGGATAACTGCGATTTAACTGATAATTGGCCTGAAGGGTTGA
NTTTARCTOATANTTGOECTAARGGETTC

A VT AN SCGATT 2 O

A

107

> a




gDNA AAGCCATGATTAAGGTAAATGGATTTGATTATATATATATATATATATATATATATATAT \
PfPF14_0734 AAGCCATGATTA e e -

gDNA ATATATATATATATATATATGTATGTATATATGTATGTATGTATGTATATATGTATATAT
FERRLG Q730" A Seesissress e GTATGTATATATGTATGTATGTATGTATATATGTATATAT
gDNA GTATATATATGTATATCTATCTATATATATATATATAAATATAATAATTTTTTTTTTATT >
PEfPF14_0734 GTATATATATGTATATCTATCTATATATATATATATAAATATAATAATTTTTTTTTTATT
gDNA TTTTTTTTTTTTTTTTTTTTTTATAGAGATTATTAAATTTTGAATCTAGGAAGGAATTAA
PfPF14 0734 IMmTTTTTTTTTTTTTTTTTTTTATAGAGATTATTAAATTTTGAATCTAGGAAGGAATTAA J
gDNA ATCTAAAGGATATATATGACGATCCATGGTGGTCCACCATAATGTAA

PEfPF14_ 0734 ATCTARAGGATATATATGACGATCCATGGTGGTCCACCATAATGTAA

Reverse primer

Fig. 22: Alignment of the predicted PfPF14_0733 and PfPF14_0734 sequences
with sequences of gDNA obtained from PlasmoDB and of ¢cDNA obtained
experimentally.

Arrows represent primers used for PCR amplification of PfPFIl4 0733/
PfPF14_0734.The predicted PfPF14_0733 “ORF1" is in red, and the PfPF14 0734
“ORF2" is in blue, whereas cDNA which has been sequenced is in pink.

4.2.2 Cloning of FIKK genes

The following experiments have been performed with Tim Monteil, an
undergraduate student who has been initiated under my supervision to bio-molecular
techniques during a three-month stay in our laboratory. Six FIKK sequences without
large extensions/insertions have been selected for cloning into expression vectors:
MALPI1.175, MALP1.144, PF10100c, PF11_0510, PFL0040c and MALI13P1.109
(sizes are about 550 amino acids, 745 for MALP1.144). The various gene prediction
models are not in agreement for most of these six genes, especially for the start
codon (see below PlasmoDB, Genefinder, Fullpath and Glimmer gene predictions,
Fig. 23). The PlasmoDB model was arbitrarily chosen (PFI0100¢c and
MALI13P1.109), except when it did not predict a signal peptide (MAL7P1.175,
MAL7P1.144 and PF11_0510). In these cases, the Glimmer model, which predicts a
signal peptide, has been chosen. 5* and 3" primers were designed accordingly to
amplify the coding regions from asexual or gametocyte cDNA libraries, using gDNA

as positive control.
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MAL7P1.144 (Pfannotation)

FullPhat (+)

s R e
FullPhat (-) -
Genefinder (+) IELAGAEE . RS RSO
Genefinder (-) [ %]
Glimmert (+) e S i R R AT
Glimmert ¢-) - m
Pf Annotation (+) == TR

Pf Annotation (-) u

Pf chr? oMb oMb 1Mb 1Mb 1Mo 1Mo
‘exon |location ~ |strand {length ialgonthm rcodmg en ]
1 1001867 - 1004122 |+ " ‘2256 [Pf Annotation ‘1 2256

2 1004236 - 1004316 |§1 [Pf Annotatlon | 1 81 '

MAL7P1.175 (Pfannotation)

FullPhat (+)

- T SRR

FullPhat (=)
Genefinder (+) e - R RSO L L R ARSI
Genefinder (-)
Glimmert (+) E S S RS faadon v o
GlimmerM (=)
Pf Annotation (+) [E==SEH
Pf Annotation (-)

N T e e e —— |
Pf chr7 1Mb 1Mb iMb 1M 1Mb 1Mo

exon |location [strand ,length Ialgonthm ‘codmg start \codmg end 1
1 |1261678- 1262884 [+  |1207 |Pf Annotation |1 1207 |
2 1262918 - 1263201 I+ 284 _TéfA;rl—c)Etl_(;;[l B
3 [1263322-1263402 |+ (81 |Pf Annotation |1 81

109




PF11 0510 (Glimmer)

FullPhat (+) RSN R o= ot
FullPhat (-

Genefinder (+) SRR E i SHe S
Genefinder (-)

Glimmert (+) R A HEs—=H)
GlimmerM (-)

Pf Annotation (+) [————— HETTH

Pf Annotation (-)

Pf chrit 1M 11b 1Mb 1Mb 1Mb 11ib
‘exon |location 7 ]strand ]length algorithm ycodmg start {codmg end |
I [1979264-1979320 |+ |57 |GlimmerM |1 |57 |
2 1979425 - 1980975 |+ (1551 GlimmerM |1 1551 |
3 [1981083-1981157 [+ |75 |GlimmerM |1 75 ]

PFL0O040c (Glimmer)

FullPhat (+)
FullPhat (=)

% EROETS | TIN5

Genefinder (+)

Genefinder (-) " (R g ———
GlimmerM (+)

Glimmertt (-) m e B |
Pf Annotation (+)

Pf Annotation (=)

Pf chri2 64kb 66kb 68kb 70kb 72kb 7dkb
‘exon |location ]strand Tleirig?hi aigbﬁthm |codmg start Icodmg_e;ld‘j
1 70768 - 70842 |- |75 GlimmerM |1 |75 |
12 69000 70613 |- ,16]4 GlimmerM :l ‘1614 !

110




PFI10100c¢ (Pf annotation)
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MAL13P1.109 (Pf annotation)
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Fig. 23: Gene prediction for the six FIKK: MALPI1.144, MALPI1.175,
PF11_0510, PFL0040¢, PF10100¢c and MAL13P1.109

MALI3P1.109

Despite trying a variety of PCR conditions (several DNA polymerases, Mg"
concentration, annealing T° and elongation time), we were unable to amplify
MALI13P1.109 from either gDNA or ¢cDNA. New primers were designed using
others gene predictions, without any positive result. In addition to wrong gene
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prediction, the fact that there is no amplification on gDNA suggests that the DNA
polymerase is maybe causing problems too. Indeed, many commercially available
DNA polymerases have difficulty in amplifying long stretches of AT-rich DNA

found in the Plasmodium genome.

MAL7PI.175 and MALP7PI. 144
We had the same amplification difficulties with MAL7P1.175 and MAL7P1.144.

However, under specific PCR conditions (sec Chapter 2, section 2.3.2), we managed
to amplify fragments of the expected size. For MAL7P1.175, fragments have been
amplified around 1500bp and 1700bp on cDNA and gDNA respectively (Fig. 24);
for MAL7P1.144; around 2300bp on ¢cDNA and 2400bp on gDNA. Unfortunately
amplification was observed only with polymerases lacking proofreading activity, and
the resulting expression vector clones had numerous mutations. Nevertheless, these
first data confirm transcriptome studies indicating that both genes are expressed in
asexual stages (DeRisi et @/, (Bozdech et al., 2003) and suggest that a predicted
signal peptide is present at the 5’ part of MAL7P1.144 translated gene.

Pril 0510

In the case of PF11_0510, amplifications were possible from gDNA (Fig.24,
fragment around 1900bp), but no amplification was observed from cDNA, despite
testing different forward or rcversc primers suggested by gene predictions models.
Therefore the absence of-amplification from cDNA could be due either to a very low
representation of the cDNA template in the asexual cDNA library, or to the absence
of full-length ¢cDNA for this gene in the library (reverse-transcription could end
precociously, leading to truncated ¢DNA, which would prevent ampiification).
Nevertheless, we could not exclude that all the predictions tested are erroneous.
Screening of cDNA library and 5'RACE amplification could help to determine the
exact [imits of this ORF.

PFI0100c and PFL0040c

Both genes have been amplified from the ¢cDNA library using forward primers
predicting a probable signal peptide (PFI0100¢ PlasmoDB and PFL0040c Glimmer
models: amplicons around 1500 and 1700bp respectively). But the PFLO040c reverse

primer designed from the Glimmer algorithm did not allow any cDNA ampilification,

whereas the reverse primer predicted by PlasmoDB did (Fig. 24). There is no
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available transcriptomc data on PFIG100c (see Fig.30). However, amplification of
this gene occurs both from asexual or gametocytes cDNA libraries, which suggests
expression of PF10100¢ during erythrocyte stages. As expected, for PFLO040c (like
MAL7P1.144), sequence derived from PCR on ¢DNA predicted a signal peptide in
the first 50 bp after the predicted start codon. The significance of this signal peptide
will be analysed in the future using specific antibodies against each FIKK, to

determine the subcellular localisation of the proteins.

4.3 EXPRESSION OF RECOMBINANT PFL0040c AND ASSESSMENT OF
ITS KINASE ACTIVITY

PFLO040¢ was successfully cloned into a His-tag expression vector (see chapter 2,
section 2,3.3.3). Expression of the recombinant His-tagged PFL0O040c was tested
under different conditions (25°C, 30°C and 37°C) without significant increase of
yield. His-PFL0O040c was purified on a nickel column and a protein of the expected
molecular mass (about 60kDa) was obscrved on a Commassie-stained SIDS-

acrylamide gel (Fig, 25).

The recombinant protcin was tested for kinase activity. /a vitro standurd kinase assay
was performed using several potential substrates (histone H1, Myelin basic protein,
g-casein and P-casein), as well as total cell extracts from asynchronous parasite
culture (see Chapter 2, section 2.3). No kinase activity was detected under our
experimental conditions, whereas a positive control (PPKS/RINGO-dependent
histone H1 phosphorylation) gave the expected signal. Even though no kinase
activity in vitro has been demonstrated so far, we cannot exclude that in vivo, FIKKs
have conserved such a function. Indeed, lack of & cognate activators or a correct
substrate, or incorrect folding of the recombinant protein could be explanations for
the observed absence of kinase activity. Once specific antibodies are available, they
will be used to test by immunoprecipitation if the native proteins have protein kinase
activity. Identification of partners (if they exist) will help to understand the functions

of the proteins and the pathways in which they might operate.
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MALP7P1.144 MAL7PI1.175

< <
z £ < <
% = Z &
5 8
2450 bp 2500 bp f— 1700 bp
— 2000 bp 2000 bp =
2300 bp 1500 bp — W «— 1550 bp
PFl11_0510

‘\ gDNA

1900 bp
2000 bp —
1500 bp —
PFI0100¢ PL0040c
<
Z. <Zt < <
2 8 z
" e O

1800 bp

1800 bp x
’ — 2000 b ati
’ o ]500bg =B @ 1700 bp
1550 bp

Fig. 24: MAL7P1.175, MALP7P1.144, PF11_0510, PFI0100¢c and PFL0040c
PCR using a ¢cDNA library from asexual parasites.
PCR were performed using primers designed to amplify the full-length coding

sequence (see appendix C)
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- — 62 kDa

Fig. 25: The purified recombinant His-PFL0040¢

4.4 ORIGIN OF THE FIKK FAMILY AND PITYLOGENETIC ANALYSIS

4.4.] Subtelomeric localization

Based on the nomenclature of PlasmoDB, it was obvious [rom their “gene identifier”
number that seven of the 20 IIKKs were localized in tandem on the same
chromosome (PFI0095¢, PI10100c, PFI0105¢, PFIO110c, PFI0115¢, PFI0120c,
PFI0125¢). More precisely, they were located in a subtelomeric region of
chromosome 9. To further this analysis, I also looked at the position of the other
FIKKs. We found that the FIKK genes are distributed over most of the nuclear
chromosomes {(chromosomes I, 3, 4, 5, 7, 9, 10, 11, 12, 13, 14, scc Table 6).
Intcrestingly, with the exception of MAL7P1.144, PF10_0160 and MAI.13P1.1Q09,
they are all localized in subtelomeric regions (Fig. 26).

A subtelomeric location is common for genes belonging to families involved in
antigenic variation, such as Var/Rif and Stevor (Gardner M J et al. , Nature, 2002,
(419) 498-511). It has been proposed that this localization is favourable to intense
recombination, a consequence of the fact that telomeres flom several chromosomes
are physically clustered logether in structures located at the nuclear membrane,
which is thought to enhance cctopic recombination (Freitas-Junior et al., 2000).
Hence, in addition to the presence of the tandem array on chromosome 9, which is an
indicator of gene duplication, the subtelomeric location of FIKK genes pives a
hypothetical explanation for the origin of FIKK family. Recombination events of
ancesiral FIKK(s) have probably occurred, leading to such a number of FIKK
members in 2. falciparum genome (for comparison, only one member has been

found in other Plasmodium species; sec section 4.4.2).
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Fig. 26: Chromosomal location of P. falciparum FIKK

FIKK genes are marked as an vertical red bar on the chromosome and red “*”
symbolize the chromosomal orientation (sense: top, or antisense:bottom).
Chromosomes are represented to scale (in Mb).

4.4.2 FIKK homologues in other organisms

A broad investigation of eukaryotic genome databases was performed to investigate
the presence of any related FIKK kinases in other organisms. Using BLASTP and
TBLASTN analyses of a variety of databases using FIKK amino acid sequences as
queries, as well as using conserved FIKK motifs as queries, no homologues were

detected in any other organisms, except in a few apicomplexan species.
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4.4.2.1 Plasmodial species

At the time of my research P. yoelii yoelii and P. vivax genome sequences were
finished, but only P. yoelii yoelii was annotated. P. berghei, P. chabaudi, P.
knowlesi and P. reichenowi were partially sequenced. By TBLASTN analysis, only
one representative of the FIKK family was present in the P. yoelii yoelii, P. vivax, P.
berghei or P. knowlesi genomes (accession number P. yoelii yoelii: PY03326, P.
vivax: Pv_402596, P. berghei: Pb _75h08plc and P. knowlesi: Pk 2154bllqlc),
whereas no FIKK homologue was found in partial genomes of P. reichenowi or P.
chabaudi (see Sanger institute web site http://www.sanger.ac.uk/). The predicted P.
yoelii yoelii FIKK sequence was accessible on the PlasmoDB database but for P.
vivax, P. berghei or P. knowlesi, additional searches were necessary using the
unannotated individual databases. A multiple alignment of the predicted protein
sequences with those of the P. falciparum FIKKs was performed (Fig. 27), and used
to construct a phylogenetic tree (Fig. 29). CLUSTALW analysis shows that the
motifs, previously identified in P. falciparum FIKK (Fig.18) have been conserved in
related Plasmodium species. Theses features underline the importance of FIKK
conserved residues (blue *), which probably play a role in the protein function or

structure.
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Fig. 27: CLUSTALW alignment of Plasmodium species FIKK

The 8 invariant residues of serine/threonine kinase are indicated in red * and
specific FIKK residue are indicated in blue *. Yellow and blue colour shadings label
residues that are identical, whereas similar residues are in green. Dashes indicate
gaps introduced in the sequences to optimise alignment.

4.4.2.2 Other Apicomplexa

Recently, the genomes of other Apicomplexa have been also sequenced
(Cryptosporidium parvum, Theileria annulata, Toxoplasma gondii) or partially
sequenced (Eimeria tenella) (genome sequences are available on Sanger and TIGR
genome project databases, http://www.sanger.ac.uk/ and http://www.tigr.org/).
However, in most of the genomes, the shotgun sequence assemblies are not finished.
Although full-predicted ORFs are not accessible, related FIKK gene fragments were
found in all Apicomplexan genome databases 7. gondii (t_gondii/chr0/994720/80),
C. parvum (gnl/CVMUMN _5807/cparvum_contigl555) and E. tenella (contigd775)

(Fig.28), with the exception of T annulata.
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P.lalciparum/R45 FERKKIPIDINLKGYRKDMNEYDGEY L LOCENFYMEAVASAY LSEIYPGLIPKLYKVVY
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Fig. 28: CLUSTALW alignment of Apicomplexan “FIKK” domain
This alignment vepresents the conserved FIKK kinase domain located at the N-

terminal part of the catalytic domain, which includes the well-conserved “"FxKK”

motif. Conserved residues are in red. Conserved plasmodial residues, which are

different in other apicomplexa are in pink.

4.4.2 3 Alveolates

Bio-computing studies have revealed that apicomplexa, ciliates and dinoflagellates
(Baldauf, 2003) form a phylogenic group, called Alveolates (see Chapter 1). To
further our study on the origin of the FIKK family, T also looked at these closely
related groups to determine whether any related FIKK gene was present. However,
few genes have been sequenced in either ciliates or dinoflagellates species so far.
Searching for kinases, only 14 Paramecium tetraurelia serine threonine kinases have

been identified, none of which are related to the FIKK family (same result for

Tetrahymena thermophila).

On the basis of current genome databases, our genomic investigations indicate that
the FIKK family appears to be restricted to Apicomplexa. Surprisingly, although 20
FIKK members have been found in P. falciparum only one member is present in
other apicomplexan genomes, including closely related plasmodial species.
Moreover, recent investigation of P reichenowi genome (a chimpanzee/gorilla

parasite), which at the time of my work was partially sequenced, has identified seven

FIKK-related genes in this genome so far; apart from this particular discrepancy
(which is presumably due to the fact that the P. reichenowi genome database has 2
been updated very recently), our data about the species distribution of the FIKKs are

identical) to Schneider A. ef al. (unpublished data). Since £. reichnowi is the closest

related plasmodial species of P, faiciparum (Escalante et al., 1995) (see appendix D,
(Qari et al., 1996), these new data suggest that the duplication of the FIKK kinases

may have occutred in a comumon ancestor of P. falciparum and P. reichnowi.
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4.4.3 Phylogenic analysis of Plasmodium FIKKs

In collaboration with Pauline Ward (University of Glasgow, WCMP) a multiple
alignment was used to construct a phylogenetic tree of the Plasmodium FIKK (P.
Jalciparum, P. yoelii yoelii, P. vivax, P. berghei and P. knowlesi) (Fig. 29).
Extensions and inscrtions were deleted manually. The resulting tree has a typical
“star” structure: most of the branche nodes are very close to each other, with no
major subgroups, and all branches are approximately the same length. Such a
structurc is characteristic of recent expansion. This hypothesis is supported by the
fact that (i) PFI0100¢ to PFI0125¢ sequences (7 FIKK sequences located in a tandem
array on chromosome 9) tend to cluster together and (i1} FIKKs from Plasmodium
species other than P. falciparum cluster with £. faiciparum MAL7P1.144, These
results are in total accordance with the new data on P. reichnowi in which 7 related
FIKK have been identified. Indeed, based on the fact that (i) only one FIKK is
present in other Plasmodium species with the exception of P. reichnowi, and (if) P.
yoelii yoelii, P. vivax, P. berghei and P. knowlesi FIKK cluster with ounly one P.
Salciparum FIKK {(MAIL,7P1.144), it is probable that the first, duplication events have
occurred in a common ancestor of £. falciparum and P. reichnowi, before the

divergence of humans from their close hominoid relatives.

4.5 TRANSCRIPTOME AND PROTEOMIC DATA

Microarray analysis (available on PlasmoDB, DeRisi et al.) indicates that all the
FIKKSs are expressed through the erythrocyte cycle at mRNA level (fig, left panel).
The one exception might be PFI0100c, for which no data are available (however RT-
PCR studies suggests that the gene is expressed in ervthrocytic stages, see section
4.2.2, Fig.24). Nine of them were also identifed by mass spectrometry analysis (Fig.
30, right panel, according to Florens et al. proteomic studies, (Florens et al., 2002;
Johnson et al., 2004). The FIKKs show quite different expression profiles during the
asexual blood slage cycle, since the expression of some genes peaks at the ring stage
(P14 0733/34, PFC0060¢, PFI0120c, PFD1165w, PFL0040c, PFI0110c,
PFD1175w, PFI0125¢, PF10_0380, PFI0105¢, PF10 0160, PF11_0510, PFA0130c),
the expression of others at the late ring- early trophozoite stage (MAL7P1.144,
MAL7P1.175, PFI0095¢c) and still others at the schizont stage (PFE0045¢ and

MAL13P1.109). Most genes are also transcribed in merozoites as well as some in
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sporozoites and gametocytes. Interestingly, the seven tandemly located genes on
chromosome 9 have quite different expression profiles, suggesting that every

member has a distinct function along the life cycle.

MAL7P1 144

PFCO0B0C
% PFLOOLOC
PF10 0160 P viveas
P. knowlesi
P. berghei plasmaodial specic
PFEDO4SC
P. yoeli yoeli
PFI0095C A MAL13P1.109
/////
% PF110510
PFAD130C
PF10.0380 MAL7P1 175 3
PFD1175W
PFD116SW ¢

~ pro110C

/// PFI0115cpw
PFI0120C

PFID125C

PFIOI0OC

0.1

Chromosome 9

Fig. 29: Phylogenetic tree of FIKKs from P. falciparum, P. yoelii yoeli, P. vivax,
P. berghei and P. knowlesi.

The tree was compiled using conserved portions of amino-acid aligned sequences of
plamodial FIKK, using PHYLIPS package. P. falciparum FIKK sequences are
represented by their accession number. Genes selected to be cloned, are represented
by * The P. falciparum FIKK, which is closer to other plasmodial species, is
underlined in green (MAL7P1.144). 6 FIKKs located on chromosome 9 cluster

together. The scale bar represents 0.1 mutational changes per residues.
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al., 2004) in specific stages are also represented in red.
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Fig. 30: List of P. falciparum FIKK and mRNA profile expression and
proteomic data during the RBC development of the parasite.
R: ring, T: trophozoite, S: schizont, M: merozoite, G: gametocyte, Sp: sporozoite.
The 20 FIKK sequences are represented by their PlasmoDB identifiers in the first
column (genes selected for cloning are in blue). The phaseogram (DeRisi et al.,
((Bozdech et al., 2003)) show the red/green colorimetric representation of gene
expression ratio during erythrocyte development of the parasite (positive ratio in red
indicates mRNA expression of the gene). mRNA expression during M/G and Sp
(LeRoch et al., (Le Roch et al., 2003)) is represented in red or orange. Peptides

identified in proteomics analysis (Florens L. et al., (Florens et al., 2002, Johnson et




4.6 DISCUSSION

The FIKK family seems to be specific to Apicomplexa; obviously, a definitive
conclusion about the phylum-specificity of this gene family will have to await the
completion of additional genome sequencing projeets. The presence of only one
FIKK gene in various other apicomplexan species is consistent with a recent
expansion of FIKK family in the P. jfalciparum genome. Complementary ’
phylogenetic analysis between plasmodial FIKK has shown that FIKX from five
different Plasmodium species cluster together, which is an indication of a2 common
anceslor. This result suggests also that duplication events in the genome of P.
Jalciparum have probabljr originated from duplication of MAL7P1.144 and occurred
presumably before P. falciparum and P. reichenowi divergence, approximately 6 to 8
million years ago (Escalante and Ayala, 1994, Escalante et al,, 1995). In common
with other P. falciparum gene families (such as var, rif, stevor gene), FIKK are
concentrated at the telomere. Recent studies have shown that the iclomere of P.
Jalciparum chromosomes cluster together at the nuclear periphery, suggesting a
potential mechanism in which recombination is facilitated (Figueiredo et al., 2002;

Freitas-Junior et al., 2000), and could explain the diversity of these families.

Because we know so little about their function in the parasite, it is difficult to
hypothesize about the reason for their selection in the genome of P. falciparum
during evolution. One possibility is that mutation events, which led to the emergence
of this new family in Apicomplexa, have been sclected positively through evolution,
allowing development of a new specific function in the biology of these organisms
{Copley et al., 2003). To illustrate this point, a recent method to detect differential
selective pressures on genes has been carried out on the P. falciparum genome;
among the ten genes that-show the strongest signs of positive selection, three of them
were protein kinases, including one FIKK (R45) (Plotkin et al., 2004). So, the
presence of 20 FIKK protein kinascs (compared to only 65 plasmodial ePK found in
our kinome analysis) is curious and suggests that FIKK probably play (or have
played) an important role in the evolution of P. falciparum during the last 6 (to 8)
million years. Nucleotic{%: sequences of orthologous genes could be compared to
investigate selective preésures. Indeed, a recent study based on the models of

nucleotide sequence evolution reveals that the relative number of synonymous versus
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non-synonymous substitutions between orthologs could be determined to cstimate
the positive or negative pressures (Hall et al., 2005).

Based on sequence homoglogy, the conservation of the C-lerminal kinase-like domain
of FIKK suggests a function in protein phosphorylation. However, the absence of a
canonical ATP-fixation motif from the FIKK family raises interesting questions
about how the kinase domain binds to the phosphate donor and also about which

kind of substrate FIKKs phosphorylate. In a standard kinase assay, no evidence for

kinase activity has been observed so far, but this may due to experimental conditions |

rather than to (rue inactivity of the protein, and more work is nceded to ascertain this
point. Indeed, it is possible that these enzymes do not recognize the substrates, which
have been tested. So, despite the absence of either a glycine rich ATP binding
domain or kinase activity of the recombinant PfPFL0O040c, we cannot exclude any
function for this family at this stage. Protein kinases lacking important residues have
been previously characterized in other organisms and nevertheless display phospho-
transfer activity (Chapter 1, section 1.2.5.3).

Alternatively, it is also possible that some of these FIKK have evolved with kinase-
independent functions. Indeed, in addition to the lack of the Glycine rich motif, the
observation that some sequences lack typical conserved residucs involved in the
structural stability of the:kinase (see section 4.1.1), raiscs the question of the ability
of these particular FIKK to function as a proper kinase, These may represent inactive
kinases involved in protein scaffolding similar to those found in other eukaryotes
(Kroiher ct al., 2001; Mortison, 2001). In addition, cases have been reported in other
organisms, in which receptor protein tyrosine kinases, lacking kinases activity, are
involved in cell signalling (such as “dead™/”fractured” RTKSs (see chapter I, section
1.2.5.1). ]

In line with this hypothesis, the presence of transmembrane domains and a signal
peptide in most of the FIKK suggests potential membrane localization for these
proteins (such as the surface of the parasite, the parasitophorous vacuole, the host
cell or sub-cellular organclles). A search for specific motifs indicated that five of the
20 FIKKs possess an apicoplast-targeting signal sequence, whereas one is potentially
addressed to the mitochondrion and four could be exported to the erythrocyte,
However, these results must be considered with caution until the 5’end of each
coding region has been verified experimentally. In the case of R45, which has been
previously described as a frophozoite antigen recognized by sera from patients

(Bonnefoy et al., 1992), N and C-terminal transmembrane domains are predicted, but
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no signal peptide. Numerous antigenic proteins have already been identified in
Plasmodium. Most of them arc addressed to the RBC membrane such as PfEMP1,
which plays a role in antigenic variation and cytoadhesion of the infected RBC (Bull
ct al., 1998). In order to verify in situ the exact localization of protein expression,
antibodies, which specifically recognize each FIKK (including R45), will need to be
produced, To this end, antigenic peptides have been designed to non-conmserved
regions (D. Goldring, University of Kwazulu-Natal, see appendix C), synthesized,

and used for IgY production in chickens.

During the study of FIKK family, it has been shown that PfPF14 0733 and
P{PF14 0734 corrcsponﬂ to only onc ORF. Surprisingly, sequencing analysis
revealed that the transcript contains an internal stop codon. To exclude the possibility
that this feature was sirain specific, it would be interesting to test for the presence of

such a stop codon in 3D7-wnrelated strains.

Expression by read-through of an internal stop codon usually occurs in bacteria and
virus {Gesteland and Atkins, 1996), however it has already becen observed in P.
Jfalciparum too, in a moember of the P60 multigene family (the 6.1 gene; (Bischoff et
al., 2000). In this case also, the cDNA contained two ORFs separated by an in phase
ochre codon (“TAA"), whereas in the case of PIPF14 0733/34, it is an opal codon
(“TGA”). In the Pf60 study, several lines of evidence (such as immunoblot and
double-site immuno-assay) suggest that the whole-length P£60.1 profein is cxpressed
by read-through of thc internal stop codon. However, the precise molecular
mechanism remains to be investigated. In our case, proteomic data (Florens et al.,
2002) indicates that at least the first part of the protein (“PF14_0033”} is expressed in
sporozoites (see also PlasmoDB, mass spectrometry studics of PF14_0033). We
intend to raise antibodies against the downstream PF14 0034 exon in order to test
whether or not the entire protein is expressed. If the whole protein were expressed, it
would be interesting to fnvestigate this prokaryote expression mechanism in P.
Jalciparum. In contrast, if PF14_0033/34 were translated into a truncated protein, as
occurs in most of the transcripts that possess an internal stop codon (for reviews, see
(Farabaugh, 1996); Gesteland and Atkins 1996) , this would lead to a protein
containing the kinase subdomains I to V (see Fig. 19). This potential trunctated
protein would correspond. only to the N terminal small lobe of usual protein kinase

since subdomain V links the small and the large lobes (see Chapter 1, section 1.5.4).
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So, this would raise important questions about whether PF14 0033/34 is a

pseudogene or provides cvidence for the emergence of a new protein. Obviously, in

the case of a truncated protein, the simplest explanation would be the “psendogene”

hypothesis. Nevertheless, we have to keep in mind that such an N-terminal {runcated

protein kinase could have emerged in P. falciparwm as this has been previously

reported in other organisms (Chapter 1, section 1.2.5.1),

Finally, the identification of partners (such as pull-down and immunoprecipitation )
experiments followed by mass spectrometry analysis) is likely to yield insights into
the specific function of these enzymes and should determine in which pathway(s)

such proteins are involved.
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Chapter 5: CHARACTERISATION OF TWO
ATYPICAL P, FALCIPARUM CDK-RELATED

KINASES
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Overview

The long-term objectives of our rescarch are to control parasite proliferation in the
human host, and to contribute lo disease control through preventing transmission of
the parasite to the mosquito vector. Towards this purpose, we are interested in
molecular mechanisms controiling cell division in Plasmodium falciparum, and we
have been focusing our studies on parasite development in red blood cells, which

accounts for malaria pathogenesis.

In Bukaryotes, cyclin de;;éndent kinases (CDK) are well known to control cell cycle
progression (Chapter 1, section 1.5). Based on sequence homology, 7 CDK-related
kinases have been identified, of which only four (PfPKS, Pfmrk, Pferk-1 and PfPK6)
display an overall primary structure that is similar to that of CDKs of higher
Eukaryotes. The other three (Pfoerk-3, -4 and --5) display atypical extensions and
insertions within the catalytic domain. Recombinant PfPKS, Pfimrk, and P{PK6
display kinase activity in vifro (a cyclin is required for PIPK5S and Pfinrk activitics,
but not for PfPK.6), whereas recombinant Pfcrk-1 does not show any activity in our
experimental conditions (Equinet L., Doerig C.}. The role of each kinase in cell cycle
progression is siill under study, and at the time of my work, we do not know which
of these enzymes (if any) are essential for the development of the parasitc. In
contrast, Pferk-3, Pferk-4 and Pferk-5 are still uncharacterized at the biochemical
level. Interestingly, compared to CDKs of yeast or mammals, these plasmodial CDK-
like enzymes display strongly atypical featurcs at the primary structure level,
Characterization of such atypical CDKs would be interesting, in view of the possible
development of specific inhibitors. Cancer therapy studies have led to the
identification and synthe:s'is of protein kinase inhibitors, which could be used for
parasite protein kinase screening. In particular, inhibitors with little effect on human
cells could be (i) tested on active recombinant parasite protein kinases and (ii)

redesigned to improve selectivity.

The work presented in’this chapter is focussed essentially on the biochemical
characterization of Pfcrk-3 and Pferk-4. The first part of this chapter concerns gene
structure analysis, completed by data pertaining to their expression during
erythrocyte schizogony. The last part presents our work on the enzymatic activity of

these two proteins.
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5.1 IDENTIFICATION OF TWO NOVEL CDK-RELATED PROTEIN
KINASES: Pferk-3 and Pferk-4

Both the Pferk-3 and Pferk-4 ORFs were identified in the Plasmodium daiabase
(PlasmoDB) by BLASTP analysis using various CDK sequences as queries (Le
Roch, Juin 2001). Pferk-3 and Pferk-4 predicted ORFs have been subsequently
analyzed by BLASTP on generalist databases, which confirmed the relatedness of
these genes to the CDK family.

3.1.1 Sequence homology of Pferk-3 and Pferk-4

Phylogenetic analysis on ihe kinome (Chapter 3), allowed us to identify 18 protein
kinases belonging to the CMGC kinase group, including Pferk-3 and Pferk-4. The
former clearly clusters within the CDK group, whereas the latter is localized at an
intermediate position near the base of the CMGC group (Ward et al., 2004), which
confirms the previously detected relatedness of these enzymes to both CDKs and
MAPKs (Doerig et al., 2002).

The size of predicted Pferk-3 and Pfoerk-4 is unusually large for CDKs: around 1339
and 1569 amino acids fespectively, compared to approximately 300 residues in
typical CDKs. Indeed, in addition to the protein kinase domain (in blue, Fig. 31),
both ORFs contain extensions and insertions (in yellow, Fig. 31).

The Pferk-3 kinase domain displays maximal homology to CDK1/2 homologues of a
variety of organisms (37,5 % and 36% of identity at the amino-acid level to human
CDK1 and CDK2, respectively), Like PfPK6, Pfcrk-4 shows similar levels of
homology to both CDKs and MAPKs (27.3% identity at the amino-acid level to
human CDK2 and 17 % io human ERK1, not including extensions and insertions).
For comparison, PIPKS$ diéplays 60% identity with human CDK1.
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Fig. 31: Structure of the Pferk-3 and Pferk-4 ORFs, compared to that of human
CDK2 and PfPKS

hCDK2: human CDK2. Blue boxes symbolize the protein kinase catalytic domain.
Yellow boxes correspond to insertions and extensions (see below). The ATP binding
and cyclin binding motifs are two important domains, which are usually well
conserved in CDK (“P*T**RE"” in human CDKs). Important phosphorylation sites

are indicated in yellow. aa: amino-acids

5.1.2 CLUSTALW analysis

Comparison of Pferk-3 and Pferk-4 amino-acid sequences to those of CDK from
other organisms, reveals similar atypical features (Fig. 32):

(1°) A large extension at the N-terminus, which is usually not found in CDKs (378
and 835 amino-acids respectively for Pfcrk-3 and Pferk-4) (Fig. 31, yellow box).

(2°) Two insertions within the catalytic domain, located in both ORFs, at the same
positions in the N-terminal lobe of the protein kinase domain (Fig. 31, yellow box).
The sizes of Pferk-3 and Pferk-4 insertions are similar (respectively 198 and 280
amino-acids for the largest insertions, 20 and 50 for the second insertions). There is a
third insertion of 12 amino acids in Pfcrk-4 sequence (NIQYLSDGLNDP), which is
located in the C-terminal lobe, downstream of the conserved HRD motif.

(3°) In both cases the PSTAIRE cyclin-binding motif is not conserved. The motif is
substituted in Pfcrk-3 and Pfcrk-4 by AKTYIRE and EEFAVNE respectively, which
does not resemble any of the known cyclin-binding motifs of other CDKs.

(4°) Both Pfcerk-3 and Pferk-4 display the conserved “Y15” (human CDK2

numbering) and “T160” residues involved in the regulation of CDK activity,

whereas, the “T14” residue is substituted by A in Pfcrk-3 and by V in Pferk-4.
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(5°) Finally, Pferk-3 possesses a C-terminus extension (335 amino-acids), which
according to the PlasmoDB gene prediction algorithms, is not present in Pfcrk-4.
However, despite these atypical characteristics, 11 key residues that are conserved in
most protein kinases (Hanks et al., 1988; Knighton et al., 1991) are present in Pfcrk-
3 and 4 (red *, Fig.32).

N-ter extension

ATP binding cvelhin binding

C-ter extension

Fig.32: ClustalW alignment of the catalytic domains of Pferk-3 and Pferk-4 with
those of other CDKSs (yeast Cdc28 [a CDK1 homologue], PfPKS and Pferk-1)

The 11 invariant residues of serine/threonine protein kinase are indicated by red *.
Black and grey colour shadings label residues that are identical or similar,
respectively. Dash indicates gaps introduced in the sequences to optimize alignment.

Insertions and extensions are symbolized by yellow rectangles.

5.1.3 3D modelling

In order to predict aspects of Pfcrk-3 and Pferk-4 protein structure, we ran the

automatic 3D SWISS MODEL procedure using the “whole-length™ (i.e. with the
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inscrtions) kinase domain of the proteins (http://swissmodel.expasy.org//SWISS-
MODEL.html). Based on sequence alignments of Pleck-3 (or Pferk-4) with a
template (i.e a related protein sequence, such as that of hCDK2, whose structure has
been resolved), this sofiware is able to predict the 3D structure of the protein of
interest. The lefl panel of Fig. 33 represents the 3D structure of hCDK2 (grey), with
the N- and C-terminal lobes (see Chapter 1, section 1.2.3) indicated blue circles. The
N-lobe contains the cyclin-box (PSTAIRE, red box), whereas, the C-terminal lobe
contains the T loop (including T160, whose phosphorylation by hCDK?7 ensures full
activation of CDK-see Chapter 1, section 1.5.2.1). For both protcins, the program
was able to give the predicted structure of the C-lobe domain only, which
corresponds to the protein sequence located downstream of the second insertion (Fig.
33, right panel, Pferk-4 in yellow). The algorithm is unable to accurately position the
gaps for loop insertions or deletions, and consequently, the 3D SWISS MODEL
procedure did not find enough similarity with the template protein to run the
modelling program of the N-terminal lobe (conditions required by SWISS-MODEL
to generate modcls: BLAST search P value: < 0.00001, global degree of sequence
identity: > 25 %, sequence of minimal 25 amino acids length). However, these first
results show that the C-lobe domain is structurally well conserved in both cascs,
except for a displacement of the Pferk-4 T-loop structure (Fig, 33, right panel, Red
*). According to the CLUSTALW alignment (Fig. 32), insertion 1 is localized
direcily after the ede28 “LYDIVHS” motif, whereas insertions 2 is situated just
before cdc28 “KKI'MKL™ motif, which correspond in both case to an external hinge
region between adjacent ‘protruding alpha helices and beta-sheets (Fig. 33, insertions
1 and 2, green arrows, left panel). Hence, it is possible that these insertions do not
interfere with the overall structure of these enzymes. Similarly, the third insertion of
12 amino acids found only in Pferk-4, forms an external loop protruding from the C-

terminal lobe (Iig. 33, insertions 3, green arrow, right panel).
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http://swissmodel.expasy.org//SWISS-

sertion 3 : .
Insertion 3 Insertion 2 Insertion 1

N-lobe

IRI

C-lobe

hCDK2  Pferk-4

Fig. 33: Structure of human CDK2 and 3D modelling of Pfcrk-4 using Swiss-
Pdbviewer

The left panel represents the 3D structure of hCDK2 (grey). The right panel is the
superposition of hCDK2 and the predicted C-terminal lobe of Pfcrk-4 (vellow). Red *
highlights important regions mentioned in the text. Green arrows localize the

insertions into the catalytic domain.

5.2 EXPRESSION OF Pferk-3 and Pferk-4 IN BLOOD STAGES OF THE

ARASITE

5.2.1 Gene structure predictions

According to the gene prediction algorithms available on PlasmoDB, the Pfcrk-3
OREF is composed of 2 exons. Exon | includes the protein kinase domain and the N-
terminal extension, whereas the second exon corresponds to the C-terminal
extension. Only one exon is predicted for Pfcrk-4, which encompasses the N-

terminal extension and the putative catalytic domain (Fig.34).
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5.2.2 mRNA expression

3.2.2.1 RT-PCR and PCR on ¢DNA library
RT-PCR studies performed by Dr P. Alano, ISS, Rome, using primers for the cloning

of the protein kinase domain (see below), showed that both Pferk-3 and Pferk-4
mRNAs are present in asexual and sexual blood stages (RT-PCR products around
1900bp and 2200bp respectively, Fig.35).

S - —) Pferk-3 ORF

i | < Whole-lenail

> < Nter-extension
—:\ < cler-extiension

_ ——— Pfcrk-4 ORF
= : Q Whole-leneth
= Z '

Nter-extension

s ==  kinase domain

Fig.34: PlasmoDB Pfcrk-3 and Pferk-4 ORF predictions and associated C-
terminal and N-terminal extensions
The ORFs are symbolized by red boxes. N-terminal extensions are highlighted in
green, and the C-terminal extension of Pfcrk-3 in pink. Putative protein kinase
catalytic domains are highlighted in blue. Arrows represents the location of the
primers used for the PCR amplifications described in the text.

kinase domain Pferk-4 Pferk-3

r N A\

G A G A

2200bp — —1900bp

c¢DNA

Fig. 35: RT-PCR of total RNA from gametocytes (G) and asexual parasites (A)
using kinase domain primers.

Lanes — correspond to the RT-PCR in which the reverse transcriptase was omitted.
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This experiment concerned only the catalytic domains. To determine whether the
large N- and C-terminal extensions of Pfcrk-3 and Pfcrk-4 are transcribed and
present in mature mRNA, I next performed PCR on ¢cDNA libraries from asexual
parasites and gametocytes, using extension-specific primers as indicated on Fig. 35.
Neither the whole-length PCR fragments (Fig. 36, left panel, lane 1 and 2) nor the N-
terminal extension PCR fragments (Fig. 36, right panel, lane 1) were amplified from
the cDNA libraries, although whole-length products were obtained for both genes
from genomic DNA (lanes 3-4). Absence of amplification from the cDNA libraries
might be explained either by a low representation of full-length mRNA, or by

erroneous gene structure prediction.

Whole-length ol Plerk-3 and Plerk-4 Nter-extension of Pferk-4

1,23 4 12

Fig. 36: PCR products obtained from ¢DNA libraries using full-length and N-

=4700hn
= 4200bp

2500bp

cDNA gDNA

terminal extension primers

Left panel (full-length): 1, 3: PCR using Pfcrk-3 primers on ¢DNA and gDNA
respectively; 2, 4: PCR using Pfcrk-4 primers on cDNA and gDNA respectively.
Right panel (Nter-extension): 1, 2: PCR using Pfcrk-4 primers on cDNA and gDNA

respectively.

To overcome these problems, additional primers were designed to amplify smaller
fragments, which would overlap the boundary between the extensions and the
putative catalytic domain (Fig. 37, left panel). In all cases, amplification products
were obtained of the expected molecular weight, which confirm the PlasmoDB ORFs
predictions (Fig. 34). In addition, as expected, the amplification of Pferk-3 C-
terminal extension yielded fragments of approximately 1000bp and 1100bp from
cDNA and gDNA respectively (Fig. 37, right panel, e), which allowed us to exclude
any contamination of cDNA library by gDNA. Taken together, the PCR and RT-
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PCR data indicate that mRNA from both genes is present in erythrocytic stages, and

that the extensions/insertions appear to be maintained in the mRNAs,

Pferk-3
: Fxon | : [<xon - ' 5 o d
B R T R RN | o T T |
e ——_—
N-tel i Catalytic 700bp = 1000bp
extension domain 500bp
1200pb 2000pb 100bp
a
b L ¢DNA gDNA cDNAgDNA
. ————
d e
Pferk-4
1 h L d Li

N-ter = 2 ()OObp_ -— lOOObp

Catalytic = 700bp

SN domain 300bP 600bp
2500pb 2200pb

c¢cDNA gDNA

Fig.37: PCR of Pferk-3 and Pferk-4 extensions using ¢cDNA library and gDNA

a, b, ¢, d and d’ represent different fragments localized at the N-terminal extension of
the predicted ORF, whereas the e fragment is the predicted Pfcrk-3 C-terminal
extension. For each fragment, PCR amplifications have been performed on a cDNA
library and gDNA. The cDNA library is representative of mRNA present in red blood

cell stages.

5.2.2.1 Northern blot analysis

Northern blot analysis allowed the detection of one mRNA species each for Pfcrk-3
and Pfcrk-4 (approximately 4 and 6 kb, respectively) (Fig. 38). The Pfcrk-3 signal
was very weak. It is important to mention that a subsequent control on the same
membrane was performed using a PfRhopH2 probe, a gene expressed in schizonts

(I.T Ling, et al.,, MBP, 2002, H. Taylor). As expected, a mRNA species is present
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only in the schizont lane, around 7.5 kb. Therefore, it appears that the membrane
contained enough mRNA, which allowed us to conclude that Pferk-3 is expressed at
a very low level (at least in the 3D7 strain in vitro). The fact that only one transcript
is present suggests there is only one type of mature transcript, containing the protein

kinase domain.

—— 7500bp

4000bp

Control Crk-4

Fig.38: Northern blot analysis of RNA extracted from erythrocytic stages

(R: ring, T: trophozoite, S: schizont) using Pfcrk-3 and Pfcrk-4 probes (against the
protein kinase domain). A positive control using PfRhopH?2 probe (a gene expressed
only in schizont, probe provided by H. Taylor, WCMP) was performed to test the

quality of the membrane.

Microarray data from DeRisi ef al. available on PlasmoDB indicate that Pferk-3 is
preferentially expressed at the ring stage, and that mRNA levels decrease during the
trophozoite stage. In contrast the peak of Pfcrk-4 expression occurs during the late
trophozoite and schizont stages (Fig. 39). Our Northern blot analysis confirms the
transcriptome data, except for the apparent absence of Pfcrk-3 expression during the
ring stage. The reason for this discrepancy is unclear; a possible explanation may the

low levels of the mRNA in young rings depicted on the microarray data (Fig. 39).
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Fig. 39: Microarray data for Pferk-3 and Pferk-4, obtained from the dataset
from the De Risi study available on PlasmoDB (Bozdech et al., 2003).

x-axis Time in hours after adding synchronized culture of HB3 parasites to fresh
blood; blue plot: averaged smoothed normalized log base(2) of Cy5/Cy3 for Pfcrk-3
or Pferk-4; grey plot: averaged normalized log base(2) of Cy5/Cy3 for Pferk-3 or
Pferk-4; Trophs: trophozoite. Blue curves represent the profile of mRNA expression
through the RBC parasite cycle development, from ring stage (0h) to schizont (48h
post-invasion) (X-axis). Expression data is displayed as a graph of log ratio
(cyS/ey3) (Y-axis, from -2 to 2) versus time. This ratio represents the relative
abundance of mRNAs measured by two-colour competitive (cy5/cy3) hybridisation
between total RNA from each time point and a reference pool of total RNA from all
time points (48 time points, i.e. one per hour during the 48 hours of the asexual

cycle, starting one hour post invasion).

5.2.2 Protein expression

5.2.2.1 Western blot on parasite extract

IgY antibodies against peptides derived from Pferk-3 and Pferk-4 (both in the large
insertion and putative catalytic domain: see Annexe F) were obtained by
immunisation of chickens and immunopurified on the immobilised peptides by Prof
Dean Goldring (University of Kwazulu-Natal, Republic of South Africa), in the
context of an ongoing collaboration between our laboratories. These antibodies
recognised the recombinant protein, purified as described in materials and methods

(see Chapter 2, section 2.3.13 and appendix F) in Western blots, as shown in Fig. 40.
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Anti-Pfcrk-3 AntiPferk-4

Fig.40: Western blot on GST recombinant proteins using anti-Pfcrk-3 and anti-
Pferk-4 antibodies

Lanes 1 and 3: recombinant Pfcrk-3, lanes 2 and 4: recombinant Pfcrk-4. Westerns
have been performed using anti-Pfcrk-3 (PNG immunopurified peptide antibody) and
anti-Pferk-4 (LKA immunopurified peptide antibody)(the name of the
immunopurified peptide antibodies refer usually to the first three letters of the

peptides used to immunised chicken)

Western blot analysis using parasite extracts and antibodies raised against the
“protein kinase domain™ showed that both proteins are present in extracts from
unsynchronised asexual parasites (Fig. 41, lanes 4, and Fig. 42, lane 4 and 5,
respectively for Pfcrk-3 and Pfcrk-4). Complementary Western blot studies were
performed with extracts from synchronous parasites in collaboration with the
laboratory of Prof. D. Chakrabarti, Univ. of central Florida (Fig. 41, lanes 1, 2, 3 and
Fig. 42, lanes 1, 2, 3) and showed that despite Pfcrk-3 mRNA being expressed in an
early stage, the protein is present at a later stage (Fig. 41, lanes 2 and 3), this result
was confirmed by immunofluorescence assay (Fig. 43). Pfcrk-4 protein is also

present in erythrocyte stages (Fig. 42, lanes 1, 2, 3).

Pfcerk-3 appears to be proteolytically processed from a large precursor in rings,
whose size approximates the expected molecular weight of the whole length protein
(160kDa), to a protein around 120kDa at later stages (using VVD-Pfcrk-3 antibody,
Fig.41, lane 1,2,3). Determination of the exact processing events will require
additional studies using antibodies directed against the various parts of the protein.
Using the antibody directed against the largest insertion (PNG antibody, Fig.41, lane
4), we obtain the same Western blot profile (i.e proteins around 160 and 120 kDa),
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which strongly suggests that the insertion is maintained in the protein. In addition,
there are also proteins of similar intensity around 200kDa and 70kDa. The 70kDa
protein is also detectable with the “protein kinase domain” VVD antibody (Fig.41,
lane 1). However, the low intensity of the signal suggests that this protein could be a
proteolytic degradation product. The protein above 200kDa is not found using the
VVD antibody, which suggests that the PNG antibody may recognize an unspecific
protein in the parasite extract around 200kDa. Pulse-chase experiments would permit
to determine whether or not Pferk-3 is processed by proteolysis. Nevertheless, since
both the «protein kinase domain» antibody and «insertion» antibody recognize the
same proteins (see appendix F, for the localization of the antibody recognition

peptides), we can conclude that the largest insertion is not proteolytically processed

during RBC stages.
Pferk-3 (VVD, 1:10 000) Pferk-3 (PNG insertion, 1:10 000)
= -~ )
1 2 3 -4

200kDs B «~— | Ok D 200kDa

120kDa - & 120kDa 120kDa —
70kDa —

70kDa —
30kDa

Fig.41: Western blots using anti-Pfcrk-3 antibodies with parasite extracts from
rings (R), trophozoites (T), schizonts (S) or unsynchronised asexual parasites
(A)l

In the same way, the expected molecular weight of the full-length Pfcrk-4 protein is
around 182kDa, and large proteins around 150kDa and 250kDa are recognized in
parasite extract by both antibodies (catalytic domain (LKA) and insertion (ITI)
antibodies, Fig. 42). In extracts from either synchronous or asynchronous parasites,
both antibodies recognize numerous proteins. Prominent proteins are observed at

approximately 30, 55, 70, 100, 150kDa and superior to 250kDa, but it is difficult to
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determine their origin (it could proceed from degradation products or processed
Pfcrk-4 molecules). Use of specific antibodies against extension or smaller insertions
will be required to further in analysis. However, the fact that the same Western blot
profile has been obtained by the used of the unrelated “protein kinase domain LKA”
and “insertion ITT” immunopurified antibodies leads to the conclusions (i) that the
recognised proteins are likely to represent Pfcrk-4-derived proteins, and (ii) that the

large insertion (which size is around 31kDa) is not processed during erythrocyte

stages too.
Pferk-4 (LKA, 1:10 000) Pferk-4 (ITI insertion, 1:10 000)
- = =%
1 2 3 4 5
250kDa — +«— >250kDa 250kDa . o— >250kDa
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Fig.42: Western blot using anti-Pferk-4 antibodies with parasite extracts from
rings (R), trophozoites. (T), schizonts (S) or unsynchronised asexual parasites

(A).

3.2.2.2 Immunofluorescence assays

Immunofluorescence assays (IFAs) were performed using unsynchronized parasites
and the anti-Pferk-3 and Pferk-4 IgYs, using deconvolution technology (these
experiments were performed during my stay at the Chakrabarti laboratory). Signals
were obtained for Pfcrk-3 and Pferk-4 in asexual parasites (Fig. 43), showing that
both Pferk-3 and Pferk-4 are expressed in the cytoplasm during the erythrocytic
stages. The Pferk-3 antibodies gave a punctuated signal in late schizonts
(segmenters). In every instance, these data confirm the previous results on Western

blot analysis. Interestingly, Pfcrk-3, which according to DeRisi et al. microarray
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study (available on PlasmoDB) is only expressed in ring stage, may also be present

in later stages (trophozoite, schizont, and segmenter) at the protein level.

Trophozoite Schizont Segmenter
Plerk-3
Plerk-4 Trophozoite Schizonte

Fig.43: Immunofluorescence assays
Pfcrk-3 and Pferk-4 antibodies are labelled in red, whereas the blue colour is from

DAPI staining of DNA. Each panel shows parasite stages from trophozoite to

schizont.
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5.3 EXPRESSION OF RECOMBINANT Pferk-3 and Pferk-4 AND IN VITRO
KINASE ACTIVITY ASSAYS

The catalytic domain of both Pfcrk-3 and Pferk-4 had been cloned into pGEX
expression vectors (by K. Le Roch) prior to my thesis (see Annexe F). I expressed
the GST fusion catalytic domains of Pferk-3 and Pferk-4 (without the N-terminal
extensions) in £. coli, purified the recombinant protein on glutathionc-agarose beads,

and assayed the cluted proteins for kinase activity in vitra.

5.3.1 Expression of the recombinant GS'1- Pferk-3 and GST-Pferk-4

Both recombinant GST-Pferk-3 and GST-Pilerk-4 proteins have the expecled
molccular mass (around 100 kDa). Whatever expression conditions tested,
recombinant proteins are degraded during batch-purification, probably by bacterial
proteases (Fig. 44, lanes 1 and 4, for GST-Pfcrk-3 and GST-Pferk-4 respectively).
Nevertheless, optimised conditions of expression (Fig. 44, lane 3 for Pfcrk-3) and
liquid chromatography purification (Fig. 45, lanes 1 and 3, for GST-Pferk-3 and
GST-Pferk-4  respectively) allowed us to improve the yield of full-length

recombinant protein.

In an attempt to improve protein yields and stability, Pferk-4 was also cloned in an
expression vector designed (o add an N-terminal His-tag (instead of a GST tag) to the
catalytic domain. Protein expression in bacteria was toxic (increase of PTG
concentration lead to decrease of bacterial growth). Moreover, the His-tagged protein
was still unstable in bacterta. Four hours after induction at a low IPTG concentration,
the expected protein is poorly detected (Fig. 46, lane 5, size around 80kIDa), whereas
a major protein is detected around 35kDa with the anti-Pferk-4 antibody. Protein
purification did not allow a better yicld compared to GST-recombinant protein.

Nevertheless the His-tagged protein was tested for its activity (sce scction below).
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Pferk-3 Pferk-4
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Anti-Pferk-3 Anti-GST

Fig.44: Coomassie-stained 12% SDS-PAGE and Western blot of recombinant
proteins obtained by batch purification /: GST-Pferk-3, 2: Western blot using
anti-Pferk-3, 3: GST-Pfcrk-3 obtained with optimised condition of expression,
4:GST-Pfcrk-4, 5: Western blot using commercial anti-GST antibodies.
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Fig.45: Coomassie stained 12% SDS-PAGE and Western blot of recombinant
proteins obtained by glutathione affinity liquid chromatography (AKTA FPLC,
Amersham)

1: GST-Pferk-3, 2: Western blot using anti-GST, 3: GST-Pfcrk-4, 4: Western blot
using anti-GST.
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Fig.46: Western blot of His-Pfcrk-4 and Coomassie stained 12% SDS-PAGE.
Western blot using anti-Pfcrk-4 (LKA immunopurified antibody) was performed (1-
5), on bacterial pellet extract. Lanes 6-10 represents the Coomassie-stained SDS-
PAGE acrylamide gel. 1: non induced; 2: after 2h without IPTG; 3: after 4h without
IPTG; 4: after 2h induction (0.1uM IPTG), 5: after 4h induction (0.1uM IPTG)

5.3.2 Kinase assay on GST-Pferk-3/GST-Pferk-4 and activation by parasite extract

Kinase assays were performed with recombinant GST-Pfcrk-3 and -Pfcrk-4, using y-
32p_ATP and a variety of exogenous protein substrates (histone H1, MBP, a-casein,
B-casein and parasite protein extract). In this experiment, RINGO was used as a CDK
activator (RINGO is a powerful activator of mammalian CDK2, and has been
previously shown to stimulate recombinant PfPKS activity by 3-4 orders of
magnitude, (Merckx et al., 2003)). Fig. 47 illustrates that no kinase activity was
observed for either Pferk-3 or Pferk-4 (and Pferk-1), under our experimental
conditions, whereas PfPKS-RINGO is active on a peptide substrate
(PKTPKKAKKL) derived from histone H1 (for comparison: 77000 cpm measured
on the CDK substrate after incubation with PfPK5 and RINGO compared to 300 cpm
with the other plasmodial CDK like).
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Fig.47: Kinase activity of recombinant Pferk-1, Pferk-3, Pferk-4 and PfPKS in
association with an exogenous CDK activator (RINGO).

Quantification of peptide substrate (PKTPKKAKKL) phosphorylation was measured
by scintillation counting in counts per minute (cpm). 1: substrate alone, 2: RINGO +
substrate, 3: Pfcrk-1 + substrate, 4: Pfcrk-1 + substrate +RINGO, 5: Pferk-3 +
substrate, 6: Pfcrk-3 + substrate +RINGO, 7: Pferk-4 + substrate, 8: Pferk-4 +
substrate + RINGO, 9: PfPK5+ substrate, 10: PfPK5+ substrate +RINGO. The
experiment was repeated under the same conditions, and standard deviation is
comprised between 4.5 and 42.5 cpm.

The His-tagged Pfcrk-4 protein described above was also assayed for activity in

similar experiments, but displayed no kinase activity.

Cyclin activation
The lack of activity of monomeric GST-Pfcrk-3 and Pfcerk-4 may be due to the

absence of a specific cyclin-like activator. No cyclin partner has yet been identified
for these enzymes. Four plasmodial cyclin-related proteins have been recently cloned
in our laboratory (Pfcyc-1, Pfeyc-2, Pfeyce-3, Pfeyc-4), two of which (Pfeye-1 and
Pfcyc-3) activate recombinant PfPKS in vitro (Merckx et al., 2003). However,
incubation of either Pfcrk-3 or Pferk-4 with these four different recombinant cyclins

did not allow us to detect an activation of these potential CDKs (data not shown).
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Activation by parasite extract

Incubation of recombinant Pferk-3 or Pferk-4 in parasite extracts might result in
activation of this protein kinase, possibly via the binding of a cyclin-like activator. A
pull-down experiment was performed, in which recombinant GST-Pfcrk-3 (or Pferk-
4) bound to agarose beads was incubated with parasites extracts or in parasites lysis
buffer (as a ncgative control). The beads were washed, and assayed for kinase
activity.

After incubation in extracts from asynchronous parasites and late stage parasite
extracts (trophozoite and schizont), the pull-down experiment allowed us to detect
histone H1 kinase activity associated with GST-Pferk-3, as well as the
phosphorylation of a protein with the same molecular mass as GST-Pferk-3
(96K Da}), which may be GST-Pfork-3 itself (Fig. 48, lane 2). No signal was observed
in the absence of parasite protein cxiract or GST-Pferk-3 (Fig. 48, lane 1 and 3). The
activity might result either from Plerk-3 itself, or from another protein kinase [rom
the parasite extract that had been copurified with G8T-Pferk-3. To discriminate
between these possibilities, we used an cxpression plasmid encoding a GST-Pferk-3
kinase-dead mutant, carrying a point mutation of a residue involved in catalytic
activity: K445M. If the post-incubation activity is not found when thc kinase-dead
Pferk-3 mutant is used, this would demonstrate that the activity is indeed due to
Pferk-3. The mutants were generated by site-directed mutagenesis, and the pull-
down experiment showed the same signal either with the mutated kinase (Fig. 48,
lane 6) or the “wild type” (Wt) recombinant protein (Fig. 48, lane 5). This suggesis
that the signal is due to a plasmodial protein kinase that is pulled down by the GST-
Pfcrk-3 beads.
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Fig.48: Pull down experiments using GST-Pfcrk-3, following by a Kinase assay

1

For each point, histone H1 has been added into the kinase assay.

Recombinant GST proteins were incubated with parasite extracts (C) or [vsis buller ()
1: GST beads + parasite extracts; 2: GST-Pfcrk-3 beads + parasite extracts; 3: GST-
Pferk-3 beads + lysis buffer; 4: Histone HI alone; 5: GST-Pferk-3 beads + parasite
extracts; 6: GST-Pfcrk-3dead beads + parasite extracts; 7: GST beads + parasite extracts;
8: GST-Pferk-3 beads + lysis buffer; 9: GST-Pfcrk-3dead beads + lysis buffer; 10: GST
beads + lysis buffer

A pull-down experiment was also performed on GST-Pfcrk-4 followed by a standard
kinase assay on H1. After incubation of GST-Pfcrk-4 in an extract from synchronised
parasites (trophozoite and schizont), a kinase activity was detected on histone H1
(Fig. 49, lane 2), whereas no activity was observed in the controls (lane 1 and lanes
3-6). In contrast to the Pferk-3 pull-down experiments, there was no additional
phosphorylated protein. The pull-down experiments using late trophozoite and
schizont parasite extracts allowed us to obtain kinase activity either from GST-Pfcrk-
4-coated beads (Fig. 49, lane 7) or GST-Pferk-4 (K911M) dead mutant-coated beads
(Fig. 49, lane 8), which suggests that this protein kinase, like Pfcrk-3, associates with
a plasmodial protein kinase. Interestingly, Pfcrk-4 pull-down experiments were
performed with extracts from rings, and no signal was detected after incubation (data
not shown). Taken together with expression data demonstrating that Pferk-4 is
expressed late in the asexual cycle (see above), these results are consistent with the

idea that a complex Pfcrk-4—plasmodial protein kinase is active during schizogony.
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Fig.49: Pull down experiments using GST-Pfcrk-4, following by a kinase assay

For each point, histone H1 has been added into the kinase assay. Recombinant GST
proteins were incubated with parasite extracts () or /vsis hufjer (0 1: Histone HI
alone; 2: GST-Pfcrk-4 beads + parasite extracts; 3: GST beads + parasite extracts;
4: GST-Pfcrk-4 beads + lysis buffer; 5: GST beads + lysis buffer; 6: Histone HI
alone; 7: GST-Pfcrk-4 beads + parasite extracts; 8: GST-Pferk-4dead beads +

parasite extracts; 9: GST beads + parasite extracts

5.3.3 Immunoprecipitation experiments and kinase assays

In experiments described in the previous section, the N-terminal extensions were not
present in the recombinant protein, which contained only the catalytic domain (and,
in the case of Pferk-3, C-terminal extension as well). It is unclear at this stage
whether these extensions are involved in enzyme function, or whether they are
processed during parasite development (see above). However, it cannot be excluded
that the absence of kinase activity of the recombinant proteins is due to the absence
of the N-terminal extensions, which might play a role in tri-dimensional
conformation, interaction with activators, or substrate recognition. Experiments
involving native proteins, such as immunoprecipitations from parasite extracts, may

overcome such limitations of the “in vifro " studies using recombinant protein.

Specific anti-Pfcrk-3 and -Pfcrk-4 antibodies bound to A sepharose beads were
incubated with specific stage parasite extract (late trophozoite and schizont). Because

of the low affinity of chicken antibodies to protein A (and others) sepharose beads, |

149




first incubated the antibody with a rabbit anti-chicken antibody before coupling to A
sepharose beads. After incubation, A sepharose beads-bound complexes were

washed and assayed for kinase activity.

Both native Pfcrk-3 and Pfcerk-4 were associated with a H1 kinase activity (Fig. 50,
lane 5 and 6 respectively), whereas no activity was detected in the negative control
(in Fig. 49, lane 3 and 4). This result is in agreement with the pull-down experiments.
In view of the results of the pull-down experiments using protein kinase-dead Pferk-
3 and —4, it cannot be excluded that native Pfcrk-3 (or Pferk-4), in this conditions, do
not have any enzymatic activity, and that the activity detected in immunoprecipitates

results from another co-purifying protein kinase.

I 2 3 4 56
H1 - -
+ - =

Pferk-3 Pferk-4

Fig.50: Incubation of immunopurified antibodies with parasite extracts followed
by a kinase assay

1: Histone H1: 2: positive control (anti-Pfcyc4 + parasite extracts); 3: A sepharose
beads + parasite extracts; 4: irrelevant chicken IgY + parasite extracts: 5: anti-Pfcrk-
3 (PNG) + parasite extracts; 6: anti-Pfcrk-4 (LKA) + parasite extracts

Previous immunoprecipitation studies followed by kinase assay have shown that the
cyclin Pfcyc-4 (Merckx et al., 2003) is associated with a kinase activity in parasite

extract (positive control).
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5.4 DISCUSSION

Residues that maintain the fold of the protein kinase domain or which are important

in catalysis are well conserved in Plork-3 and Plork-4. In contrast, regulatory

clements such as the PSTAIRE cyclin-binding motif and “T14” (human CDK2
numbering) residue involved in regulation of CDK activity are missing (see Chapter
1, section 1.5.3), which may indicate that these enzymes, despite good scquence
similarity to the CDK family, may actually be regulated through mechanisins that are
divergent from those controlling the activity of CDKs in higher eukaryotes. The
presence of a large extension surrounding the protein kinase domain is an unusual
feature, as are the insertions within the catalytic domain. PCR on ¢cDNA has shown
that the cxtension(s) and insertions are transcribed into mRNA, and Western blotl
experiments using specific antibodies suggest that the proteins are constitutively
expressed during the erythrocyte stages and that largest insertions are not processed
(the presence or absence of small insertions cannot be determined from
electraphoretic mobility, as the relative difference in size would be too small to cause
a visible shift). Protein expression of extensions during the parasite development
remains to be elucidated experimentally using antibodies targeting specific parts of

the polypeptides (as well as the smallest insertions).

No significant histone H1 kinasc activity of recombinant Pferk-3 and Pferk-4 was
observed, even in the presence of different cyclin activators. Pull-down experiments
indicated that Pferk-3 and Pferk-4 are associated in complexces with protein(s), which
display kinase activity on H1. Considering that all residues that are important for
phosphor-transfer catalysis are conscrved in Pferk-3 and Pferk-4, it is possible that
absence of kinase activity is caused by our experimental conditions. The limits for
using the right substrate in our Kkinase assay could be overcome by testing
commercial microarrays of kinase substrate peptides (such as PepChip®Kinase from
Pepscan company, which contain more than 1150 Ser/Thr peptides). Moreover, we
have no idea about the funclion of insertions or extension(s} (the latter of which were
absent from our recombinant proteins) in the activity of these kinases. Despite the
fact that insertions may well not interfere with the structure of the kinase, it is also
possible that they are implicated in the folding of the “active” protein. The roles of

the extensions are stiil unknown and the regulation of such complex proteins is
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difficult to predict. Thus, absence of kinase activity could be due to the folding of the

protein itself or lack of appropriate activation inside the extension domains.

Indeed, it has bcen established for & wide range of kinases that (he C-terminus
domain plays a role in the stability or regulation of the protein (Etchebehere et al.,
1997); (Grasselli et al., 2004). Such long C-terminal extensions are found for
example in number of mammalian MAPKs, such as ERKS (110kDa, compared to the
usual 300 amino acid kinase which has a molccular mass of around 30kDa) (Yan et
al., 2001), ERK7 (Abe et al,, 1999) and ERKS8 (Abe et al., 2002) (both molecular
masses are around 60kDa). In the case of ERK 5 and 7, these extensious have been
found to have a regulatory role (negative regulation of ERKS activity and
autoregulation of ERK7), Moreover, in vivo expression of a C-terminal truncated
ERK7 rcsulted in growth arrest of the transgenic cell line {Abe et al., 1999). So far,
nothing is known about the function ot ERK8 C-terminal extension. In Trypanosoma
brucei also, a MAPK/CDK-kinase (like Pfcrk-4), TbECKI1, possesses a long C-
terminal extension, which is constitutively expressed. Expression of the truncated
TbECK1 protein (i.c without the extension) results in a change of the cell growth
phenotype with the emergence of aberrant karyotypes, and site-directed mutagenesis
experiments demonstrate that this domain has a negative regulatory function, which
prevents TbECK.] “from perturbing”™ the normal growth (Ellis et al., 2004). Only one
recent study has been reported so far on the role of an extension in a Plasmodium
kinase: PfPKB possesses a C-terminal extension and contains also a N-terminal
region of 28 amino acids (NTR, which in PKB homologues from other organisms is
usually replaced by a PH domain) (Kumar c¢t al., 2004), Interestingly, the truncated
protein with the kinase domain and the C-terminal extension (i.e without the NTR) is
aclive in vitro whereas expressiton with the N-terminal region appears to negatively

regulate its kinase activity.

Based on these data, it is likely that extensions and insertions have an importaice in
the function regulation of some protein kinase. In our case, the cloning of the gene
encoding the recombinant Pfcrk-3 protein Kinase domain with its 335 amino acids C-
terminus extension is in progress, in order to test its enzymatic activity. However
expressions of the full lengih Pferk-3 and -4 are problematic because of the

difficulties of amplifying the entire cDNA (see section J.2.2.7).
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With respect to insertions, there is some evidence in the literature that they have a
role in protein-protein interactions. Ilence, the human serine/threonine phosphatase
Calcineurin possesses a 95 residues insertion that is important for calmodulin binding
(Liu et al., 2002). Inscrtions have been also observed in Dictyostelium discoideum
MHCKX {myosin heavy chain kinase), and are involved in the binding of the substrate
(Steimle et al,, 2001). However, despite only a few examples of serine-threonine
protein kinases with such insertions (see Chapter 3, section 3.6, {iv)), their function is
still undetermined. In some cascs, their presence does not perturb enzymatic activity.
To determine if these domains are involved in protein interactions with Pferk-3 and
Pfcrk-4, we could generate different constructs with or without the large and the
small insertions. Using these constructs, pull down experiments followed by SDS-
PAGE could be carried out to identify the binding of partners (including the kinase
partners, revealed m section 5.3.2), Moreover, since the functions of Plerk-3 and
Pferk-4 in the parasite are still unclear, as hypothesized in section 4.6 with respect to
FIKKSs, these proteins could either play a kinase function, or be involved in the
regulation of signalling pathways in spite of lack of intrinsic kinase activity. In this
context, identification of the upstream partners that regulate their activity and their
down-stream targets will be crucial for understanding their cellular role(s). Several
strategies have been chosen for this purpose and preliminary experiments have been

carried out {(see Chapter 6, section 6.1: perspectives).

133




. PP .- Lot e wmaatiet PO SR . S et Ty iR st T 2R
I e I P R T T S Tt e L T N e

Chapter 6:

PERSPECTIVES AND

GENERAL CONCLUSION

154




6.1 PERSPECTIVES FOR THE CLOSE FUTURE

6.1.1 Identification of partners

Several strategies have been undertaken to identify binding partners of the protein
kinases. Preliminary experiments were carried out to (i) identify partners by
immunoprecipitation (IP) followed by mass spectrometry analysis or to (ii) identify
binding motifs by screening of peptide libraries, and finally to (iii) identify potential
substrates in silico by using the PREDIKIN program (http://www. biosci.ug.edu.au
/kinsub/home.htm; (Li et al., 2003). The yeast two-hybrid system is difficult to utilise
in this context, because the P, falciparum AT rich sequences mimic yeast
transcription termination signals, which causes many plasmodial genes to be
expressed very poorly in yeast cells. So, the feasibility of applying such an approach
to this organism is difficult, although not impossible as there are several examples in
the literature (Bergman et al., 2003; Li ct al., 2004; Mello et al., 2002).

(i) Mass spectrometry is a common strategy employcd for protein identification. In
addition to pull-down and IP results on Pferk-3 and -4 (described in Chapter 5,
sections 5.3.2 and 5.3.3) and results on 2. falciparum cyclins (Merckx et al. 2003),
preliminary experiments were performed using antibodies raised against P.
Jalciparum CDK. For instance, in synchronized parasite exiracts, antibodics against
Pferk-1 and PfPKS immunoprecipitate () phosphorylated proteins (proteins around
30-35, 50 and 62 kDa, see appendix I, lanes 4 and 6) and (i} complexes that are
clearly associated with a histone H1 kinase activity (Appendix I, lanes 2, 4 and 9).

We plan, therefore to analyse further the bound partners for all plasinodial CDKs and
cyclins. To effectively resolve a crude mixturc of substances by mass spectrometry-
bascd approaches, several factors have to be considered including the amount and
purity of the protein desired. For this purpose, cross-linking strategies have been
cansidered. Indeed, chicken antibodies and polyclonal rabbit antibodies have been
cross-linked on beads to prevent antibody contamination in the sample. As expected,
cross-linkage cxperiments gave a better resolution, and allow us to detect additional
proteins (See appendix J, lane 1 and 4). However, at the time of my work, further

optimisation is necessary to improve the coupling efficiency of antibodies.
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(ii) Screening of libraries

Screening peptide libraries has been used as another method to identify protein
kinase substrates. This approach is based on the functional binding of peptides from
a library (often from a random expression system) to the immobilised ligand (in our
cas¢, the target protein kinase). In order to identify PfCDK binding motifs,
preliminary studies have been carried out using a random peptide library: the FliTrx
system (Invitrogen). This system is based on the display of random peptides at the
cell surface (Xu et al,, 2001). The phage display is another potentially powerful
method for identifying partners (Lauterbach et al., 2003). Prof. D. Chakrabarti,
Univ. of central Florida, has produced an asexual ¢cDNA phage display library from
Plasmodium falciparum using a T7 lambda vector system (Novagen), which was
used in conjunction with some of the PECDKs of interest. No data are yet available,

however, such approaches are quite promising.

(i11) in silico identification of potential substrates using the PREDIKIN program.

A compulational procedure has been developed recently lo identify specific kinase
substrate residues (Li et al., 2003). This bio-computing study has shown that using
the present data on the kinase structures, it is possible to predict the substrate
phosphorylation site of a conserved kinase. We ran the program for all the
plasmodial CDK-like kinases. The program failed for those enzymes, which possess
insertions within the catalytic domain, because the program could not pinpoint the
conscrved residues used for the prediction, However it worked with Plerk-1, PPKS
and PfPKG. Different putative substrate motifs were predicted, and were used as
queries in BLAST analyses of PlasmoDB. Several potential substrates containing the
phosphorylation motif were identified, and a few hits are worthy of further attention
(Appendix K), For instance, based on these results, PfPK6 is predicted to
phosphorylate a plasmodial minichromosome mainienance-related protein (MCM)
implicated in nitiation of DNA replication and DNA elongation in eukaryotes.
Interestingly, interaction between both proteins was confirmed first by phage display
(using the T7 hbrary from P. falciparum described above) and secondly in vitro
kinase assays, in which P{PK6 phosphorylates this MCM protein (D.Chakrabarli,

personal communication).
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6.1.2 Functional gene study by gene disruption

With the purpose of determining whether or not the kinases are essential to asexual
multiplicatton, we intended to inactivate Pferk-3 and Pferk-4 in vivo using « knock-
out » approaches (KO). Pferk-3, Pferk-4 (and Pferk-1) plasmids were constructed
using the pCam-BSD vector (allowing inactivation of the target gene following
homologous recombination, from David Fidock) (see appendix G and Chapter 2,
scction 2.3.3.4). Pferk-3, Pferk-4 and Pferk-1 plasmid constructs were introduced
into parasites by electroporation (Chapter 2, section 2.1.7), After one month under
selective pressure, parasites have emerged, and PCR-based genotype analysis
performed two months after transfection allowed the detection of only the episomal
form. Hence, none of the three genes had been inactivated (see appendix H),
whereas under the same experimental conditions, a gene related to MAPK has been
integrated (Dominique Dorin, personal communication), Formal demonstration that
these genes are essential for parasite survival will require a complementary
experiment, in which the KO construct will be co-transfected with another plasmid
able to express the relevant protein. If the endogenous copy of the gene can be
inactivated in these condilions, this will allow us to exclude that the absence of
integration when the KO plasmid is transfected alone is due to non-
recombinogenicity of the targeted locus, and will demonstrate that the gene is indeed
essential (Krnajski et al., 2002).
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6.2 GENERAL CONCLUSION

Because Plasmodium falciparum (P. folciparum) parasites are increasingly resistant
to auntimalarial drugs, new targets must be identified. Potential targets for
chemotherapy include protein kinases (PKs). Candidates for protein kinases involved
in cell cycle control and differentiation of P. fulciparwm have been identified, and
some of them have been characterized biochemically (see Chapter 1, Table 3).
Among these recombinant malarial kinases, some proteins display enough activity in
vitro for high throughput screening. “Unusual” parasite protein kinases have also
become attractive for drug design.

Numerous studies have been carried on kinasc inhibitors in the context of cancer
rescarch (Dancey and Sausville, 2003). Targeting the catalytic site of the kinase with
ATP-competitive compounds seems to be the most promising approach for drug
activity, Diversity in the amino acid residues of the ATP binding site allowed the
development of rational drug design. In the case of human cancer, finding a
compound that specifically inhibits a single type of protein kinase, involved in
dysregulation pathways, leaving the healthy cell unaffected is quite difficult.
However, a few compounds have heen shown 1o be efficient towards their target
using a well-tolerated dose (Dancey and Sausville, 2003). In P. falciparum, the same
approach could be envisaged. As a long-term strategy, we are hoping to find or
design specific compounds inhibiting specifically atypical kinases important for

parasite development without affecting human cells.

The identification of all the protein kinases in P. falciparum is an important
milestone both in our understanding of the biology of this pathogen and also in the
definition of potential novel drug targets. The analysis of the entire complement of
protein kinases encoded in the genome of P. falciparum corresponds to the first part
of my PhD project (Chapter 3, in collaboration with P. Ward and J. Packer). Based
on these results, different aspects of the kinome have been found to be specific to P.
Jalciparum, such as the absence of clear MAPKK member and PKC homologue, and
also the presence of insertions inside the catalytic domain of a large number of
kinases. Moreover, the kinome analysis gives an important clue about the different
type of kinases that may be involved in signalling pathways during the life of the
parasite. The compilation of microarray and proteomic data (from DeRist JL. et af.,

LeRoch K. ef al. and Florens L. et al.; available on PlasmoDB) produced a first draft
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of the timing of kinase expression during the erythrocyte stages. Our analysis
underlines also the prescnee of a sct a 20 proteins, which share partial homology with
eukaryotic protein kinase (ePK), the so-called FIKK family, which, in relation to the
currcnt available genomic sequences, seems to be restricied to Apicomplexa. 65 ¢PK
have been identified in our study, compared to “61 PK belonging to known kinase
subfamilies”, according to a recent paper that also performed a genome analysis for
protein Kinases encoded in the P. falciparum genome (Srinivasan N, 2004). Among
plasmodial ePK, only 1/3 have been characterized to date, so, it is really important to
understand their function and their role through the lile cycle of the parasite. In this
context, part of my work was dedicated to the characterisation of the newly identified
FIKK family (Chapter 4). Furthermore, the relative importance of the CMGC group
in the P. falciparum kinome, and our interest in the control of ¢ell proliferation in the
parasite, lead us to study two atypical CDK related kinases: Pfcrk-3 and Pfork-4
(Chapter 5).

Only one FIKK has bheen cloned so far in our laboratory; whilst the other FIKK gences
will be cloned in different in vitro cxpression systems in order to test their activity as
well. In our analysis, the presence of an internal stop codon in the mRNA of
PF14_0033/34 has been noticed. The discovery of the protein expression of
P.falciparum Pf60.1 through an internal codon (Bischoff et al., 2000) raises the
question aboul the translation process of PF14 0033/34., Additional immuno-
analyscs will be perfornied to rule out or confirm the possihility of such a protein

expression mechanism for this gene.

The primary amino acid scquence of protein largely determines its three dimensional
structure and structure often determines function. Based on this postulate, in order (o
study the biological function of the FIKK (PFL0040c¢), Pferk-3 and Pfork-4, we
investigated their potential enzymatic activity as a kinase. Analysis of their activity
by standard kinase assays has been carried out, and under our conditions of
experiment, there was no evidence for phosphotransferase activity in vitro.

Nevertheless, since most of the important residues involved in the catalytic function
are conserved in FIKK (PFL0040c¢), Pferk-3 and Pferk-4, it is also possible that they
have maintained their kiﬁase activity. So, it is probable that because of their atypical

features, standard experimental conditions could limit our investigation.
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Alternatively, absence of kinase activity could be obviously due to total absence of
kinase activity itself. Indecd, it has been proposed that non-functional kinases could
play a role in the regulation of cellular responses. It could have been an cfficicnt way
for an organism to control its signalling pathway by inhibition with “dead kinases”
(Pils and Schultz, 2004b). To illustrate this point, a recent study of the protein
tyrosine phosphatase (PTP) family (Pils and Schultz, 2004a), revealed that a subclass
of PTPs are inactive, but have retained the ability to specifically bind phosphorylated
substrate, and thus to compete ir vitro with the active phosphatases.

The same authors (Pils and Schultz, 2004b) have investigated substitutions at
catalytic sites of a large sct of cnzyme sequences among metazoans, and they showed
that a large variety of enzyme families contain inactive enzyme-homologues. For
instance, based on the absence of some of the 11 conserved residues, serine/threonine
kinomes from mammals, Drosophila and worms contain between 2 to 4.4% of
“potential” inuctive enzymes. In contrast, the Plasmodium genome encodes about
26% serine/threonine kinases, which do not possess the 11 catalytic residues
(according o Table 5, Chapter 3), This may be a rcsult of the phylogenctic distance
between the opisthokonts and alveolates (see Fig. 5, Chapter 1) and illustrates the
fact that the current eukaryotic models, which describe for instance the control of cell
proliferation (Chapter 1, section 1.5.2), do not represent necessarily the right models
for such organisms. Such differences could be usefull for identifying new P

falciparum target as protoin kinase involved in crucial process.

Functional studies by “Knock-out”, which are currently being pursued (see section
1.6.2), may provide useful information about the role of these kinases in the P.
Jalciparum life cycle. Partner-interaction experiments performed on Pferk-3 and
Pferk-4 (Chapter 5, scction 5.3.2 and appendix J), and on Pfcrk-1 and PfPKS
(appendix I) are promising as well, and show that one can immunoprecipitate or/and
pull-down phosphorylated proteins and complexes that are associated with a histone
H1 kinase activity. Clearly, further work is needed to identify partners, which in turn
is necessary to understand the function of these related kinases in cell molecular

events.

In long term, the characterization of elements involved in signalling pathways will
help in a future appreciation of the entire network of cell signalling, and may lead to

the discovery of new pathway(s). Current research priorities of the laboratory are to
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better characterize the biological roles and biochemical fealures of P. falciparum
protein kinases. In parallel, efforts to identily specific inhibitors as antimalarial drugs
arc underway, and the study of potential targets is complemented by the screening of

kinase inhibitors directly against parasite culture.
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Appendix A: Phylum Apicomplexa

» (lass Sporozoea
o Subclass Gregarina
«  Order Eugregarinidia
= Suborder Septatina
v Gregarina sp.
o Subclass Coccidia
» Order Eucoccidiorida
» Suborder Eucoccidea
= Hemogregarina sp.
» Suborder Eimeriorina
=  Family Eimeriina

= FEimeria spp. (coccidiosis) :
» Isospora spp. (coccidiosis) ;
= Isospora belli

« Family Sarcocystidae
»  Sarcocystis spp.
»  Toxoplasma gondii (toxoplasmosis)
»  Family Cryptosporidiidae
»  Cryptosporidium parvunt
{cryptosporidosis}
»  Cyclospora cayetanensis
»  Pneumocystis carinil
= Suborder Haemosporoina
o Masmodivn spp. {malaria)

o Subclass Piroplasmasina
* Family Babesiidae
= Babesia bigemina (babesiosis)
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Appendix B: Multiple sequence alignment of different PFL0040¢ gene

predictions

Black squares at the N-terminus and C-terminus domain underline the differences

between Glimmer, Fullpath and PlasmoDB gene prediction models.
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Appendix C: FIKK sequences of MALP1.144, MALP1.175, PF11 0510,

PE1.0040¢, PFI0100c and MAL13P1.109

Peptides have been already designed for antibedy production (amino acid sequences

in red}), except tor MAL7P1.144. Black arrows represent the primers used for PCR.
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Appendix D: Phvlogenetic tree of Plasmodinm species based on small subunit
rRNA gene sequences (Qari et al., 1996)
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FIG. 2. Phylogenetic tree of 13 Plasmodivu species and 2 out-
group species (Paramecium tetravrelic and Tovoplasme gondii) de-
rived by the maximum likelihoud {(fastDNAm) method. Scale bar in-
dicates an evelntionary distance of 0.01 nucleatide substitutions per
position in the sequence.
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Appendix K: Phylogenetic tree of FIKKs from P. falciparum (Ward et al., 2004)

The tree was compiled using conserved portions of aligned sequences (protein

distance matrix method). The scale bar represents 0.1 mutationai changes per

residues (10 PAM units). Bootstrap values over 75 are shown. ':
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Appendix F: sequences of Pfcrk-3 and Pferk-4

plasmid.
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Appendix G: schematic representation of the pCam-BST construct used for
allelic replacement in P. falciparum

pCam-BSD
(4507bp)

Not1 = ) BamH I

Partial sequence of
the target kinase

_ I 1 }——— gDNA: Wild type locus

pCam-BSD forward D2Cam-BSD reverse

pCamBSD/Pferk-

Replacement allelic
Pferk- Forward pCam-BSD reverse
— <+
T L —_LG——_ { ] f————4DNA
_.’ ‘_
pCam-BSD forward Pferk- Reverse
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Appendix H: Preliminary results on functional studies of Pferk-1, Pferk-3 and
Pferk-4

PCR products (lanes 1-5) were amplified using pCam-BSD primers (forward and
reverse, represented in appendix G) to test the presence of pCam-BST/Pferk-1, -3
and -4 episomes in the relevant transfected parasite culture. Lane 1, 2 and 3
correspond to the PCR products obtained from P. falciparum gDNA (asexual RBC
stage), two months after transfection with respectively pCam-BST/Pferk-1, pCam-
BST/Pferk-3 and pCam-BST/Pferk-4 constructs. Lane 4 presents the PCR fragment
amplified from a pCam-BST/Pfcrk-4 plasmid solution using pCam-BSD primers (as
a positive control) whereas lane 5 corresponds to the reaction in which DNA was

omitted (negative control).

To test allelic replacement events in P. falciparum transfected parasite culture, for
each gene (Pfcrk-1, -3 and -4), two PCRs were performed using two set of primers

(Pferk- Forward/ pCam-BSD reverse: lanes 6, 8 and 10) and (Pfcrk- Reverse/ pCam-

BSD forward; lanes 7, 9 and 11) (see appendix G). Lane 12 corresponds to an

internal positive control of PCR reaction.

Pferk-1 Pferk-3 Pfcrk-4

1 2 3 4 5 6 7 8 9 10 1l 12
2N ¢

2kb
1.5kb
1kb
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Appendix I: Preliminary results of kinase assays of immunoprecipitated Pfcrk-1
and PfPK5

Polyclonal anti-Pferk-1 and anti-PfPKS, and immunopurified Pferk-1 chicken
antibodies were incubated with parasite extract (late trophozoite, 500ug of
total protein), pelleted on protein A-agarose beads (see below for the
experimental procedures), and the pellet was assayed for kinase activity.
Immunopurified anti-Pfcyc-4, previously shown to immunoprecipitate a

kinase activity (Merckx et al. 2003), were used as a positive control. .

Pferk-1 Pre-1 PfPKS5 Pre-1 Pfcycd -

Pferk-1 -
8 9 10

T TN g SN

phosphorylated
proteins

1 and 8: histone HI; 2: rabbit anti-Pfcrk-1; 3: pre-immun; 4: rabbit anti-
PfPKS; §: pre-immun; 6: immunopurified chicken anti-Pfcyc-4; 7 and 10:
irrelevant chicken IgY (C5AR); 9: immunopurified chicken anti-Pferk-1

20ul of protein A Sepharose CL4B beads were coated with rabbit anti-chicken IgY
(2pg) for Pferk-1 and Pfeyc-4, or directly with anti-Pferk-1 and PfPKS rabbit
antibodies (1.5 pg) for 90min under mild agitation at 4°C in RIPA buffer, and
washed 4 times, with RIPA buffer. Then rabbit antichicken IgY- A sepharose beads
were incubated with anti-Pfcyc-4 (1.5 pg) for 90min and washed 4 times in RIPA
buffer. The immunocomplexes in the parasite extract (late trophozoite, S00ug) were
then precipitated with 20ul of Protein-A/antibodies beads at 4°C under mild agitation
for 60 min. After washing, a standard kinase assay was performed, using H1 as a

substrate.




Appendix J: Preliminary immunopurification results for mass spectrometry
analysis using Pfcrk-3 and Pferk-4 antibodies

Immunopurified IgY, previously cross-linked to Aminolink® coupling gel (Pierce),
were incubated with parasite extract (late stages, 500ug). After standard washes,
samples were analyzed by SDS-PAGE. Additional proteins detectable by colloidal
Coomassie staining are represented by dark dot. In negative control, bands below 62
kDa are detectable as well and correspond presumably to uncross-linked antibodies.
After the cross-linking step, additional washes with higher stringency should prevent

these bands.

L, & 314 5 6 ¥

47.5— == S2 99

1: immunopurified chicken anti-Pfcrk-4 (LKA) + parasite extract; 2: immunopurified
chicken anti-Pfcrk-4 (LKA) + buffer; 3: immunopurified chicken anti-Pferk-3 (PNG)
+ buffer; 4: immunopurified chicken anti-Pferk-3 (PNG) + parasite extract; S:
irrelevant chicken IgY (C5AR)+ parasite extract; 6: A sepharose + rabbit antichicken

+ parasite extract; 7: A sepharose + parasite extract



Appendix K: in silico CDK substrate prediction using the PREDIKIN program

CDK substrate prediction
The prediction of substrate peptides was achieved for three P. falciparum ePKs

related to CDKs: Pfcrk-1, PfPK5 and PfPK6 (see references Table 1 for details).
The predictions are listed below.

Amino acids are represented in one single letter code. *“[ ]” matches any character
contained in the brackets and red letters correspond to the phosphorylation site.
Pferk-1: [PVALS][RFMIL][S | JP[KRMIDE][RKQSL]

PfPKS: [NGSL][PVALS][RFMIL][S | JP[KRMI][RKQSL]

PfPK6: R[PVALS][RFMIL][S I']/P[KRMI][RKQSL]

The key kinase motifs used as an initial reference in PREDIKIN program were not

recognised with Pfcrk-3 and Pferk-4.

In silico search for Plasmodium potential substrates

Using the peptide substrate predicted by the software, amino acid motif searches
were carried out on the P. falciparum annotated protein database (http://plasmodb
.org/restricted/ plasmodbmotif.shtml). Our search identified 67, 8 and 11 sequences
matching with Pfcrk-1, PfPKS, PfPK6 predicted patterns, respectively.

Example of hits:Pferk-1: MAL8P1.19: helicase like, PF11_0358: RNA polymerase,
PF13_0040: RNA a chain polymerase

PfPKS: MALS8PI1.19: helicase like, PF13_0040: RNA a chain polymerase

PfPK6: PFL0O580w: MCMS5 (minichromosome maintenance): initiation DNA
replication, PFL0560c: MCMZ2/3/5 , PFL0625¢: eif-3 theta (eukaryotic translation

initiation factor), PFC0840w: P-type ATPase (subunit of multi-proteic complex

involved in chromaffin remodelling)
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