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Abstract

Human malaria is caused by the parasite genus, Plasmodium, with P. falciparum
being the most pathogenic specics. The disease affects between 300 to 500 million
worldwidc. Currently, efforts to contain the disease are curbed by the limited range of
antimalarials and the rise of resistance to these treatments. The race is now on to gain a
thorough understanding of the biology of the parasite that can be use for the development
of strategies to combat the wrath of this disease. Since the 22.8 MDb genome sequence of .
falciparum has been fully-sequenced, the data has provided new candidate genes that may
be valid drug targets. Onc arca that is of great interest is that of the apicoplast of
Plasmodium. The evolutionary origin of the apicoplast is generally believed to reflect a
sccondary endosymbiotic event, in which a proto-eukaryote harbouring a photosynthefic
cyanobacterium itself became an endosymbiont of a heterotrophic eukaryote. In
Plasmodium, this organclle appcars to be cssential in these parasites and enzyme systems

specific to apicoplast have been identificd as targets for anti-protozoal chemotherapy.

Segmenis of a gene (PFPREX; formerly referred to as PfPOMT), encoding a large
protein with a typical N-terminal bipartite plastid targeting sequence have been cloned from
Plasmodiwm falciparum and expressed in bacteria. Domains with homology o prokaryotic
DNA. polymerase, DNA primase and DNA helicase, all were found specificd in an opening
reading frame (ORF). The putative polymerase domain possesses both DNA polymerase
activity and 3°-5” exonuclease activity. The putalive helicase-primase domain has also been
expressed and both DNA primasc and helicase activities were detected. RT-PCR indicates

ihat the open reading frame is expressed as a single transcript whilst Western blot analysis

ii



has shown that the protcin is clcaved post-translationally. Localisation studies carried out
by collaborators (Sato S, NIMR, Miil Hill) with a GFP-reporter revealed that the protein is

targeted exclusively to the plastid.

In addition, the evolutionary history of PfPRLX appears to be more complex and
cannol be explained fully using the secondary endosymbiotic theory. The DNA polymerase
domain has great homology to prokaryotic DNA polymerase I. The DNA primase and
DNA helicase domain, on the other hand, shows striking similarity to proteins with these
functions encoded in T-odd bacteriophages. 1-0dd bacleriophage related RNA polymerase
proteins have previously been identified as playing roles in transcription of plastid genes.
Now it seems that additional phage-like proteins also play a key role in the replication of
the Plasmodium plastid genome. The presence of these T-odd genes in Plasmodium may be
explained with different theorics, mainly the non-orthologous gene displacement with the

T-o0dd bacteriophage genes.

Naonetheless, the discovery of PPREX has opened insights to many exciting
possibilities and insight into Plasmodium falciparum. This gene can provide not only a
valid drug target, due to its prokaryotic origin, but also an insight into the complex

evolutionary history of Plasmodium.
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Chapter I

Introduction



5% {8 Malaria — an introduction

Over 40% of the world’s population lives in tropical and subtropical areas
(Figure 1.1) where malaria is endemic (WHO, 1998). In a poem written 102 years ago
by Ronald Ross, malaria was described as the “million murdering death’. This remains
true today as it still affects about 300-500 million people and kills 1.5 to 2.7 million a
year (WHO, 1998). Most of these deaths are children; every 40 seconds, a child dies of
malaria (Bremen, 2001). Despite the efforts of different organisations, especially the
World Health Organisation (WHO) and their control programmes, the disease remains a

threat to public health and economic development of the endemic countries.

Malaria Endemic Countries, 2003

B No Malana
[_] Countries with Mataria Risk ?/

Note: This map shows countries with endemic malaria
In most of these countires, malania risk is limited to certain areas

Figure 1.1. Geographical distribution of the incidence of malaria. The areas in yellow are
transmission areas with malaria and green with no malaria. (Source: Parasite Image Library,
http://www.dpd.cde.gov/dpdx/HTML/Image Library.htm)

The rapid spread of resistance of both the parasite and the mosquito vector to
currently available anti-malarials and insecticides respectively is making the control of

malaria difficult. In addition to this, other factors come into play, all of which contribute


http://www.dpd.cdc.gov/dpdx/HTMIVImage_Dbrary.htm

to the ever-increasing disease burden. Populalion movements into malarious regions,
deforestation and global warming are just a handful of factors that coniribute to the
resurgence of malaria. Therefore, there is an immediate need to find new innovative

ways to combal this discase.

1.2. Plasmodium — the parasite

Malaria is caused by protozoan parasites of the genus Plasmodium. There
are more than 50 species of Plasmodium known but only four, P. vivax, P. falciparum,
P. malariae and P. ovale, cause malaria in humans. The most pathogenic species is P.

Jalciparum as it causes the most severe form of malaria.

The life cycle of P. falciparum (and other Plasmodium species) involves
several stages in both human and mosquito hosts (Figure 1.2a). The vector responsible
for transmission of the disease is the female anopheline mosquito (Figure 1.2b).
Following the bite of an infected mosquito, sporozoites injected from the insect’s
salivary glands enter the bloodstream. They disappear from the bloodstream and invade
the liver. The hepatocytes are invaded and after an incubation period of 8§ to 12 days,
asexual replication of the parasite initiates, generating many daughter merozoites.
Eventually these merozoites are released from infected ruptured hepatocytes into the
blood circulation. This is where the erythrocytic cycle (biood stage) begins. The

merozoites invade other uninfected erythrocytes.

During the erythrocytic cycle, the merozoite grows into a ring form within

the erythrocyte. This is followed by the development of early trophozoites and onto
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Figure 1.2. (A) Life cycle of Plasmodium. (B) Photograph of a female anopheline mosquito. (Source:
Parasite Image Library, http://www.dpd.cdc.gov/dpdx/HTML/Image_Library.htm)
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mature trophozaites. These undergo multiple nuclear fissions without cell division to
become schizonts which in {wn give rise to daughter merozoites. Rupture of the
infected erythrocytes releases merozoites into the circulation to initiate further cycles of
asexual replication. This one cycle takes place over an approximately 48 hour period in

P. falciparum but the timing is different in other species.

Some parasites, at the ring stage, develop into male and female gametocytes
which may be taken up by a feeding mosquito where sexuval reproduction occurs.
Within the mosquito, the male gametocytes undergo exflagellation to become gametes.
Fertilisation occurs in the midgut of the mosquito where the male and female gametes
fuse together to form a diploid zygote. After 12 to 24 hours, the zygote elongates to
form an ookinete, which in turns develops into an oocyst. Sporogony in the oocyst
generates sporozoites which are released when the oocyst ruptures. The developmental
time in the mosquito varies according to ambient temperature but is typically in the

order of 7 to 14 days.

DNA replication of the nuclear genome of Plasmodium takes place at
various points during its life cycle. There are at least five points within the life cycle
that DNA synthesis takes place: - (1) during gametogenesis, (2) after fertilisation —
meiosis-associated synthesis, (3) sporogony, (4) pre-erythrocytic schizogony in
hepatocytes and (5) erytiwocytic schizogony. It has been shown that DNA synthesis
initiates during the carly trophozoite stage of ascxual development and continues late
into schizogony (Inselburgh & Banyal, 1984), while for the plastid DNA4, its replication

occurs just before the initiation of schizogony (Williamson ef @i, 1996) but presumably



also at other times prior to cell division to ensure all progeny retain a plastid through the

life cycle.
1.3. Clinical features of malaria
1.3.1. Falciparum malaria

Falciparum malaria is the most severe form of the disease (Warrell, 1992).
There are complications of falciparum malaria that, when left untreated, can be life
threatening, The most notorious form of severe malaria is cerebral malaria, in which the
patient becomes comatose before dying. Characteristics of cerebral malaria are the
impairment of consciousness and convulsions in the paticnt. The mortality of cerebral
malaria is about 15 to 20 % if good ospital cate is provided, while in developing

countries, the mortality rate can be as high as 95%.

Other fecatures of severe [alciparum malaria include anaemiz, which is
common in pregnant women, and hepatic dysfunction. The latter ts more common in
adults where the liver is enlarged and tender. Hypoglycacmia is also a common feature
of falciparum malaria where the palient feels anxious, breathless and may suffer from
seizures. Another complication of the disecase and the most dreaded is pulmonary

oedema, which is commonly associated as a terminal event.

1.3.2. Treatment of malaria

There is a pressing need for effective, safe, practicable therapeutic treatment
for malaria as the number of cases of malaria around the world is increasing. The
available range of standard anti-malarial drugs is narrow. There are four classes of
compounds used as antimalarials: - 4-aminoquinolines, amino-alcohols, artemisinin

derivatives, and antifolates. Not only are there a limited number of drugs to use against



malaria, there is also a lack of affordable new drugs coupled with the spread of drug
resistant Plasmodium. Thercfore, there is a strong need to develop new therapeutic

treatments by searching for new drugs and also rc-accessing old, forgotten drugs.

The amino alcohols include quinine (QN) and mefloquine and are effective
against blood stage parasiles. Quinine is used mainly in cascs of severe malaria and also
in combination with antibiotics like doxycycline. It is an erythrocyiic drug and has no
effect on the exo-erythrocytic phase or the gametocytic phase (Rimchala et g/ 1996).
Mefloquine, which is structurally related to quinine, is used in both prophylaxis and
therapy for complicated malaria. Mefloquine works by interfering with the
transporiation of haemoglobin products and other substances from the host cell to the

parasite’s food vacuole (Hellgren ef al, 1997),

The 4-aminoquinolines, which include chloroquine, are effective against
blood slages of the parasite. Chloroquine has been used as the front line drug in
chemotherapy for decades as it is cheap, safe and practical for outpaticnt usc. It is a very
poteat schizonticidal drug and is also effective against erythrocytic stage of all the four
Plusmodium species. It has no effect on sporozoites, hypnozoites or gametocytes. It is a
weak base, and concentrates itself in the parasite’s food vacuole. It works by upsetting
the transportation of toxic haem digestion waste from the parasite, which accumulates
in the parasite and brings upon its demise. However, over usage and mismanagement of
chloroquine have contributed to the extensive spread of resistance to this drug

(Warhust, 2001).



Another group of drugs are the aniifolates which affect (he synthesis and
utilisation of folate. These include pyrimethamine (2,4, diaminopyrimidine), a
dihydrofolate reductase inhibitor and proguanil. ‘They act by inhibiting the dihydrofolate
reductase necessary for synthesis of tetrahydrofolate, a precursor in the parasite DNA
synthesis. Sulphonamides (e.g. sulphadoxine) and sulphones (dapsone) act by
competing for enzyme, dihydropteroate synthetase with para-aminobenzoic acid and
therefore inhibit folate synthesis, They act on crythrocytic P falciparum, but not
sporozoites. Pyrimethamine is used together with sulphadoxine, in a combination to
combat chloroquine-resistant strains of P. faleiparum. Unfortunately, resistance to this
drug combination has risen already (Sibley ef af, 2001; Warhurst, 2002). Pyrimethamine
and other antifolaie drugs can also be combined with other sulpha diugs, and with

Atovaquone (Malarone) and mefloquine.

The last group - Artemisinin and its derivatives kill all erythrocytic stages of
the malaria parasites. It is also reported to be effective towards gametocytes (White,
1997). They are effective against both uncomplicated and severe malaria (Meshnik,
2002). It produces uitra-structural changes to the growing trophozoite parasite. A whorl
15 produced in the food vacuole and the parasite’s mitochondria proliferate. This

reduces the parasite's survival (Hien & White 1993),

There are other vew drug combinations available against malaria like
atovaquone-proguanil, artemether-lumefantrine and pyronaridine but more work is
needed to fully validate their efficacy. In addition, antibiotics now are also roped in to
combat malaria. Antibiotics like tetracycline and doxycycline are often combined with

pyrimethamine or quinine for 100% cure. Clindamycin is also another candidate



antibiotic on clinical trials for use as an antimalarial drug (Lell & Kicmsner, 2002).
Multiple strategies need to be adopted to try to tackle not only the treatment but also the
prevention of malaria. With the availability of both P. fulciparum and Anopheles
gambiae genomes, it is hoped that this new information will facilitate identification of
novel drug targets. More information on the basis of resistance can also be used to
facilitate the development of combinations in future to reduce the likelihood of the

devclopment of drug resistance.

1.4. Molecular biology of Plasmodinum
1.4.1. The Genome of Plasmodium

The P. falciparum 3D7 nuclear genome is composed of 22.8 Mb of DNA
distributed among 14 chromosomes ranging in size from approximately 0.6 to 3.3 Mb.
The genome has been fully sequenced (Gardner ef «f, 2002) and is found to be 80.6%
A-T rich. (E. coli is approximately 50% A-T and the human nuclear DNA contains 63%
A-T.) Such an A-T rich genome is reflected 1n a skewed codon usage in P. falciparum
(Saul & Battistutta, 1988; Weber, 1987). Most of the third positions of codons in 2.
Jalciparum contain either an A or a T where this position can vary without changing the

amino acid.

The P. falciparum genome is predicted to encode 5,268 gene products which
include proteins, tRNA and rRNA, (Gardner et af, 2002) with a mean gene length of
approximately 2.3 kb. Other characteristics of the P jfalciparum genome are

summarised in Table [.1 (Adapted from Gardner ef &/, 2002).



Feature P. falciparum
Size of genome 22.8 Mb

AT content (%) _ | 80.6

No. of genes 5268

Mean gene length excluding introns 2.3kb
Gene density (kb per gene) 4.3

% coding 52.6

Genes with introns (%) 53.9

Table 1.1, Summary of charaeteristics of the P. folciparuin nuclear genome.

An unusual feature of Plasmodium genome is the presence of genes
combined to give bifunctional proteins. Many of these proteins are found in other
organisms as single functional entities. For example, there is the bifunctional
dihydrofolaie reductase-thymidylate synthase enzyme (DHFR-TS) (Bzik et al, 1987)
whilc both DHFR and TS cxist as distinct, monofunctional enzymes in bacteriophages,
bacteria and mammals (Blakey & Benkovic, 1984). These enzymes are involved in the
folate metabolic pathway, Thete arc at least another two bifunctional enzymes in 2.
Jalciparum that are also involved in the same pathway. The first is the dihydropteroate
synthetase-dihydro-6-hydroxymethylpterin pyrophosphokinase (Triglia & Cowman,
1994) and the second is the dihydrofolate synthetase-folylpolyglutamate synthetase
(DHIS-I'PGS) (Salcedo et ai, 2001). Other bifunctional enzymes include the ornithine
decarboxylase-S-adenosylmethionine decarboxylase (ODC-AdoMetDC) (Miiller er af,

2000) which is involved in polyamine biosynthesis, and the glucose-6-phosphate

{0




dehydrogenase-6-phosphogluconolactonase (G6PD-6PGL) (Clarke ef al, 2001), which
is involved in the first two steps of the pentose phosphate pathway. All of the examples
given above aie involved in the metabolic pathways, other examples include two large
integral membrane proteins which possess guanylyl cyclase and adenyl cyclase

activities (Carucci et af, 2000).

With all thesc cxamples of bifunctional proteins found in 2. fafciparum, one
might wonder about the evolution of the genes encoding these proteins. Apparently, it
seems that gene fusion in P. falciparum is relatively common. It has been speculated
that there is biological advantage (or bifunctional proteins in metabolic pathways, as
this arrangement optimises substrate channelling and the formation of products with

minimum regulation involved (Ivanctich & Santi, 1990).

1.4.2. Extrachromosomal DNAs

Other than the nuclear genome, Plasmodium possesses two distinct
extrachromosomal DNAs or episomes. One of these is a multi-copy 6 kb element, also
known as the mitochondrial DNA (Feagin, 1992). The other is a 35 kb circular episome
(Gardner ef al, 1988) that has been determined to be similar (o the plasiid genome of
plants but was once thought to be of mitochondrial nature (Feagin ef «f, 1991). This
non-photosynthetic ‘chloroplast’-like genome was isolated in P. falciparum (Gardner et

al, 1988) and then fully sequenced (Wilson ¢t «f, 1996).

The mitochondrial DNA was first discovered as tandem repeats in P. yoelii
(Vaidya & Arasu, 1987). It is present in multi-copies within Plasmodium, ranging [rom

15 per cell in P. gallinaceum (loseph et af, 1989) to 20 per cell in P. falciparum (Preiser
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et al, 1996) and 150 per cell in P. yoelii (Vaidya & Arasu, 1987). The mitochondrial
genome of P. fulciparum has been shown to carry genes for some characteristically
mitochondrial proteins like cytochrome b and subunit [ of cytochrome oxidase (Vaidya

et af, 1989). It is the smallest known mitochondrial genome.

1.4.2.1.  Plastid DNA

Unlike the mitochondrial DNA, the plastid DNA is only found as either one
ot two copies in P. falciparum (Wilson & Williamson, 1997). When fitst discovered,
some scientists mistook it to be associated with the mitochondrial IDNA, being part of a
multipartite mitochondrial system (Feagin ef af, 1991). The plastid DNA has been fully
sequenced {Wilson et al, 1996) (Figure 1.3) and on closer examination, this 35 kb circle
bears no homology to mitochondrial DNA. Instead, its ribosomal RNA (rRNA) genes
are arranged in a chloroplast-like inverted repeats format (Gardner e¢f af, 1991a, b). The
inverted repeat (IR) covers about a third of the plastid DNA and encodes the duplicated
large and small subunit rfRNA genes (Gardner ef af, 1994). The total length of the unit
repeat is approximately 5.1 kb. The two repeats are designated IR and IRg — using the
nomenclature previously established for chloroplast DNA (Garduer et @/, 1993). DNA

replication is believed to initiate within these repeats (Singh ef a/, 2003).
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Figure 1.3. Gene map of the plastid DNA of P. falciparum. Colour-coded genes:- yellow- RNA
polymerases, light blue — unknown ORFs, orange — putative ribosomal proteins, dark blue — large subunit
rRNA, red — small subunit rRNA. (Source: Wilson et al, 1996).

A prominent feature of the plastid is found along the IRp region where a
string of 15 putative ribosomal protein (#p) genes is found. These genes are found along
a 7 kb stretch where they are found to be important in the initial assembly of the 30S
ribosomal subunit (Wittmann, 1983). The rpoB and rpoC genes that are found on the
IR 4 region have helped to ascertain the plastid origin of the 35 kb circle (Gardner et al,
1991a, b). Other plastid genes include the ruf4 which codes for the protein synthesis
factor, Tu and downstream to it is an open reading frame that appears to code for a gene

homologous to the c/pC belonging to a molecular chaperone family.
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1.4.3. DNA replication

In all cellular organisms from bacteria to humans (but excluding a variety of
viral species), genetic information is locked within a double helix formed by two anti-
paralle] DNA stands. Thus, all replication processes involve the melting of these iwo
stands of DNA followed by the polymerisation of each complementary strand on the
resulting single-stranded templates (Kornberg & Baker, 1992). The level of complexity
involved in the enzymatic machinery required for DNA replication is considerably
greater than might have been expected. The enzymes involved in DNA replication will
be discussed in detail later. The processes that are common to most DNA replication

pathways are detailed below.

DNA replication usually starts at the origin of DNA replication, a particular
sequence which increases the efficiency of initiation of DNA replication. It provides a
locus for the assembly of a multi-pratein complex which includes various enzymes,
proteins and accessory factors required for DNA synthesis to take place. The initiation
of DNA replication involves three sequential steps. The first step involves specific
proteins binding fo the origin of replication. In £. c¢oli, it is the DnaA protein that binds
the replication origin (Ori C). OriC is highly conserved among Enterobacteria (Zyskind
et al, 1983) and has several distinctive features. These include the presence of DnaA
boxes which are repetitive 9mers with sequences 5’-TTATC/ACAC/AA-3" in the form
of two inverted repeats. The positions of these DnaA boxes are highly conserved too
{Zyskind ef al, 1983). These are responsibie for binding to the DnaA prolein (Fuller &
Kornberg, 1983; Matsui ef a/, 1985). Located to the left of the DnaA boxes, arc a seyies
of AT-rich 13mers, These are arranged in a series of three and they are involved in the

process of localized denaturation required to initiate DNA replication.
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The DnaA protein serves at least two functions. The first is to initiate DNA
unwinding using a DNA helicase while the second function is to guide other replication
proteins to the origin. The DnaA protein itself is an ATPase that requires the presence
of ATP (which is hydrolysed to release ADP) in order to bind to OriC. Therefore,
initiation of DNA replication starts with the DnaA protein binding to the DnaA box
sequences found at OriC, forming an initial open complex. Next, the unwinding of the
13mers tukes place, leading to the second step of DNA replication, which is the DNA
unwinding of the two complementary DNA strands. The enzyme involved in this step is
a DNA helicase. DnaA is responsible for guiding the DNA helicase to the open

complex. In £. coli, the DNA helicase responsible for the replication is called DnaB.

DNA unwinding usually begins at an easily unwound DNA sequence,
referred to as the DNA unwinding element (DUE). A DUE is identified by cis-acting
mutations that increase the stability of the double helix (Umek & Kowalski, 1990).
These DUES, it seems, do not have consensus sequences. It was observed that the
binding of proteins to OriC, results in DNA unwinding in the DUEs in E. coli

(Kowalski & Eddy, 1989) before [DnaB can start the unwinding ot the double helix.

The initial opening of the duplex allows the establishment of a replication
fork. The most important step in this process is the loading of a DNA helicase onto the
DNA strands. In E. coli, onc molecule of DnaB, a hexamer of identical subunits, clamps
around each of the two single-stranded DNA in the open complex formed between OriC
and DnaA. This is now called the pre-priming complex. Along with the DNA helicase,
DNA unwinding is also facilitated by single-stranded specific DNA binding proteins

(SSB), which bind to single-stranded DNA fibres and prevent them from reannealing;
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and topoisomerase I, which releases torsional stress generated by the unwinding of the
DNA double helix (Figure 1.4). The DNA helicase, using energy provided by NTP
hydrolysis, ‘translocates’ along the DNA strand, melting the hydrogen bonds that keep

the DNA strand in association with its complementary strand.

DNA polymerase

DNA primase

Figure 1.4. A DNA replication fork whereby DNA unwinding is facilitated by a DNA helicase, a
topoisomerase (DNA gyrase) and single-strand binding proteins (SSB). DNA primase then make short
RNA primers that are used by DNA polymerase to begin synthesising complementary strand.

The final step to the initiation of DNA replication is the commencement of
DNA synthesis. This involves several replication proteins, including DNA primase and
DNA polymerase. The unwound DNA strands need to be primed by a DNA primase so
that the DNA polymerase can elongate the primer strands. In most eukaryotic cells and
some prokaryotic cells, DNA synthesis is generally primed by short RNA chains. The

DNA primase known as DnaG, is responsible for the synthesis of this primer in E. coli.

16



The primase is usually recruited to a segment of single-stranded DNA by first binding
to the DnaB hexamer. This complex is called a primosome. Once the DNA primase
synthesises the short primer RNA molecules complementary to the DNA, it dissociates

from the primosome complex.

Now that most of the enzymes are assembled, a replication fork is formed;
and the elongation of the new DNA fibres begins. The DNA. polymerase responsible for
replication in F. coli is the DNA polymerase III. DNA replication proceeds by a semi-
continuous mechanism where one DNA strand (the Jeading strand) is elongated
continuously from a single primer, whereas the other DNA strand {the lagging strand) is
constructed from many short DNA chains elongated [rom mulliple primers.
Polymerisation of the leading strand occurs in the same direction as the replication fork
movement while the lagging strand is synthesised in the opposite direction (Figure 1.5).
'The leading strand is synthesized in the 5’ - 3” direction continuously, while the lagging
strand synthesis is more complicated. Since DNA polymerase can only add nucleotides
to the 3” end of a primer or DNA strand, the elongation of the lagging strand is also in
the *p+4X5°-3 direction, although the overall direction of the lagging strand is from its 3’end
towards the 5’ end. For this to occur, short fragments callcd Okazaki [ragments
synthesised in the 5°-3’ direction, are made discontinuously from many RNA primers

after which the fragments are joined by DNA ligase.
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Replication Fork

Okazaki fragments of
lagging strand

Leading Strand

Overall direction of replication

Figure 1.5. Replication fork showing the leading strand and the lagging strand and their direction of
strand elongation.

There have been two models proposed for the movement of DNA replication
— the factory model versus the tracking model. The tracking model proposes that the
DNA replisome moves along the DNA template while the factory model proposes that
the DNA replisome is in a fixed position and only the unreplicated DNA is pulled
through the stationary replisome (Dingman, 1974; Pardoll er al, 1980). The tracking
model seems unlikely, as DNA replication based on free moving molecules would
result in chaotic entanglement of the newly synthesised DNA strands. The factory
model on the other hand, allows the two newly replicated DNA strands to move
bidirectionally, away from the unreplicated DNA, thus preventing entanglement.
Additionally, both the DNA polymerase and DNA helicase are ‘powerful’ motors, and
as such may be able to provide the force responsible for the movement of the DNA
strands. Experimental evidence has been obtained to support the factory model (Lemon

& Grossman, 1998)
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1.4.3.1. Enzymes involved in DNA Replication

From prokaryotes to eukaryotes, the double stranded nature of DNA
provides an elegant structure to ensure the accurate duplication and repair of DNA. This
is due to the complementary base pairing of the DNA, which also poses a problem as
the hydrogen bonds that hold the double helix together must be disrupted. In order to
achicve this, a full repertoire of proteins works together. The main proteins involved are
DNA helicase, DNA primasc and DNA polymerase. Their functions and rcles are

detailed below.

1.4.3.1.1. DNA helicases

All key processes that are essential for the maintenance and faithful
transmission of DNA ranging from DNA replication, repair and recombination requires
the unwinding of the DNA. double helix to provide single-stranded DNA as a template.
DNA helicases are the enzymes responsible for the catalysis of the unwinding of the
double helix. They are molecular motors that couple the cnergy of nuclcoside-5’-
triphosphate (NTP) hydrolysis lo the (ransient disruption of hydrogen bonds formed
between the Watson-Crick base pairs of the DNA double helix. FHence, helicases are

also N'TPases.

The first DNA helicase isolated on the basis of its nucleic acid unwinding
activity was in 1976 (Abdel Monem & Hoffiman-Berling, 1976). [t was identified in £.
coli, and was designated as DNA helicase I. DNA helicase I is encoded by the fral gene
of the I episome (Abdel-Monem et ¢/, 1983) and is required to unwind the DNA that is
transferred during conjugation, Since then, multiple helicases have been identified from

prokaryotes (Matson & Kaiser-Rogers, 1990) and eukaryotes (Thommes & IHubscher,
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1992). Some of these are putative DNA helicases that have been identified from
genome sequence projects while a handful with helicase activities have been isolated
and characterised. The omnipresence of these DNA helicases in many sources suggests
that these enzymes are ubiquitous in nature. Moreover, il seems that different DNA
helicases have specific functions resulting in the presence of multiple DNA helicases in
a single organism. For example, in L. coli, there are at least 11 distinct DNA helicases

(Matson, 1991), eight in calf thymus and four in yeast (Thommes & Hubscher, 1992).

The basic biochemical reaction catalysed by DNA helicase is the hydrolysis
of NTP and it is based on this activity that DNA helicases are often characterised. The
DNA helicase assays follow the conversion of double-stranded DNA into single strands.
The most common assay employs a DNA substrate that is labelled and incubated with
Mg2+ and an NTP. The DNA substrate is usually a 32p_Jabelled oligonucleotide annealed
to a larger single-stranded DINA molecular such as M13 viral DNA. The products of the
reaction are resolved either on an acrylamide or agarose gel. The radioactive substrate
and product molecules differ greatly in size so that the quantity of the substrate that has

been rendered single stranded by the helicase can be evaluated.

Many DNA helicases require a region of single-stranded DNA adjacent to
the duplex region to serve as an initial binding site. This site also serves to facilitate the
formalion of an iniliation complex. Based on the requirement for a single-stranded
overhang, different DNA helicases show different preferences for the polarity of this
overhang. Some DNA helicases show a strong preference to utilise a 3’ terminated
single-stranded DNA. ‘I'hese are the 3°-5" DNA helicases. Others prefer a 5° overhang,.

These are the 5°-3” DNA helicase group. There are of course exceptions to the case such
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as the E. coli RecBCD protein, a recombination helicase which does not require a
single-sitanded DNA. ovethang but prefers to uvnwind blunt-ended DNA (Taylor &
Smith, 1985). Interestingly, RecB alone without RecC and D subunits, prefers to

unwind a 3’ single-stranded DNA overhang (Boehmer & Emmerson, 1992).

1.4.3.1.1.1.Molecular biology of DNA helicases

DNA Helicases are divided into five main superfamilies and families based
on the presence und composition of conserved amino acid residues (Helicase signatures)
(Figure 1.6). Comparison of the DNA helicase sequences has revealed various
categories of sequence homology. Three vast superfamilies and two smaller families
have been identified (Gorbalenya & Koonin, 1993). The superfamilies 1 and 2 (SF1 &
SF2) are the largest groups, containing the majority of DNA helicases including
examples from viral, prokaryotic and eukaryotic organisms. ‘The members from both
families are identified by the presence of six conserved amino acid motifs (I-VI)
{Gorbalenya & Koonin, 1993). A scventh motif, termed Ia, is found only in a subset of

helicases within the superfamilies and has a poorly defined consensus sequence.

Superfamily 3 (SF3) is much smaller and the members of this superfamily
possess only three conserved motifs (Gorbalenya & Koonin, 1993). These DNA
helicases are generally found in small DNA and RNA viruses (Gorbalenya ef af, 1990).
Family 4 is a smaller family group which comprises of DNA helicases found in the
bacterial and bacteriophage systems. These helicases are always associated physically
with DNA primases (Ilyina ef af, 1992). This group is also known as the DnaB-like
helicases, because the type-member of this group is the DnaB protein from E. coli

other family 4 members share homology to the DnaB helicasc. They have three distinct
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conserved motits (lyina et al, 1992), in addition to the Walker A and B sequences. The
last family of helicases are the DNA-RNA helicases that could not be grouped with the
other 4 families (Gorbalenya & Koonin, 1993). An example is the bacterial transcription

termination factor, Rho (Brennan & Dombroski, 1997).

The two motifs that arc present in all known DNA helicases were first
described as the Walker A and B scquences (Motif I and II respectively). The Walker
motifs are found in all N'I'P-binding proteins (Walker ef al, 1982). The residues in the
Walker A and B sequences are believed to interact with Mg?' NTP/Mg*' NDP. The
Walker A motif has a consensus sequence of GxxxxGKT (Walker ef a7, 1982) (Figure
1.7) where the last three residues form an essential part (GKT/S) of the motif. It was
suggested that the amino group of the lysine interacts with the phosphates of
Mg®NTP/Mg”'NDP while the hydroxyl group of the threenine/serine complexes with
the Mg?“L ion (Walker er af 1982). The Walker B motif has a consensus sequence of
DExx where the carboxyl group of the aspartate functions to co-ordinate the Mg** ion
of Mg NTP/Mg**NDP while the glutamate is suggested to act as a catalytic base
during NTP hydrolysis. Through X-ray crystal structure studies, it was noted that other
residues within the Walker B motif also have a role to play, extending the consensus
sequence of the Walker B motif to DE(Y/F/A)QD (Figure 1.7) where the aspartate in
the fifth position is observed to form a salt bridge with the glutamine residue found in
motif VI {Caruthers ef al, 2000; Korolev ef af, 1997). This is only observed in helicases
from SF1 (Soultanas ef a, 1999; Velankar ef «f, 1999). Among helicases [rom SF2, the

Walker B consensus sequence is depicted as — DEx(D/H).
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Figure 1.6. 'The main gronps of DNA helicases. There are four groups of helicases (SF1-SF3, ['4),
(Source: adapted from Gorbalenya & Koonin, 1993).

1 la 2 3 4
XA ARX+GKT YLx+SLEM FDEYQI? IaxIxsoLKA F AxoLxP 1xx-xQ PxxxDLRxSGxIxQxADxI+
b SG s™ ¢ MME ™ FA ™ L RG TV c[™vy L s
WalkerA WalkerB

Figure 1.7. A schematic diagram representing the motifs of DnaR like helicases, Open boxes
represent the conserved motifs, and the letters inside the boxes are the consensus amino acid sequences of
each motif, Labels above the open boxes arc the numes assigned fo the motifs. The consensus sequences
were derived from [lyina ef o/, 1992, Single-letter amino acid abbreviations were used. The “* represents
a hydrophobic residue, an ‘o’ represents a hydrophilic residuc and an “x’ represents a residue that is not
restricted to being hydrophobic or hydrophilic. (Adapted from Hall & Matson, 1999).
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1.4,3.1.1.2.Molecular biology of DnaB-like helicases
The members of this family consist of bacterial and bacteriophage helicases.
The DNA. helicase in PfPREX shows the strongest homology to this group of DNA

helicases. Therefore, this section gives more details of this group of DNA helicases.

The key representative type-member of this family is DnaB from E. coli.
Iyina ef al (1992) carried out an alignment of DnaB-related helicases and found that
they possess five distinct motifs of which two are the Walker A and B sequences (H]
and H2 respectively). Other examples of family membcers arc T7 gene 4 helicase and T4
gene 41 helicase. They belong to the group of hexameric helicases whereby six helicase
subunits assemble into a hexameric ring with a central channel to unwind double-
strandcd DNA. The process involves one strand passing through the channel whiie the
other passes outside the ring (West, 1996). The other three motifs (Hla, H3 and H4)
also play key roles foo in the unwinding of DNA. Motif Hla contains a glutamate that
has been suggested to play a role in catalysis (Sawaya et af, 1999). Motif H3 has been
suggested to participate in the interaction of Mg®" in NTP/NDP hydrolysis and
contributes to the binding of oligonucleotides (Caruthers & McKay, 2002). Finally
motif’ H4 has a role linked with DNA binding (Gorbalenya & Koonin, 1993;

Washington ef al, 1996).

1.43.12. DNA primases

DNA primases are another essential component of the DNA replication
machinety. Since all DNA polymerases are unable to initiate polymerisation de novo,
they require a primer molecule to provide a 3’-OH to which the first nucleotide is added

(Kornberg & Baker, 1992). DNA primase synthesises short RNA molecules which then

24



serve as primers for both the initiation of leading stand replication at the origin of
replication and of Okazaki fragments on the lagging strand (Kornberg & Baker, 1992).
DNA primases have been identified in bacteria, viruses and eukaryotes. With the recent
explosion in genome sequencing, a multitude of proteins have been discovered that

show homology to known DINA primases.

DNA primases can be classified inte two groups (Frick & Richardson,
2001). 'The first group contains DNA primases from bacteria and bacteriophages, while
the second is made up of eukaryotic DNA primases. The two groups differ in their

structure and their relationship with other proteins in the replication complex.

1.4.3.1.2.1.Prokaryotic DNA primases

Prokaryotic TINA primases include proteins from bacteria and
bacteriophages. The prototypical bacterial primase is the enzyme, DnaG from E. coli
(Kornberg & Baker, 1992). All other known bacterial primases, as well as the
bacteriophage primases, are homologous to PnaG. They all possess similar functional
characteristics. Proteolytic digestions of DnaG from £. cofi and phage T7 primase have
shown that the prokaryotic DNA primases are composed of three regions (Marians,
2000; Washington et af, 1996), an N-terminal zinc-binding domain, an oligonucleotide

synthesis site and either a helicase or a region that interacts with a helicase,

The zinc-binding domain contains the “zinc motif” which is defined as two
pairs of residues, made up by either cysteines or histidines or both (Motif 1) (Figure
1.8). The configuration of the zinc motif allows for the formation of a zinc finger which

is essential for primase activity. This zinc motif is present in many primases from both
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prokaryotic and eukaryotic sources (Ilyina et @/, 1992; Mendelmann et af, 1994; Toh,
1986). The position of the zinc-binding domain varies between different classes of
primases. In prokaryotic ptimases, the zinc-binding domain is located at the N-terminus
of the polypeptide while it is found at the C-terminus of primases of eukaryotic viruscs.

For standard eukaryotic primases, the domain is located in the central catalytic domain

(Figure 1.8).

Zinc RINA polymerase C-terminal
| 1 1P 3 4 5 61 | |
s CH CCld R Lt KYxN [ FEGXXD I DXDDxxGxxA _4 D | _—

Toprim

Figure 1.8. Schematie diagram of the domain structure and the conserved residues in DuaG-like
primase. The six consensus sequences identified by llyina et @f, 1992 ate numbered at the tap of the
boxes.

The importance of the zinc-binding domain to the primase activity is
demonstrated in the phage T7 gene 4 protein which codes for both a DNA primasc and
helicase (Mendelmann et af, 1994). When the zinc motif is disrupted in the protein,
priming activity is lost. The same loss of activity is obscrved with the phage P4 primase
when the two cysteine residues in the zinc motif are replaced by glycine residues

(Ziegelin ef al, 1993).

The central domain or catalytic domain contains the majority of the
conserved motifs (Salas, 1991). This domain is also known as the RNA synthesis
domain, which is responsible for synthesis of the primer strand. It contains five

conserved motifs (Motifs 3-6). Motif 2 is the only motif for which no functional or

26




structural role has yet been assigned. Motifs 3-6 contain residues that appear to play
roles in NTP binding and oligonucleotide synthesis. Additional charged residues in the
proximity of motif 3 are shared among several prokaryotic and eukaryotic RNA
polymerases (Versalovic & Lupski, 1993). Experiments using E. cofi 1DnaG confirmed
that this region plays a role in RNA synthesis. Motifs 4 to 6 may play roles in the
coordination of NTP and Mg** ions. Motifs 4 and 5 contain conserved negatively
charged residues that arc preceded by runs of hydrophobic residues, Within this
arrangement, the residues are predicted to form beta strands which resemble motifs
involved in Mg’ "-mediated NTP binding observed in ATPases (Fry et al, 1986,
Gorbalenya & Koonin, 1989). Mofif 4 has the consensus sequence of EGxxD where the
glutamate residue is predicted to be essential for primer synthesis (Strack et al, 1992).
Aravind ef af (1998) predicted that the same glutamate is needed to facilitate nucleotide
polymerisation. Motif 5 has a consensus scquence of DxDxxGxxA where the Dx[)
sequence acts to coordinate Mg?* (Aravind ef al, 1998). The same DxD SEqUENICe Can
also be located on motif 6, where it is conserved in all DnaG-like bacterial primascs

(Szafranski ef af, 1997) but only the first aspartate is present in phage primases.

Parts of the catalytic domain sccm to have structural relationships with
otherwise unrelated proteins such as some DNA topoisomerases and several nucleases
(Aravind et al, 1998), This shared rcgion is named the TOPRIM domain (for
topoisomerase/primase). The TOPRIM domains in primases are smaller than those in
topoisomerases (~80 residues as compared to ~120 residues in topoisomerase)
(Podobnik ef «f, 2000). Motifs 4 and 5 are found within the TOPRIM domain and the

DxD) dyad is central to this region.
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The C-terminal domains of prokaryotic primases are not evolutionary
conserved. This region is required for the association with a helicase or itself is a
helicase. Therefore, other than where the C-terminus is a helicase, conserved motifs are
not generally present within this domain. Thosc that possess a helicase at the C-
terminus include bacteriophage T7 and P4 primases while those that do not, include
phage T4 primase and E. coli DnaG. E. coli DnaG has been shown to interact with
DnaB helicase via this region (Tougu e/ af, 1994). When the C-terminal domain of
DnaG is removed by proteolysis, the protein can still synthesise primer strands but is
unable to engage m any helicase activity (Tougu ef al, 1994) because the DnaG no

longer associates with DnaB,

1.4.3.1.3. DNA polymerases

DNA polymecrascs arc cssential enzymes for DNA  replication,
recombination and repair. They are involved in the catalysis of the synthesis of DNA in
a sequence-independent manner that results in a faithful copy of the original DNA
molecule. Because DNA polymerases are involved in many separate functions, an
extreme diversity of DNA polymecrases exists, not just among different organisms but
also within individual organisms. For example, in Saccharomyces cerevisiae, there are
at least eight different DNA polymerases (Flubscher e af, 2000). These enzymes can
function alone or with accessory factors. They can vary not only in their fidelity, speed
and processivity with which they replicate DNA but also in the functions that they

perform.
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Based on their functions, DNA polymerases can be broadly classificd into
two groups; the first are the replicative DNA polymerases and the second, the repair
polymerases. Replicative DNA polymerases are responsible for DNA duplication while
repair polymerases fix damaged DNA. The discovery of E. coli DNA polymerase I in
1956 (Kornberg, 1960} yielded the first insight into the structure and mechanisms of
this group of enzymes. Recently, with the explosion of genome sequencing projects,
more DNA polymerase sequences have been discovered which allows us to use this

information to further understand the workings of the cnzyme.

i Name DNA polymerase family Function
pol (alpha) o, B Replication
pol (beta) B X Repair
pol (gamma) y A Mitochondrial replication
and repair
pol (delta) 6 B Replication, repair
pol (epsilon) & B Replication, repair
pol (zeta) B Translesion synthesis
pol (eta) Y Transleston synthesis
pol (théféj@ S A Cross-link repair
pol (iota) 1 Y Translesion synthcesis
pol (kappa) « Y unknown
pol (mu) pn X Somatic hypermutation
pol (lambda) X X Meiotic mutation.

Table 1.2. Classitication of DNA polymerases. (Adapted from Friedbery ef af, 2000).

‘The DNA polymerases have also been grouped into different families based
on their amino acid sequence homologies to E coli DNA polymerases (Ito &
Braithwaite, 1991). 'amily A pelymerases are homologous to the polA gene product, E.
coli DNA polymerasc . Other members include bacterial and bacteriophage
polymerases like Thermus aguaticus DNA polymerase 1, phage T7 DNA polymerase,

eukaryotic mitochondrial DNA polymerase gamma (y) and DNA polymerase theta ().
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DNA polymerase 0 is a polymerase that was identified in Drosophila melanogaster as
Mus308 that is shownto be involved in the repair of DNA crosslinks (Harris ef al,
1996) and later the human homologue of Mus308 was identified oo (Sharicf ef al,
1999). Like DNA polymerase 8, the family A DNA polymerases function in repair {(e.g.
Poll in nucleotide excision repair (Sancar, 1996) and also in replication (e.g. phage 1'7
DNA polymerase (Fuller & Richardson, 1985). Family A DNA polymerases contain
three conserved motifs (A-C) (Sousa et al, 1996), where motifs A and C are found in

the catalytic site of the enzyme while motif B is involved in the binding of dNTD.

I'amily B DNA polymerases comprise bacterial, bacteriophage and
eukaryotic enzymes, which are homologous to the £. coli DNA polymerase B (pol ID).
Members include eukaryotic replication polymerases like polymerase alpha (o),
polymerase delta (8) and polymerase epsilon (g) (Hubscher ef @/, 2000) and also phage
T4 replicative polymerase (Karam & Konigsberg, 2000). In type B polymerascs, there
arc six conscrved motifs identified. Motifs I and II are found in the catalytic site. These
two motifs are considered to be equivalent to family A polymerase motifs C and A

respectively (Joyce, 1997; Steitz, 1999).

There are other polymerase families like the family C DNA polymecrascs and
family X polymerases. Family C polymerases are homologous to L. coli polymerase C
(pol III) (Kelman & O’Donnell, 1995} while family X members do not share significant
sequence similarity with DNA polymerases but are related to terminal transferases.
Members of family C comprise most of the bacterial replication polymerases while
family X members includes eukaryotic DNA polymerase beta (B), lambda (&) (Garcia-

Diaz et af, 2000) and mu () (Dominguez e ¢/, 2000). With the ever-growing size and

30



Figure 1.9. 3D structure of E. coli Klenow fragment and Thermus aquaticus Taq polymerase.
(Source:Klenow- PDB file 1KFD, Beese er a/, 1993 and Taq —PDB file 1KTQ, Korolev ef al, 1995 ).
Both structures possess similar overall structure which comprise the characteristic finger, thumb and
palm.

Other residues including Arg 754, Arg 682, Lys 758 and His 734 have been
implicated in the interaction with dNTPs. These sets of residues are well conserved
among family A DNA polymerases. They are all positively-charged residues and are
thought to interact with the phosphate backbone of dNTPs (Astatke er al, 1995).
Residues that are important and play roles in primer strand attachment are Glu 611, Thr

609, Asn 678, Asn 675, Lys 635 and Arg 631 (Basu ef al, 1988).

The detailed structure of the E. coli DNA polymerase provides a platform
for the functional studies of other DNA polymerases 1. Still only a small area of the
structure has been studied. More has to be carried out to study the interactions of the
various residues with the dNTPs, DNA template, primer and other replication proteins

found on the replication fork.
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1.43.2. DNA Replication in Plasmodium

One reason that the replication of DNA in malaria parasites is the subject of
research is because it provides a gateway for potential therapeutic applications. DNA
replication oceurs at scveral points during the life cycle of the parasite. One time point
is when afller parasites invade hepatocyles of the host and undetgo cxo-etythrocytic
schizogony. DNA replication also occurs during both erythrocytic schizogony and
gametogenesis, and during sporogony in the mosquito. In fact, DNA replication duting
gametogenesis and exflagellation appears to be one of the most rapid known examples

of DNA replication. It would be of interest to understand this process in more detail.

In P folciparum, two distinct DNA polymerase classes were purified
(Chavalitshewinkoon et al, 1993), one being aphidicolin-sensitive (A%) and the other
aphidicolin-resistant (AR). To further characterise the two polymerases, they were
treated with concentrations of different compounds to obtain [Csy values. The A"
polymerase was sensitive to N-ethylmaleimide (NEM) and dideoxy-TTP (ddTTP) while
the A% polymerase was sensitive to 1-B-D-arabinofuranosyladenine-5"-triphosphatc
{araATP). The ICsy values obtained for both polymerase classes suggested that the AR
fraction resembled the eukaryotic mitochondrial DNA. polymerase v while the AS
fraction possessed primasc activily and is classified as DNA polymerase «. In P.
berghei, (hree distinet DNA polymerase classes were puritied {De Vries ef al, 1991),
two being A® and one A", However, unlike in £. falciparum, the fraction that was
shown to be processive was able to use an RNA-primed template but lacked primase

activity. Tt was thus classified as a DNA pol o-like enzyme. Based on the inhibition

profile of the second A® fraction, it was classified as DNA polymerase 5. The AR
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fraction of P. berghei unlike the P. falcipurum fraction was resistant to both ddTTP and

NEM and was classified as a DNA polymerase [3.

Inhibitors of DNA polymerase have been investigated as potential
therapeutic agents. For example acyclic nucleoside analogues, which are related to the
S-9-(3-hydroxy-2-phosphoryl methoxy-propyl)adenine (HPMPA), were shown to
strongly inhibit the growth of P. falciparum (De Vries et al, 1991). A single injection of
HPMPA prevents any increase in parasitaemia in mice infected with P. berghei (De
Vries et al, 1991} for several days. Repeated drug administration of HPMPA blocked

parasite growth for long periods but when treatment was stopped, parasitaemia returned.

Nuclear DNA replication is much better understood than organellar DNA
replication. However, it is critical to understand this latter process as enzymes of
organellar DNA replication provide good targets for drugs against the parasites,
cspecially if they are of plastid and cyanobacterial/prokaryotic origin and as such, likely
o be different from the host’s DNA replication enzymes. As yet, plastid DNA
replication has not been well explored or understood in Plasmodium. Even information
from the conventional plastid genomes is of little help. What is known is that the
malaria plasiid DNA does not carry any genes for plastid DNA replication. They are
most probably cattied by the nuclear genome but had not been identified prior to this

thesis.
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1.4.4. Plastid DNA replication

Until recently, nothing much was known about the replication of the
Plasmodium plastid DNA. The plastid DNA, during the erythrocytic cycle, replicates
early in schizogony at about the same time as the nuclear and mitochondrial DNA, The
pattern of replication was presumed to be similar to higher plant chloroplast, ie. the
plastid replicates bidirectionally using the rolling circle mode of replication. Williamson
et al, (2002) discovered that the plastid of Plasmodium in fact replicates by two
different mechanisms, one that adopts the rolling circle strategy, initiating at an
unknown location while the second mechanism, which initiates at the twin D-loops
located in the large inverted repeat. This mechanism is relatively sensitive to the
topoisomerase inhibitor, ciprofloxacin unlike the first mechanism which is less sensitive

to it.

The enzymology of plastid replication is not well studied. There are only
two teplication genes that have been found that are associated with plastid DNA
replication. The genes are gyr4 and gyrB which encode gyrasc subunits have been
shown to be nuclear encoded plastid proteins (Wilson et al, 2002). Therefore, they are
most probably involved in the plastid DNA replication. White & Kilbey (1996)
proposed that the aphidicolin-insensitive DNA polymecrase identified by De Vries ef al
(1991) could play a role in plastid DNA replication. As vet though, no other direct
evidence has been obtained or enzymes isolated that have been implicated directly in

the replication of the plastid DNA, the enzymology of which remains elusive.
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1.5. Apicoplast
1.5.1. Introduction

Plastids include the photosynthetic chloroplasts of plants, the rhodoplasts of
red algae and the chromoplasts of brown algae. The apicoplast also belongs to this
family of organelles. The apicoplast is found in a group of parasites which belong to the
phylum Apicomplexa. The members of the Apicomplexa include Toxoplasma,
Plasmodium and Theileria among many other groups. Several of them cause severe

diseases in livestock and humans such as theileriosis, toxoplasmosis and malaria.

Rough ER  Golgi complex (?)

Figure 1.10. Ultrastructure of a ring stage Plasmodium falciparum showing the various organelles
like the plastid and mitochondrion. (Source: Bannister er al, 2000 )

When the non-photosynthetic plastid was first discovered in apicomplexan

parasites, it attracted a lot of interest for its potential as a drug target. Its evolutionary
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history indicates (hat an ancestor of the apicomplexan parasite must have endocytosed
a symbiotic alga. A great deal of work has been carried out to learn and understand

more of this intcresting organelle.

1.5.2. Origin and evolution of the apicoplast

The apicomplexan plastid is thought to be a product of a secondary
endosymbiotic event where instead of engulfing a cyanobacterial prokaryote, the
apicomplexan ancestor gained its plastid by taking up a eukaryote that had already
acquired a primary plastid. Ultrastructural and molecular dala support the notion that
the apicoplast originated from such an event. Hopkins er af (1999) postulated that three
membranes surround the Plasmodium plastid while others have shown that there are
four membranes surrounding the plastid (Kohler ef af, 1997). The two inner membranes
correspond to the typical plastid envelopes, while the outermost membrane belongs to
the host endomembrane system. Regardless of the finer details, the plastid does seem (o

originate from a serial endosymbiotic event (Delwiche & Palmer, 1997).

However, thete seems o be confusion over the precise origin of the plastid
in Apicomplexa. There are arguments over whether the plastid originated from a red
alga or green alga. Harly evidence supported the green alga lineage where phylogenies
constructed from ribosomal RNAs and ribosomal proteins suggested an evolutionary
affiliation with the euglenoid plastids (Gardner et «, 1994; Howe, 1992). Sequence

analysis of the fufA gene, coding for protein synthesis factor, Tu, has placed the
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Secondary endosymbiosis

Apicomplexan ancestor engulfs
Primary endosymbiosis cukaryote containing the primary
endosymbiont
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Eukaryotic cell engulfs

prokaryotic cell ’

Figure 1.11. Secondary endosymbiotic event where the apicomplexan ancestor engulfed a
eukaryote that already harboured a plastid. (Source: adapted from Roos et al, 1999).

apicomplexan plastid with the green alga lineage. Unfortunately, these studies were
flawed because of a common problem; the apicomplexan plastid genome is very A-T
rich, thus skewing both the ribosomal RNA sequences and amino acid composition of
proteins (Kohler et al, 1997; Wilson et al, 1996) which posed a serious problem for

sequence analysis and weakened the interpretation of the data obtained.

The presence of a gene, orf470, on the P. falciparum plastid DNA was the
key that led to the proposal of a red alga origin (Williamson ez al/, 1994; Wilson, 1993).
The same gene is found on the plastid genome of red algae, where it is designated ycf24
(Law et al, 2000; Williamson et al, 1994; Wilson, 1993). The support of a red algal
origin of the apicoplast is stronger than that of a green algal lineage (McFadden et al,

1997; Zhang et al, 2000).
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1.5.3. Protein targeting to the apicoplast

The apicoplast genome contains a total of 57 genes (Table 1.3), the majority
of which are involved in gene expression. There are genes encoding three subunits of
RNA polymerase, 17 ribosomal proteins, elongation f{actor Tu, duplicated large and
small subunit tRNAs and 25 t{RNAs. There are also nine open reading frames, one of
which encodes a subunit similar to the Clp family of molecular chaperones, one is a
conserved ORF found in red algal plastids and the rest are of unknown fumction. These
genes are not sufficient to provide all the required elements for the maintenance and
survival of the plastid. During the evolutionary development of plastids, many of the
genes that encode proteins that are essential to plastid function have been transterred to

the nucleus ol the host. The same scenario is observed in plants where it is estimated

Class Genes

Ribosomal RNA 168,238

UGC ~ GCA RGUC 1UUU GAA ~ACC ~UCC 1GUG [GAU
. A C D I I G G 5 Al |
[rtansfer RNA 2 3 > > > > , , s

UUU 7 UAG  UAA CAU CAU GUU ¥
K , L , 1, . M , M N TUL , PUGG, QUU(I’ RUCU’

H

\GOU UG . . s .
RLACG, bGC ,S GA’ TUGU’ VUAL, WLLA, Y(JUA

Ribosomal proteins rps2,3,4,5,7,8,11,12,17, 19
rpl 2,4, 6, 14, 16, 23, 36
RNA polymerase rpoB, Cy, C
Other proteins clpC, tufd, ORF430
Unassigned ORF's - 51,78,79,91, 101, 105, 129

Table 1.3, Gene content of the 35 kb circular DNA of P. falciparum. (Source: Wilson ¢t af, 1996).

that between 1,000 to 5,000 chloroplast proteins are encoded by nuclear genes (Martin

& Herrmann, 1998). These nuclear enceded proteins must be imported back into the
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plastid. In order for import, plastid targeted proteins possess N-terminal exlensions

called transit peptides.

Due to the fact that the apicomplexan plastids are of secondary
endosymbiotic origin, protein targeting is more complex because of the presence of
muitiple membrane layers for the proteins to cross. Therefore, a two-part targeting
system is used for plastid entry, Instead of having just a transit peptide, these plastids
possess bipartite presequences (Waller er af, 1998). These bipartite prescquences of
proteins that are targeted to the apicoplast have two functional domains:- a signal
peptide and a transit peptide. The signal peptide consists of a short run of hydrophobic
residucs folowed by a clecavage motif (Niclsen et af, 1997). The transit peptide domain
carries a net positive charge (Waller er @/, 1998). Recently, the Plasmodium transit
peptide has been defined (Foth et a, 2003) and it also contains a net positive charge due
to the high number of lysine residues found within the domain. It is also depleted in
acidic residues (glutamate and aspartate) among its first 20 amino acids. In addition,
Plasmodium transit peptides are enriched in isoleucine while possessing low numbers of
small apolar amino acids like glycine, valine, alanine and leucine, With this consensus
in mind, Foth et of (2003) identified 466 putative apicoplast-targeted proteins in the P.

Jfaleiparum genome.

The presence of a bipartite presequence means that the protein targeting
process involves at least two steps. The apicoplast-targeted protein with the help of the
signal peptide, first cnters into the secretory pathway At some point in this pathway,
the transit peptide mediates the transfer committing to, and allowing entry into, the

apicoplast (Waller ef al, 2000). As for the exact mechanism and proteins involved in
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this transport process, they are unknown. In plant chloroplasts, protein targeting is
mediated through a system called the Tic-Toc system. The translocon outer chloroplast
complex (Toc) and the translocon inner chloroplast complex (Tic) are located on the
outer and inner membrane of the chloroplast respectively (Soll & Tien, 1998), where
they are responsible for translocating proteins across the chloroplast membrane into its
interior. Instead of two membranes, the apicoplast is surrounded by at least three
membranes. Therefore, the tic-toc system cannot operate precisely as in plants to ensure
the translocation of apicoplast-targeted proteins. However, Tic and Toc homologues
have been identified in P. falciparum (vanDooren et al, 2000) which suggests that the
protein translocation system in Plasmodium is probably related to the tic-toc system

known to operate in plant chloroplasts.

Cytoplasm
Quter Membrane

Insertion
Preprotein
\

Transit
sequence

Inner Membrane
Insertion

ADP +PI

Membrane =
m’; i Processing
I Paptidase

Figure 1.12. Diagrammatic representation of the chloroplast protein transport system (Tic-
Toc). (Source: Fuks & Schnell er al, 1997)
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1.54. TFunctions of the apicuplast

Various experiments have shown that the apicoplast is indispensable for the
survival of the apicomplexan parasites (Fichera & Roos, 1997; McConkey et al, 1997,
McFadden & Roos, 1999). As the apicomplexan plastid is non-photosynthetic, a
question arises to its precise cellular function. Since there are estimated to be 466
putative nuclear-encoded plastid targeted proteins — the net plastid proteome could point
to its function. Several laboratories have successfully demonstrated the presence of key
mctabolic activity taking place in the apicoplast. Key pathways include de novo fatty
acid Dbiosynthesis (Jelenska ef «f, 2001; Waller et al, 1998; 2000), isoprenoid
biosynthesis (Jomaa et o/, 1999; Wiesner ef g/, 2000) and haem synthesis (Sato &
Wilson, 2002; van Dooren ef al, 2002), The principal [eatures of these pathways are

outlined below.

1.54.1. Fatty acid synthesis

Fatty acid synthesis is a process where two-carbon precursors are assembled
into fatty acids. T'wo important cotactors involved in the process are coenzyme A (CoA)
and the acyl] carrier protein (ACP). Even though it was previously thought that P.
Jalciparum does not synthesise fatty acids de novo (Matesanz ef al, 1999), several
proteins that arc involved in the process including ACP, pB-ketoacyl-ACP synthase III
(FabH) and acelyl coA carboxylase (ACC) have been shown to localise to the
apicoplast (Jelenska ef af, 2001; Waller er af, 1998; 2000). In addition, using
radilabelled precursors, Surolia & Surolia (2001) have shown that they are
incorporated into fatty acids by P. falciparum. The evidence therefore suggests that P.
Jalciparum does possess a de novo fatty acid synthesis pathway. Judging by the

presence of apicoplasi-targeted enzymes responsible for fatty acid synthesis, the
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apicoplast is likely to be site for fatty acid synthesis. These fatty acids can then be
incorporated into phosphogiycerides, sphingolipids and glycosylphosphatidylinositols

(GPY).

1.5.4.2. Isoprenoid synthesis

Isoprenoids are a group of natural products that include sterols, carotenoids
and terpenoids. They are usually incorporated into proteins that are invelved in signal
transduction, protein-protein interactions and membrane-associated protein trafficking.
A 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway or non-mevalonate isoprenoid
biosynthesis pathway in P. falciparum linked the apicoplast with the plastids in plants
and algae which also possess the DOXP pathway. The DOXP pathway provides a
pathway to isoprenoids that is distinct from the pathway in eukaryotes. In P. falciparum,
the genes encoding DOXP synthase and DOXP reductoisomerase have been found

(Jomaa et al, 1999) and they contain plastid-targeting domains.

1.5.4.3. Haem synthesis

Haem is the prosthetic group of oxygen-carrying electron-transferring
proteins (for example cytochromes). In P. falciparum, protein synthesis appears to be
haem-dependent (Surolia & Padmanaban, 1991; 1992). Plasmodium also appears to
encode its own enzyme d-aminolevulinate dehydratase (ALAD) which is involved in
the condensation of two molecules of 8-aminolevulinate to give porphobilinogen (Sato
et al, 2000; Sato & Wilson, 2002). The gene encoding ALAD possesses a putative
apicoplast-targeting leader sequence (Sato & Wilson, 2002), (hus it appears that it might
be active within the apicoplast. However, there is no evidence for the presence of

another important protein, d-aminolevulinate synthetase (A1.AS) which is responsible
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for the formation of 8~aminolevulinate from other precursors. Therefore, there is still a
nced for further clarification to the precise role that the apicoplast plays in haem

synthesis.

1.5.5. The apicoplast as a potential drug target

The discovery of the presence of a relict cndosymbiont within the
apicomplexan parasites has opened up doors for novel chemotherapies exploiting the
apicoplast as a drug target. Even though the true function of the apicoplast has yet to be
established, it has been shown to be indispensable to the parasite (Fichera & Roos,
1997). Interestingly though, when Yoxoplasma gondii parasites lose apicoplast function,
they do not perish immediately, instead they fail to invade new host cclls (He ef i,
2001). This suggests that the apicoplast may play a role in the invasion of the host cell.
In addition, due its prokaryotic origin, the apicoplast contains key cellular processes
such as DNA recplication, transcription, translation, catabolism and metabolisin differ
substantially from similar proccsses in their host. Therefore, the apicoplast can make a
good drug target. In the next section, several pathways that have already been targeted

by compounds that lead to parasite death are discussed.

1.5.5.1.  Fatty acid synthesis

As reviewed in Section 1.54.1, the presence of a fatty acid synthetic
pathway in Plasmodium has been noted. The plasmodial pathway appears to be similar
to the type II fatty acid pathway present in bacleria and chloroplasts which uses
distinctive enzyme systems when compared with eukaryotic pathways. Several
antibiotics target thesc type II faity acid biosynthetic enzymes. For example B-ketoacyl

ACP synthase (FabH) is a target for thiolactomycin (Waller ef «f, 1998) and triclosan
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targets enoyl-ACP reductase (Fabl) (Surolia & Surolia, 2001). Both of these antibiotics

show anti~plasmodial activity,

1.5.5.2.  Isoprenoid synthesis

The DOXP reductoisomerase has been identified in P. falciparum and has
been shown to be a targel of fosmidomycin (Jomaa e/ of, 1999). TFurthermore,
fosmidomycin can inhibit the growth of P. falciparum in culture (Jomaa ef al, 1999).
Many other inhibitors of the DOXP pathway are being lested against bacterial
(Altincicek et af, 2000) and plant (Zeidler et al, 2000} systems which may be of use to

test for antimalarial activity.

1.5.5.3. DNA replication and transcription

Sincc the apicoplast is indispensable for the apicomplexan parasite,
inhibitors of DNA replication of its genome will affect the well-being of the parasite
itself. Ciprofloxacin blocks prokaryotic DNA replication by inhibiting DNA gyrase, a
prokaryotic type II topoisomerase. This antibiotic also inhibits plastid DNA replication
in P. fulciparum (Weissig et al, 1997). Interestingly in 7" gondii, the antibiotic does not
kill the parasite immediately but progressively reduces the copy number of the plastid
genome, and it affects the ability of the parasite to invade host cells (Fichera & Roos,
1997). As yet, other than gyr4 and gyr# (two components of the DNA topoisomerase
system), no other plastid DNA replication rclated genes have been described. However,
enzymes involved in plastid DNA replication and maintenance should be good targets

for antimalarials.

Plastid transcription uses prokaryotic-like RNA polymerase homologues

(Gray & Lang, 1998). Antibiotics that inhibit transcription can be used against these
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parasites. For example, rifampicin inhibits the function of prokaryotic type RNA
polymerase B, is effective against apicoplast transcription (Wilson et @/, 1996) and has

activity against Plasmodium.
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Aims of the project

The discovery of a gene that encodes a putative DNA polymerase, DNA
helicase and DNA primase activity, and which possesses a putative apicoplast-targeting
presequence, underlies the aims of this project. The main aim of the project was to
determine and clarify the true status of this gene, PfPREX. My PhD project aimed to
clone and express the gene and to determine whether it encodes all of the predicted
functions. Moreover, the project aimed to investigate the origins of Pf/PREX, and the

evolutionary route that has led to it now functioning in P. falciparum.
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Chapter 11

Materials and Methods



2.1. Materials

All chemicals used were rcagent grade and were purchased from Sigma,
unless otherwise stated. DNA restriction and modification enzymes were from
Promega. Ribo- and dcoxoyribonucleoside triphosphates were purchased from both
Invitrogen and Sigma. Oligonucleotides were synthesised by Invitrogen and MWG
Biotech. All radioactive materials were purchased from Perkin Llmer, Poly (dT) from
Sigma, had an average length of 200-300 nucleotides. Bacteriophage M13mp18 single-
stranded DNA was obtained from New England Biolabs. The recombinant helicase,
PcrA was purchased from Cambio Science. Klenow fragment, Tug and Pfit DNA
polymerases were purchased from Promega. The Gateway Cloning kits and competent

cells, DIT5« and BL21si were obtained from Invitrogen,

2.2, Parasite lines/clones and culture

Plasmodium falciparum clone 3D7 was cultured in vifro in a class I sterile
hood using the method of Jensen & 'f'rager (1978) with some modifications. The
parasites were grown at 5% haematocrit in RPMI [640 medium (Gibco BRL),
supplemented with 5.94 g/l HEPES, 42 ml/l 5% (w/v) sodium bicarbonate and 10%
pooled heat-inactivated human serum (group AB). Whole blood was obtained from the
Blood Transfusion Service. The cultures were gassed with a mixture of 3% CO,, 1%
02, 9% N, and incubated at 37°C. The culture was kept at between I — 5%
parasitaemia. If the parasitaemia exceeded 5%, the culture was diluted to a lower

parasitacmia lcvel in fresh supplemented RPMI 1640 medium.
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2.3. Bacterial strains and cultures

Several E. coli strains were used for cloning, sub-cloning and expression
studies. £. coli IM109 (Promega) and DHSo (Invitrogen) were used for standard sub-
cloning experiments. For the expression studies, the E. coli BL21si (Invittogen) strain
was used. The liquid cultures of & coli were grown in Luria-Bertani {LB)(Appendix
A.1) broth at 37°C with shaking while for BL21si strains were grown in L.B broth with

no NaCl.

Antibiotics wete used at final concentrations of 30 ng/ml for kanamyein
(km) and 50 pg/ml for ampicillin (amp) depending on particutar experiments. Stock

solutions of the antibiotics were made at 100 mg/ml with water for ampicitlin and 30

mg/ml for kanamycin and were kept at —20°C.

2.4, Basic moleculur biology techniques
2.4.1. Preparation of parasite extracts

For the preparation of extracts from the malarial parasites, 1 ml of parasite
culture (5% haematocrit and 5% parasitaemia) was used. The infected red blood cells
were pelleted by spinning at 800 g for 5 minutes. The pelleted red blood cells were
lysed by the addition of 0.15% saponin in PBS. The suspension was incubated at room
temperature for 15 minutes, [ollowed by centrifugation at 800 g for 10 minutes. The
pellet was further washed twice with 1 ml of PBS (Appendix A.2). The parasite pellets

were stored at —20°C until use in Western blot experiments.
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2.4.2. Preparation of genomic DNA from P. fulciparum

Genomic DNA from P. falciparum 3D7 was isolated from 10° mixed
asexual erythrocytic stage parasites using the Bio-Rad IustaGene™ whole blood kit.
Asynchronous cultures of 3D7 were spun down to obtain the red blood cell pellet and

genomic DNA extraction was carried out according to the manufacturer’s instructions.

The kit consisted of the lysis buffer and a suspension of InstaGene ™ matrix.
The cell membrane was broken up by the addition of the lysis buffer and the
haemoglobin was released from the red blood cells along with the nuclei from the white
blood cells. The white blood cell nuclei were pelleted by centrifugation and the
InstaGene ™™ matrix was added. The matrix is a polyvalent cation-chelating resin which
binds cations that would catalyse the degradation of DNA at high temperaturc. The
parasite nuclei were lysed by incubation at 60°C, After centrifugation, the DNA
released from the nuclei localised to the supernatant while the debris was in the matrix
pellet. The DNA obtained docs not need further purification and can be used straight for

PCR and other applications.

2.4.3. Preparation of total RNA from P. falciparum

Total parasite RNA was prepared using the TRIzol® Reagent (Invitrogen).
The TRizol® Reagent is a mono-phasic solution of phenol and guanidine isothiocyanate
and the RNA extraction using this reagent was caitied out based on the method
developed by Chomczynski & Sacchi (1987). The rbc pellet was lysed by the addition
of 1 ml of the reagent followed by repetitive pipetting. The rest of the exiraction was
carried out according to the manufacturer’s instructions, The RNA obtained was

dissolved in DEPC-treated water and stored at —70°C until use.
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2.4.4. Preparation of plasmid DNA from E. coli

Plasmid DNA was prepared [rom 5 ml of overnight bacterial cultures by
alkaline lysis. Overnight cultures were harvested at 3,000 g for 15 minutes. Plasmids
were exiracted using QIAprep spin Mini Prep kit from Qiagen according to the
manufacturer’s instructions. The plasmid DNA was resuspended in sterile water and

stored at -20°C un(l use.

2.4.5. Restriction digestion of plasmid DNA

Plasmid DNA was digested with various restriction enzymes (Promega).
Approximately 0.2 — 2 pg of plasmid DNA was cut using 10 units of enzyme in 1X of
the corresponding reaction buffer and left at 37°C for 1 — 2 hours. The digestions were
stopped by inactivating the enzyme at 68°C for 10 minutes when using heat-sensitive

resiriction endonucleases.

2.4.6. Agarose gel clectrophoresis of DNA

The DNA samples were scparated on 0.8 — 1.0 % agarose (Gibco BRL)
prepared in 1X TAE buffer (Appendix A). The gel was cast on a standard gel appuratus
(Horizon ® Gibco BRL) and DNA samples containing 1X loading buffer (Appendix
A.3) were loaded into the wells of the gel submerged in 1X TAE. 500 ng of 1 kb DNA
ladder (Promega) was loaded alongside the samples on the same gel as a DNA size
marker. Electrophoresis was carried out at 10 V/em. The gel was then stained with EtBr
(0.5 pg/ml) for at least 15 minutes and viewed under the short range UV

transilluminator (Hoefer) and photographed.
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2.4.7.

Polymerase chain reaction (PCR)

The PCR reactions werc catried out in 100 pl volumes containing 200 pM of

each ANTP, various concentrations of MgCl, ranging from 1.5 mM to 3.0 mM, 10 pl of

10X Pfu polymerase buffer (Promega), 0 to 10 % DMSO, 1U of Pfu polymerase

(Promega) and 50 ng of P. falciparum 3D7 genomic DNA. The typical amplification

profile for the PCR for 25 or 40 rounds was as follows: - denaturation step at 94°C for

30 seconds; annealing step at the appropriate anncaling temperature for 30 seconds,

followed by an extension step at 62°C for 2 — 10 minutes depending on the end product

to bc obtained and a final elongation step at 72°C for 5 minutes. The PCR

amplifications wezre performed on the DNA engine Gradient Cycler (MJ Research). 10

pi of the amplilied products were analysed on the appropriate percentage agarose gel.

Primer Name

Gene region

Gene-specific primer sequence

GWpolF1] Polymerase 5'-ATCAAGAAATGGAAAAGAATAAC-3
GWpolR1 Polymerase S ATCATICCATGGGAACATTI-3’

| GWHeliSignalF1 | Helicase/Primase | 5-TTCTATGATATACTACCATGCTTITG-3’
GWHeliHingeR1 | Helicase/Primase | 5-TGLITTGATICATATTCATCATCAGCTA-3’
GWHeliF4 Helicase 5-ATGCGAATGATTGTTTGAAACAT-3
GWHcliR4 Hclicase 5 TCICTAAACTATCCACATAS
GWPriF1 Primase S-GTCATAGATGTGGATATAAAGGA-3'
GWPrik1 Primase S-TGGCATCAATTTCTCCTTCTGT-3'
GWHingel'] Hinge STATGAGCATGTAGTTTCAAATACT-3
GWITingeR2 [Tinge S.TACTACTACIGTTCITATTCTTATT-3
AttBI1 5-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’
AttB2 5-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’

Add attB1 sequence to forward primers

ssurRNAF1

ssurRNA

and attB2 to reverse primers

| 3-GATCCTAGCTCAGAATTAAACGCT-3'

ssurRNAR 1

ssurRNA

5-GTAAGGTTITATCGTGTTGCATC-3'

Table 2.1. Primers used for all PCR reactions are listed in this table.
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2.4.8. DNA extraction from low-melting point agarose gels

The DNA products were analysed {irst on a 1% low-melting agarose gel. Gel
fragments of the desired size were cut from the gel and incubated with equal volume of
TE buffer (0.1M) (Appendix A.2) at 37°C for 30 minutes after disrupting the gel piece
with a wide-bore needle. One unit of Agarace (Promega) was added and the suspension
was incubated for a further 45 minutes at 37°C. An equal volume of phenol was added
and the suspension incubated on ice for 20 minutes. This was followed by
centrifugation at 13,000 x g at 4°C for 30 minutes. The upper aqueous layer was

removed and the DNA was recovered by standard ethanol precipitation (Sambroak ef

al, 1989)

2.4.9. Reverse-transeriptase PCR amplification (RT-PCR)
2.4.9.1 First strand ¢DNA synthesis

The RNA used was treated with 2 pl (1 U/ul)(Sigma) of DNase I at room
temperature for 15 minutes. 2 pl of RNase inhibitor (10 U/pl) (Gibeo T.ife
Technologies) and 2 pl of 200 ng/ul oligo dTs were added to 20 pl of DNase-treated
RNA. The RNA was denatured by incubating the mix at 80°C for 10 minutes and then
cooled rapidly on ice. After the addition of 4 ul of 0.1 M DTT, 8 ul 5X FSB and 2 pl of
10 mM dNTPs, 20 ul of the mixed solution was removed as a negative control (minus
reverse transcriptase). To the rest of the mixture, 1 ul of superscript II (Gibco) was
added to make the first strand of cDNA. The primer extension was cartied out at 42°C

for 1 hour.
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Primer Gene Primer sequence Product | Tm
Name region size (bp) | (°C)
RTHeliF1 Primase 5’-GCTCGTACATTITGTCGTTATGC - 59

| RTHcliF2 | Helicase | 5°-AAGAAGCTGAAAACGCAAGG-3" [ 453 | 59
RTHeliR2 5’-TGGCATCAATTTCTCCTTCTG-3’ | 60
RTHingeF1 | Hinge 5-TCGGCACAAAATAACATTCC-3’ 420 58
RTHingeR1 5. TCCATCACCGATGTTAGATCC-3’ 59
RTPolF] Polyme- | 5-CAACAGGTITAGAAGTGTICGATG-3" | 400 G0
RTPolR1 rasc 5-CAACTAGAATCACGAGCAGCA-3’ 59

Table 2.2, Primer sequences used for the RT-PCR reactions.

2.49.2. Reverse transcriptasc-PCR
The ¢cDNA was amplified using various oligonucleotides, for 40 cycles:
94°C —30 seconds, 50°C —30 seconds, 62°C —2-5 minutes. The amplification products

were analysed on an agarose gel using ethidium bromide according to standard

procedures.

2.4.10, Formaldehyde gel electrophoresis of RNA

A formaldehyde gel was made by adding a solution containing 16 mi of
formaldehyde, 5 ml of 20X Notthern gel buffer (Appendix A.4) and 29 ml of DEPC-
treated ddILO to a solution of 50 ml of 2% agarose melied in a microwave and allowed
to set in a standard gel apparatus (Horizon ® Gibco BRL). A 1X Northern Gel buffer
was prepared by mixing 50 mt 20X Northern Gel buffer, 88 ml formaldehyde and 860

ml DEPC-treated ddH,0.
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The RNA samples were prepared in a final volume of 20 pl by adding to the
RINNA sample, 1 pl of 20X Northern gel buffer, 3.5 pl formaldehyde, 10 pl of formamide
and DEPC-treated ddH,0 to 20 pl. The mixture was heated at 55°C for 15 minutes, then
chilled on ice and 2 pl of RNAse-free loading buffer (Appendix A.4) was added before
loading the samples on the gel. The gel was run at 60V for 4 to 5 hours with a magnetic
stircer placed inside the box once the RINA samples had entered the gel matrix. The

stirrer keeps the buffer circulated.

2.4.11.  Northern Hybridisation

RNA was extracted and approximately 10 pg was clectrophoresed using
denaturing conditions on a formaldehyde gel. The gel was then directly blotted on to a
nylon membrane (Ilybond N, Amersham) according Lo the technigue described in

Sambrook ef af (1989), using 20x SSC.

2.4.11.1. Labelling of DNA probes

DNA probes were labelled using the Prime-It random primer labelling kit
(Stratagene). The probes were labelled according to the manufacturer’s instructions.
“The procedure relies on the use of random hexanucleotides that anneal to multiple sites
along the DNA template. 25 pg of purified DNA templates were boiled for 5 minutes in
the presence of the random oligonuclcotides in a final volume of 34 ul. The mix was
then allowed to cool and 10 pl of 5x primer buffer, 5 pl of [o**P] ATP (3000 Ci/mmol,
10 mCi/ml, NEN Life Science Products), and 1 pl of Klenow fragment (5U/ml) was
added. The reaction was incubated to 37°C for 10 minutes and stopped by adding 2 pl

of stop mix. The probe was then purified to separate the unincorporated dATP from the
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labelled probe using a microspin column (Sigma), The labelled DNA was then

denatured by boiling for 5 minutes.

2.4.12. Chemical transformation of E. coli

. The cells used for chemical transformation were cither DH50 (Promega) or
BL21si (Invitrogen) and a standard heat shock method was employcd (Sambrock et al,
1989). 50 ul of cells were used. The cells were pre-incubated with about 1 -- 50 ng of
DNA to be transformed on ice for 30 minutes. This was to allow the DNA to attach
itsell to the cells. This was followed by heat shocking the cells at 42°C for 45 seconds.
The cells were placed immediately on ice for 2 minutes for the cells to recover before

the addition of 450 pl SOC medium (Appendix A.1). The cells were then allowed to
multiply at 37°C for 1 hour. 100 pl of the cell suspension was plated onto LB plates

containing the appropriate antibiotics and incubated at 37°C overnight.

2.5. Molccular cloning techniques for PIPREX
2.5.1. Gateway cloning technology

Gateway cloning technology (Invitrogen) is a powerful system. It provides a
taster and more efticient route to traditional cloning methods. It is based on the lambda
phage site-specific recombination. This system allows the transfer of DNA fragments
between vectors with compatible recombination sites while maintaining orientation.
Therefore, it is a versatile system which allows the simple relocation of a gene of
interest into any number of different expression vectors for expression in a variety of
hosts. The Gateway Cloning Stratcgy involves two steps, the first of which is 1o insert
the gene of interest into an entry vector. The second step involves the shuffling of the

gene fragment into a destination vector to generate an expression clong.
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Figure 2.1. Schematic representation of the Gateway cloning technology. The diagram shows the two
key reactions for Gateway cloning, the BP reaction and the LR reaction. (Source: Invitrogen)

With our intended genes of interest, we anticipated problems with
expression due to the high A-T content of the Plasmodium genome. Therefore, this
system was selected because it is ideal for us to attempt to clone our gene into different
expression vectors with the minimum number of passages through E. coli and also
permits one to express the recombinant proteins in various expression systems with

minimal sub-cloning.

2.5.2. Generation of expression constructs
2.5.2.1. Generation of entry clones
The generation of an entry clone is achieved by designing primers that

contain attB recombination sites. From the PCR, one obtains PCR fragments containing



the atfB sites which are then converted into entry clones by recombining into the a//P

sites of pDONRZ01.

2.5.2.1.1. Preparation of @#&-PCR products

The PCR primers used for the amplification were obtained from Invitrogen.
The forward and reverse primers conlain additional sequences of arfB recombination
sites at the 5° ends which are aftB; and a#tB> respectively. The a#B siles are specilic
recombination sites that are normally present in . coli which will recombine with aitP
sites found on the lambda phage for integration proccss to proceed. The PCR reactions

were carried oul as slated in Section 2.4.7.

2.5.2,1.2. ‘BP’ reaction for the generation of the entry clones

The BT reaction involves the generation of the entry clones, it starts with the
mixing of the specially generated PCR products containing the gene of intercst and the
entry vector of your choice. Morc specifically, thc BP reaction facilitales the
rccombination of the af/B-contamning substrate {affB-PCR product) with an a#P
substrate (pDONR201- Donor vector), which gives the reaction the name BP. This

reaction is catalysed by the BP Clonase™ enzymes mix.

The attP containing entry vector, pDONR201 (300 ng) was mixed with 2 pl
of the purified PCR product. It was added to a reaction mixture of 20 pl, containing 4 pl
of the BP clonase (mixture containing both the lambda phage integrase and the L. cofi
protein, IHF). After incubation at 25°C for 1 hour, proteinase K (4 ug in 2 ul) was
added to inactivate the BP clonase by incubating the mixture at 37°C [or a {urther 20

minutes, 2 pl aliquots were transformed into E. coli DHSa (library efficient strain)
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(Invitrogen) and plated onto Kanamycin (100 pg/mi) containing LB plates. Since the
Gateway reaction has a high efficiency of gencration of positive clones (usually > 99%),

it minimises the need for screening.

2.5.2.2, Generation of destination clones

2.5.2.2.1. ‘LR’ reaction for the generation of destination clones
The second step of Gateway Cloning involves the LR reaction. This reaction
facilitates the recombination of the atfl. containing entry clone with a affR containing

destlination vector, This rcactlion is catalysed by the LR Clonase™ enzyme mix.

For the LR reaction, the entry clones obfained (rom the BP reaction were
used. The destination vectors used were pDESTIS (GST-Tag) and pDEST17 (His-Tag).
Approximately 200 ng of entry clone was added to 300 ng of destination vector in 20 ul
reactions containing 4 pl of LR Clonase™ (which contains lambda recombination
proteins Int, Xis and an Z. coli-encoded protein IHTE). The reaction mixture was
incubated at 25°C for 60 minutes. Proteinase K was added and the reaction was further
incubated at 37°C for 20 minutes. 2 pl aliquots of each reaction were transformed into
E. coli (DH5a) and plated onto LB-Amp plates (100 pg/ml). Colonies were picked and

minipreps to extract the plasmids were performed to identify positive clones.

2.6. Protein analysis

2.6.1. Sodium dedecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)
The purified proleins or parasite exiracts were prepared by the addition of an

equal volume of 2X sample buffer (Appendix A.5). The samples were boiled for five
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minutes before being loaded onio a gel system (Laemmli, 1970) consisting of a 10%
resolving gel and a 5% stacking gl (Appendix A.5). The gel was run at 150V on 4
mini-protean dual slab gel electrophoresis apparatus (Bio-Rad) in 1X running buffer

{Appendix A.S).

After electrophoresis, the gels were immersed in a Coomassie Blue staining
solution (Appendix A.5) for 1 hour at room temperature with shaking. Excess dye is
then allowed to diffuse from the gels by immersing the gel in the destain solution

(Appendix A.5) for one hour.

2.6.2. Western blotting

The proteins were size-fractionated by electraphoresis on SDS-PAGE gels
and transferred to Hybond nitroceliulose membranes (ECL) using the Bio-Rad mini-
trans blot electrophoretic transfer cell at 100 V for 1 hour. The membrane was blocked
with 5% skimmed milk containing 0.2% Tween 20 in 1X TBS (Appendix A.6). It was
probed with a dilution of the primary antibody at 4°C overnight with shaking in 1%
skimmed milk with 0.1% Tween 20 in TBS. The membranc was then washed 4 times
with 1X TBS, 1% skimmed milk. After washing the membrane, il was probed with
horscradish peroxidasc-labelied sccondary antibody (Diagnostics Scotland), diluted to
1:2000 in 10X TBS and 1% skimmed milk. The membrane was incubated with the
secondary antibody at room temperature for 2 hours with shaking, followed by 3 washes
for 30 mioutes. The immunoreactive proteins were detected using the enhanced
chemiluminscence protocol (Pierce). Blots were exposed to film for between 30 seconds

to 15 minutes depending on the signal intensity.
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2.6.3. Protein guantification

The protein concentrations were determined using the Bio-Rad profcin assay
which is based on the method of Bradford (Bradford, 1976). It involves the addition of
an acidic dye to a protein solution where the colour change is determined by
neasurement at 595 nm with a spectrophotometer. Protein standards using bovine
serum albumin (BSA) were prepared within the range of 0.5 to 5 pg of proteins. The
dye reagent (Bio-Rad) was diluted 1:4 with distilled water and filtered to remove
particulate matter. 10 ml of each standard and sample solution were pipetted into
separate microtiter plate wells. 200 pl of the diluted dye reagent was added to each well
and mixed thoroughly. The plate was then incubated at room temperature for at least 5
minutes when the absorbance was read at 595 nm using the microplate reader (Titertek
Multiskan® MCC/340). The protein concentrations were calculated with reference to the

standard curve drawn with the values obtained from the protein standards prepared.

2.7. Expression and purification of recombinant protcins

2.7.1 Expression and purification of His-tagged recombinant proteins

The polymerase domain (PIPREXpol) was first cloned into an entry vector,
pDONR201 then transferred into the Gateway vector pDEST17 (Invitrogen) to give a
hexahistidine amino-terminal fusion protein. This was to allow the ease of purification
of the recombinant protein. The pDEST17 vector has salt-inducible ‘[ promoter,
therefore expression of the fusion protein was carried out in Escherichia coli strain

BL21si (Invitrogen) which enables differential expression in response to salt.

Positive colonies were inoculated onto LB without salt with ampicillin (100
pg/ml). From an overnight cultuwre of 5 ml of LBamp without NaCl, 1 in 100 dilution of
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the culture was transferred to fresh LBamp without NaCl, containing the respeetive
antibiotics and incubated at 37°C until ODsg was approximately 0.3. Expression of the
recombinant protein was induced by the addition of 3 M NaCl to a final concentration
of 0.3 M and incubated at 37°C for a further 4 hours. The culture was then harvested
and resuspended in the lysis buffer (1 mM EDTA, 50 mM Tris-HC], pH 8.0, 1 mM
DTT). The cells were lysed by sonication (20 microns, 30s on, 30s off for 6 cycles).
Lysates were cleared by centrifugation at 13,000 x g for 20 minutes at 4°C. The cell
lysates were filtered using a 0.2 pm syringe filter (Sartorius). The recombinant protein
was then purified using a Nickel-chelate column through the BioCad purification
system, which allowed high-pressure affinity chromatography (o be carried out. A wash
was carried out at the beginning with 50 mM of imidazole to remove non-specific
binding of £. coli protcins from the column. Elution of the His-tag proteins was
performed at an imidazole gradient ranging from 50 mM to 500 mM with 1.5 ml
fractions over 10 fractions. Fractions containing the eluted recombinant protein were
collected and pooled together. The pooled fractions were concentraied using a stirred
cell coneentrator (Amicon) and a ccllulose membrace of 30 kDa cut off size (Flowgen).
Concentration of at least 15 fold was achieved. The purified proteins were then checked

for purity by running on a protein SDS-PAGE gel.

2.7.2 Lxpression and purification of GST-tagged recombinant proteins

The helicase/primase domain was also cloned into pDONR2(1 to make the
entry clones and then transferred to the pDEST15 vector to give a N-terminal GST-
Tagged fusion protein. Like the pDEST17 vector, the pDEST15 vector has a salt-
inducible T7 promoter for which the induction of expression of the fusion protein was

carried out in the £. co/i BL21si strain (Invitrogen).
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‘T'he positive colonies were plated on LB plates without salt with ampicillin
(100 pg/mi) and the procedure for the induction of expression of the recombinant

protein was essentially the same for the His-Tagged recombinant protein.

The purification of the GST-Tagged recombinant proteins was performed
using the GS'T-purification kit from Novagen. The GS'I' purification resin slurry (50%)
was provided with the kit. A 2 ml bed volume column was made and the 20% ethanol
was allowed to drain from the column. The column was allowed to equilibrate in 5
volumes of 1X GST wash buffer provided in the kit. Subsequent washing steps using 10
volumes of 1X GST wash buffer was carried out. For the elution of the GST-Tagged
proteins, the 1X elution buffer containing reduced glutathione (10 mM) was used. Three
eluted fractions of 2 ml volume were collected and the fractions were concentrated
using a stirred cell concentrator (Amicon) and a cellulose membrane of 10 kDa cut off

size (Flowgen). Concentration of at least 5 fold was achieved. The purified protein

quality was checked by SDS-PAGE.

2.7.3. Production of antibodies

For the production of anti-serum against the polymcrasc domain, the
recombinant pelymerase was sent to ‘Diagnostics Scotland’. The polyclonal antiserum
was raised in rabbit by the inoculation of 4 aliquots of the recombinant polymerase (100

g per aliquot of 1 ml).

For the production of thc antiscra against the hinge, primase and helicase
domains, new primers were designed for those domains to clone them into Gateway

pDESTI15 vector to generate the new recombinant proteins. The GST-Tagged fusion
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proteins were purified as stated in the previous section and four aliquots of proteins

were sent to Diagnostics Scotland to have polyclonal antiscra raised in rabbits.

All the antisera (with the exception of the GST-tagged helicase domain
antisera due to time constraint) were all checked using dot blotting method against the
corresponding recombinant proteins to ensure the presence of antibodies in the antisera
specific for the proteins in question. In addition, negative controls were carried out to
ensure that first there was no non-specific cross-reaction between the antisera produced
and non-related proteins and that the pre-immune sera also did not produce any reaction

to the corresponding recombinant proteins.

2.8. Functional analysis of the recombinant proteins

2.8.1. DNA primasc activity assays

Reaction buffer for the DNA primase assay contained 50 mM NaCl, 2 mM
MgCla, 200 pM ATP, 0.2 mg/ml BSA, 50 mM 1ris (pH 7.5). An appropriate amount (1
ug) of primase was added to the reaction buffer alongside 500 ng of poly (dT) and
incubated at 30°C for 15 minutes. Subsequently, buifer exchange was performed to
remove the salts from the previous reaction buffer in buffer-exchange columns
(Amersham}). The flow-through from the buffer exchange columns was then used for
the next step of the assay whereby 1 U of Klenow fragment (Promega) and 10 pCi of
[PH]-dATP (15 Ci/mmo}l, Perkin Elmer), along with the buffer provided with the
Klenow fragment were added. The reaction mixture was incubated at 30°C for 30
minutes before it was terminated by the addition of 10 pl of 0.5 M EDTA. The
unincorporated radionucleotides were removed using either microspin G-50 columns

{Amersham Biosciences) or the Sigma Spin Post-reaction spin columns, spun at 750 x g

66



for 2 minutes. The flow-through was then counted for 1 minute in a beta-scintillation
counter (Perkin Elmer Wallace Trilus 1450 Microbeta). Negative controls were carried
out using the recombinant PfPREXpol. This was carried to ensure that the activity
observed was due to DNA primase alone and not some E, coli contaminating protein

that may be present in the purified recombinant protein.

2.8.2, DNA helicase activity assavs

DNA helicase activity was characterised using the Helicase [PH] scintillation
proximity enzyme assay (SPA) system (Amersham Life Science). The SPA system uses
a weak beta-emifter like [’H]. On contact with the SPA beads, the deceleration of its
particles will emit a light signal which can be measured. The starting material of the
assay is a M13 single-stranded DNA bound to a ["H]-oligonuclcotide. If a helicasc is
present, the oligonucleotide will be unwound from the M13 single-stranded DNA. The
[*H] -oligonucieotide is then free to bind to a biotinylated complementary
oligonucleotide. At this point streptavidin-SPA beads arc added to the reaction buffer
which will bind to the biotinylated/[°H]-oligonucleotide (Figure 2.2). This association
of all the appropriate molecules will lead to a production of a signal which can be

measured by a scintillation counter.

The assay is set up using 20 ul of the assay buffer containing 30 mM 'I'ris-
HCL, pH 7.6, 5 mM A'lP (or various other nucleotides), 5 mM MgCl,, 0.075% (v/v)
Triton X-100, 0.05% (w/v) sodium azide to which 10 pl of the diluted {1:10) substrate
solution which contains 10 mM Tris-HCI, pH 8.0, 25 mM NaCl, 1 mM EDTA and
0.05% (w/v) sodium azide and 0.08 pCi of [3H]-dNMPs was added. 10 pl of the

purified recombinant helicase (approximately 1 pg) was added to the reaction mixture.
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The reaction was started by incubating the tubes at 33°C for 1 hour. The reaction was
terminated by the addition of 10 pl of the stop/capture reagent and incubated for a
further 15 minutes at 33°C. To the mixtures, 200 pl of streptavidin SPA bead
suspension was added and incubated at room temperature for 15 minutes. The tubes
were then counted for 1 minute in a beta-scintillation counter (Perkin Elmer Wallace

Trilus 1450 Microbeta). All reactions were carried out in triplicate.

+%
—Lclicasc o,
=
4—%
Ty

Si@ al % Poly [3H] dNMPS

Biotin
Streptavidin

X

Figure 2.2. Helicase |3H| Scintillation proximity enzyme(SPA) assay (Amersham). (Adapted from
Amersham Bioscience).

2.8.3. DNA polymerase activity assays

Reaction mixtures contained 20 mM Tris-HCI, pH 8.0, | mM DTT, 5 mM
MgCls, 20 pg BSA, 100 uM each of dCTP, dTTP, dGTP and 10 uCi [*H]-dATP (15

Ci/mmol, Perkin Elmer) (method adapted from Huang & Levin, 2001). The template
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used for the assay was M13mpl8 single-stranded DNA (1.2 pmol), annealed to 1.6
pmol of M13 specific primer (5’-TTCCCAGTCACGACGTTGTAAAACGACGG-37).
A volume of 1.2 pl of the anncaled primer-template mixture was added to the reaction
mixture along with 5 pg of the recombinant enzyme. The mixture was incubated for 1
hour at 37°C. The unincorporated radionucleotides were removed using either microspin
G-50 columns (Amersham Biosciences) or the Sigma Spin Post-reaction spin columns
(Sigma), spun at 750 x g for 2 minutes. The radioactivity that passed through the
column representing incorporated nucleotides, was then counted in a liquid scintillation
counter (LKB Wallace 1219 Rack Beta). The relative activity in any given experiment

is defined as a percentage relative to the highest activity recorded in a given experiment.

The DNA polymerase activity was also evaluated in the presence of various
concentrations of MgCl,, KC1 and various pHs and tcmperature variations are recorded
the relevant sections. The effect of aphidicolin was also examined by the addition of

various concentrations of the inhibitor. All reactions were carried out in triplicate.

2.8.4, 3'.5' exonuclease activity assays

The substrate for the 3°-5° assay was prepared similarly to the reaction
mixtures for the DNA polymerase activity assays (method adapted from ITuang &
Levin, 2001). Reaction mixtures contained 50 mM Tris-HCI, pH 8.0, 1 mM DTT, 5 mM
MgCl,, 20 ug BSA, 100 uM of each of dCTP, dTTP, dGTP, 50 pCi a-2P-dATP and 5
pmol of M13-ssDNA to a final volume of 50 pl. Five units of Klenow fragment were
added to catalyse the reaction and the mixture was incubated at 37°C for 1 hour. The
unincorporated radionucleotides were removed using microspin G-50 columns. This
labelled, double-stranded DNA substrate was then used for the exonuclease assay.
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For the assay, the labelled DNA subsirate was added to 50 mM Tris-HCI, pH
8.0, 1 mM DTT, 20 pg BSA and 5 ng of purified recombinant polymerase. The reaction
misture (25 pl) was incubated at 37°C for 1 hour in the absence of deoxyribonucleotide
iriphosphates. The reaction was stopped by the addition of 5 pl of 0.5 M EDTA, pH 8.0.
DNA was precipitated by the addition of 10 pl of 100% TCA and by centrifugation at
13,000 x g for 30 minutes. The radioactivity of the supernatant fraction that contained
the released nucleotides, was determined in a liquid scintillation counter. A control

reaction where the recombinant protein was not added was also carried out. All

reactions were carried out in friplicate.

2.8.5, Nucleotide hydrolysis assays

DNA helicase activity requires the hydrolysis of NTP substrates to release
the free phosphate to power its actions. NTP hydrolysts was measured using the method
adapted from Tseng ef al (2000). The method used is colorimetric and involves the
detection of the released phosphate by the absorption of a ‘molybdate blue’ complex
which forms upon the reduction of an ammonium molybdate-phosphate complex in

strong acid solution.

The reaction was carried out in a 96-well plate in a 30 pl assay volume
which contained the assay buffer (50 mM Tris-HCI, pH 7.6, 10 mM MgCl,, 0.2mg/ml
BSA, 2.0 mM of individual NTPs/ dNTPs and M13 ssDDNA (17 ug/ml)). The reaction
was incubated at 37°C for one hour after which 125 pl of a 1:1 mixtuwre of 1.4%
ascotbic acid in 1M H>S04 and 0.36 % in 1M H,8(04 was added. The reaction was

incubated at 37°C for 15 minutes for colour devclopment to take place. Negative
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controls were carried out where no enzyme was added to detect if there was
spontancous hydrolysis of the dNTPs. The plate was then read at Aggo using a

miicroplate reader (Titertek).

2.9, Subceilular localisation of PA/PREX gene products

2.9.1, Indircct immunofluorescence

For experimenis with mitotracker staining, the live Plasmodium infected
erythrocytes were incubated in the presence of 100 nM of Mitotracker® Red CMXRos
{Molecular Probes) for 15 minutes at 37°C and washed 2 times in PBS, after which,
normal blood smears with parasitised red blood celis were performed on slides that
were then air-dried for 10 minutes. The slides were fixed in acetone and allowed to air
dry. Later, the slides were blocked in blocking buffer for 20 minutes at room
temperature. The slides were then incubated with the appropriate primary and secondary
antibodies. Secondary antibodies were fluorescein isothiocyanate (FITC)-coupled anti-
rabbit IgG (Diagnostics Scotland). Primary antibodies included those raised to the DNA
polymerase domain, the DNA primasc region and the DNA helicase region (peptide

fused to GST - more details included in the results section).

The primary and secondary antibodies were diluted appropriately in the
immuncbuffer. Dilutions are detailed in the results section.. In between incubation with
the primary or secondary antibodies, the slides were washed twice in 1X PBS
containing 0.2% Tween 20. Where indicated, slides were stained in 5 mM 4,6-
diamidino-2-phenylindole {(DAPI) (Sigma) for 30 minutes at 37°C. Coverslips were

mounted with the anti-fade agent AF2 (Citifluor).
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2.9.2, In situ hybridisation

2.9.2.1. DNA probc preparation

The ssurRNA PCR product was amplified using the ssurRNAF1 and
ssurRNART1 primers (Table 2.1}. The appropriate PCR product was used as the DNA
prabes for the in sifu hybridisation were denatured at 80°C for 2 minutes. The probes
were then allowed to cool slowly down to 42°C. Approximately 75 ng of DNA probed

was added to the same volume of 50% formamide for use in the experiment.

2.9.2.2.  [In situ hybridisation

SHides were prepared and fixed as stated in section 2.9.1. The slides were
prchybridised in the hybridisation buffer (JAB) for 2 hours at 42°C. Oncc the execss
hybridisation buffer was removed, the DNA probe was added (6 pl in 24 pi HB) was
added. The coverslips were mounted and the slides were incubated overnight at 42°C on

a PCR machine (Hybrid).

The slides were washed 3 times in 0.1X SSC for 30 minutes at 42°C,
followed by 2 washes in 1X SSC for 10 minutes at room temperature. Finally, the slides

were washed in 1X PBS for 5 minutes,

2.9.2.3.  Fluorescent detection of the in sifu hybridisation DNA probe

‘The slides were placed in detection butter for 5 minutes. The slides were
blocked in BSA blocking buffer (2% (w/v) BSA in Detection bufler) at 37°C for 30
minutes in the dark. After the blocking step, the detection solution (10 pg/ml of
Streptavidin-Texas red in BSA blocking buffer) was added and the slides were

incubated at 37°C for | hour. Three washes in detection buffer were done at 42°C for 20
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minules. Coverslips were mounted with the anti-fade agent for viewing under the

microscope.

2.9.3, Fluorescent Microscopy

Slides prepared were viewed using a Zeiss Axiovert 35 inverted microscope
equipped with a 100W Mercury-vapour lamp. The microscope was equipped with a
Axiovision camera Axiovision Software (Zeiss). The DAPI filter had an excitation and
emission peaks of 360 nm and 460 nm, the Texas red filter- 560 nm and 630 nm and the
FITC filter- 484 nm and 510 nm respectively. Image analysis was performed using
Axiovert software (Axiovert). The images were merged using the Adobe Photoshop 6.0

software.

2.10. DNA sequencinyg

Plasmids that contained the cloned PCR fragments were sent to MWG-
BIOTECII (Milton Keynes, UK) for sequencing. The plasmids were sequenced in both
directions to confirm their sequences. The data obtained was then unalysed by

comparing chromatograms using Vector NTI version 6 (Informax, Inc.).

2.11. Software

Prism version 3.02 (Graphpad software) (hitp:/www graphpad.com/prism/Prism.hun)

was used to handle all the biochemical graph-fitted data.

The Vector NTIT suite 6 (http://www.informaxine.com) package was used to handle

DNA and protein sequences. The suite contains different functional modules like
AlignX®  for carrying out alignments and ContigBxpress® for the construction of

contigs from shorter sequences.
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ClustalX version 1.81 (Jeammougin ez ¢/, 1998) was used to do the protein multiple
alignments where stated. Specific parameters for the protein alignments are described

the relevant results sections.

Mega  (Molecular  evolution and  gemctic  analysis)  version 2.1

(hitp://www.megasoltware.net) was used to build all phylogenetic trees. There are four

different tree-building methods available with the software — Neighbour Joining (NJ),
Unweighted Paired Group Method with Arithmetric Mcan (UPGMA), Minimum
Evolution (MF) and Maximum Parsimony (MP). The default settings used for tree

generation are discussed in the relevant result sections.

VMDD (Visual Molecular Dynamics) version 1.8.1

(http://www ks.uiue.edu/Research/vind/) was used to visualise 3D structures of proteins.

A number of different databases were used to clarify PREX homologues, predominantly

using BLAST servers associated with the sites listed below: -

Databases

e TIGR databases: hitp://www.ligr.org/idb/parasiics

e Tarasite-genome (European Bioinformatic Institute):

hitp://www.ebi.ac.uk/blasi2/parasites.hitn

o The Sanger Center: http://www.sanger.ac.ulk/Projects/

o  NCBI: hitp//www.nebindm.nih.gov/BLAS T

¢ Plasmodb: hitp://www.plasmodb.otg
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Alignment programme

« DIALIGN: hup:/www.genomatix.de/cpi-bin/dialipn/dialign.pl (Morgenstern ¢f
al, 1996). The parameters used for the protein alignments:- Threshold T =0
(DIALIGN uses diagonals to construct an alignment. Therefore, the threshold 7
influences the set of used diagonals: with 7> 0, a diagonal is considered for
alignment only if its weight exceeds this threshold. Regions of lower similarity

are not aligned.)

Prediction of the presence of signal peplide

o Signall: bitp://www.cbs.dtu.dk/services/SignalP/#sabmission (Nielsen et af,

1997).

e PlasmoAP: http/iwww. plasmodb.org/resivicted/PlasmoAPcgi.shiml (Foth ef af,

2003).
» PATS (Prediction of apicoplast targeted sequences) :

hitp:/!

recco.org.chemie uni-frapkfurt. de/pats/pats-index. php (Zuegge er al,

2001).

ORF prediction soltware

¢ ORF finder : hitp://www.ncbi.nlm.nih.gov/gor/gor{.htmi
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Chapter I1L

Identification of a novel gene, PfPREX, from Plasmodium falciparum



3.1 Introduction - background to the discovery of the gene, P/PREX.

During a study carried out by Dy P.Neuville with Professor RS Phillips,
(University of Glasgow) analysing aniigenic variation in P. chabaudi AS strain, a gene
with a putative rolc in this process was identified and named Poml {Genbank accession
No: AAA84746.1). The gene was identified using hyperimmune scrum raised in mice
against antigenically distinct variauts of P. chabaudi, onc from the parent AS clone and a
second raised from a recrudescent variant clone. The serum was used to screen phage A gt
11 expression libraries of cDNA from the parasite and several clones were recognised by
the sera. The clones were all sequenced and one particular clone of 597 bp translated to
give a putative protein containing an ATP-binding site (Poml). The Poml sequence was
used in BLLAST searches against the P. falciparum genome datubase (Savger Center, TIGR
and Stanford University). The search gave a longer sequence (an apparently full-length
open reading frame, ORF of 6057 bp) in P. falciparum. On further investigation, it was
reveated that it contained a single open reading frame encoding 2016 amino acids
{Genbuank accession No: AAN36724.1) with a predicted molecular mass of 235.8 kDa.
Since work reported in this thesis indicates that the gene encodes proteins involved in
plastid DNA replication, it was named PfPREX (P. fulciparum Plastid Replication/Repaiv

IEnzyme Complex)

This chapter describes the work involved in elucidating the properties and
arrangement of the P/PREX gene. The purpose of this chapter is to provide insight into the
nature of the gene and also the background to the predicted functions based on sequence

information.
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3.2. Identification of the gene and sequence analysis
The nucleotide sequence of the gene studied in this thesis has been termed
PfPREX. The predicted amino acid sequence, PfPREX was used in BLASTP searches in

the NCBI website (http://www.ncbi.nlm.gov/blast) against non-redundant protein

databases. Initially, the C-terminal domain of PfPREX produced a match to a thermostable
DNA polymerase from Aguifex qeolicus {Genbank accession Number: AAC07735.1) with
an T¢ value of 1x10"> (Figure 3.1a). The N-terminus of PfPREX showed homology to DNA
helicases and primases from bacteriophages (E values of 7x107 - 4x10™) and bacteria
(Figure 3.1b). It seems that the PfPREX sequence encodes for a polypeptide with more than
onc functional domain (Figure 3.2). Therefore, it was decided to split the P/PREX
sequence into separate regions to do more detailed homology modelling to provide a

clearer indication of the roles of different domains of PfPREX.

3.2.1. Identification of a DNA polymerase-like domain in the Pf/PREX sequence
The C-terminal end of the sequence, which has been designated PfPREXpol,
was used in a BLASTP search against the non-redundant protein database (Figure 3.1a)
The predicted sequence shares 25-30% identity and 40-46% similarity with prokaryotic
DNA polymerases from the family A group (Section 1.4.3.1.3), The results gave E values
of 1x10™° to 6x107 with the highest significant homology to the DNA polymerase of
Aquifex aeolicus (Genbank accession Number: AAC07735.1). The other matches all
belong to the members of the family A group such as E. coli DNA polymerase 1, Thermus

aquaticus DNA polymerase [ and T7 DNA polymerase 1.
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Figure 3.1. BLAST results with the description consisting of four columns (from the left): (1) identifier
for the database sequence (Genbank Entry); (2) brief description of the sequence; (3) the (bit) score of the
highest-scoring IISP (Eligh Scoring Pairs) found for each database sequence; (4) the & value. (a) BLASTP
results using P{PREX against non-redundant protein database (hitp://www.ncbinlm.nih.gov/BLAST)
showing matches to prokaryotic DNA polymerases. (b} BLASTP results using PfPREX against non-
redundant protein dalabase (pre-2001) showing matches to DNA helicases and primases. (¢) More recent
BLASTP (post-2001) results showing matches to ‘Twinkle’ and its homologues. The BLAST results
obtained has changed since the beginning of the project with newer entries into the database in which our
sequence is homologous to, as shown in part b and ¢ in this figure.

79


http://www.ncbi.nlm.nih.gov/BLAST

08

“urewop asesswkjod yN( © pue ‘uoidar afury e Aq pajeredas ‘urewop asedrjay YN pue asewid YNQ € Aq pamoj|o)
pua SNUIULIR)-N dwanxa 3y} e apndad [euSis v "10j SIPOIUI JI SUTBWIOP [BUONIUNJ JUAIAIP Y Y)M uidjoad XNl JO uonejuasasdas newwmesdel(q 7°¢ ndiy

opndag [eusIg

a3uIyg

’ « omm«cam
OSBIOWA]O] 9SedI[9H ;




3.2.2. The family A group of DNA polymerases

The DNA polymerases from family A group have diverse roles such as gap
filling, DNA repair and DNA replication (Alba, 2001; Burgers, 1998; Hubscher er a/.,
2000) (Figure 3.3). Most DNA polymerases from this family, exemplified by £. coli
DNA polymerase 1, possess three domains which include a 5°-3” exonuclease domain, a
central 3°-5" exonuclease domain and a C-terminal polymerase domain. Not all
members of the family have all three domains (Figure 3.3). Sequence alignments of
PPREXpol with other family A DNA polymerases (Figure 3.4) indicated the absence
of a 5°-3’ exonuclease domain while the 3°-5" exonuclease and polymerase domains
were observed. This is similar to the phage 'I'>5 DNA polymerase | and Agquifex aeolicus

3

DNA polymerase I, neither of which have the 5°-3° exonuclease domain. The Klenow
fragment of E. coli Pol I is obtained by protease cleavage which remove the 5-3°

exonuclease domain (Klenow & Overgaard-Hansen, 1970).

3.23 3’-5’ exonuclease domain

The 3°-5° exonuclease activity usually provides proofreading for the DNA
polymerase and this helps to enhance the accuracy of the DNA synthesis activity of the
DNA polymerase which helps to enbance genome stability. The exonuclease functions
by catalysing the excision of the nucleoside monophosphate (INMP) from the 3” end of
the DNA. Within the PfPREXpol domain, we have located all three conserved motifs
(Exo I-III) of the 3°-5° exconuclease activity (Figure 3.5), The conserved motifs are
DxET in the Exo I region, NX,;YD in the Exo II region and YX3D in the Exo III region.
The aspartate residues found in all three Exo regions and the glutamate in Exo I are
thought to be essential for divalent metal ion binding which participate in the catalysis

of phosphoryl transfer (Beese & Steitz, 1991; Bernad ef af., 1989; Derbyshire ef ¢,
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Roles of different DNA polymerases

(1) Gap Filling and Primer Removal

E. coli Pol 1

T. pallidium Pol 1

(2) DNA Replication

T5 Pol

A. aeolicus Poll

E. coli Pol 111

(3) DNA Repair
Mammalian

DNA pol &

Mammalian

DNA pol €

E. coli pol 11

Figure 3.3. Diagrammatic representations of the roles of different members of the family A
group of DNA polymerases. 5’Exo box represents the 5’3’ exonuclease domain, the 3’Exo box
represents the 3’5 exonuclease domain and the Pol A box represents the polymerase domain.
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T.aquaticus 600

Thermotoga 663
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Salmonella 696

Aquifex 343

PfPREXpol 338

Motif B

T. thermophilus
T'.aquaticus
Thermotoga
Borrelia
Escherichia
Salmonella
Agquifex
PfPREXpol

T.thermophilus
T.aquaticus
Thermotoga
Borrelia
Escherichia
Salmonella
Aquifex
PfPREXpol

T.thermophilus
T.aquaticus
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Figure 3.4. Alignments of deduced amino acid sequence of the polA domain of DNA polymerases from
family A. Sequences used are as follows: Thermus thermophilus (Genbank accession no:- CAA46900.1),
Thermus aquaticus (Genbank accession no:- AAA27505.1), Thermogata maritime (Genbank accession no:-
AAD36686.1), Borrelia burgdorfei (Genbank accession no:- AAC66909.1), Escherichia coli (Genbank
accession no:- CAA23607.1), Salmonella typhimurium (Genbank accession no:- AAG43170.1), Aquifex
aeolicus (Genbank accession no:- AAC07735.1) and the PfPREXpol sequence. These sequences were
aligned using ClustalX 1.81. Black shading indicates identical amino acid, grey shading indicates conserved
amino acid substitutions. The numberings on the left hand side shows the relative position of the amino acids
in the respective sequences. The alignment has been culled to show the regions where the three conserved
boxes are found, they are shown as motifs A, B and C above the sequence. Key residues involved in
enzymatic activity are denoted below with an asterisk.
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Figure 3.5. Pairwise alignment of the amino acid sequences of the Klenow fragment of E. coli and
PfPREXpol using ClustalX 1.81 with default settings. The numbers on the left refer to the amino acid
number of the individual sequence. Black shading indicates identical amino acids; grey shading indicates
conserved amino acid substitutions. The various motifs are indicated with underlined text —
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5’ exonuclease activity) and Motif A-C (DNA Polymerase activity).
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1995: Morrison ef af., 1991). The conservation of these essential residues in the

PPREX sequence suggests that it contains a functional 3°-5 exonuclease domain.

324 The DNA polymerase domain

Several amino acid motifs are conserved among all family A DNA
polymerases. These conserved motifs have been defined in different DNA polymerase
families based on sequence comparisons and mutation analyscs (Joyee & Steitz, 1994,
1995), The PfPREXpol domain contains the A (DFKQIELK), B (AINFGLIYGM) and
C (LCVHDE) motifs (Delaruc er af, 1990) (Figure 3.4), which are found in the
polymerase domain. Motif A and C are part of the catalytic site of the polymerase.
Motif A also forms a pocket for the incoming dNTP. The two aspartate residues present
within them help to coordinate the two Mg™ ions that stabilise the transition state of the
enzyme and [acililate phosphoryl (ransfer (Steitz, 1998). The presence of all these
essential residues in the PIPREXpol sequence suggests that it does encode a functional

polymerase,

3.3. Identification of DNA helicase and DNA primase domains

Databasc seatrches using the N-terminal half of the PfPREX scquence
revealed il (o share homology to both a DNA helicase and a DNA primase. BLAST
searches performed in 2001 or later revealed a new sequence added to the database that
showed substantial similarity with the N-terminal half of PIPREX. That proiein is called
‘Twinkle' from rat (Genbank accession no: -~ XP 219939.1 Swissprot) (E value - 3x10°
%), The same domain also showed similarity to DNA helicases and primases from
bacteriophages fike T7 and cyanophages at E values of 7x107 to 4x10°. In these
bacteriophages, the DNA G-like primases are fused to DNA B-like helicases. This is the

same scenario observed with the T-odd bacteriophages.
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3.3.1. ‘I'he DNA helicase domain of PFPREX

The sequence alignment of the DNA helicase-like domain (termed
PfPREXheli), revealed motifs conserved among the DNA helicases. DNA helicases ate
responsible for the unwinding of double-stranded DNA using energy from NTP
hydrolysis. A key characteristic of these enzymes is the presence of conserved domains
responsible for helicase function (Ilyina ef al, 1992). There are several of these motifs
which arc cssential for several biochemical featwes including nucleic acid binding,
NTP binding and hydrolysis. The 'Walker motif’, which encompasses Lhe motifs A (H1)
and B (H2), contains a typical purine NTP-binding pattern. This "Walker motif can be
found in all helicases and also *p+16Xother NTP-utilizing enzymes. The ‘Walker motif' can
also be located in our PIPREXbell sequence (Iigure 3.6). The Walker ‘A’ motif is the
phosphatc-binding loop (‘P’° loop). The Walker ‘B’ motif is involved in the dNTP
binding. The residues responsible for this interaction are a conserved arginine and
lysine. An aspartate found in the Walker ‘B’ motif is important as its carboxyl group is
responsible for coordinating the Mg®" ion, which forms a complex with the ATP/ADP

through the outer sphere interactions.

In addition to the "Walker motif', there are three other conserved motifs
(Hla, M3 and H4) that can be located in DNA helicases, also present in the PfPREXheli
sequence. Motif Hla contains a glutamic acid that has been suggested to play a role in
catalysis (Sawaya ef a/, 1999). The role of motif H3 is unclear. It is hypothesised, based
on studies of the T7 gp4 DNA hclicasc that it is involved in cnergy transduction
(Sawaya ef al, 1999). It has also been suggested the motif T3 participates in the
interaction of Mg”* with ATP/ADP and contributes to the binding of oligonucleotides

(Caruthers & McKay, 2002).
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Figure 3.6. Alignments of deduced amino acid sequences of DNA helicases. Sequences are as follows:
These full-length sequences were aligned using ClustalX 1.81. Sequences used are as follows: T3 gp4
(Genbank accession no: - CAA35135.1), phiYe03-12 (Genbank accession no: - CAB63608.1), RP
(Roseophage, Genbank accession no: - AAL73266.1), twinkle (Mus musculus, Genbank accession no: -
AAL27647.1), DNABECOLI (Genbank accession no: - AAA23689.1), Bacillus (B. subtilis, Genbank
accession no: - BAA05176.1), T4 (Genbank accession no: - AAD42466.1), Aquifex (4. aeolicus,
Genbank accession no: - AAC07803.1). Black shading indicates identical amino acids; grey shading
indicates conserved amino acid substitutions. The numberings on the left hand side is the relative position
of the amino acid in the respective sequences. Alignment has been culled to show the region where the
five conserved boxes are found; they are shown as motif H1-H4.
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Finally, motif H4 has a role that may be linked with DNA binding (Gorbalenya &
Konin, 1993; Washington ef af, 1996). The presence of these conserved motifs suggests

that PfPREX encodes for a functional DNA helicase.

3.3.2. The DNA primase domain of PFfPREX

The DNA primase domain of PIPREX revealed less sequence homology to
the T7 phage gened like protein products than the DNA helicase domain. As automated
alignment fatled to identify all motifs, potentially significant sequence similarily was
checked by eye. Key motifs, thought to be important for DNA primase activity were
found in the PfPREX sequence (1lyina ef «f., 1992). The best probability maich obtained
during the BLASTP search was to the T7 gene 4 protein (Genbank accession no:
CAA24405.1) at 7x107, which itself encodes for a combined DNA helicasc /DNA

primase.

3.3.2.1. Conserved features of DNA primases

The multiple alignment of the DNA primase domain of PPREX (termed
PIPREXpri), along with various primases of prokaryotic origin consisting of both
bacterial and phage primases, revealed the presence of several motifs conserved among
the group (Figure 3.7). PfPREXpri also contains these motifs, DNA primase is actually
a specialised RNA polymerase, which synthcsises a short RNA strand which DNA
polymerase then uses for strand elongation. Among DNA primases, there are key motifs
responsible for function. Prokaryotic DNA primases consist of threc key domains
(Figure 3.8): - (1) a zinc binding domain (Kusakabe & Richardson, 1996), (2) a
catalytic domain (Aravind et al., 1998) and (3) cither a helicase domain or a region for
the interaction with a helicase (Tougu et al., 1994). PfPREXpri contains all three

domains; the helicase domain (PfPREXhel1) will be discussed in the next section.
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Figure 3.7. Alignments of deduced amino acid sequences of DNA primases. Sequences are as follows:
phiYe03-12 (Genbank accession no: - CAB63608.1), T3 gp4 (Genbank accession no: - CAA35135.1), T7
gp4 (Genbank accession no: - CAA24405.1), RP (Roseophage, Genbank accession no: - AAL73266.1),
Salmonella (S. typhimurium LT2, Genbank accession no: - AAL22084.1), E.coli (E. coli DnaG, Genbank
accession no: -CAA23531.1), Aquifex (4. aeolicus DnaG, Genbank accession no: - AAC07430.1), T4
(Genbank accession no: - AAA32554.1). Sequences were aligned using ClustalX 1.81. Black shading
indicates identical amino acids; grey shading indicates conserved amino acid substitutions. The alignment
has been culled to show the region where the six conserved boxes are found; they are shown as motif 1-6.

From the alignment, it is evident that two pairs of cysteine residues, a key
feature of zinc finger/zinc-binding motifs, are found within the first domain. This zinc
motif is present in other primases from both prokaryotic and eukaryotic sources. Among
prokaryotes, the zinc-binding motifs are found near the N-terminus of the protein. It
was shown in T7 gp4 protein, when the zinc motif was disrupted (Mendelman et al.,
1994) or in the P4 primase (Ziegelin ef al., 1995) where the two cysteine residues were

replaced by glycine residues, priming activity was lost. The zinc motif is therefore
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postulated to be essential for the primase activity. Work with T7 gp4 suggested that the
zine motif might be involved in priming site recognition on the templatc DNA {Berstein
& Richardson, 1988; Mendelman ef al., 1994). In the case of PREXpri, the two pairs of

cysteine residues, which make up the zinc-binding motif, arc found (Figure 3.7).

In addition to the zinc-binding motif, five other motifs conserved among
PfPREXpri and other prokaryotic primases (Ilyina er al., 1992) are observed in the
alignment. These five motifs are found within the catalytic domain (also known as the
RNA polymerase domain). Motif 2 is the only motif for which no functional or
structural role has been yet assigned. Motifs 3 to 6 have been implicated to play roles in
primer synthesis. A glutamate residue in motif 4 is predicted to be essential for primer
synthesis (Strack ef al., 1992). More specifically, this glutamate residue provides a base

to facililate nucleotide polymerisation (Aravind ef af., 1998).

The key characteristic of motif 5§ is an aspartate dyad (DxD) that it is
believed is involved to be in the coordination of the Mg”* ion (Aravind e al., 1998). An
additional aspartate dyad (DxD) is found in motif 6 among all bacterial DNA G-like
sequences while among bactetiophage sequences, only the first aspartate is present.
There is only one aspartate residue in PfPREXpri, similar to the bacteriophage
primases. Motils 4 and 5 are especially important because they contain these conserved
acidic residues which are glutamate and aspartate respectively. They are preceded by
runs of hydrophobic regions predicted to form beta strands. Motifs 4 and 5 comprise the
TOPRIM domain which is so named because the two motifs are found conserved not
only in DNA primases (DNA G-like) but also among DNA topoisomerases. The DxD

motif is central to the TOPRIM domain, as it is required for the activity of all TOPRIM-
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containing enzymes. Since all the important domains for a functional primase are found

on PfPREX sequence, it is likely that it may encode for a functional primase.

Motif 2 Motif 4 Motif 6
@N Vm'/? %N DC(L
Zinc-binding Catalytic domam

AN

M B vl A B
5 &

Motif 3 MOtlf 5

Figure 3.8. Diagrammatic representation of the 3 key domains in prokaryotic DNA primase
consisting of a zinc-binding domain, a catalytic domain and a helicase or helicase-interaction region. In
addition, the conserved motifs of PfPREXpri in those regions are shown based on the conserved motifs
discovered by Ilyina et al (1992).

91




3.4. The hinge domain of PFPREX

There is a region of sequence between the helicase and the polymerase (994
a.a to 1392 a.a) that does not have any marked similarily to any protein sequence within
the database as judged by BLASTP searching. This region that separates the DNA
primase/helicase and DNA polymerase domains has been termed the hinge region.
Other multifunctional proteins (at least five have been characterised) from P.
Sfalciparum have hinge regions that appear to be involved in the proper folding of the
protein. One example is the bifunctional ornithine decarboxylase S-adenosylmethionine
decarboxylase (Krause ef af., 2000; Miller ef af., 2000) (ODC/AdoMetDC). It is not
clear whether a similar role is played by this sequence in the PREX protein — indeed
evidence presented later suggests that it may play a role in the processing of the protein

rather than merely a hinge separating domain.

3.5, Identification of a transit peptide at the extreme N-terminal domain
The first 50 amino acid sequence from the N-termiinal domain of PfPREX
sequence was entered into the SignalP online server at

http://www.cbs.dtu.dk/services/SignalP that uses the von Heijne algorithm (Nielsen ef

al, 1997} to predict the presence and location of signal peptides. A signal sequence and
a cleavage site between amino acid position 19 (Cysteine) and 20 (Isoleucine) in
PIPRIEX were delected. In addition, the N-terminal amino acid sequence was seen to
possess the characteristics of a bipartite transit sequence, which consists of 2 fimetional
domains, a signal sequence followed by a targeting sequence, where the signal sequence
is responsible for channelling the protein into the secrctory pathway while the transit
sequence is responsible for targeting the protein inte the correct compartment. On the
other hand, chloroplast-targeted proteins (Bruce, 2000) only possess transit sequences.

Typically in an apicoplast bipartite transit sequences, the signal sequence part contains a
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short run of hydrophobic residues, followed by the von Heijne cleavage site. The
apicoplast targeting scquence carries an overall positive charge, very much like in the
plant plastid targeting sequences (Waller ef al, 1998). It is also known that Plasmodium
apicoplast targeting sequences have a nct positive charge due to the large number of
lysine residues. They also possess a large number of asparaginc residucs (Foth ef al,
2003). These features are evident in PfPREX putative apicoplast targeting sequence.
Therefore, PfPREX has the key characteristics consistent with it being an apicoplast-

targeted protein.

To confirm its status, we submitted the first 50 amino acids to PATS
(Prediction of Apicoplast-Targeted Sequences) (Zuegge er al, 2001) and PlasmoAP
(Foth et al, 2003), two programmes designed to specifically determine potential
Plasmodium apicoplast targeting sequences. Both programmes returned results that

indicated the presence of an apicoplast targeting sequence in PFPREX (Figure 3.9).

In addition, we wanted to test whether the programmes are sufficiently
robust to detect apicoplast targeting sequences and differentiate them from other
targeting sequences such as mitochondrion-targeting sequences. Both programmes were
therefore tested with other known targeting sequences including the leader sequence of
HSPG6O from Plasmodium, which has been shown to target to the mitochondrion (Sato ef
al, 2003). Both PATS and PlasmoAP predicted this sequence to lack apicoplast
targeting potential. The leader sequence from acyl carrier protein (ACP) from
Plasmodium, which has been shown experimentally (Waller er af, 2000) to be targeted
to the apicoplast, was also analysed by the two programmes, both predicted the

presence of an apicoplast targeting sequence. Therefore, both programmes seem 1o be
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Apicoplast targeting peptide prediction

Query sequence: (Please note, that only the first 150 AA have been taken into account
for the analysis.)

>query
MLLYKFYFLYFLLVHLSLCIRYRNQNKTDSYLKTNYKLLK
KRKKYENRRY

Result:
The protein has a good signal sequence.
The submitted peptide sequence seems to have an apicoplast-targeting sequence.

Complete PlasmoAP output for query :

Criterion Value Decision
Iapicoplast-targeting |5 of 5 tests positive -
Ruleset 1

Ratio acidic/basic residues in|0.143 yes

first 22 amino acids <=0.7

Does a KN-enriched region |0.167 yes

exist (40 AA with min. 9 K or
N) with a ratio acidic/basic
<=0.9

Ruleset 2

number of acidic residues in
first 15 amino acids (<=2)
Does a KN-enriched region 0.167 yes
exist (40 AA with min. 9 K or
N) ? Ratio acidic/basic
residues in this region <0.6

—|

yes

Is the first charged amino acid yes
basic ?

Figure 3.9. Result of the PlasmoAP (Foth ez al, 2003) apicoplast targeting peptide prediction where
the first 50 amino acids from PfPREX were entered.
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sufficiently robust to differcntiatc between sclected proteins that target to the apicoplast
and thosc targeted to the mitochondrion, PfPREX thercfore docs appear to possess a

putative apicoplast targeling sequence at its extreme N-terminus.

3.6. PREX homologues in other Apicomplexans
3.6.1. Homologues in Plasmodinm

Since the partial PREX gene (formerly known as POMI) was discovered in
P. chabaudi, indicating that the gene was conserved in the genus Plasmodium, it was
decided to explore other apicomplexan genome databases to search for the presence of a
full-length sequences corresponding o the PREX gene. The predicted amino acid
sequence of PIPREX was used in a TBLASTN search using the Plasmodb database
(http://www.plasmodb.org) to search for other Plasmodium homologues. Full length
PREX homologues were found in £. vivax, P. yoelii, P. imowlesi and P. berghei while

partial PREX sequences were found in P. chabaudi and P. reichenowi.

Full-length sequences of the homologues from other Plasmodium species
from the genome databases were acquired (Appendix C). The full-length sequence of
PyPREX from P. yoelii was retrieved from the NCBI protein database with the
Genbank accession number of EAA20985 (Carlton er af, 2002). ‘The PyPREX is 1813
amino acids in length and has a sequence identity to PIPREX of 65%. The homologues
from P. knowlesi and P. berghei were assembled from coniigs oblained from the
Plasmodium  genome  database  [rom  the  Sanger centre  website

(hup://www.sanger.ac.uk). The PkPREX (. knowlesi) is 1861 amino acids in length

and has a sequence identily to P[PREX of 65%. Like PPREX, it does not appear to
contain any introns. PbPREX from P. herghei is 1770 amino acids in length and is 63%

similar to PEPRUX. PbPREX sequence is interrupted by at least 3 introns (bascd on the
g5
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ORY¥ finder hitp://www.ncbi.nlm.nih.gov/gorf.litml). For P vivax homologues, a
TBLASTN search was carried out against the 5X contig database on the TIGR website

(http:/rwww tigrorg). A full length PvPREX was assembled and is 1860 amino acids in

length with no intron and has 64% similarity to PIPREX (Table 3.1). ¥or . chabaudi,
it appears to possess a PREX homologue but only a partial sequence (1345 amino acids)
was obtained. As more genome sequence is entered into the database, a {ull-length

sequence of PCPREX will be assembled when more sequence data is available.

Since P{PREX contains an N-terminal bipartite apicoplast targeting
scquence, it was also of interest to check whether the homologues from other
Plasmodium specics also posscss a similar bipartitc plastid targeting sequence, We
submitted the first 50 amino acids of all the six Plasmodium PREX homologucs into
PlasmoAP (Toth ef af, 2003) to search for the presence of such sequences. PlasmoAP
first determines the number of acidic amino acids in the first 15 amino acids. The
minimum number of acidic amino acids considered for inclusion as a potential targeting
sequence is two. The ratio of basic to acidic amino acids among the first 22 residucs
must be greater than seven or equal to 10. The presence of at least nine lysine or
asparagine residues and a basic to acidic residues ratio in this stretch must be either
greater than or equal to 10/9 (ruleset 1) or 5/3 (ruleset 2) respectively (FFigure 3.9).
Finally, PlasmoAP checks for the charge of the first charged amino acid which should
be basic. Table 3.2 shows the summary of the results obtained from PlasmoAP of the
six Plasmodium PREX homologucs. All of the Plasmodium homologues possess an N-

terminal bipartite apicoplast targeting sequence.
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All of the homologucs (except for P. berghei and P. chabaudi — because we
do not have the full PcPREX sequence) also have the same cleavage point, between
position 19 and 20 in spite of divergent sequences. There seems to be a consensus

sequence at the cleavage point among the homologues (Table 3.2) xLx-I/VR.

3.6.2. PREX homologues in other Apicomplexans
In the previous section, it has been shown that different asmodium species
possess PREX, all of which contain an N-terminal bipartite plastid targeting sequence.

Whether other apicomplexans also possess PREX homologues has also been assessed.

TBLASTN searches using PfPREX amino acid sequence against the various
apicomplexan genome databascs. The Theileria genome database was sed and a PREX
homologue was found. Dr Shigeharu Sato (NIMR, Mill Hill} found PREX homologues
in both the 7. anmulata (Ta) and 7. parva (Tp) genome databases and assembled the
full-length sequence from the contigs. Ta and Tp homologues (TaPREX and TpPREX)
have 33% and 34% sequence identity respectively to the PfPREX peptide scquence
(Table 3.1). The TaPREX is 1786 amino acids in length while the TpPREX is 2060

amino acids in length.

Attempts were also made to [ind PREX homologues in Eimeria tenella,
Babesia baovis, Cryptosporidium parvum and Toxoplasma gondii. Tor Limeria tenella,
insufficient genome information prevented a robust scarch for a PREX homologuc. For
B. bovis and C. parvum, short fragments with homology to PfPRTIX were isolated but
there is also insufficicnt scquence information to cnable derivation of full-length

sequences for either. For 7. gondii, we found significant matches to data available in the
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T. gondii genome database but we were not able to obtain the full length PREX

homologue from 7. gondii which appears to be highly interrupted with introns.

Table 3.1. Similarity table of PREX homologues from Plasmodium and other apicomplexans.
Abbreviations: P. falciparum (Pf), P. berghei (Pb), P. chabaudi (Pc), P. knowlesi (Pk), Theileria annulata
(Ta), T. parvum (Tp), P. vivax (Pv) and P. yoelii (Py). The numbers represent the percentage similarity
between each pair of proteins.

Homologue Signal Apicoplast Cleavage site Cleavage
Sequence sequence
PyPREX ik e 19/20 ALG-IR
PbPREX - - = =
PKkPREX + + 19/20 VLA-VR
PVPREX + + 19/20 ALA-VR
PcPREX NA NA NA NA
PfPREX + + 19/20 SLC-IR

Table 3.2. Table showing the Plasmodium PREX homologues and the presence of a signal sequence
and apicoplast targeting sequence. Included also is the cleavage site of the signal sequence and the
cleavage sequence for all the homologues. Abbreviations: P. falciparum (Pf), P. berghei (Pb), P.
chabaudi (Pc) P. knowlesi (Pk), P. vivax (Pv) and P. yoelii (Py). NA- sequence is not available.

98




3.7. Determination of the arrangement of the different domains within
PIPREX

Sequence similarity predictions have indicated that PPREX encodes for
several different activities. Alignment with the other PREX homologucs showed
variation in the degree of sumilarity across the protein which might indicate the

siructural arrangement of the functional domains within the sequence.

A multiple alignment of all of the PREX homologues allowed for the
determination of the approximate limits of each individual domain based on the regions
ol best conservation (Figure 3.10). From the alignment, it is predicted that the DNA
primase domain of PFPREX spans [rom position 114 to 470. Within this region, a high
degree of similarity among the different PREX homologues and the conservation of the
key primase conserved residues are observed. After this region, there is an area where
there is less conservation before the helicase domain starts. The helicase domain is
predicted to start at position 511 and runs to position 684 in PfPREX. This domain

again is very well conserved among the PREX homologues.

The hinge region of PREX, shows less conservation overall. However in
more or less the middle of the hinge, there is an area that is relatively well conserved.
The hinge region did not show homology to any known proteins in the BLAST
searches. The hinge region in PfPREX spans from position 1000 to 1360. The
conserved domain within the hinge region, which spans from 1228 amino acids to 1264
in PfPRIEX, might be functionally relevant. However in the absence of homology to
other proteins, that function remains speculative. As demonstrated later, the DNA

primase/helicase and DNA polymerase domains appear (o be separated by cleavage
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PyPREX 472 CKSDYREE

PbPREX 460 CKGGHEEELD
PCPREX 459 AEASQEENLD
PKPREX 508 SICGDTGNKQEEAQ
PVPREX 509 PICGETGSTQEGEQ
PEPREX 599 NNIIEJNNDDMJEKI
TaPREX 517 ———-—————————-
TPPREX 515 ————————-——-

TTGAGT“TKGTKSTTT; |
STKGAGTHETKGSKSTTATTOKTT S

PyPREX 535
PbPREX 523
PcPREX 518
PkPREX 571
PVvPREX 572
PEfPREX 662
TaPREX 567
TpPREX 565

PyPREX 592
PbPREX 580
PCPREX 575
PkPREX 628
PVPREX 629
PEPREX 719
TaPREX 624
TpPREX 622

PyPREX 652
PbPREX 640
PCPREX 635
PkPREX 688
PvPREX 689
PfPREX 779
TaPREX 684 ] SNYSGPSQNSS

TpPREX 682 ) SNYSGPSQNSSFGGY

PyPREX 699
POPREX 687
PCPREX 682
PKPREX 735
PvPREX 736
PfPREX 826
TaPREX 744
TpPREX 742

PYPREX 758
PbPREX 746
PCPREX 734
PKPREX 794
PYPREX 795
PEPREX 885
TaPREX 804
TpPREX 802
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PyPREX
PbPREX
PcPREX
PkPREX
PvPREX
PfPREX
TaPREX
TpPREX

Motil

PyPREX 1799
PbPREX 1756
PCPREX

PKkPREX 1847
PVPREX 1846
PFPREX 2002
TaPREX 1772
TpPREX 1768

Figure 3.10. Multiple alignment of the PREX homologues using ClustalX 1.81 with default settings.
The numbers in the brackets refer to the amino acid number of the individual sequence. Black shading
indicates identical amino acids, grey shading indicates conserved amino acid substitutions. The various
motifs are indicated with underlined text. Blue — primase domain , pink — helicase domain; black - hinge
domain and green — polymerase domain.

during maturation. The conserved domain of the hinge region might play a role in this

cleavage.

The DNA polymerase start site is predicted to begin at amino acid 1389 and
stretches to the stop codon at position 2016. Yet again, the region shows a high degree
of conservation among all of the homologues. All PREX homologues contain the key
residues known to be essential for the function of the DNA polymerase. Figure 3.11

illustrates the PfPREX with its different domains colour-coded.
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[ RYRNQNKTDSYLKTNYKLLKKRKKYENRRYKFPKNR
KGNNNNIYDATNNNNTNNIYNNDTYKNRIFFRNEKNDENFIKTNKYSYYEKRNKIK
LNSATSTFVSKYYKININDVYNYLHRKKYEFIETDIKITLKY[CPFCPPHKYKYDNM
[YKHEI FKNTGNSYCHRCGYKGSFYDFKLKMGDLITSNFESTVVHNNNFYEEEEEKT
TLNDVKVYNMNLLYSKEAENARNYLMNVRKLSIDTLKKFLIGFHSVMEFQSFESSGK
FEKHECIIFPFIKKVDEINMIETNGINSNMNKMNNNNNNNNNNNNNNNNNNNNIND
NYEVVIRIKIRSLKDKGYMRILYPKNVRNEMKLFFFGDHLIKNSEEIV[LTEGE I DAMT|
[[JSQETKYPAISLPNGSKSLPIYLLPYLERFKKIHLWLDFDKAGKSS|VFNFVNKIGL

GRTNVITDANVHYLNPDVFKRRQKSRLTKKSLLLTSMASNAMEILOKDKEENMHN I
YDTTNNDYMDNKILSNNLKSISSDKIKKKEEIDLEFNGQKISSNNINVNILKNKKNE

TDNITNKENKSDNNLKEGMEKKEIQNEISVIEDNNNNKNNIIENNNDDMSEKIKVE
KSIEDNISYFVDNNIMYIPNNIIIKDA

Figure 3.11. Putative amino acid of PfPREX which is colour coded for the different functional
domains. Colour coding :- Red font- signal sequence (cleavage site between aa 19 and 20). Red-Hinge
with box of conserved residues between Theilera and Plasmodium, Yellow background — primase
domain, Green background — helicase domain, Pink-Polymerase domain, black words within polymerase
domain —3’-5" exonuclease domain, blue words within polymerase domain- pol A domain, Boxes show
conserved signature motifs found within primase, helicase and polymerase domains.
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3.8. Phylogenetic relationship between PREX homologucs in apicomplexans
From the multiple alignments of the apicomplexan PREX homologucs, the
phylogenetic relationship between them could be determined. The alignment was used
to obtain a phylogenetic tree by various methods. In addition to that, the genetic
distances between the PREX amino acid sequences were obtained. The distances and
irees were calculated and generated by the MEGA (Molecular Evolutionary Genetic
Analysis) software (Kumar ef af, 2001). I'he genelic distances were calculated with
Poisson correction for amino acids (Table 3.3). Genetic distance is a measure of the
diiference between two sequences. The genetic distances obtained ranges from 0.0486
(between P. berghei and P. yoelii) and 0.3817 (between P. vivax and P. falciparum).
This value is relatively high if you compare it with a glycolytic protein e.g. aldolase
(Cloonan et af, 2001) where the genetic distance between P. vivax and P. falciparum is
0.140. However, its evolutionary rate is comparable to other proteins including
adenylsuccinate lyase (ASL) (Kedzierski et al, 2002) or cysteine prateinase (Rosenthal,
1996) where the genetic distances between P. vivax and P. falciparum are 04577 and
0.425 respectively. Therefore, based on this result, PfPREX seems to have a rate of

evolution similar to ASL.

Phylogenetic trees were constructed using the MEGA software using all 4
available methods Unweighted Paired Group Mecthod with Arithimetric Mcean
(UPGMA), Neighbour-Joining (NJ), Minimum Evolution (ME) and Maximum
Parsimony (MP). All 4 methods gave a similar topology (Figure 3.12). The
Plasmodium speecics PREX homologues are grouped into 2 distinet clades. One branch

contains the rodent malaria specics, P. berghei, P. yoelii and P. chabaudi. It was also
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[1]#PyPREX
[2] #PbPREX
[3] #PcPREX
[4] #PkPREX
[5] #PyPREX
[6] #PfPREX

[ 1 23 4 5 6 ]
(1]

[2] 0.0486

[3] 0.1292 0.1438

[4] 0.3743 0.3767 0.4634

[5] 0.3760 0.3818 0.4695 0.1563

[6] 0.3675 0.3669 0.4739 0.3650 0.3817

Table 3.3. Genetic distances between the PREX homologues of six Plasmodinm species, The
distances were calculated with Poisson correction for amine acid residues. Abbreviations: P. berghet
(Ph), P. yoelii (PY), P. chabaudi (Pc), P, knowlesi (Pk), P. vivax (Pv) and P.fulciparum (P),

observed that 2. berghei and P. yoelii are closely related with a bootstrap support of 100
(depending on the method used), which is in agreement with previous findings (Killick-
Kendrick, 1978). The other branch groups the primate malaria species P. knowlesi and
the human parasite, P. vivax together. This is fully supported by a bootstrap of 100. This
is also observed by Kedzierski et al’s (2002) study with the ASL sequences. The
bootstrap value for the node where P. falciparum joins the primate clade in the UPGMA
tree is weaker (52-74) as opposed to the 100 bootstrap values for the other nodes but the

bootstrap values indicate the relationships are robust.
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Figure 3.12, Phylogenetic Trees for PREX homolognes, The trees were generated nsing MCGA 2,1 for
Unweighted Pair Group Method with Arithmetic Mean {UPGMA), Neighbour-joining (NI}, Minimum
Evolution (ME) and Maximum parsimony {MP) methods. Bootstrap values correspond to 100 random
runs. Abbreviations: P.falciparmm (Pf), P. berghei (Pb), P. chabaudi (Pc), P. knowlesi (PK), Theileria

anntdata (), 1. parvum (Yp), P. vivax (Pv) and P, yoelii (Py).
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3.9. Discussion

The scquence analysis carried out so far scems to suggest that the PIPREX is
composed of three putative domains, a DNA primase, DNA helicase and DNA
polymerase, The C-terminal domain resembles a DNA polymerase domain. The
homology secarch carricd out identified the three key motifs characteristic of family A
DNA polymerases. Therefore, to prove that indeed the C-ferminal domain does encode
an active polymerase, functional studies have to be carried out. The N-terminal domain
resemhles DNA primase and DNA helicase domains, very similar to the DNA
primase/helicase complex of the T7 bacteriophage group. Homology searches carried
out also identified the key motifs characteristic ol both the DNA helicase and DNA
primase. Since PfPREX possesses all of these key motifs, it is likely that it might code

for functional DNA primase and helicase.

An inleresting point is the presence of an apicoplast-targeting sequence
located at the cxtreme N-terminus. Prediction programmes that are specific for locating
such sequences in P. falciparum have returned positive resulis indicating that the
sequence is invelved in apicoplast-targeting. Therefore, PfPREX is most probably
targeted to the apicoplast where it is postulated that it may have a role to play in plastid

replication.

Homologues of PfPREX can be found in other Plasmodium species with
very high similarity between the sequences. Furthermore, PIPREX homologues are also
found in other apicomplexans ranging from Theileria, where the full PREX sequences
have been assembled, to Toxoplasma gondii (partial sequences only). This seems to

suggest that PREX was already present in the common ancestor of apicomplexans.
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Based on amino acid homologies among the PREX homologues, we were
able to use that information to determine the putative boundaries of the various domains
on PPREX. This information is useful for the design of primers for the cloning of the
individual domains. In addition to this, the PREX homologues were used to make
genetic distance calculations and phylogenetic analysis. The results obtained were as
expected and compared to a study carried out on adenylsuccinate lyase, PREX seems to
have a raic of evolution that is similar to ASL, information which can be uscd to

contribute to studies to determine evolutionary history of Plasmodium species.

'Ihe information obtained from the bioinformatic studics has given insight
into the function of the PIPREX and also allows the opportunity to further explore
PIPREX. The main aim of this project has been to demonstrate whether PfPREX does
encode a functional plastid replicase. The remaining chapters of this thesis describe the

functional characterisation of this protein.
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Chapter IV
Functional analysis and subcellular localisation of theDNA

polymerase (PfPREXpol) domain encoded by the Pf/PREX gene



4.1. Introduction

Propagation of a species depends upon the faithful replication of its genorme.
In order for cells to achieve ihis, they require an efficient machinery to maintain
genome integrity during cell division, DNA repair, DNA recombination and alsoc when
confronted with IDNA damage. A key enzyme invelved in all of these processes is DNA
polymerase. Multiple DNA polymerases have been identified in mammals, yeast and
prokaryotcs. A particular DNA polymerase may have multiple roles to play in a cell and
a particular part of the DNA metabolic process may need more than one polymerase. So
far 12 classes of DNA polymerase have been classified, o, B, v, 8, &, &, n, 6,1, €, A, L1,
(Dominguez ¢r al, 2000, Friedberg et al, 2000, Gibbs ef al, 1998, IHaris et al, 1996,
Hubscher ef al, 2000, Masutani ef al, 1999, Nagasawa et af, 2000, Nelson ef af, 1996,
Ohashi et al, 2000, Tissier et af, 2000) (Table 1.2) where each has a different role to
play in the DNA metabolic processes. Based on scquence relationships, these enzymes
are classified into five families designated A, B, C, X and Y (Burgers ef af, 2001). The
famify A group of polymerases are typified by the E. coli Poll; for family B members
include the mammalian pol ¢, 3, € and E. coli pol IV. E. coli pol 11l exemplifies family
C and mammalian pol f is the best known member of family X . Finally Z. coli pol V

represents famity Y.

In Plasmodium berghei, seven DNA polymerases have been identified using
classical biochemical characterisation (De Vries ef af, 1991). Five of them are
aphidicolin-sensitive while two are resistant. Aphidicolin is a natural product derived
from the fungus, Nigrospora oryzae, and it is widely used to distinguish between
prokaryotic and eukaryotic DNA polymerase activities (Spadari ef o/, 1984). The two

DNA polymerases, which are aphidicolin-sensitive, were hypothesised to be DNA
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polymerase aipha (o) and DNA polymerase gamma (y). Among those which are
aphidicolin-insensitive, two of which are believed to be either a DNA polymerase beta
(B) or delta (8). For P. falciparum, al least two dislinet DNA. polymerase activilies were
detected (Chavalitshewinkoon ef af, 1993). The aphidicolin-sensitive fraction was
postulated to contain DNA polymerase o activity while the aphidicolin-insensitive
fraction might contain a DNA polymerase y. To date, only the subunits of DNA
polymerase alpha and delta have been cloned and characterised from 2. falciparum

{Ridlcy et al, 1991).

The P. falciparum genome has been fully sequenced (Gardner ef af, 2002).
This provides the opportunity to explore the database to identify DNA polymerase gene
sequences within the 2. fulciparum genome. BLAST searches using (he Plasmodb
database (Version 4.1) and also a query search of ‘polymerase’ of the annotated gene
database were performed. To be more specific, the query was carried out at the

Plasmodb website (www.plasmodb.org), using a GO-function assignment search for

function of DNA-directed DNA polymerase (GO_ID 3887). GO stands for gene
ontology where it organises different proteins based on 3 principles:- (1} molecular
function, (2) biclogical process and (3) cellular component (Ashburner et al, 2000).
Table 4.1 shows the results from the query search through the annotated gene database
(Plasmodb Version 4.1). We have found at least five different DNA polymerdses:- a
DNA polymerase delta () catalytic subunit, small subunit to a DNA polymerase alpha
(ce), a DNA polymerase epsilon (g), a DNA polymerase zeta (£) catalytic subunit and a
DNA polymerase . These DNA polymerases from P. falciparwmn do not possess any

apicoplast-targeting sequence,
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gene identifier location description references

1 lPFCo340w pfal_chr3: 350224-DNA polymerase delta small{Horrocks et al, 1996;
TS 351720 isubunit, putative ~ [Ridley et al/, 1991

3 |[MALG6P1.175 ‘l:l(])l“765:661 07332540 polymerase 1, putative

“lchr10:  1464928-[DNA  polymerase  zetal-
5 [PEI0 0362 47132 catalytic subunit, putative

chrld:  461400- E

7 |PF14 0112 467450 POMI, putative

9 PF14 > chrl4:  2571936-|DNA  polymerase  alpha|White et a/, 1993
2573555 subunit, putative

Table 4.1. GO function search using Plasmodb for DNA-directed DNA polymerases in the
Plasmodium falciparum database. The table consists of four columns, (1) Gene identifier, (2) Gene
location which shows which chromosome the gene is located on, (3) Description which shows the class of
DNA polymerase and (4) References from which work on the gene had been reported. Number 7 entry is
PfPREX.

We also performed BLASTP and TBLASTN searches using the sequence of
DNA polymerase gamma (y) from Drosophila melanogaster which encodes a
polymerase that replicates mitochondrion DNA (Lewis ef al, 1996) in many eukaryotes.
However the P. falciparum genome database did not appear to possess genes with
homology to this sequence. Therefore, it seems that P. falciparum either does not
possess a DNA polymerase gamma (y) or that the gene is highly disrupted by introns

and therefore not identified by classical BLAST analysis.
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In addition, no DNA replication protein, i.e. the DNA polymerase involved
in the replication of the Plasmodium plastid, has been previously isolaled. The P/PREX
sequence that is found on chromosome 14 (Genbank accession number: AAN36724.1),
has homology to a prokaryotic DNA polymerase-I like sequences. The same ORF also
encodes a typical plastid-targeting domain (Section 3.5). Therefore, we hypothesised
that P/PREX may be responsible for plastid DNA replication/repair. Since the total
PPREX gene is over 6 kb in length and, like other Plasmodium genes, it is highly A-T
rich, cloning and expression of the entire gene was deemed too difficull to warranl
effort. Therefore, an approach was undertaken to clone and express the DNA
polvmerase domain in isolation from the DNA helicase and primase domaing. This
chapter is dedicated to reporting the cloning, expression and characterisation of he

DNA polymerase domain of the P/PREX gene.

4.2, Results
4.2.1. Cloning of the PfPREXpol domain of the Pf/PREX gene

The DNA polymerase domain of the PfPREX gene spans a region of
approximately 1,878 bp at the C-terminal domain of the gene. It was amplified using
gene-specific primers, designed specifically for the use in the Gateway Cloning system
(Tnvitrogen). The primers used were GWPoIF1 as the forward primer and GWPoiR1 as
the reverse primer (Table 2.1), The forward primer was designed to overlap partially
with the hinge domain of the gene. Figure 4.1 shows the relative positions of the
primers in accordance to the PfPRTIXpol domain. The expected size of the PCR product
was 2.9 kb (Figure 4.2), The primers used contained the a#f sites to permit of

recombination with the Gateway Cloning system that was used.
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Figure 4.2. PCR amplification products of the polymerase domain of PfPREX amplified from P.
falciparum 3D7 genomic DNA using specific primers (GWPoIF1 and GWPoIR1) (Table 2.1) separated
on a 0.8% agarose gel. The PCR product is approximately 2.9 kb in size (Lane A).

The 2.9 kb PCR product was first cloned into the pPDONR201 donor vector
before it was transferred into the destination vector (or expression vector), pDEST17
that adds an N-terminal His-tag to the protein to facilitate purification of the expressed

protein (Figure 4.3).
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Figure 4.3. The pDEST17GWpol expression construct. The Gateway PCR product GWpol DNA
polymerase domain (GWPolIF1 and GWPoIR1) (Table 2.1) was cloned into the specific recombination
sites of pDEST17 (His-Tag) (Invitrogen) expression vector. The pDEST17 vector contains an ampicillin-
resistance gene (Amp) and a T7 promoter. Selected restriction enzyme sites are shown, as are the
positions of the T7 promoter (T7), the His-tag (His), the ampicillin resistance gene (Amp) and the
plasmid origin (ori).
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4.2.2 Expression and purification of PFPREXpol

The E. coli BL21si strain was used to host the expression of PfPREXpol.
Induction of expression of the recombinant protein was performed at 37°C (Section
2.7.1). The calculated mass of the PfPREXpol domain is 107 kDa (Figure 4.4). Since
the expressed recombinant protein contains an N-terminal His-tag, it was purified using
a nickel-affinity column on a BIO-CAD 700E workstation (PE Biosystems). Cultures
were lysed and prepared for the purification of the His-tagged recombinant protein. The
purification was carried out as detailed in section 2.7.1. Approximately 10 mg of
soluble recombinant protein was obtained from one litre of E. coli culture. The purified
protein was analysed by SDS-PAGE. The apparent size of the protein on the gel was 90

kDa, lower than its predicted molecular weight.

(A) (B)

kDa MW 1 2
kDa 1 2 3

3ze

S0 | W —— o p—

“ B e
[ A 50

Figure 4.4. Coomassie blue-stained SDS-polyacrylamide gel of expressed and purified PIfPREXpol.
(A) Coomassie blue-stained SDS-polyacrylamide gel of uninduced (Lane 1) and NaCl induced cells
carrying the cloned PfPREXpol gene fragment (lanes 2 and 3). (B) Coomassie blue-stained SDS-
polyacrylamide gel of nickel affinity purified protein, PfPREXpol, as indicated by the arrow (lanes 1 and
2).
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4.2.3. Functional characterisation of PfPREXpol

To determine whether the PEPREXpol protein has DNA polymerase activity,
the expressed and purified recombinant protein was used in DNA polymerase activily
assays (Section 2.8.3). In addition, the recombinant protein was alsa checked for the
presence of 3'-5" exanuclease activity (Section 2.8.4) becausc it was observed to possess

key structural motifs for that activity (Section 3.2.3).

4.2.3.1. DNA polymerase activity

DNA polymerases catalyse the template-directed incorporation of dNTPs
into DNA. by addition at the 3’OH termini of primer strands. Polymerase activity is
assayed by measuring the incorporation of radiolabelled dNTPs inte DNA. Primed
single-stranded M13 DNA is frequently used as the template and is the template of

choice for the DNA polymerase assays carried out (Section 2.8.3).

DNA polymerase activity was detected in the purified PIPREXpol protein
(Figure 4.5a). Different conditions known to influence DNA polymerase activity were
investigated, Control experiments were also carricd out. Commercial Klenow (£. coli
DNA polymerase [) (Promega) was used as a positive control for template elongation
while a negative control using just distilled water was used as a blank to determine
background counts from radiolabel that non-specifically reached the product collection
tube. Another negative control was carried out using the recombinant PIPREXprihcli,
This control helped to check if the presence of DNA polymerasc activity is specific to
the recombinant PFPRIIXpol and not from contaminating proteins in . coli. Typical
radioactivity counts obtained from the polymerase activity assays were as such:- the

negative controls counts per minute (cpm) range from 747.17 to 1402.76, positive
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cantrols gave cpm of greater than 30,000 while PIPREXpol samples gave a cpm range

from 2209.78 to 26,750.

First the effect of pH on the enzyme activity was measured using buffers
calibrated to different pH values between 6.0 and 9.0. The buffers used were 50 mM
MOPS-NaOH (pII 6.0 -6.5), 50 mM Tris-HCI (pH 7.0 to 9.0). The enzyme has an
optimum catalytic activity at pH 7.0 but is inhibited at acidic pH. At alkaline pkl, its
activily also decreased drastically (Figure 4.5b). Experiments were also performed to
determine the effect of temperature on the polymerase activity between 25°C and 90°C.
The optimum activity of the polymerase was observed al a surprising 75°C and
decreases thereafter (Figure 4.5¢). Interestingly, the PPREXpol protein has most
similarity to a DNA polymerase from the thermophilic bacteria Adguifex aguaticus

(Table 4.2)

DNA polymerases require divalent cations for activity as the cations are
involved in stabilising of the transition state of the enzyme and facilitating phosphoryl
transfer (Steitz, 1998). Thercfore, the effect of Mg®* concentration on the polymerasc
was tested. The oplimal Mg®>* concentration for activity was at 5 mM (Figure 4.5d). The
effect of KCI concentration on the polymerase activity was also investigated because
when sall concenlration is high, it affects thc dynamics of protein-DNA complex
interaction. This results in electrostatic interactions which can contribute to the stability
of the complex. For PfPREXpol, the optimum concentiration of KCl for activity is 50
mM. Higher concentrations of KCIl were inhibitory to the DNA polymerase activity
(Figure 4.5¢)., Its range of activities is comparable to other recombinant DNA

polymerases from other organisms (Table 4.2).
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Figure 4.5, Characterisation of DNA polymerase activity of PFPREXpol and the effects of different
conditions on its activity. The activity is expressed as relative activity (100%) with respect to different
conditions. ‘The experiments were carried out in triplicate over three individual experiments (n=9) and
the average was taken to draw the graphs using the Prism software (Graphpad) (a) Time course
experiment with PfPREXpol, (b) pH profile of PIPREXpol {c¢) Temperature profile of PfPREXpol, (d)
Effect of Mg?* ions on PfPREXpel activity and (e) Effect of KC1 concentration of PEPREXpol activity.
No error bars are shown due to the wide range of CPM obtained from each experiment, instead the results
are represented as mean relative activity.
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Aphidicolin, an inhibitor of most eukaryotic DNA polymerases was also
tested for its effect on the recombinant polymerasc. Aphidicolin was added to the
reaction mixturc at various concenirations up to 160 mg/ml but no inhibition was seen,
indicating that (he recombinant DNA polymerase is not sensitive to aphidicolin. A
coutrol experiment was also carried oul (o test aphidicolin on E. coli Klenow (Promega)
and it is also insensitive to aphidicolin. Other prokaryotic DNA polymerases and the
mitochondrial DNA polymerase of eukaryotes are also aphidicolin-insensitive while
most types of eukaryotic DNA polymerases are aphidicolin-sensitive. Unfortunately, we
were not able to obtain any eukaryotic DNA polymerases to use as a control to verify

whether the batch of aphidicolin used here was functional.

42.3.2. 3'-5' exonuclease activity

The domain that has been classified as the DNA polymerase domain of
PfPREX (P{PREXpol) also has significant homology towards its N-terminus with 3°-5°
exonucleases. The three key structural motifs common among these enzymes can all be
found within PIPREXpol. The 3'-5' exonuclease activity of the PPREXpol was
investigated (Section 2.8.4). 3°-5" cxonuclease activity was detected, however it was
slow-acting over a period of time. Our time course experiments were conducted for up
to 2 hours (Figure 4.6), during which the activity of the 3'-5' exonuclease did not reach a
plateau. This could be due to the non-optimal conditions used for the assay. For
cxample, the temperature optimum obtained for DNA polymerasc activity was at 75°C
but the temperature used for this assay was 37°C. Its pH profile was also mvestigated
but further experiments established that thete was a spontaneous degradation of the
double stranded fragments as the pH of the reaction buffer was increased. Thetefore, no

Turther characterisation of the 3'-3' exonuclease was carried out.
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Figure 4.6. Time course experiment of 3°-5’ exonuclease domain of PfPREXpol. The activity is
expressed as relative activity {100%). The experiments were carried out in tripticate and the average was
taken to draw the graphs using Prism software (Graphpad). No error bars are shown because of the large
range of CPM obtained from each experiment, instead the results are represented as mean relative
activity.

4.2.4. Expression of PIPREXpol in P. falciparum

RT-PCR and Western blotting were vsed to investigate the expression
pattern of the PfPREX gene and its product in 7. falciparum. The PIPREX protein is
predicted to be 235.8 kDa in its entirety. Whether the PfPREX is indeed translated as a
single polypeptide has implication for the topological aspects of the molecule.
Production of such a large protcin could posc a probicm when it comes to cnsuring the

proper folding and function of the final molecule.

To investigate the transcription of the PfPREXpo! gene in P. falciparum,

RT-PCR was performed. Northern blotting using total RNA from asynchronous culture
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failed to reveal a signal. Therefore, total RNA from an asynchronous culture of P.
falciparum was obtained and RT-PCR primers for the PfPREXpol region (Table 2.1)
were used (Figure 4.1) to amplify cDNA obtained from P. falciparum (Section 2.4.9.2).
The results of the RT-PCR (Figure 4.7) showed a band of the predicted size of 400 bp.
From the result obtained, it appears that the P/PREXpol domain is transcribed. Controls
using no reverse transcriptase confirmed that there was no genomic DNA contamination

in the RT-PCR samples.

Figure 4.7. RT-PCR amplification of the P/PREX transcript from P. falciparum 3D7 total RNA.
PCR was carried out for 40 cycles; + and — indicate reactions wih and without reverse transcriptase,
respectively as a control to check for genomic DNA contamination. PCR amplification was carried out on
total RNA obtained from P. falciparum 3D7, using primers specific for DNA polymerase region
RTPolF1 and RTPoIR1. The expected size of the band is approximately 400 bp.
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Western blots were also carried to determine whether the PIPREXpol is
translated in £, falciparum. The recombinant pwified PPREXpol (Section 2.7.1) was
used to generate anti-serum made in rabbits (Section 2.7.3). The anti-serum was used to
probe blots of parasitised rbc Iysates and non-parasiiised samples. All Western blots
were performed at least threc times to check for reproducibility of results. Since
PfPREX comprises a single ORF which translates to a predicted protein size of
approximatcly 2016 amino acids, the size of the PfPREX protein was estimated at 235.8
kDa. Anti-sera to PIPREXpol, however, identified a single band of approximately 91
kDa in infected but not uninfected rbe on the Western blot (Figure 4.8). The Western
blot was repeated at least three times which showed that the result obtained was
reproducible. Thus, this result suggests that the P[PREXpol is cleaved from the
precursor PIPREX protein. The size of the identified band coinecides with just the
polymerase domain. It may be that the PRIEX protein is transported to the apicoplast,
and then the C-terminal end (PfPREXpo! domain) is cleaved post-translationally.
Alternatively, cleavage could occur prior to apicoplast eniry, or differential splicing
could occur, However, it has not been possible to distinguish these different scenarios

during the course of this thests.
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Figure 4.8. Western Blot of parasitised rbe (3D7) and non-parasitised rbe lysates probed with anti-
PfPREXpol (1:2000) anti-sera. A single band was observed in the 3D7 lane of approximate size of 91
kDa.

4.2.5. Homology modelling of PFPREXpol

Homology modelling was carried with the PfPREXpol amino acid sequence.
Due to the similarity of PfPREXpol to the Klenow fragment, we were able to send the
PfPREXpol amino acid sequence to the Swiss Model First Approach (Schwede et al,
2003) website (http://swissmodel.expasy.org) to obtain a putative 3D structure of
PfPREXpol based on the known crystal structure of Klenow fragment of E. coli (PDB

no:- 1IKFD) (Beese et al, 1993).

4.2.5.1 A modelled 3D structure of PFPREXpol protein

Like the Klenow fragment, the engineered protein representing the DNA
polymerase I, PfPREXpol, consists of a 3’-5’ exonuclease domain at its N-terminal end

and the DNA polymerase domain at its C-terminal end. PfPREXpol shares 38.1%
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similarity and 24.5% identity with the E. coli Klenow fragment which shows that they
share a high degree of conservation. The alignment of PfPREXpol alongside the E. coli
Klenow fragment (Figure 3.5) shows the degree of conservation especially in the key
motifs invalved in both 3’-5 exonuclease activity and DNA polymerase activity. The
Swiss Model service of the Expasy server (Guex & Peitsch, 1997; Ollis ef «f, 1985,

Peitsch, 1996) was used.

The modelling result suggests that there is a high degree of conservation of
structure between PIPREXpol and E. coli Klenow fragment, The key thumb-finger-
palin structure, characteristic of the Klenow fragment, is also obscrved in the predicied

PfPREXpol 3D structure alongside the 3°-5”exonuclease domain (Figure 4.9).
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42.5.2. Comparison of PIPREXpol and E. coli Klenow fragment 3D structures

Figure 4.9 shows the putative 3D structure of PfPREXpol and the solved 3D
structure of E. coli Klenow. As in Klenow poll, the structure of PEPREXpol consists of
three domains (the thumb, the palm and the fingers). When the amino acid sequence
entered into the Swissmodel First Approach, it only contained the predicted PIPREXpol
domain. Only a partial 3D structure was obtained. Only when the hinge domain is
included in the amino acid sequence used for prediction of 3D structure, was a full 3D
structure of PfPREXpol was obtained. Therefore, we hypothesised that the hinge
domain of PIPREXpol may have a role o play to ensure the proper folding of the DNA

polymcrase domain.

In addition, it was considered of inferest to comparc the amino acid residues
that are shown to be important in the various aspects of DNA polymerase activity in
Klenow fragment with amino acids occupying the same positions in the modelled
structure of PfPREXpol. Previous expetiments, which dealt with dNTP binding to the
polymerase site, revealed that incoming dNTPs interact with Arg 754, Arg 682 and Lys
758 (Basu & Modak, 1987). These residues are highly conserved in the fumily A of
DNA polymerases and interact with the phosphate backbone of incoming dNTPs as
these residues are al]l positively charged. When the same positions were checked on
PfPREXpol, they were found to comprise the samc residucs. The corresponding
residucs arc conserved between the E. coli and P. falciparum except for Arg 682 in
Klenow is replaced conservatively as a Lys 205 in PIPREXpol. Essentially in this case,
the positive charge remains in place for interaction with dNTPs. Figure 4.10 shows the
stcreodiagrams with these sites highlighted. The sites in both enzymes are in similar

positions for the interaction with dNTPs.
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Figure 4.11. Comparison of the structures of Klenow and PfPREXpol. Superimposed stereodiagrams
of the structures of both enzymes. Klenow is shown with the blue line while PfPREXpol is shown with
the red line.
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Previous experiments and X-ray crystallography data have shown that Tyr
766, Arg 841, Asn 845, Asp 882, Asp 705, Giu 883 and His 881 (Joyce & Steitz, 1994,
Pandey et al, 1987; Polesky ef af, 1990) are all involved in binding and directing the
incoming dNTP. The corresponding residues in PIPREXpol are alse well conserved
(Table 4.3). Asp 882 (Asp 482) and Asp 705 (Asp 301) correspond to the residues in
motif C and A respectively which are shown to be involved in dNTP binding. In
addition, they havc been shown be involved in the binding of divalent metal cations
(Joyce & Steitz, 1994). Other residues which are required for primer attachment and
catalysis are observed to be well conserved between Klenow and PfPREXpol. The palm
domain contains the catalytic centre where the residues important for catalysis are Asp
882 (Asp 470), Arg 668 (Lys 263) and Gln 849(Gln 439) (Polesky et al, 1990). The
thumb domain contains highly conserved residues that are involved in primer
attachment. These residues arc well conserved across the Poll family. Arg 631 (Arg
228), T.ys 635 (Arg 235), Asn 675 (Asn 271) and Asn 678 (Asn 275). Table 4.3 shows

all the conserved residues important in DNA polymerase activity.
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Sites Involvement | Klenow residues PPREXpol References
_ residues
“dNTP interaction Arg 754 Arg 350 Basu & Modak, 1987
' Arg 682 "Lys 250 Pandey e af, 1990

Lys 758 Lys 355 Beese ef ai, 1993a

dNTP binding Tyr 766 Tyr 362 Pandey ef af, 1987
Asp 882 Asp 470 Joyce & Steitz, 1997
Asp 705 Asp 301 Beese ef al, 1993a
Glu 883 Glu 471
His 881 His 469
Arxg 841 "Lys 432
Asn 845 Asn 435

Catalysis Gln 849 GIn 439 Polesky ef al, 1990
Arg 668 "Lys 263 '
Asp 882 Asp 470

jirimer attachment Glu 611 | Glu 208 Beese er al, 1993b
Asn 678 Asn 275
Asn 675 | Asn 271
Lys 635 "Arg 232
Arg 631 Arg 228

Table 4.3. Compatison of key residues on Klenow and PfPREXpol. The key residues involve in dN'I'P
interaction, dN'I'P binding, primer attachment, catalysis and template atiachment for both Klenow and
PfPREXpol. Asterisk next to the residue represents a conservative replacement of amino acids,
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4.2.6. Subcellular localisation of the PfPREXpol gene product

With reference to the presence of the plastid-targeting sequence in the N-
terminus of PfPREX, wc wanted to confirm the subcellular localisation of PfIP’REXpol
domain. To do this, we used the PIPREXpol anti~scrum and performed some indirect
immunofluorescence (IDF) and some in situ hybridisation using a plastid specific DNA
probe to give us co-localisation data. This first approach was taken to usc a plastid-
specific DNA probe 1o targel the plastid DNA in P falciparum vusing in situ
hybridisation. PCR primers specific for the ssarRNA4, a gene found on the plastid DNA
in P. falciparum, were used to generate a PCR product (Section 2.9.2.1). The PCR
product had biotinylated dUTP incorporated which will bind to Streptavidin-Texas red
for fluorescent detection under phase contrast microscopy. The protocol was in addition
to IDF which was carried out after the in situ hybridisation step. The protocol could not
be opiimised to give satisfactory results. No red fluorescence could be observed,
apparently the DNA probe was either not binding to the target DNA as expected or it

was being washed off during the subsequent steps carried out in the protocol.

Therefore, another approach was taken. Instead of targeting the plastid
DNA, we used a stain, Mitotracker™® Red CMXRos (Molecular Probes) that is tuken up
by the mitochondrion. This was carried out to check if PIPREX is localised to the
mitochondrion. The stain was used alongside DAPI (Sigma) which stains the nucleus
and immunefluorescence using the anti-PfPREXpol anti-sera. To optimise the IDF
protocol, various dilutions of the anti-sera were uscd, ranging from 1:50 to 1:1000. The
optimuna dilution of the anti-sera to be used was 1:500 alongside 1:400 dilution of the
secondary antibody (anti-rabbit FITC, Diagnostics Scotland) (Figure 4.13). From the

figure, there appears to be no overlay belween the mitotracker and the TITC (anti-
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PfPREXpol). This suggested that the PIPREXpol did not localise to the mitochondrion
in P. falciparum. However, it was not clear whether the anti-sera localised to the plastid.
The DAPI stains both nuclear and plastid DNA, but it is difficult to see the plastid under
the highest available magnification. Therefore, another approach was undettaken in
order to show whether PfPREX localised to the plastid. A collaboration was set up with
Jain Wilson and Shigeharu Sato (NTMR, MRC) to make green fluorescent protein
{GT'P) constructs using the PIPREX leader sequence to check for targeting. This work is
beyond the context of the thesis itself, since these localisation cxperiments were the
work of Dr Sato, However, the results of Dr Sato’s work will be discussed briefly in

chapter 7.
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4.3. Discussion

The experimental findings and sequence analysis suggested that PPREX
possesses a DNA polymerase functional domain. The C-terminal domain resembles a
DNA polymerase domain (Chapter 3) homologous to family A DNA polymerases.
Homology scarchcs identified the three key structural motifs conserved among family A
DNA polymerases. Furthermore, the presence of the three 3°-5” exonuclease motifs also
suggested the presence of that enzymatic activity. Therefore, attempts were made to
clone and express the PfPREXpol domain. This was successful, as purified PIPREXpol
was obtained. Functional characterisation was carried out to show that the PIPREXpol
is a functional DNA polymerase. It has characteristics similar to other family A DNA
polymerases (Table 4.2) including its Mg”™  requirements and pH optimum. One
Interesting point to note is that its temperature optimum was high (75°C). The
temperature opltimum of PIPREXpol is similar to thermophilic Aquifex aguaticus DNA
polymerase at 70°C. It is noteworthy that the enzyme closest in sequence similarity to
PfPREXpol is also the same DNA polymerase of Aguifex aguaticus. This raises the
possibility that the plasmodial DNA polymerase may be a recent acquisition through
horizental gene transfer from a thermophilic bacterium closely related to the Aquifex

family.

‘Transcription of the PIPREXpol domain was also shown in P. falciparum,
although failure to identify the transcript by Northern blot analysis indicates it is in very
low abundance. Recent transcriptome analysis (Le Roch et g/, 2003) has shown P/PREX
to be expressed predominantly in replicative time points of the life cycle in mammalian
blood. In addition, experimental {indings with the Western blots catried ouf, suggests

that PIPREX may be post-translationally cleaved. The PIPREXpol domain was detected
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as a 91 kDa band on a Western blot of parasite lysates probed with anti-PIPREXpol
anti-sera, rather than a larger band of 235.8 kDa, which is the size of the full
polypeptide. The size of the band 91 kDa, coincides approximately with the predicted
size of the PfPREXpol domain. This result seems to suggest that the P{PREXpol
domain is cleaved. Topologically, it may be necessary to cleave from the full

polypeptide to ensure proper folding and for function.

Homology modelling of P{PREXpol structure was carried out based on its
similarity to the Klenow fragment of E. coli. The 3D structure oblained from
PfPREXpol had a similar struclure to the Klenow [ragment of E. coli which is
composed of 3 regions (thumb, finger and palm). We were able 1o compare the key
residues and their positions within the structures of Klenow and PfPREXpol. The
results obtained suggests that PfPRTEXpol is indeed similar to Klenow in terms of its

structural composition.

Unfortunately, the resulis obtained from the subcellular localisation studies
here were inconclusive. The in sifu hybridisation experiments were designed such that
the biotinylated plastid-specific DNA. probe would bind to the plastid DNA which in
(urn binds o streptavidin Texas red, so that it could be used 1o give some co-localisation
data. If the anti-PfPREXpol antisera localised to the plastid, the two fluorescence
signals would overlay on each other. It seemed though that the DNA probe was not
binding to the plastid. Instead, when viewed under texas-red filter under confocal
microscopy, no red fluorcscence was obscrved. It could be due to the fault of the DNA
probe that it is not a good probe or that the protocol used had too many washing steps

such that the DNA probe had been washed away. Due to time constraints, the protocol
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could not be fine-tuned and new probes were not made due (o the time limitations in

cfforts to get betier results.

Based on the results obtained with the immunofluorescence experiments, we
cannot conclude on the localisation of PfPREXpol. Careful analysis ot the FITC
staining pattern obtained with the anti-PIPREXpol (Figure 4.12) suggested a staining
pattern typical of compartmental localisation. The green fluorescence was found in
spots around the infected red blood cell. If PPREXpol is located in the cytoplasm, a
uniform green fluorescence pattern would be expected. The pattern observed has a spot-
like characteristic. Dr Sato (NIMR, Mill Hill) then used GFP technology to help find

out the exact location of PFPREX and concluded a plastid localisation {(discussed later in

Chapter 7).
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Chapter V
Functional analysis and subcellular localisation of the DNA

primase/helicase (PfPREXpriheli} domain of the Pf/PREX gene



5.1. Introduction

DNA. helicases are ubiquitous in nature. Multiple DNA helicases, each with
different functions, are present within a single organism. All DNA helicases are
NTPases and they share common biochemical properties including nucleic acid binding,
NTP binding and NTP hydrolysis. Common amino acid motifs can identify putative
DNA helicases. We have detected the presence of multiple motifs that are known to be
important for DNA helicase function in PfPREX suggesting that P/PREX may encode a
functional DNA helicase. In addition to this DNA helicase, Plasmodium may also
possess other helicases (£, coli has at least 11 DNA helicases). Therefore, a GO
function search, similar to the one carried out for DNA polymerasc in chapter 4, was
carried out to search for other helicases in P. falciparum. Table 5.1 shows the DNA
helicases that have been detected in the P. falciparum genome database. At least nine
putative helicase genes have been annotated in the P. falciparum genome but none of

these correspond to the DNA helicase on PIPREX.

DNA primases are often associated with DNA helicases (Ilyina ef af, 1992).
This may be the case with PIPREX, which also conlains 4 region with similarity o a
DNA primase. DNA primases are responsible for synthesising short RNA strands for
DNA polymerase to use to e¢longate DNA during DNA replication. DNA primases also
possess key motifs requited for activity; these include a zinc meotif, and two DxD
(aspartate) dyad motifs that can be located in PIPREX. In addition, three other motifs
important for DNA primase activity were detected on PfPREX which suggest that it
may possess a functional DNA primase activity. A GO function search was also carried

out to check for the presence of other DNA primases in P. falciparum (Table 5.1). Only
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two other DNA primases are found, neither of which correspond to the DNA primase

identified on PfPREX.

idescription

llgene location
[ PFB0730w |fpfal_chr2: 658636-66:

G dveonmesTass0  DNA

& TR LR T A helicase, putative

2189979 IDNA helicase

ﬁ[A 76 o ;7 repair helicase, putative

hr8: 841194-843300 ruvB like DNA helicase, putative

Table 5.1. Putative genes found using a GO function search through the Plasmodium falciparum
genome using DNA helicase and DNA primase function searches in Plasmodb version 4.1. Genes |
to 9 shows the putative DNA helicases found and genes 10 and 11 shows the putative DNA primases
found through GO function search.

The GO function search for both DNA helicase and DNA primase failed to
detect the putative DNA helicase or DNA primase of PfPREX. This could be due to the
nature of algorithms of the search programme which were not able to pick up the key

amino acid motifs found on each of them.

In this chapter, the cloning and expression of the DNA helicase and DNA
primase domains together is described. The two domains were chosen to be cloned and
expressed as a single entity because they showed most similarity to the phage T7 gene 4
which is a combined DNA primase-DNA helicase. Therefore, the possibility exists that
the DNA primase and helicase need to be together to fold or function correctly.
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5.2, Results
5.2.1. Cloning of the PfPREXprihieli domain of the P/PREX gene

The DNA primase/helicase domain of the PfPREX gene spans a region of
approximately 2,721 bp over the N-terminal domain of the gene. It was amplified using
gene-specific primers, designed specitically for use in the Gateway Cloning system
(Invitrogen). The primers used werc GWHcliSignalFl as the forward primer and
GWHcliHingeR1 as the reverse primer (Tabte 2.1). The reverse primer was designed to
overlap partially with the hinge domain (~ 400 bp) of the gene while the forward primer
precedes the primase domain at the extreme N-terminus within the predicted plastid-
targeting domain. Figure 5.1 shows the relative positions of the primers in accordance
to the PIPREXpriheli domain. Therefore, the expected size of the PCR product was 3.2
kb (Figure 5.2). The primers used contained the s sites for ease of recombination with

the Gateway Cloning system (Invitrogen) that was used for expression (Section 2.5.1).
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PEPREXpriheli
PCR product
~ 3.2 kb

Figure 5.2. Cloning of recombinant Hiss-tagged PfPREXpriheli DNA helicase/primase. The PCR
amplification product was analysed on a 0.8% agarose gel.

In addition, attempts to clone and express fragments of the DNA helicase,
DNA primase and the hinge domains as fusion proteins, separately for the purpose of
generating anti-sera for localisation studies were carried out. The primers used for all
three domains are listed in Table 2.1. The expected sizes of the three PCR products
from the DNA primase, helicase and hinge domains were 500 bp, 420 bp and 600 bp

respectively (Figure 5.3).
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Figure 5.3. PCR amplification products of the fragments from the DNA primase, DNA helicase
and hinge domains of P/PREX. Fragments of the three domains were amplified using gene-specific
primers as detailed in Table 2.1. The PCR products were analysed on a 0.8% agarose gel. The PCR
product of the helicase domain has an expected size of 500 bp, the primase domain - 450 bp and the hinge
domain - 600 bp.

The PCR products obtained were then cloned into pDONR201 donor vector
before they were transferred into destination vectors (expression vectors). The
PfPREXpriheli PCR product was transferred into a pDEST15 vector which added an N-
terminal GST-tag to the protein to facilitate purification. The other three PCR products

were also subcloned into pDESTIS5.
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5.2.2. Expression and purification of DNA primase/helicase and hinge
recombinant proteins

The E. coli BL21si strain was used to host the expression of the recombinant
proteins. Induction of expression of the recombinant proteins was performed at 16°C
overnight and soluble proteins were obtained from E. coli. The calculated mass of the
PfPREXpriheli recombinant protein is approximately 120 kDa. Since the expressed
recombinant protein contains an N-terminal GST-tag, it was purified as detailed in
Section 2.7.2 in chapter 2. A significantly lower quantity of recombinant protein was
obtained with the PfPREXpriheli than with the PfPREXpol protein. The purified protein
was analysed on an SDS-PAGE but it ran on the gel as a band at 97 kDa (Figure 5.4),
significantly lower than its predicted molecular weight. This could be due to the basic
nature of the protein where its predicted pl is 9.13. The three GST-fusion proteins
analysed on SDS-PAGE, ran at their expected sizes: - primase domain (22 kDa),

helicase domain (20 kDa) and hinge domain (23kDa) (Figure 5.5).

| €—PPREXpriheli

Figure 5.4. Coomassie Blue-stained SDS-polyacrylamide gel of nickel affinity purified proteins.
PfPREXpriheli, as indicated by the arrow. Lane (M) indicates the marker, (1) Uninduced fraction, (2)
induced fraction (3) + (4) purification flow through fraction and (5) purified PfPREXpriheli.
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(A)

Figure 5.5. Coomassie Blue-stained SDS-polyacrylamide gel. (A) pDEST15pri, the recombinant
primase protein. Lanes (1) extract from induced cells, (2) flow-through fraction from GST purification
column and (3) purified protein; (B) pDEST15Hinge, the recombinant hinge protein. Lanes (M) marker
protein, (1) extract from uninduced cells, (2) extract from induced cells and (3) purified hinge protein; (C)
pDEST15Heli, the recombinant helicase protein. Lanes (1) total induced cell lysate and (2) purified
protein.

S2.3. Functional characterisation of PfPREXpriheli
To determine whether the PfPREXpriheli protein has DNA primase and
DNA helicase activities, the expressed, purified recombinant protein was used in

activity assays (Section 2.8).

523.1. DNA primase activity

DNA primase activity was detected in the purified PfPREXpriheli protein
(Figure 5.6). Different conditions that can affect the DNA primase activity were
investigated (Section 2.8.1). In addition, control experiments were carried out. First the
purified recombinant PfPREXpol was used as a negative control in both the DNA
primase and DNA helicase assays. This was to check for the presence of contaminant E.
coli proteins that possess either DNA primase or DNA helicase activity so that if either

activity was observed, it was due to PfPREXpriheli and not an E. coli contaminant
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protein. Typical radioactivity counts obtained from the DNA primase activily assays
were as such :- the negative controls gave average cpm of 723.73 and PIPREXpri

samples gave cpm ranging from 1637.26 to 26,206.53.

Different concentrations of PfPREXpriheli were added to the enzyme
assays to see the effect of increased quantity of enzyme on the activity, There was a
proportional increase of DNA primase activity with incrcase in the quantity of enzyme
added. Next, a time course experiment with the recombinant protein was carried out.
The rate of activity stayed constant, yielding increasing quantities of primer-product
over time. The effect of Mg?" on DNA primase activity was also studied. The enzyme
activity was at its optimum when the Mg?* concentration was between 4.0 and 6.0 mM
(Figure 5.6c¢). Finally, the cffect of pH on primase activity was studied. Tt appears that
the enzyme is most active at alkaline pII (pH 7.5-9.0). Unfortunately, time constraints
and the limiting quautity of protein prevented us from trying higher pH values (o see if
the primase activity is inhibited by more alkaline conditions. Moreover, the other
parameters were measured at pH 7.5, which is apparently suboptimal for activity.
Notwithstanding this, the activity is clecarly present, dosc dependent and also dependent

on Mg”" concentration and pH.
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Figure 5.6 Characterisation of the DNA primase activity of PFPREXpriheli and the etfects of
different conditions on its activity. The activity is uxpressed as relative activity with respect to different
conditions. The experiments were carried out in triplicate (0=9) and the average was taken to draw the
eraphs using Prism software (Graphpad). The experiment was carried to checked for DNA primase
activity based on different conditions: - {A) increasing quantities (itg) of PEPREXpriheli, (B) time course
experiment, (C) effect of Mg”* ions on DNA primase activity and (D) pH profile of PfPREXpriheli.

52.3.2. DNA helicase activity

Using the SPA helicase assay (Amersham), we were able to determine the
presence of unwinding activity in the recombinant PIPREXpriheli. Control experiments
were carried out. The purified PfPREXpol recombinant protein was used as a negative
control to check for any contaminating £. cofi proteins and to confirm that any presence
of unwinding activity was due to the the recombinant P{PREXpriheli. In addition, E.
coli DnaB lelicase, a gift from E Biswas (Univetsity of Medicine & Dentistry of New
Jersey) was used as a positive control. Very little unwinding activity was observed in

either the positive control or PfPREXpriheli. Therefore, a second positive control was
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obtained to check if the problem was with the kit or our enzymes. The new positive
control was PcrA (a DNA helicase from Bacillus stearothermophilus) (Cambio
Science). Typical radioactivity counts obtained from the DNA helicase assays were as
such :- the negalive conirols average cpm were 312.9, PcrA positive controls average

cpm were 2801.14 and PIPREXheli saumples ¢pm range from 459.3 to 1081.3.

First, different amounts of the recombinant enzymes were added to the
assays which yielded an increase in unwinding activity (Figure 5.7a). This was followed
by a time course experiment where we saw an initial time lag in the rate of unwinding
activity. The rate ot unwinding activity increased after one hour of incubation at 33°C
and thereafter (Iigure 5.7b). Other conditions that affected the unwinding activity of
PfPREXpriheli were investigated too. The Mg2+ concentration that was optimum for its
unwinding acitivity was found to be between 2.0 to 3.0 mM (Figure 5.8a) while the
optimal temperature is at 37°C (Figure 5.8b). Finally, thc pH at which thc cnzyme

activity is optimal at pH 6.8 (Figure 5.8c).
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Figure 5.7. Characterisation of DNA helicase activily of P[PREXpriheli and the effects of enzyme
guantities on ils aclivilty and ils time course. The aclivity is expressed as relalive unwinding. The
experiments were carried out in triplicate over three individual experiments (n=6) and the average was
taken o draw the graphs using Prism software (Graphpad). The experiment was carricd:- (A) Increased
quantities of PIPREXpriheli, (B) Time course experiment,
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Figure 5.8. Characterisation of DNA helicase activity of PIPREXpriheli and the effects of different
conditions on its activity. The activity is expressed as relative unwinding with respect to different
conditions. The experiments were carried out in triplicate over three individual experiments (n=6) and the
average was taken to draw the graphs using Prism software (Graphpad). The following conditions were
tested against the activity of PFPREXpriheli: - (A) effect of Mg ions on DNA helicase activity, (13)
temperature profile of PFPREXpriheli and (C) the pH profile of PIPREX priheli.
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52.3.2.1. Nucleotide Hydrolysis Assay

A nucleotide hydrolysis assay was carried out to analyse the NTPase activity
of the enzyme (Section 2.8.5). All helicases are NTPases as they require the hydrolysis
of NTPs to energise the unwinding of DNA. Whether the helicase displays a preference
for the use of a particular NTP was analysed, as it has been previously shown that many
helicases have preferences for the NTP that they hydrolyse. For example, T7 DNA
helicase prefers TTP and can utilise all NTPs except CTP while T4 DNA helicase can
use all NTPs and dNTPs (Matson & Kaiser-Roger, 1990). The results obtained
indicated seem to suggest that PfPREXpriheli has no preference of nucleotide used for
hydrolysis (Figure 5.9). However, an important negative control with another
recombinant protein to check for the presence of a contaminanting NTPase was not
carried out during the course of the experiment. Therefore, a full interpretation of the

data could not be carried out.
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Figure 5.9. Nucleotide hydrolysis assay of PfPREXpriheli. Different NTPs and dNTPS were used as
the substrate to check for NTP preference of PfPREXpriheli. The experiment was carried out in triplicate
and the averages * standard errors of four individual experiments (n=12) were used to draw the graph
using Prism (Graphpad) software. The change in absorbance was measured as an indication of the release
of the phosphate by the absorption of a ‘molybdate blue’ complex. The more phosphate is released the
more complex is formed which results in the increase in absorbance at Agg.
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5.2.4. Expression of PfPREXpriheli in P. falciparum

To determine whether PfPRMXpriheli in P. falciparum is transcribed,
RT-PCR was performed. Total RNA from an asynchronous culture of P. falciparum
was obtained and RT-PCR primers designed in the region of PfPREXpriheli were used
(Figure 5.2). Two sets of primers were used. One set (RTHeliF2 and RTHeliR2Z) of
primers was used to check if the DNA helicase domain was transcribed and the other set
(RTHingeF1 and RTIlingeR1) was used to check for the hinge domain. The results of
the RT-PCR (Figure 5.10a) showed bands of the predicted sizes of 433 bp and 420 bp
respectively. Thus, we can conclude that both the helicase and hinge domains are
transeribed. In addition, we had controls with no reverse transcriptase added to confirm

that we have no genomic DNA contamination in the RNA samples.

However, these results are unable to tell us if the whole P/PREX is transcribed
in a single transcript. Therefore, different combinations of RT-PCR primers were used
to investigate this, where overlapping amplicons would suggest that PfPRFEX is
transcribed as a single transctipt. RTHeliF1 (within the primase region) was used in
combination with RTHingeR1 which covers the whole of the DNA primase and
helicase domain and into the hinge. Another set of primers used was RTIIeliF2 and
RTPolR 1. This set of primers covers the region that overlaps the hinge region of the
previous primer set and into the polymerase region. The results of the RT-PCR (Figure
5.10b) showed bands of the predicted sives of 3.9 kb aud 3.2 kb. The two bands had a
region of 360 bp that overlapped (hinge domain). This suggests that P/PREX is

transcribed as a single transcript. However, these results do not indicate the size of the
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(A)

(B)

Figure 5.10. RT-PCR amplification of the P/PREX transcript from P. falciparum 3D7 total RNA.
PCR was carried out for 40 cycles; + and — indicate reactions with and without reverse transcriptase,
respectively as a control to check for genomic DNA contamination. PCR amplification using (A) primers
specific for the DNA helicase region (Lane 1, 2), for the hinge region (Lane 3, 4). (B) primers specific
for the region between primase and hinge region (Lane 1) and between the hinge and polymerase region
(Lane 2). PCR products encompassing the primase and hinge and the polymerase and hinge overlap,
indicating that the P/PREX gene is transcribed as a whole fragment.
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PfPREX transcript and multiple attempts to get results from Northern Blots were
unsuccessul indicating that the stable transcript is not abundant and is bclow a level
detectable by Northern blot analysis in asexual stages of the life-cycle. Data from
clscwhere indicates that in P. chabaudi PfPREX is transcribed as a 7 Kb mRNA in

ascxual bloodstream form stages (C. Janssen, personal communication).

Western blots were also performed to yield more information about whether
the PfPREXpriheli is wranslated in P. falciparum. Antisera were made against the DNA
helicase, primase and hinge domains separately as fusion proteins (Section 2.7.3). The
antisera were used to probe blots of parasitised red blood cell lysates and non-
parasitised samples. All Western blots were performed at least three times to check for
reproducibility of results. Since PfPREX represents a single ORF encoding a predicted
protein of approximately 2016 amino acids, the estimated size of the PIPREX protein is
2358 kDa. If PfPREX is translated as a whole polypeptide, a single band of
approximately 235.8 kDa would be expected on the blot using any of the antisera.
Instead, the anti-PfPREXpol antisera, indicated a post-translational cleavage of PIPREX
(Section 4.2.4). The anti-PfPREXhinge revealed no bands on the Western blots, while
the anti-P{PREXpri antisera bound to a band of approximately 88 klJa, slightly smaller
than the band obtained with anti-PfPREXpol. Several bands were obtained on the blot
probed with anti-PfPREXpri antisera. There were two other high molecular weight
bands observed in both the 3D7 and red blood cell lysates. The bands could be a cross-
reaction between the polyclonal antisera and a host polypeptide found within the red
blood cell lysates. Using the anti-PfPREXheli antisera to probe the Western blot,
several bands were observed on the blot. There was a low molecular weight band on the

red blood cell tysate which was not present in the 3D7 lysate. This could be a cross-
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reaction with a protein found in just red blocd cells but not in infected red blood celis.
On the 3D7 lane, multiple bands were observed. There were an approximately 150 kDa

band, followed by a 80 kDa and a 50 kDa band.

The result obtained from the anti-PfPREXpri together with the result
obtained from the anti-PfPREXpel, both suggest thal PIPREX may be post-
translationally cleaved to give separate DNA polymerase domain from thc DNA
primase/helicase domain. The size of the band (88 kDa) obtained with the anti-
PfPREXpri antisera is consistent with the primase/helicase domain being together (as
seen for the bacteriophage T7). Howcvcer, the size detected with the anti-PfPREXheli
antisera disagrees with that. Both antisera should identify the same band if the DNA
primase/helicase are together. The different size bands obtained with the anti-
PfPREXheli suggest that the some of the DNA primase/helicase are also cleaved into
several different fragment sizes. Further experiments, possibly with additional antisera,

would be required to resolve the ultimate processing pathway of PfPREX.
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Figure 5.11. Western Blot of parasitised rbc (3D7) and non-parasitised rbc lysates probed with
anti-PfPREXpri and anti-PfPREXheli. (A) Western blot probed with anti-PfPREXpri (1:1000) and
(B) Western blot probed with anti-PfPREXheli (1:1000).
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5.2.5. Subcellular localisation of PfPREXpriheli gene product

With reference to the presence of the plastid-targeling sequence in the N-
terminus of PfPREX, experiments (o identify the subcellular localisation of
PfPREXprihcli domain were performed. The anti-PfPREXpri, anti-PIPREXheli and
anti-PfPREXhinge were used in indirect immunofluorescence microscopy experiments.
Since with the previous studies using anti-PIPREXpol with in situ hybridisation using
plastid DNA specific probes did not give satisfactory results, that approach was not
used here. We also used the Mitotracker stain (Molecular Probes) to stain the

mitochondria in P. faiciparum and DAPI to counterstain the nucleus.

To optimise the IDF protocol, vartous dilutions of the anti-sera were used,
ranging from 1:50 to 1:1000, When higher dilutions are used, no fluorescence could be
observed with any of the three anti-sera and when lower dilutions (below 1:100) were
used, ubiquitous fluorcsecnce was observed. Finally, the optimum dilution of the anti-
sera to be used for anti-PIPRIEXheli, anti-PfPREXpri and anti-PIPREXhinge was
determined to be 1:100 alongside 1;400 dilution of the secondary antibody (anti-rabbit
T'ITC, Diagnostics Scotland) (Figure 5.13). The immunofluorescence catried oul with
the anti-PfPREXhinge antisera did not result in any fluorescence detected in the
infected red blood cells observed under the microscope. For the anti-PIPREXheli and
anti-PfPREXpri results, there appears to be no overlay between the mitotracker and the
FIU'C. "This suggested that the PIPRIZXpribeli did not localise to the mitochendrion in P.
Jalciparum. However, it was not clear whether either anti-sera localised to the plastid.
The DAPIT stains both nuclear and plastid DNA, but it is difficult to see the plastid under

the highest available magnification.
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3.3. Discussion

The experimental [indings and sequence analysis suggested that PIPREX
consists of a DNA primase and DNA helicase functional domains. This chapter
provides a functional confirmation of these activities. In addition, the reaction
conditions may not be optimal for the helicase activity of PIFPREX. Therefore, the DNA
helicase was unwinding at suboptimal conditions, which may have been why the time
lag occurred. However, one positive control, £. coli DnaB (a gift from Dr E Biswas)
showed low unwinding activity (<30% unwinding activity). In comparison, the same
quantity of the PcrA achieved unwinding activity of up to 60% over the same time
course. In addition, Amersham also claimed that using E. coli DNA helicase ], the
highest unwinding activity achieved in their labs was 75%. Therefore, the low rate of
unwinding activity observed with DnaB and PfPREXpriheli was not duc to a fault with
the kit. Both PerA and E. coli DNA helicase I, unlike DnaB, are not hexameric DNA
helicases. Perhaps, the reaction conditions of the kit are not suited for hexameric DNA
helicases like DnaB and possibly for PIPREXpribeli, which is most similar to DnaB
helicase family and thus likely to take on a hexameric form to function. Currently we
could not come up with any function reasons that could be put forward forth to explain
why the assay did not work as well. Therefore, it is postuated that the conditions
required for these helicases to form the correct structure for DNA unwinding were not

provided, which may explain the [ower than expected unwinding activity.

The NTP requirements of the DNA helicase is also investigated. It appears
that PfPREXheli does not have major preference over the type of NTP it utilises for
hydrolysis. This trait can also be observed with the T4 DNA helicase and T7 DNA

helicase (Matson & Kaiser-Roger, 1996).
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The RT-PCR resuits suggest that PIPRTIX is transcribed as a single
transcript. Unfortunately, we were not able to obtain any Northern blot data to give the
size of the PfPREX transcript. However, in P. chabaudi, a 7 kb transcript of the
PcPREX homologue has been detected (C Janssen, personal communication). Towards
the end of this study, Le Roch ef a/ (2003) carried out a detailed transcriptome analysis
of Plasmodium falciparum. In this study, it has shown that PfPREXs transcription is
upregulated (data available in Appendix B) when the ring stages are developing into
trophozoites and continues into schizogony , which corresponds to the initiation of

DNA synthcsis as observed (Inselburg & Banyal, 1984).

The Western blot results obtained with the anti-PfPRIZXheli and anti-
PfPREXpri anti-sera supported the conclusions of the result obtained with anti-
PfPREXpol, that PfPREX is post-translationally cieaved. It was postulated that the
PfPREX would be cleaved into two fragmenls, (0 give one that contains the DNA
primase and DNA helicase domains and the other to contain the DNA polymerase
domain. The result obtained with anli-PFPREEXpol suggested that the DNA polymerase
domain is on a separate fragment. If the DNA primasc and helicase domains are
together on a singie fragment, the Western blot results obtained with both individual
anti-sera would show similar size bands. However, this was not what was observed, The
Western blot probed with anti-PfPREXpri anti-sera gave a band of the expected size of
approximately 88 kDa, but the blot probed with PfPREXheli anti-sera gave a multitude
of different bands and nothing at the 88 kDa mark. On the same blot, the anti-
PfPREXheli appeared to be cross-reacting with a polypeptide present only in the
uninfected red blood ccll lysate. It could be that the fusion protein sent for antisera

production is not pure and could be contaminated with some other proteins. In addition,
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the anti-PfPREXheli antisera have nol been checked against the recombinant
PPREXheli to ensure that it contains antibodies specific against the protein.
Nonetheless, the other Western blot results do suggest that the post-translational

cleavagé of PfPREX does occur.

Finally, the subcellular localisation of PIPREXpriheli was carried out to
help reveal the location of the protein iz vivo. The immunofluorescence results obtained
revealed similar conclusion as with the anti-PfPREXpol results. Both sets of results
agree that PIPREX does not localise to the mitochondrion but the results were not able
to tell us if PfPREX localised to the apicoplast. Due to the fact that the apicoplast is in
close association with the nucleus within Plasmodium (Bannister et af, 2000), when
DAPI (which stains both nuclear DNA and apicoplast DNA) is used to stain the cells, it
is difficult to tell the apicoplast DNA and nuclear DNA apart. However, a similar
staining pattern was observed with TITC fluorescence, where both anti-PfPREXpri and
anti-PfPREXhcli gave results that indicated the compartmentalisation of the products

that these antiscra were bound to.
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Chapter V1

The Evolution of Pf/PREX



6.1. Introduction

The discovery of a gene sequence, PfPREX that encodes three [unctional
domains, where cach may have a role to play in the replication/tepair of the plastid
DNA in P. falciparum raises a number of questions regarding its origins and evolution,
To help answer these questions, phylogenetic analysis on each of the individual
domains was carried out. This analysis has shed light on the evolutionary pathway that

led to the derivation of PfPREX in P. falciparum.

P. falciparum belongs (o the phylum of parasites called the Apicomplexa.
All members of the group are characterised by a complicated apical complex found at
the anterior of the cell. In recent years, they have been found to harbour a relict plastid —
termed the apicoplast. According to Gray (1992), all plastids ultimately derive from
cyanobacterial-like, prokaryotic organisms that were retained by a phagotrophic
eukaryote. They established an ‘endosymbiotic’ relationship whereby the ‘engulfed’
cell is retained in a mutually beneficial relationship with the host. In the apicomplexa,
the apicoplast too was derived from such an eveat, but instead of the eukaryote
engulfing a cyanobacterial prokaryote, it acquired a eukaryote that aiready harboured a
plastid. This is referred to as a secondary endosymbiotic event (Delwiche & Palmer,

1697).

The fact that many plastid genes and biochemical palthways are of
prokaryotic origin, agrees with the serial endosymbiosis theory of the origin of the
plastid. For example, P. falciparum contains a type Il pathway for fatty acid
biosynthesis, typical of bacterial-like systems and also utilised by plants. This indicates

that this pathway was inherited with the plastid in both P. falciparum and plants
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(Harwood, 1996). Given the plastid localisation of PfPREX, it was of interest to
determine whether the DNA polymerase, DNA helicase and DNA primase were derived
from a prokaryotic source, particularly a cyanobacterium. Therefore, a detailed
phylogenelic analysis was performed to test this hypothesis. Since PfPREX contains

three functional domains, the domains were analysed separately.

6.2. Phylogenetic analysis of DNA polymcrascs
6.2.1. DNA polymerase families

In recent years, with the boom in genome sequencing, many gene scquences
have been gathered and a large number of those encode DNA polymerases. These DNA
polymerases have been studied closely and phylogenctic analyses have been carricd out.
Thecy have been classified into various families and subgroups. The most cited work
was catried out by Braithwaite and Ito (1993) where they have placed DNA
polymerases into four distinet families (A, B, C and X). Recently, a new class (class Y)
has been added (Ohmori et ¢/, 2001). Braithwaite and Itos” (1993) phylogeny provided
the framework for the comparative analysis reported here. Filée ef ol (2001) have
attempted to analysc the evolution of DNA polymerase fanilies and have suggested that
there were multiple gene exchanges between cellular and viral proteins. These will be

discussed in later sections within the chapter.

BLAST scarches reported earlier (Chapter 3) indicated that the DNA
polymerase domain of PIPREX (PPREXpol) has highest similarity to the Aguifex
aeolicus DNA polymerase {(Genbank accession no: - AAC07735.1) (more recently,
Aquifex pyrophilus DNA polymerase [Genbank accession no: AAO15360.17) and
other prokaryotic type bacterial DNA polymerase I sequences, all of which belong to

the family A DNA polymerases, This preliminary data suggests that PIPREXpol groups
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within the family A group of DNA polymerases to which these bacterial DNA
polymerase 1 sequences belong (Braithwaite & Ito, 1993). Therefore, the phylogenetic
analysis was carried out with DNA polymerase I sequences from members belonging

to this family.

6.2.2. Alignment of DNA polymerases

The “type”-member representative of DNA polymerase family A is E. coli
DNA polymerase 1 which consists of a 5°-3” exonuclease domain, a 3'-5" exonuclease
domain and a DNA polymerase domain. PfPREXpol does not have a typical 5°-3’
exonuclease domain. In order to produce alignments of optimal phylogenetic content,
DNA polymerase | sequences that possess 5°-3° exonuclease domains used in the

alignments were culled to remove their 5°-3” exonuclease sequences.

Several DNA polymerase I sequences (some are selected based on their
recognition by PFPREXpol in BLAST searches) from various organisms were used for
the alignment. They included bacterial homologues, DNA polymerase I sequences from
bacteriophages and mitochondrial DNA polymerases gamma. A novel eukaryotic
nuclear DNA polymerase/helicase (Harris ef al, 1996), the N-terminal part of which is a
prokaryotic DNA polymerase 1-like sequence, was also used. This protein, Mus308
(NCBI accession number:- NP_851315) was first isolated and characterised in
Drosophila melonogaster and is also called DNA polymerase cta (Harris et al, 1996).
Mus308 orthologues are found in other eukaryotes including Homo sapiens to Mus
musculus. Filée suggested that the eukaryotic Mus308 could be of mitochondrial origin.

Therefore, it was of interest to include this sequence in our phylogenctic analysis.
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All of the sequences used in the alignment are listed and tabulated in Table
6.1. The table shows the full names of the organisms from which the DNA polymerase
scquences were taken and their database accession numbers. The alignment comprises

24 sequences alongside the PIPREXpol sequence,

The sequences were aligned first using the DIALIGN version 2 programme
(Morgenstern et @/, 1996) using the default settings (Section 2.11). DIALIGN relies on
the compartson of whole segments of sequence rather than single residues. Pairwise, as
well as multiple, alighments are constructed fiom gap-free pairs of equal length
segments, which are called diagonals. Thus this method is well suited to detect local
similarities on otherwise unrelated sequences. This preliminary alignment was carried
out fo enable us to determinc which part of the sequences should be culled in order to
retain the most phylogenetically informative sequence. [Essentially the 5°-3°
exonuclease domains of some of the sequences were removed as indicated in Table 6.1.
The culled alignment was realigned using ClustalX1.81 (Thompson ef al, 1994) using
the settings shown in Table 6.2, Clustal X is a global aligtment program for nucleotide
or amino acid sequences. It uses a progressive alignment algorithm (o align sequences.
In other words, it aligns more similar sequences before the distant sequences. So the
pairwise and multiple parameters were set as shown. The general rule of thumb for
choosing the parameters are:- the higher the gap opening (GO), the less frequent the
gaps and the higher the gap extension (GE), the shorter are the gaps. Therefore, the
settings were chosen to optimise our particular alignment. The full alignment is shown

in Appendix D.
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[Phyla Enzyme | Organism [ Shortened Length of | Genbank/ Reference
| Name sequence | embl accession
{a.2) no.
Bacteria | poll Mycobacterivm Myctu 904 AAB46393.1 Huberls &
tuberculosis Mizrahi ,
1995
poll Thermogata Thermogata 893 AAD36686.17 | Nelson ef w,
maritima 1999
poll Aquifex aeolicus A .aeolicus 574 AACD7735.1 | Deckert et
al, 1998
- poll Aquifex pyrophitus | A, pyrophilus | 574 AAO15360.1 | Direct
submission
poll Escherichia col E.coli 928 CAA23607.17 | Joyce et al,
1982
poli Salmonella S.typhimwium | 928 AAG43170.17 | Direct
tvyphimurivin submission
poil Thermus aquaticus | T.aquaticus 832 AAA27507.17 | Lawyer et
uf, 1989
poll Synechocystis sp Synechocystis | 986 'BAA10748.17 | Kaueko e
al, 1995
poll Rhizobium Rhizobiom 1016 AADA45559.1" | Huang e/ af,
leguminosarum 1999
Virus poll | SP6 phage SPg 849 AAP4RTS3,1 | Direct
submission
poll T7 phage T7 704 CAA24412.1 Dunn &
Studier,
1983
poli T3 phage T3 704 CACB6283.1 Pajunen et
' al, 2002
“poll | phiYe03-12 phage | phiYe03-12 704 CAB63614.1 | Pajunen et
al, 2001
poll Cyanophage P6D Cyanophuge 587 AAL73268.1 Chen & Lu,
2002
Yeast poly Saccharomyces Miplp 1254 CAAB9977.1 Direct
cercvisiae submission
Plants poll Arabidopsis A.thaliana 1049 AAMI3892.1 | Direct
thaliana submission
poll Oryza sativagi Rice 976 BABA40805.2 Kimura et
al, 2002
Fungi | poll | Dictyostelinm Dictyostelium | 1369 AAOI12053.1° | Direct
discoidenm submission
Insect poly Drosophila Fly 1145 AACA47290.1 | Direct
melanogaster subimission
Mamma! | poly Mus musculus Mouse 1238 AAA98977.1 | Direct
submission
poly Homo sapiens Human 1239 AACS0TI2.0 Dirsct
submission
polN Howmo sapiens polN 900 AANS52116.1 Direct
submission
poln Homo sapiens eta 1154 AADOS272.1 | Direct
subinission
polN Mus musculus MmpoIN 866 AAN39837.2 | Direct
submission

Table 6.1. The DNA polymerase sequences used for multiple alignment. The phyla, name of
organism, number of amino acids, type of pelymerase and the accession number of each DNA
polymerase sequence is shown, The shortened name of each sequence used in the aligninent is also
shown. The -+ signs indicate those sequences whose 5°-3° exonuclease domains are removed from the

alignment,
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Step Sequences Pairwise Multiple a.a matrix
parameters | parameters
1 All polymerases GO 10 GO10 | Gonnet
excluding 5°-3” exonucleuse GE 0.1 GE 0.1
domains )
2 Step 1 sequences excluding 3°-5 GO 10 GO 10 Gonnet
exonuclease domains (motifs A-C). GL 0.1 GE 0.1
Large gaps are removed.
DNA primase sequences GO 10 GO 10 Gonnet
GE 0.1 GE 0.1
- DNA helicase sequences GO 10 GO10 PAM250
GE 0.1 GE 0.1

Table 6.2. Various parameters used in ClustalX (.81 for the alignment of the DNA polymerase,
DNA helicase and DNA primase sequences. The sequences used, pairwise and multiple parameters are
shown. GO — Gap opening penalty, GE — Gap extension penalty. The amino acid substitution matrix used
is shown in the right most column.

The alignment revealed that the 3°-5’ exonuclease domains of the DNA
polymerases were relatively poorly conserved. Conservation was only observed within
the threec Exo motifs. Therefore, 1t was decided to use only the polymerase domains,
which spans the three key polymerase motifs A- C (Section 1.4.3.1.3). The alignment
was checked through by eye first before it was culled and realigned for a third time
using ClustalX 1.81. Positions that could not be aligned unambiguously were excluded
as they carried no phylogenectically useful information. Olsen (1988) also argued that
these parts of the sequences should be excluded from phylogenetic analyses. All of the
sequences retained the three key polymerase motifs. The alignment was checked
through manually and adjusted as necessary to improve the alignment. This final

alignment was then used for later phylogenetic analysis (Figure 6.1).
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Figure 6.1. Alignment of deduced amino acid sequences of DNA polymerase domains of DNA
polymerases from family A. Details of sequences used are shown in Table 6.1, alongside PfPREXpol.
These sequences were aligned using ClustalX 1.81. Black shading indicates identical amino acids; grey
shading indicates conserved amino acid substitutions. The numberings on the left hand side show the
relative position of the amino acid in the respective sequences. Motifs A, B and C are shown with
underlined text.
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6.2.3.  Generation of phylogenetic trees for the DNA polymerase domains

Phylogenetic trees for the family A DNA polymerases were generated using
MEGA (Molecular Evolution Genetic Analysis) software version 2.1 (Kumar ef al,
2001). The trees were created from the alignment (Figure 6.1) which comprised the
three key motifs found in family A polymerases. Four different types of trees were
generated with the alignment set. All trees generated were unrooted. Three trees were
generated using distance methods: Unweighted Paired Group Method with Arithmetric
Mean (UPGMA), Neighbour-Joining (NJ) and Minimum Evolution (ME) and one from
a character-based method, Maximum Parsimony (MP). Distance methods convert
aligned sequences into a pairwise distance matrix and then input that matrix into tree
building while character-based methods use a specific criterion to build a tree. This
criterion is then used to assign to each tree a score which is the function of the
relationship between tree and data. The distance trees inferred from the amino acid
scquences were computed on the basis of the Poisson correction in the MEGA
programme. Poisson correction is calculated as the distance between two amino acids
based on the assumption that the rate of amino acid substitution at each site follows a

Poisson distribution.

The four different methods were chosen to determine the stability of the tree
topologies, All four trees (Figure 6.2) showed six distinct clusters: - bacteria, plant,
mammal, bacteriophage, mifochondria (y) and Agquifex. Thc mitochondrial DNA
polymerascs (y) form their own cluster and atc not pairt of the family A cluster,
However, this differs from the conclusion of Filée et a/ (2001) who noted in thetr trees

that DNA polymerase y was only distantly related to bacterial DNA polymerase I, (also
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observed in our trees) but that it branched with the T7/T3 DNA polymerascs. This was

not observed with the (rees obtained in our phylogenetic studies.

P{PREXpol clusters very tighily with the Aquifex species of DNA
polymerasc sequences and sits more closely to the bacterial cluster of DNA
polymerases than to the eukaryote cluster, The bootstrap support for this particular
branching is very strong, with values ranging from 86 to 100 for all four trees.
Throughout the four trees, the lopology whereby the PfPREXpol sits within the Aguifex
cluster was maintained, which showed the stability of this branching. Aquifex is a
thermophilic bacterium, The similarity between PIPREXpol and Aquifex is without
precedent. Remarkably, in addition to the extraordinary similarity in sequence between
the . jfalciparum sequence and the Aguifex protein, the lasmodium protein also
encodes a thermophilic DNA polymerase with maximal activity as 75°C (Section
4.2.3.1). The optimum temperature for the activity of PIPREXpol was similar to that of
the Aquifex aeolicus (Chang et al, 2001) at 75°C. These findings suggest that the origin
of PfPREXpol might be from a thermophilic relative of Aquifex which was quite
unexpected and indicative of a relatively recent horizontal gene transfer. It is also
noteworthy that a DNA polymerase I analogue believed to be involved in the regulation
of chloroplast DNA replication in plants (Oryza sativagi) is clearly more distantly
related to PfPREXpol than are the Aguifex polymerases. This indicates that DNA
polymerases involved in the apicoplast and plant chloroplast DNA replication have

separate origins.
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Figure 6.2, Phylogenetic {rees generated by MECA. derived from the DNA polymerase alignment
(Figure 6.1). The boofstrap values (100 resamplings) are indicated on the branches. Unrooted trees were
generated using the distance method UPGMA (a), the NJ method (b), ME method (c) and MP methad {d).
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6.3. Phylogenetic analysis of the DNA helicase and DNA primase domains of
PPREX
6.3.1. DNA belicases and DNA primases

6.3.1.1. DNA primascs

IDNA primases are enzymes that are essential for DNA replication and their
activity is required at the DNA replication fork. The activity involves the catalysis of
synthesis of short oligoribonucleotides used as primers for DNA polymerases
(Kornberg, 1980; 1982). Most DNA primases can be divided into 2 classes: - class I
comprise bacterial and bacteriophage primases (Section 1.4.3.1.2) and class II contains
heterodimeric eukaryotic type primases. The prokaryotic primases are found to be
agsociated with replicative DNA helicases while the cukaryotic primases form a
complex with DNA polymerase alpha. All DNA primases share several key motifs, all

of which are found to be present in PfPREX (Scetion 3.3.2.1).

6.3.1.2. DNA helicases

Like the DNA primases, DNA helicases also play essential roles in DNA
replication. They are responsible [or the unwinding of double stranded nucleic acids
before DNA replicalion, repair or recombination. This reaction is dependent on encirgy
derived from nucleoside-5°-triphosphate (INTP) hydrolysis. Al DNA helicases share
several common motifs as discussed in Chaplers 1 and 3. These motify arc also
observed in PfPREX (Section 3.3.3). There are several classes of helicases including
superfamily (SF) 1 to 3 and the DnaB-like group. Along with the DNA primases, I have
also aimed to explore the phylogenetic relationship of PfPREXhcli alongside other
helicases in the hope of shedding light on their origin and on the overall evolution of the

extraordinary structure of PfPREX.
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6.3.1.3. DNA Helicase/Primase Organisation

Bacteria possess separately encoded replicative DNA primase and DNA
helicase. In E. coli, they are termed DnaG and DnaB, although their protein products
join in multimeric complexes. In bacteriophages, there are two distinct types of DNA
primase and DNA helicase system. One group is similar to the bacterial system (DNA
primase and DNA helicase are encoded separately e.g. P22 and T4 bacteriophages). The
second group comprise the T7(T3) and P4 bacteriophages in which their DNA primase
and DNA helicase are found on a single polypeptide (Figure 6.3). llyina ef al (1992)

investigated these one and two component DNA primase/helicase systems. Pronounced

Bacteria L

v el

Bacteriophages I

T7

Figure 6.3. Organisation of DNA primase/helicase systems in bacteria and phages. (Adapted from
Ilyina et al, 1992).

sequence homology was observed between the latter group and PfPREXpriheli in both
the DNA primase and also the DNA helicase domains. Given also that the primase-
helicase is fused and that Plasmodium has a tendency to fuse genes, it was of interest to

determine the relatedness of this protein with the others.
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6.3.2. Alignment of DNA primases

Several DNA primases from various organisms based on best homologies in
BLAST searches were included in the alignment. The DNA primase sequences ranged
from examples of the single component DNA primase/helicase systems of both bacteria
and phages and the two component ones from phages (Table 6.3). A sequence from
Arabidopsis was also included as it had homologues to this group. A total of 13
sequences were used in the DNA primase alignment, alongside the P{PREXpri

sequence.

The sequences were aligned first using the DIALIGN version 2 programme
(Morgenstern ef af, 1996) with the default seitings (Appendix D), as with the DNA
polyimerase alignment. The alignment was checked manually and large gaps were
removed. The culled alignment was realigned using ClustalX 1.81 (Thompson ef al,
1994) using the setlings as indicated in Tabie 6.2 and was checked and adjusted

manually.

From the alignment, a strong conservation at the N-terminus, of two pairs of
Cys/Cys or Cys/His residues was observed. This conserved motif is the zinc-binding
motif (Section 3.3.2). The zinc-binding motif is present throughout the bacterial and
phage primases. In addition to the zinc-binding motil, the DNA primase alignment
possesses another {ive conserved sequence motifs (Figure 6.4). This alignment was used

for the generation of phylogenetic trees.
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Phyla Organism Shortened Name | Length of | Genbank/emb! Reference
sequence accession no.
(a.a)
Virus P4 phage P4 777 CAD0GS54.1 Parkhill et of,
2001
T7 phage 17 566 CAA24405,1 Dunn & Studier,
1983
T3 phage T3 566 CAA35135.1 Direct
subinission
74 phage T4 475 AAA32554,1 Direct
submission
phiYe03-12 phiYed3-12 566 CAB63608.1 “Pajunen ef of,
2001
Cyanophage RP 331 AAL732606.1 Chen & Lu,
P60 2002
Pseudomonas oh-i” 544 AAO73154.1 Direct
phage gh-1 submission
Fukaryate | Arabidopsis Arabidopsis 709 | NP_849735.1 Direct
thaliana submission
Bacteria E. coli E.coli 581 CAA23531.1 Smiley ef af,
1982
Salmonella Salmonella 581 AAT22084.1 McClelland et
typhimurium al, 2001
Bacillus subtilis | B.subtilis 603 CART4464.1 Kunst ef af,
1997
Synechocystis Syne 635 BAA18229.1 Kanceko ef af,
sp 1995
Pseudomonas Pseudomonas 544 AANG67883.1 Nelson et i,
putida K12440 2002
Aquifex aeolicus | Aquitex | 498 AACO7430.1 Deckeit et al,
1998

Table 6.3. The DNA primase sequences used for multiple alignment. The phyla, name of organism,
number of amino acids, type of polymerase and the accession number of each DNA primase sequence is
shown. The shortened name of each sequence used in the aligmnent is also shown.

6.3.3. Alignment of DNA helicases

For the DNA helicase alignment, a total of 20 sequencesl were included
alongside PfPREXheli (Table 6.4). These sequences inchude two sequences, one from a
Pseudomonas phage gh-1 and a sequence {rom Pseudmonas putida, both of which were
hits in recent BLAST results obtained with PIPREXheli. Mus308 (NCBI accession
number:- NP _851315) (Harris et al, 1996), which was used in the DNA polymerase
alignment posscsses both a DNA polymerase and also a DNA helicase domain. The

DNA helicase domain is called HEL308 and has been determined to be most similar to
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the DNA helicases of the superfamily 2 (SF2) (Marini & Wood, 2002). Therefore, it

was of interest to include this sequence in our phylogenctic analysis for use as an

outgroup. The helicase moiety of a DNA primase-helicase reported in Arabidopsis was

also included.

Phyla Organisim Shortened Name | Length of | Genbank/cmbl Relerence
sequence | accession no.
{a.a}
Virus P22 phage P22 458 AAMSE1428.1 Direct
submission
[ T7 phage | T7heli 566 CAA24405.1 Dunn & Stadier,
1983
T3 phage T3heli 560 CAA35135.1 Direct
submission
74 phage T4heli 475 AADA2466.1 Direct
submission
phiYe03-12 phiYe03-12 566 CABG3608.1 Pajunen ef !,
2001
I Cyanophage P60 RP 531 AAL73266.1 Chen & Lu,
: 2002
| Pseudonionas gh-1 544 AAO73154.1 Direct
| phage gh-1 submission
Bacteria | £ coli E.coli 471 AAA23689.1 Nakayamaet af, :
: 1984
: Salmonella S.typhimurium 471 AAL23070.1 McClelland et
typhimurium al, 2001
Bacilfus subtilis B.subtilis 454 BAA05176.1 Moriya ef af,
1985
Pseudomonas P.putida 544 AANG7883.1 Nelson ef af,
putida KT2440 2002
Aquifex aeolicus Aquifex 530 AACO7803.1 Deckerl et a,
1998
Eukaryote | Arabidopsis Arabidopsis 709 NP_849735.1 Direct
thaliona submission
Drosophila D.melanogaster | 395 AAM27521.1 Direct
melanogaster submission
Caenorhabditis C.clegans 566 AAABI397.1 | Direct |
elegans submission
Homo sapiens HuTwinkle 685 AAKGD558.1 Spelbrink ef al,
2001
Mauts musculus MmTwinkle 684 AAL27647.1 Direct
submission
Homo sapiens HuHEL308 1101 AALBS274.1 Direct
submission
Mus musculuy MmHEL308 527 AALBS275.1 Marini &
Wood, 2002
Saccharomycey S.cerevisiae 542 CAABR166.1 Direct
cerevisiae submission

‘Table 6.4. ‘T'he DNA helicase sequences used for multiple alignment, The phyla, name of organism,
number of amine acids, type of polymerase and the accession number of each DNA helicase sequence is
shown. The shortened name of each sequence used in the alignment is also shown.
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The sequences were aligned (irst using DIALIGN and subscquently the same
process was carried out as with the DNA primases (Appendix D). Large gaps werce
removed from the alignment and then realigned using ClustalX1.81 using the settings
indicated in Table 6.2. Tive conserved motifs (Ilyina et al, 1992) can be found among
the group of DNA helicases in the alignment. Motif 1 and 2 correspond to the Walker A
and B motifs (Section 3.3.3) found in all NTP-binding proteins (Walker ef al, 1982).

The alignment obtained was used for the generation of phylogenetic trees (Figure 6.5).

6.3.4. Generation of phylogenetic trees for the DNA primases

Phylogenetic trees for the DNA primase sequences were generated using
MEGA (Molecular Evolution Genetic Analysis) software version 2.1 (Kumar et al,
2001). The trees were created {rom the alignment (Figure 6.4). As with the DNA
polymerases, four different types of trees were generated with the alignment set to give

an idea of the stability of the tree topology based on the given alignment.

All of the four trees (Figure 6.6) showed two distinct clusters:- T7/T3 group
versus the bacteria/T4 group, PfPREXpri appeared to branch with the T7/T3 group with
100 hootstrap support for the maximum parsimony method while for the distance based
method, bootstrap support was 74 to 100. P{PREXpri is most closely related to the
cyanophage P60 (RP/Podoviridae) DNA primase (Chen & Lu, 2002). For the
T4/bacteria group, the members within the cluster include the other bacterial
homologues of DnaG although some of the bootstrap support within the group is not
strong. Most importantly, the PIPREXpri node is well supported which implied that the
relationship of PfPREXpri with the T7/T3 group is stable. It was of interest too to

determine whether the PfPREXheli sequence also branches with the T7/T3 group of
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DNA helicases whereby the T7/T3 bacteriophages also belong to the same family,

Podoviridae as cyanophage P60.

6.3.5. Generation of phylogenetic trees for the DNA helicases

For the DNA helicases, the same four methods of tree building were used,
based on the alignment shown in Figure 6.5. Phylogenetic analysis revealed that the
eukaryotic T7-like Twinkle DNA helicases form a sister group branch with the T7/T3
group of DNA helicases with strong bootstrap support in all four trees. Filée et of
(2003) had previously observed this, where the Twinkle-like sequence, including
PIPREXheli sequence as a sister group with the T7/T3 phage sequences. These
eukaryotic T7-like DNA helicases have been proposed to be of mitochondrial origin.
Filée er ol (2003) postulated that as mitochondria were derived from a «-
proteobactetium, the Twinkle-like DNA might be derived from a horizontal gene
transfer event from a T7/T3 phage. This is reminiscent of the situation observed with

the mitochondrial RNA polymerase (Hedtke ef al, 1997).

Both the DNA primase and DNA helicase of PIPREX cluster with the T7-
phage like proteins. This indicates a common origin. It is possible that the DNA primase
domain has been secondarily lost in other Twinkle-like DNA helicase of eukaryotic
mitochondria, but is retained in Plasmodium. Possible evolutionatry scenarios will be

discussed in the next section.
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phiYe03-12 191

3 191
T 191
gh-1 191
P.putida 189
RP 178
S.typhimurium 185
E.coli 185
P.aeruginosa 186
Aquifex 181
B.subtilis 184
Synechocystis 189
Arabidopsis 210
P4 212
PfPREXpri 191
T4 189

Figure 6.4. Alignment of deduced amino acid sequence of DNA primases. Details of sequences used
are shown in Table 6.3 alongside PfPREXpri. These sequences were aligned using ClustalX 1.81. Black
shading indicates identical amino acids; grey shading indicates conserved amino acid substitutions. The
numberings on the left hand side are the relative positions of the amino acid in the respective sequences.
Motifs 1-6 are underlined with text.
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Figure 6.5. Alignment of deduced amino acid sequence of DNA helicases. Details of sequences used
are shown in Table 6.4 alongside PfPREXheli. These sequences were aligned using ClustalX 1.81. Black
shading indicates identical amino acids; grey shading indicates conserved amino acid substitutions. The
numberings on the left hand side are the relative positions of the amino acid in the respective sequences.
Motifs H1-H4 are underlined with text.
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6.4. Discussion

Work in this chapter aimed to seek the evolutionary origins of Pf/PREX — a
gene that encodes several proteins likely to be involved in the replication of plastid
DNA. Plasmodium has 4 tendency o [use genes of related functions (Section 1.4.1) e.g.
DHFR-TS, ODC-AdoMetDC, G6PD-6PGL etc. In the case of the DNA primase and
DNA helicase domains, there are precedents where these two proteins are fused. This is
the case in T-odd bacteriophages which belong to the Podoviridae group. In P(PREX,
the phylogenetic analysis points to both the DNA primase and DNA helicase domains
branching with similar proteins from this group of T-odd bacteriophages. Therefore, it
seems likely that the DNA primase and DNA helicase domains were fused prior to their
appearance in PIPREX. Intriguingly, the T7 DNA helicase protein is also found in
many eukaryotes — where in some of them, this protein localises to mitochondria
(Spelbrink ef al, 2001). Leipe ef af (2000) looked in detail at the evolution of the DnaB
proteins in Eukaryota. In that study, they observed that the DnaB found in chloroplasts
are highly similar to the bacterial ones. Therefore, it was proposed that these DnaB
sequences had been vertically inherited via the bacterial endosymbiont — the origin of
the plastids. In addition, their phylogenetic analysis found thai eukaryotic DnaB
homologues grouped with the T-odd bacteriophage proteins. This is the same scenario
observed in this chapter (Figure 6.7). However, unlike the results reported by Leipe et
al (2000), this relationship observed in our phylogenetic trees, obtained strong statistical
support (Figure 6 .7). However, the study of Leipe et af (2000) was done prior (o the
discovery of the other T7-like mitochondrial associated eukaryotic sequences. Filée et
al (2003) carried out a similar study. In their study, it was observed that these T7-like
eukaryote DNA helicases form a sister group to the T7/T3 bacteriophage DNA

helicases. Incidentally, Filée ef af (2003) also included the P. chabaudi Poml sequence
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that corresponds to the PIPREXheli sequence in their phylogenetic analysis and the
same branching was observed whereby PIPREXheli sat within the T7-like sequences
(1'winkle), forming a sister group with T7/T3 bacteriophage sequences. However, the
Twinkle-like sequences are found to be mitochondrial and as mitochondtia were
derived from a o~proteobacterium, mitochondrial DNA helicase might be expected to
more closely related to the bacterial ones if they were derived from the DNA helicase of
the endosymbiont. The results obtained indicated that these eukaryote Twinkle
sequences originated from a T7/T3 bacteriophage rather than a bacterium. This scenario
is similar to that of mitochondrial RNA polymerase which also has a bacteriophage

origin (Hedtke ef al, 1997).

One sequence found in the databases is of particular interest, An Arabidopsis
sequence that Leipe et al (2000) also included in their analysis, has the same domain
architecture as with PfPREXpriheli and the phage proteins, whereby the DNA primase
and DNA helicase domains are fused together. Leipe et al (2000) saw this conservation
of architecture and proposed that it was due to a horizontal gene transfer event via a
bacteriophage. Like the PIPREXpriheli sequence, the Arabidopsis sequence contains an
N-terminal target sequence and is predicted by various programmes ranging from
Chlorol’, MitoProt and Predotar to have potential chloroplast and potential
mitochondrial localisation. We were interested to find out if the DNA primase and DNA
helicase in both sequences originated from the same source. In the DNA helicase trees
(Figure 6.7), the Arabidoposis sequence belonged to the T-odd bacteriophage clade
whereas, PIPREXhcli clustered together with the cukaryotic T7-like DNA helicases.
The DNA primase domains of both, on the other hand, clustered together with the T-

odd DNA primase sequences, but with weak statistical support (Figure 6.6), These
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resufts seem to suggest that the DNA helicase domain of both Arabidopsis and PIPREX
(and possibly the primase domains) were obtained at different points in evolution. Both

sequences appear to have originated from T-odd bacteriophages.

The fact that the Twinkle proteins are associated with the mitochondria in
most species in which they are found, indicates that the DNA primase-helicase is
ancestrally mitochondrial. The fact that the targeting sequence at the N-terminus of
PIPREX directs proteins to the plastid, indicates that a role in plastid DNA replication
was acquired secondarily in apicomplexans. Genes originally involved in mitochondrial
functions, that later evolved separate functions are common and a 17-like RNA
polymerase initially involved in mitochondrial transcription is also known to have taken
a secondary role in plastid transcription in plants (Hedtke ef al, 2000). These data seem
to give rise to two possible hypotheses for the presence of such sequences in
cukaryotes. The first h is that a horizontal gene transfer occurred between a phage and
either the mitochondrion or the nucleus of a eukaryotic cell that was the ancestor of all
of those species carrying Twinkle-like helicase today. Given that it appears that T7-like
genes have entered eukaryotic cells on more than onc occasion (hence the divergence
between the Adrabidopsis helicase/primase and P{PREX), it seems possible that
horizontal gene transfer from bacteriophages to eukaryotic cells has occurred more than
once. A second hypothesis is that the o-proteobacterium that inittally gave risc to the
mitochondrion, was itself infected with a bacteriophage whose remnants can now be
traced in these fossils. In the case of the apicomplexans these genes secondarily gained
plastid-targeting sequences and are now involved in the plastid DNA replication

instead.



1t seems probable that uniquely in the Apicomplexa, the DNA primase-DNA
helicase domains fused into a single gene with a DNA polymerase. Extraordinarily, the
DNA palymerase domain is most closely related to bacterial DNA polymerase 1, and
most closely to thermophilic DNA polymerase 1 of Aquifex spp. The Plasmodium DNA
polymerase is also rather thermophilic (Section 4.2.3.1) and like the Aguifex proteins,
lacks 3’-5" exonuclease domain. It secems probable that this gene entered the ancestral
apicomplexans by horizontal gene transfer (the same DNA polymerase is found in other
apicomplexans e.g. Toxoplasma and Theileriu) — although the point in time and

mechanisms of this event remains elusive.
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Chapter VII

General Discuassion



A gene encoding a plastid DNA replicase, P/PREX, from Plasmodium
Jalciparum has been cloned and expressed in £. coli. The full-length protein is composed of
three tfunctional domains, a DNA primase, a DNA helicase and a DNA polymerase. The C-
terminal domain encodes a DNA polymerase, with 25-30% identity to prokaryotic DNA
polymerases from family A. Homology scarches identified the three motifs, A
(DFKQIELK), B (AINFGLIYGM) and C (LCVHDE) conserved among these family A
DNA. polymerases (Delarue e 4/, 1990) in PIPREXpol. In addition, it possesses a 3°-5°
exonuclease domain common to this class of enzyme, but no 5°-3” exonuclease domain is
found on the same enzyme. The N-terminal domain encodes hoth a DNA primase and a
DNA helicase. The DNA helicase part of PEPREX has the highest similarity to a protein
called ‘“Twinkle’, which is a eukaryotic mitochondrial T7-like DNA helicase, This domain
contains five key motifs (Ilyina ef af, 1992), including the Walker A and B motifs, which
are found in all DNA hclicascs and NTP-ulilising enzymes. The DNA primase domain
revealed less homology to other DNA primases, however all of the key DNA primase

motifs identified elsewhere (Ilyina et al., 1992} can be located within the PIPREXpri

domain.

Since the PPREX gene was over 6 kb in length and possessed a verv high A-T
content, it was foresecn that attempts to clone the gene in its entirety in E. coli would prove
difficult, if not impossible. Therefore, the gene was cloned in two separate parts, one
containing the DNA helicase and DNA primase domains and the other containing the DNA
polymerase domain. Initial attempts to clone the DNA polymerase domain into an E. coli

expression vector, frequently used in the laboratory, pET-16b (Novagen), failed, Next, the
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DNA polymerase domain was cloned into a Strep-tag vector, pASK-IBA (Sigma). The
reason for chousing to use this expression system was because of the success of another
Plasmodiym protein (ornithine decarboxylase, s-adenosylmethionine decarboxylase) using
this system (Miiller ef o/, 1999). Various approaches were taken e.g. introducing the strep-
tag as both an N-terminal and a C-terminal exlension, in the hope that cither would allow
the expression of the recombinunt protein. This did not work, thus another approach was
tested, whereby an additional plasmid was iniroduced into the E. coli cxpression strain.
This plasmid (RIG) (Baca & Hol, 2000) carrics the genes that encode three tIRNAs (Arg,
Ile, Gly) cloned from E. coli. These genes direct the constitutive expression of IRNAs that
recognise the codons AGA/AGG (Arg), ATA (Ile) and GGA (Gly). Since these codons are
used more frequently in Plasmodium, the increased levels of the three tRNAs may help E.
coli to better translate the Plasmodium mRNA and thus increase the yield of the
recombinant Plasmodium protein. However this approach did not increasc the yield of the
expressed protein. Finally, the Gateway Cloning system (Invitrogen) was used for cloning
PIPREXpol. The DNA polymerase domain was successfully cloned and expressed to high
levels using the pDEST17 vector (Chapter 4). The DNA helicase/DNA primase domain
was also functionally expressed using the pDEST17 construct but only a low yield of the
recombinant protein was obtained with this system. The construct was moved into pET-
DEST42 vector which introduced a C-terminal His-tag as opposed to a N-terminal His-tag,
and a pDESTI1S vector which had a N-terminal GST-tag. Overall, the pDEST15 construct
gave the highest yield of protcin and was the final construct used for the production of the

recombinant PfPREXpriheli.
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PCR experiments using a variely of oligonucleotides from within the sequence
of cach domain confirmed the identity of each construct. Attempts were also made to
sequence each construct. However, with the Gateway vectors, the presence of the aff
recombination sites which contain large inverted repeats, posed a problem for sequencing
and the rcason being that the inverted repeats tend to form large loops, which prevents
sequencing polymerase from progressing. More than ten sequencing attempts on each clone
were made to try to sequence the final constructs. The constructs were even shuitled from
one vector to another vector (as recommended by Invitrogen) in efforts to eliminate the
scquencing problems, but to no avail. Finally, only the pDES1T15pribeli construet was
successfully sequenced and its sequence was shown {o be identical to that in the database.
The pDESTpol could only be partially scquenced (approximately 2 kb), and the sequence
obtained was as predicted. I also tried to re-amplify the DNA polymerase domain from the
pDEST17pol construct to climinate the w# sites and subclone into pGEM-T vector
(Promega) for scquencing. The problem encounlered with this construct was the same as
the Gateway vectors, whereby only the forward primer gave any sequence reads, while the
reverse primer was read back into the vector sequence. Regreitably, we ran outl of time to
sequence the remaining constructs although PCR amplification consistently indicated that

they contained the expected inserts.

The study was able to demonstrate that PA/PREX does encode for functional
DNA polymerase, DNA helicase and DNA primase activities. All of these activities were
characterised from the corresponding recombinant proteins. First, the PIPREXpol was

shown to possess both DNA. polymerase activity and 3°-5” exonuclease aclivity, while the
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PfPREXpribeli recombinant protein was found to possess both DNA primase and helicase
activity. The characterisation of all activities was limited and future work should focus on
characicrising each activity in morc detail. Given the probable essential role of each protein
in replication of the Plasmodium plastid DNA — an ultimate goal would be to seek specific

inhibitors of the proteins that could represent lead compounds in chemotherapy of malaria.

All of the Plasmodium homelogues of PfPREX found in other Plasmodium
species possess putative plastid targeting sequences, which suggests that the PREX protein
is targeted to the plastid. Therefore, experiments were designed to confirm this.
Unfortunately, the indirect immunofluorescence method could not be optimised to give a
clear answer to the localisation of the PREX protein in Plasmodium. DAPI was used to
stain the nuclear DNA and also the plastid DNA, but due to the close proximity of the
nuclear DNA to the plastid DNA, it was impossible to differentiate these two diffcrent
DNA structures, An in sifu hybridisation method was used to localise the plastid DNA and
to see if the anti-sera that binds to PIPREX protein would give a staining pattern that
overlaps the staining pattern of the plastid DNA. Therefore, due to the limitations of both
methods, no conclusions could be drawn from the data generated. Hence, a collabration
was set up with Dr Shigeharu Sato (NIMR, Mill I1ill) who devised a method using GFP
technology (Sato, ef al, 2003) to target both the mitochondrion and the plastid in
Plasmodium. He vsed the same method to make GFP constructs containing the plastid-
targeting scquence of PPREX (the first 120 amino acids) to see if’ the sequence does

localise GFP to a plastid location. Figure 7.1 shows the results obtained in his experiments,

209



'74dSSd st 1onnsuod

d4D 10] pPasn 10103 ‘d40D Pue J3NORNONA ‘ISYI0H 3 Wwolj safewn a1y} ay) woy pasoduwiadns arom saFewt ay) pue Adoosooru
22uadsaloN Aq paurelqo a1am safeun ay ] "(u2213) 10 "A[2An02dsal UOLIPUOYI0)IW PUB SNIINU Y] UIL)S 0] Pasn A1om (PALY L)
SOIX-CH-JAD Py 19)o_NONA pue (an]q: LH) ZHECE ISYIR0H "1oNIsuU0d 440 souanbas-1apes] Xdid (D) pue 1onnsuod 490 Iapes)
-dOV (g) 1on1su0d J.40 19pes[-09dSH (V) ‘wnindiop/ -4 ui sjuepajsuen ui passaidxa sasuanbas 1opes| Fururejuod 440 “1°L 2msi4




Dr Sato also carried out two sets of control experiments. In the first of these, the
leader sequence from the HSP60 protein from Plasmodium was cloned into a GFP
construct and transfected into Plasmodium. Vigure 7.1A shows the result of that
experiment. One can observe the overlapping of two fluorescence signals, the red
belonging to the Mitotracker and the green to the GFP, which metged to yield a yellow hue.
This was indicative that the HSP60 leader sequence was directing GFP into the
mitochondrion. The second set of transfectants contained the GFP constructs with the ACP
leader sequence (Figure 7.2B). This time, the red and green {luorescence were observed as
separate entities. In addition, the green fluorescence resembled that of an organellar
localisation. Furthermore, ACP has been previously shown to localise ta the plastid (Waller
et al, 1998). The transfectants containing the GFP constructs with P{PREX leader sequence
were observed with the same fluorescence pattern as those with the ACP leader sequence.
Therefore, the PIPREX leader sequence is concluded to direct GFP into the plastid as with
the ACP. In addition, Dr Sato has abtained double transfectants containing GFP with the
ACP leader sequence and red fluorescent protein (DsRed) with PPREX leader sequence,
which shows that PIPREX does co-localise with ACP and goes to the plastid (data not

shown).

The functional characterisation of the different subunits and the presence of the
plastid-targeting sequence at the N-terminus of PfPREX, indicate that P/PREX encodes
several key components of the replication machinery of the plastid. One might assume that
since these replication protcins are associated with the plastid, they could have been

derived from the primary endosymbiont from which the plastid is evolved. The primary
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endosymbiont is generally accepted to have a eubacterium. Therefore, we would expect the
DNA helicase, DNA primase and DNA polymerase of PFPREX to have originated from a
eubacterial source. However, the results of the phylogenetic analysis indicate otherwise and
have cast an interesting light on an alternative origin of the PPREX gene. Not only was the
origin of the DNA polymerase domain different from that of the DNA hclicase and DNA
primase domains, the results indicated a rather complex origin of the gene, which might
have involved more than one gene transfer event. First, the DNA pelymerase domain was
shown (o be mast closely related to the Aguifex DNA polymerase, Aguifex is a thermophilic
bacterium belonging to the Archaebacteria group. Not only is the sequence most closely
related to the Aquifex protein, both also lack the 5°-3’ exonuclease domain and the
Plasmodium protein is optimally active at high temperature (75°C) as is that of the Aquifex
protein. The likely explanation of this relation is that a horizontal gene transfer (HGT)
cvenl had occurred such that the 4quifex-like DNA polymerase was introduced into the
apicomplexans and replaced the original plastid DNA polymerase by non-orthalogous gene
displacement. This event must have happened relatively early on in the evolution of the
apicomplexan ancestor as the PREX homologues containing this DNA polymerase domain,
can be found in several other apicomplexans and among Plasmodium species, However, it
is not possible to pinpoint where and when exactly the HGT occurrcd. Also noted is that
plants ¢.g. Orpza (rice), appear to possess a plastid DNA polymerase of different origin as
shown in Figure 6.2. The Oryza plastid DNA polymerase though related to the family A

DNA polymerase did not cluster with PIPREXpol.
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Even more interesting, the phylogenetic data obtained with the DNA helicase
and DNA primase domains of PfPREX suggest that these two appear not to be typical
eubacterial descendents. Instead, both the DNA primase and DNA helicase were shown not
to cluster with the bacterial homologues, but to cluster most closely with the T-odd
bacteriophages. This situation is similar to the case of mitochondrial RNA polymerases
(Hedtke ef al, 1997). Therefore, it was proposed that the original mitochondrial RNA
polymerase was replaced by the bacteriophage one (Forterre ef al, 1999). Furthermore, the
T-o0dd bacteriophage-like RNA polymerase was observed to be widespread throughout the
eukaryotic lineage (Cermakian et af, 1996). Other recent studies have also noted the close
relationship between sotne eukaryotic DNA primases and DNA helicases with these T-odd
bacteriophage sequences (Filée et al, 2003, Leipe ef af, 2000), which was also obsetved in
this study. As discussed in Chapter 6, the phylogenetic data obtained support the proposat
that along with these eukaryotic sequences, PfPREXpriheli was derived from a T-odd
bacteriophage origin. Two hypotheses can be put forward (Section 6.4) to iry to explain the
presence of such sequences in Plasmodium. The first involves a HGT event involving a
phage and the eukaryotic ancestor. The second suggests that the original a-proteobacterium
that gave rise to the mitochondrion harboured a T-odd bactertophage, which left behind the
DNA primase and DNA helicase as molecular fossils. In this latter case, the T7-like RNA
polymerase may have been part of the same phage that infected the mitochondrion. The
fact that the DNA helicase domain is also found in many other eukaryotic mitochondria, as
with the Twinkle protein, does support an ancient introduction of the phage gene. However,
a DNA primase-helicase also related to T7-like primase-helicase but clearly distinct from

the PIPREX protein and the Twinkle-like helicases is also present in the Arabidopsis
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genome and may also play a role in organellar DNA replication. This demonstrates that the
T7-like genes have entered eukaryotes on more than one occasion which weakens the
second argument that the protomitochondrion carried an infecting phage. Further
arguments against this theory include the fact that T-odd phages are known to infect a
select group of proteobacteria; but they are not known to infect ricketisial-type o-
proteobacteria (Hausmann, 1988). Therefore, it scems unlikely that the protomitochondrion
which originated from a-proteobacterium was indeed infected by a T-odd phage. The
second argument is T-odd phages are virulent, lytic phages; they infect a host and multiply,
which leads to the destruction of thc cubacterial host cell, Thus, it is unlikely that a
eubacterial endosymbiont harbouring such a phage could have been present in the host long
enough to allow it to be integrated into a mitochondrion. Ience, the overall scenario does
not support the above theory. However, irrespective of its origin, the PfPREXpriheli had
somehow gained a plastid targeting sequence and is now involved in the plastid replication

machinery.

Due to the natwe of Plasmodiun’s penchant for combining related genes
together, we have here an example, whereby Plasmodimwn has stuck three genes encoding
DNA replication proteins altogether. This study has cstablished that due to topological
constraint, it is most likely that the PfPREX protein is post-iranslationally cleaved, in order
for each of the replication enzymes to work at its optimum, So far, there are other such
multifunctional proteins found in Plasmodium, as discussed in Section 1.4.1. Interestingly,
Lipps et al (2003) recently discovered another such multifunctional DNA replication

protein in a thermoacidophile archaeon, Sulfolobus islandicus. The ORF904 encodes an
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ATPase, DNA primase and a DNA polymerase, functionally similar to PIPREX. They
proposed that the ORF904 could be a relict of an evolutionary old but independent DNA
replication protein. Another example of a multifunciional DNA replication enzyme is the
Mus308 in cukaryotes which possesses both a DNA helicase and a DNA polymerase
domain. Given time, one may find more of these types of multifunctional replication

proteins spread throughout the various kingdoms of organisms.

Most importantly, the discovery of this gene, P/PREX which encodes a plastid
DNA replication machinery, has shed some light on the complex cvolutionary path that has
led to the modern apicomplexan order. The study has also opened the possibility that this
protein can be used as a drug target. By disabling the plastid DNA replication machinery,
one can kill the parasite and prevent it from continuing its life cycle in the host. It is hoped
that this protein will provide a specific target for future drugs used in combating the

discases caused by apicomplexan parasites.
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APPENDIX A

1. Media

Luria-Bertani Broth

10 g NaCl

10 g Tryptone

5 g Yeast [Ixtract

Make up to 1 itre with distilled water with pH adjusted to 7.0 with SM NaOH before

autoclaving.

SOB

20 g Bacto-Tryptonc

24 g Yeast Extract

0.5 ¢ NaCl

2.5mi IM KCl

900 ml H,O

Adjust pH to 7.0 with 10M NaQOH and add H,O to 990 ml. Sterilise by autoclaving and

store at room temperature. Before use, add 10 ml sterile 1M MgCls.

SOC

ldentical to SOB medium, except it contains 20 ml sterile 1M glucose.

2. Buffers

PBS

10X

80 g NaCl

2g KCl

26.8 g NapHPO4-7 H,O

2.4 g KH,POQy

800 ml H,O

Adjust pIH to 7.4 with HC} and sterilise by autoclaving.
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Denhardt’s Solution

250X

50 g Ficoll 400

50 g polyvinylpyroolidone

50 g BSA

600 mi H,O

Adjust volume to 1 litre with H,O. Divide in aliquots and store at —20°C.

DTT

M

3.085 g DTT

20 ml 10 mM Sodium acctate (pI 5.2)

Divide into 1 ml aliquets and sterilise by filtration. Store at —20°C.,

0.5M EDTA (pH 8.0)
186.12 g Na;IDTA-2 11,0
Adjust pH to 8.0 with NaOH and adjust volume to 1 litre with H;O. Sterilise by

autoclaving.

MgCl,

M

203.31g MgCl,
800 ml H,O

Adjust volume to 1 litre with HQ. Sterilise by autoclaving.

MOPS

10X

41.85 g MOPS

6.8 g sodium acctate

800 ml DEPC-treated H,O

Add 20 ml of a DEPC-treated 0.5M EDTA and adjust pH to 7.0 with 10M NaOH.
Adjust volume to 1 litre with DEPC-treated 11,0, Protect from light and store at 4°C.

Sterilise by autoclaving.
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NaQAc

3M

408.24 g sodium acctate

800 ml H,O

Adjust to pH 5.2 with glacial acetic acid and adjust volume to 1 litre with H;O. Sterilise

by autoclaving.

NaCl

5M

292.2 g sodium chloride
8C0 ml H,O

Adjust volume to 1 litre and sterilise by autoclaving.

SDS

10%

100 g SDS

900 ml H,O

Heat to 68°C to dissolve crystals and adjust pH to 7.2 with HCL. Adjust volume to 1
litre.

TCA

100%

500 g trichloroacetic acid
227 ml H,O

TRIS
IM

121.14 g TRIS
800 ml H,0
Adjust pH to desired value by adding concentrated HCI. Adjust volume to 1 litre with

H,0 and sterilise by autoclaving.
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SSC

20X

175.3 g NaCl

88.2 g sodium citrate

800 ml H,0

Adjust pH to 7.0 with HC! and make up to 1 litre with H,O. Sterilise by autoclaving.

TE

1X

10 ml IM TRIS

2mli 0.5M EDTA (pH 8.0)

Mix and adjust volume to 1 litrc with H,O. Sterilise by autoclaving.

3. Buffers for electrophoresis of DNA

6X Loading buffer
0.25 % bromophenol blue

40 % (w/v) sucrose

50 X TAE hutfer
242 g TRIS
57.1 mi Glacial acetic acid

Make up to 1 litre with H,O. Dilute to 1X prior to use.

(R P N

4. Buffers for electrophoresis of RNA *

20X Northern gel buffer

96.5 g NapHPOq4

5.5 g Na;PO4

Make up to 1 litre with DEPC-ireated HyO.

I A T T

1X Northern gel buffer
50 m] 20X northern gel buffer
88 ml formaldehyde




860 ml DEPC-treated H,()
Make up to 1 litre with DEPC-treated HyO.

RNA sample buffer

50 % glycerol

I mM EDTA

0.4 % bromophenol blue

DEPC-treatment (per 100 ml)
0.01% DEPC or 0.1 ml DEPC to 1000 m! of a solution (e.g. H20)
Shake and incubate overnight in a fume hood. Autoclave the solution to inactivate the

remaining DEPC.

5. Buffers for the electrophoresis of proteins

10% Ammonium persulphate (APS)

ig APS

8 ml HyO

Adjust volume lo 10 ml with HyO. Store at 4°C.

10X Running Buffer
10 g SDS

30.3 g 'IRIS

144.1 g Glycine

800 ml IO

Make up to 1 litre and dilute to 1x priot to use.

2X SDS PAGE sample buffer
10 ml 1.5M Tris (pH 6.8)

6 ml 20% SDS

30 mi Glycerol

13 ml p-mercaptoethanol

1.8 mg Bromophenol blue
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Adjust volume to 100 ml with H,O. Aliquot in 10 ml stock solution.

10% Resolving gel (10 ml volume)
4 mi H>O

3.3 ml 30% acyl-bisacrylamide mix
2,5 ml 1.5M TRIS (pH 8.8)

0.1 ml 10% SDS

0.1 ml 10% APS

10 ul TEMED

5% Stacking gel (5 ml volume)

3.4 ml H,O

0.83 ml 30 % acryl-bisacrylamide mix
0.63 ml 0.5 M TRIS (pH 6.8)

50 pl 10% SDS

50 pt 10% APS

5 pl TEMED

Coomassie Blue staining solution
2.5 g Coomassie Brilliant Blue R-250
450 ml Methanol

100 mf Acetic acid

400 ml H,O

Adjust volume to 1 litre with HO.

Coomassie Blue destaining solution
450 ml Methanol

100 ml Acetic acid

400 ml H;O

Adjust volume to 1 litre with IO,

6. Buffers for Western blotting

10X Transfer buffer
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24.22 ¢ TRIS
112.5 g Glycine
Make up to [ litre with I1;O.

Use at 1 X - 100 ml 10X stock, 200 m! methanol and 700 ml H,O. Prechill at 4°C,

10X TBS
24.22¢ TRIS
80 g NaCl

Adjust pH to 7.6 and make up to 1 litre with H;O. Storc at 4°C.

Ponceau S solution
0.5 % Ponceau S

1% Acetic acid

7. Buffers for indirect immunofluorescence

Blocking buifer
0.01% Tween 20
0.05% Sodium azide
1% BSA

Make up in PBS.

Immunobuffer

01 MTRIS,pH 74
2.3 M NaCl

0.01% Tween 20

1% BSA

0.05% Sodium azide

8. Buffers for fn sifu hybridisation

Hybridisation buffer
37.5 % formamide
2X 8SS8C

1 mM TRIS, pH 7.2
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T e te

0.1l mM EDTA
10% Dextran sulphate
1 pg Herring sperm DNA

Petcetion buffer
4X SSC
0.2% Tween 20
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APPENDIX B

Le Roch et al (2003) transcriptome analysis data for P/PREX from Plasmodb

website

¥. Expression data for chr14.gim_129 ¢
fiione | cowioade L ode 1 Ghiones | Buisy LN |_cmstins LSt bun s LB el

DeRisi Plasmodium falciparum HB3 time course microarray data
Averaged and normalized data for array element(s): N150_19

(see below for raw data)

PlasmoDB gene chrid.glm_129 / Array element(s): N150_19
DeRisi Plasmodium falciparum HB3 lifecycle Study

O

14
0 3. —
\'-..f-ﬂ

-14

-2

T T T T YT T T T Y T TN T T N T T T T T T T T T T T T T T T T Y Y T T T T T T YT
0 4 B8 12 16 20 24 28 32 36 40 44 48

DeRisi Lab. Malaria Transcriptome Database: chr14.gim_129

PlasmoDB gene: chri4.glm_129

Raw expression data for array element N150_19

x-axis:

Time in hours after adding synchronized
culture of HB3 parasites to fresh blood

y-axis:
log base(2) of Cy5/Cy3 ratio

blue plot:

smoothed normalized log base(2) of Cy5/Cy3
for chrl4.glm_129

normalized log base(2) of Cy5/Cy3 for
chrld.glm 129

(some time points are averaged values from muitiple replicates)
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Array element(s): N150_19
DeRisi Plasmodium falciparum HB3 lifecycle Study
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100]
0

DeRisi Lab. Malaria Transcriptome Database: N150_19

x-axis:

Time in hours after adding synchronized
culture of HB3 parasites to fresh blood

y-axis:

raw expression value (65535 = saturation)

red plot:

raw expression values for Cy5 (experimental)
channel for N150_19

green plot:

raw expression values for Cy3 (control)
channel for N150_19

»Download raw data for N150_19
(in tab-delimited format)

@ Percentile graph for N150_19
»Download tab-delimited percentile data

PlasmoDB Version: 4.1

standiim S 902
PlasmoDB Date: 2003/08/01 Plasmodium Sequence Release Date: 202/10/03
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Plasmodium falc;pa/um / CHR 14 / chr14.glm_129 / Expression
0 3502) POM1 [Plasmodium chabaudi cha
rotein coding gene predicted by GlimmerM

THIS PAGE: Microarrays~ Ben Mamoun time seriesv Scripps/GNF Lifecycle» DeRisi HB3 study~
ec. datav Features(G

LINKS TO Summary» Gene model» DNA/RNA features» Protein features» NRDB» Motifs»
OTHER DATA: Sequences» Expression GO assignments» Pathways» Orthologs/Paralogsy 3-D
* | structures» MR4 reagents» Links»

USER|,,.
COMMENTS: View/Add comments
Microamy elements linked to this gene back to top-<>
e T —— -
element id ] array descnptlon array size
\Jli() 19 i I)chsl /’ /a/c/palum 70- -mer oligo array, \uxmn 1 i 7392
= == = st |
NI i() 19 [ DLRISI I’, Jfalciparum 70-mer oligo array. version 2 | 7744 [
N150 I‘) i MRA-452, 23K (MR4 P. falciparum long oligo) ; 23232
Ben Mamoun Plasmodium faiciparum developmental time series study back to topa<>
* ;’VU"L’ ok ok
2003 Lifecycle Study using the Scripps/GNF Malaria Array back to topa<>
ook ok .‘)\"0"6’ ¥k x
DeRisi Plasmodium falciparum HB3 intraerythrocytic cycle study back to topa<>
PlasmoDB gene chrid.glm_129 / Array element(s): N150_19 x-axis
DeRisi Plasmodium falciparum HB3 lifecycle Study ’ ! " :
‘ I'ime in hours after adding synchronized
21 culture of HB3 parasites to fresh blood
14
blue plot:
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|'-r' \ averaged smoothed normalized log base(2)
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1 I..‘.J’d a
b
-1
averaged normalized log base(2) of
2 Cy5/Cy3 for chrl4.glm_129
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»View/download raw data

DeRisi Lab. Malaria Transcriptome Database: chr14.glm_129 N150_19

s Query for genes whose minimum and/or maximum expression occurs at (approximately) the same time as

this one:

% a o ion: | 26 hours v , 2
Timing of maximal expression: I : ]post—mvas:on
Maximum expression time plus or minus: I 3 hours vl
et R ion: | 10 hours - . .
Timing of minimum expression: I Ipost-mvasnon
Minimum expression time plus or minus: I 3 hours ']

L Averaged percentile graph

® 7 fulciparum HB3 stages

Query parameters: [ Timing of both max and min expression

Induction ratio cut-off: I >=2-fold induction :_I

Maximum percentile cut-off: l >= 80th percentile El

Run query:

» Query for array elements whose expression profiles are similar to this one:

Query profile: I this profile only (takes ~3 seconds)

el s : . | +0hours
Minimum shift amount: X (shifted queries only)

: i . | +47 hours )
Maximum shift amount: ¥ (shifted queries only)

Distance method: [ Pearson correlation H

Search goal: I show most similar profiles EI

Target data: [ smoothed data _v]

Display expression graphs: I yes - show graphs ;I

Maximum hits to return: | 10 -

Run query:
»  Or click here to modify the query profile using a Java applet:

Load applet: ___.I




back to topa<>

Predicted protein features back to topa<>

PF 3_5_exonuclease

PF DNA_pol_A
PF Ribosomal _Sde

TMAP ]
TOPPREDZ ]
signal peptide i
predicted epitopes |

low complexity seq. 1] ] B 1 W 5 i B BIRE E BN
Biogachy piot Tt WA prient Ao Ay st St s
AR sequence

Pf chrid.glm_129 Ok aa Ok aa Ok aa 1k aa 1k aa

B I Place the mouse over a feature to see its details.
Description:

Location: I 1D: I Score: |

’ O B BE E B B B
AA residue color code r MC DE ILVA RKH STG FYW NOQ

PlasmoDB Version: 4.1 / . . o - To contact PlasmoDB,
PlasmoDB Date: 2003/08/01 Plasmodium Sequence Release Date: 2002/10/03 send email to help@plasmodb.org
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Figure C.1. Nucleotide sequence of P/PREX. {(Acccssion noi- AAN3 6724-.1)_

ATGAAGTAAGARARATAATATATAT TATATATATTTGTTATACAATGATTTCTATSATAT
ACTACCATGCTTTTCTATAAGT I T IALTTT I TATACT YT I YGCTCCIACATTTGTCGTTA
TGCAIACSTTATAGRRATCAARATARARMCTGATTCTTAT TTANARRCAARTTATAARTTA
TTARAABAGAGGAANNATATGARAACCGTAGATATARAT T TCCAARARACAGRAAAGGA
BAATARTARCARTATATAIGATGCTATARATAATART ANTACTAATANATATATAATAAT
GACACATATARAMRACCGEATATT TT TTAGCAATGAGAAARATCATGAGARTITTATCARG
ACCARTAANTATTCLU LATTATGARAARAGAARTARGATCARATTARATAGTGCTACTAGC
ACTTTTGTTTCARAGTATTATARARTAAATATTARTGAL GTATATARTTATTTACATACA
AAAALATATGAATTTATAGARACAGATATTAAGATARCGTTANAGTATTGTCCATTITGY
CCTCCRCATABATATAANT ATGATAA ATGTATABACATGRARTATTTARARACACAGCA
ARTAGTTATTGTCATAGATGTGGATATARAGGAAGTITTCTATGATTTCAAAL TGAARRTG
GGGGATCTAATAACTAGTARTTT TGAAAGTACIGTAGTACATAATAATARTTTTTATCGAA
GAAGASGAAGARARPATAACACTARATGAT CTARAGG T TALANIATGRATTTATTATAT
TCAARAGARGC TGARRACCCANGGAAT TAT TIAATGARTRTARGGARAGTTARGCATTGAT
DT ARBABACTTTTTAATAGSTTTT TCTGTTATGGAATTTCARTCTTTTGAARAGT TCT
GETARAT I GAABARCACGAATGTATTATATTTCCAT T ATAARARAACTAGATCARRTA
AATATGATAGAAACGAATGGAATCAACACTANCATGAACARARATGAACARCAACAACARC
ABCAACRACARCAACABACARCARTAATAATAATAATAATAATARTATARATGATANTTAT
GAACTGGTACCHAATAAAART TAGAAGT TTABAGEA I ARAGGI TATATGRGATTATATCCT
AARRATSTTAGARRTGARATGARAT IATTL I T TTTCGGTGATCATT TRAATTARNARTTCA
GAAGRARTAGTTTTGACAGRAAGCACEAARTTCATGCCATGACAATANGT CAAGRAACAAAR
TATCCAGCTADATCTTTACCARATGGAVCARRATCTTIACCTATATAL I TAT L ACCATAT
TTAGAARGGTTTARARRAATACATTTATGGCTAGATT TTGATAAAGCTGCARNAT CARGT
STCTTCAATTTCS T L AATAALATCGGATTAGGRAAGARCCAMCGTARTTACGGARTGCCART
STLCACTALVIAAATCCAGATGTTTTTAAGAGAAGACAARAGTCCAGGTTAACCANAAAG
AGTCTTCTCCTTACATCAATCCCTTCTAATGCTATGEGAGARTCT TCANDAGATAAAGAL
GABAATATGCATAATATATATGATACTACTAATARATGACTATATGGATAATAAAATACTG
AGTAATAATTTAAAARAGTATAAGCTASTGACARAATAARGAARNNNAGAACAARATTGALCTA
TTTAATGCACNGAARATITCTAGCERATAATATANATGTARATATACTAAAABACAARRAR
ARCGARACAGATAATATAACAAATAAGGARRRTARBRAGTGATAATRAAT TTGARAGARGGA
ATGGARAAMNNAGACATACAAAATGHRAATAACGTGCAALIGRAAGATANTAATARTARTARA
DATASTATAATAGAARRRTARTAATGALGATAYCTCAGARAAAARATAAARGTAGAAANTCG
ATCGARGATAATATYT ICTTATI I TGTTGATAATAATATTATGTATATACCAARTARTATA
ATTATARALRGATGCCARTGATTGTTTGAAACATAATATTGATATARGATTCT TTATAGAA
ACTAGTGAAAACGTARAACATAGTCARATATTGAATTTTAATGAT I TARGGCARCGTATA
TTAGAASANTTARAAAYATCCYGATCGARTTAATGRTGTAARARSTARARCCATTCCATCA
TCAARATASATATTTATATGGATTAAGRATGGGACARTTATCTATATGCACTSCTTCTACA
GGTGTAGCARARACTACCTTATTGTCTCARCTCTCTTTAGATTAT TCTATCCAACGGAGTA
TCAACATLATGEGGATCATTTGARRTAAATAATGTARAATTAGGAARAGTCATGTTAAAT
CAATTTTGTGGRBARARCCTTCAARAARAATATAGARTTATTTEATATATATGCTGALARA
TIIGAACTGLTACCRCT TAAAT TTTTAARGTYCCATGGTAGTACARATATTGATCAGLTT
ATARGATGCTATGGATITATGCIGLCTATGOATATGATG IARAACA TATAATTATTGATAAT
TTACARTITALGTTAAATATAAATAAATT L CPYGATATATATGAART TACRABATATTGET
ATACGATAAATT TAGATCCITTACTACRAACARRARATGTTCACATANCTTTAGTTGTTCAT
CCAAGGARAGAGGAYARCARTTTATTATCLAT LV ICATCCGT TTTTGGIAGTG TARAATCA
ACTCRAGANGCAGATAATGLGT Y TATTATACARRGNCAT G AT CAAAAACARRTGAAACT
GTTTTCTTTATACATATTARARLAANTAGATT TRARGGRAGTTTAGGGAANATACCTTAT
TTATATAATARRGAARATATGACAATAAAAGARAATAT CAATARATAATTTTAATGACCAT
GTAGTTTCAAATACTTATITACCATCAAATARRTTTTCTZCTTCATCATTACARRATART
ACTACTRATARTAATTTTATACARAATGA LAAT M asAT M PUACTTOATGTGAT SRR AT
GRATTATATGARACAGCTAGCTCATGAATATGARTCANBCATGCTT L LAARARAGGT TAT
AGGTCTAAATTAGATCCTARTTTAAGGGTGAATARTATAGATAT GATANABACAGARATA
APTGACAATACCGATATGAATAACAATAARAATGTTACTCYTTATGTGGATAGTTTACAG
ARTATARARAACTATATCCACTGATGATARARCTAATGATGATAARACACATETAANTGAA
BUAARANGCAT TAARARCARATGARCGTAAARATACATTAARGATTGATGGRARCARATCA
TIrAGGTTCTACACARRATTTAAATTACCRRABTGAARATARARACAATARTAATAATAAT
BATARATAATAAGAGTARTCAAGARATGGAARAGRATAACATAGATGATARATCATCAACA
GGAAATAATAAANNTATAARATGGCAACTCAARAGETART AATANTAT TAATANTAAT AR
AAGAATAAGRACAGTAGTAGTAGTAGTAGTACTAGTAGTARTTATAATAATARTGAGGGG
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ATTAABAATATATTALRCACATCGGCACAAARATAACATTCCI "I TARRGATACAATATGG
TCATATACACTAACTANI'GAAGGATTAATAAAN " IGTGTGAAGAACTAABRAGATGARGAR
GCAGALANACTTABARARPCGAGTTGTCGTTCTTT CGATGAGRARTTGTATARTTCATAAT
BAATTCTUCHATAABAGATATAAGAACATTTATAARARACARATAANT TAMATATABAAARCT
CCAGGARARAATTTARAARARAT GGATATAT T TATTAGTATTI TACAARATATACCARAG
GAATATATTACAATTAANGTGCACAGAAATATSGACTAANTANMMGGACTACCARRTGAC
AAATCAANNAACARAATAABRGEANCCACATAATAATAATATGTTGGRATATAATARAGTT
GGATCTAACATCGGTGATGGACAARRTACATCATCATCATGTATGAATATTAATAAANTA
OATAGTCAAGARGAAARCAATATATACATAAATAATAATAATARTARTATCAATAAGGRA
CCCCAARCATTATTACCARATGATAGARATGATTCAAACTCTCATAGTTATAARTAARTATT
AATTATACAATGETTARARATEETARCGAAGGARATATAAATGATTATCIANATACARAT
TATGARBRASTAATGIAGATAACCATCATAATGATGARATTACARAGAAATACATAARGGAT
ARTATTATARATGTAGATGATAATATAATTARAARGARAGATATAT I TARAT TAADABAT
GAAAATART CANNTTACAGAGTGCGCAL TTGRATATTTTGAGTCTARAARARARRATTIGAT
GATGATATAGRATCTAGATTCTTYATTATAANT'CATAALIAAT PTATAATGAARATATAAAT
TTAATATATARAAGATATAAAATATTGTCGATTAGATAT TGAAACAACAGGTTTAGAAGTG
TTCGATGRAAARTATAAGATTAAT TCAAATAGCTGTAGARAAT TATCCAGTAATTATTTAT
GATAVGT M IAATATAAACAAARAAGATATATTAGATGGATTARGARARAGTATTAGAANNT
ARAAATATARTAAALARTAATACAARATCGARLRATTTGATGCANARTTTTTGCTTCATAAT
AATTTCAAAATTGARAATAT T TTGATACATATATAGCTAGTAAATTATTAGATARRALT
AAGAATATGTATGGATTTARATTARATAATATAGTTGAGARATATTTAAATGTARTATTG
GACARACRACAACARAATAGTGIATGGARATAATTCCITESTTAARTAATAATCAACTATTT
TATGCTGCTCGTEATICTAGTTGTTTATTAARATTATATAAAAAGT TAAANGAAGARATA
ARNARAGARAANT TTACATATAGTAAATGATAT TGAAAATAANTGTATCCTACCTATATGY
GATATGGAATTARATGCTATTARAGTAGATT T AGRAAATTTACRARAAAGTACAALTGAR,
ATATTARATGAATTAAATATTGAGARAGATAATTTAARAARRABAL TAAAAGACCAARAT
ATAAATGTAAATTCTCANCAACNAGTATTCAAAGCT T IGCAARAARATARTGTTCGTGAT
ATITCTRATARACTAATAGAANNTACATCTCATTCCAR I TAAAAALY T CTARATCAT
GAAGALATTATARGTTTACGTART T ATAGAAGATTATATAAATTGTATTCAGOTTTI TAT
TTAARLTTACCATTACATATTAATACAAARRACAAATARRATACATACTACCTTTAATCAA
TTARAAACALTCICAGGAAGATT TAGTAGTGAAARACCAMAT TTACAMCAAL TACCTAGA
CAARANAATATAAGAGAAATATTTATACCAARCGATARTAATATCTTCATTATAGCTGAC
TINTARRCARAY CGAGCTTAAAATTGCAGCAGNANT TACRAATCGAT GANAT AT GC P ARR
GCATATAATAATAATATAGATT TACATACATTRAACAGCTAGTATTATAACTARARARAAT
ATACCAGATATTAATAARGAAGATAGACATATAGCARAAGCTATCAATTITGGTCTTATA
TATGGTATGAATTATGTCAACT TARABRAATTATGCAAATACGTATTATCGITTAAATATG
TCTTTACGATCAATGICIATATTTTTAL AR TCULT T TTCAACACTACAAAGGANTATAT
ARATGCCATAATCAACTARAACARRRAAGAGCT T IACAGTATTCTACACTTTCAAATAGA
ABAGTTATATTCCCATACTTCTCITTTACAAAACGCTCTTAATTATCCTGTACAAGGTACA
TETGCTGATA M '/ARARATTAGCY CTAGTAGATTTATATGACAACTTAAAGGATATTAAT
GETAARATTATCCTATGTGTGCATGATGAAATTATAATCGAAGTABATAARABATTTCAG
GAACAAGCTCTTARAATTTTAGTACAATCTATCGARAATTCCCGCTTCTTACTTTTTGARR
ARAGTTARATGTEAGGTTTCTGTARAARATAGCTCAARATTGGGGATCANAGGATTAACAT
GAAGATATCOANMNAATAATATATATATALIATANATAACATATATATGATATAARNATANA
ATAMATGTTCCCATCEGAATGATATATATATATATATATAT CACCTCATTATATTTTCYTC
ARATTTATAGATATT

Figure C.2. Amino acid sequence of PA/PREX.

MLLYKEYFLYFLLVIILSLCIRYRNONKTDS Y LKTNYKLLKKRKKYENRRY
KEPKHMRKGNNNNIYDAINNNNTNNIYNNDT YKNRIFFRNEKNDENFIKTN
KYSYYEKRNKIKLNSATSTFVSKYYRININDVYNYLARKKYEFTETDIKT
TLKYCPEFCPPRKYXYDNMYKHEIFENTGNSYCHRCCGYKGSFYDI'KLKMGD
LITSNFESTVVHNNNFYEEEEEKT TLNDVKVYNMNLLY SKEAEHARNYLM
NVRKLSIDTLKKFLIGESVMEFCSFRSSGKFRKHECL LFPE IKKYDEINM
IETNGINSNMNEMNNNNNNNNNNNNNNNNNNNNLNONY BVVRIKIRSLKD
KGYMRLYFRKNVRNEMKLFFEFGCHLIKNSEEIVLTEGETDAMTISQETKYP
AISLENGSKSLPIYLLPYLERFKKIHLWLDEDKAGKSSVENIVNKIGLGR
TRVITDANVHYLN?DVFKRRQKSRLTKKSLLLTSMASNAMETILQKDKERN
MANIYDITNNDYMDNKILSNHLXSISSPKIKKKEEI DLENGQKTSSNNTH
VNILKNKKNETDNITNKENKSDNNT.KRGMEKKREIQONEZ SV IEDNNNNKNN
IIENNNDDMSEXTKVEKSTEDNT SYFVDNNIMY LPNNI L LKDANDCLXHN
IDIRFFIETSEKVEKHSOILNENDLRQRILEELKY PDRINGVKEKTIPSLN
KYLYGLRMGELS TWTGSTGVGEKTTLLSQLELDYCIQGVSTLWGSFEINNV
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KLGKVMLNQFCGKNLEKNIELFDIYADKFELLPLKELIKYHGSTNIDQVLD
AMDYAVYAYDVKEIIEDNLOQFMLNINKFSDIYELONIATDKIRSFSTNEN
VHI'I'LVVEPREKEDNNLLSISSVEGSVKS TQEADNVI TIGREVSKTNETVE
FIDIKKNRFKGSLGKIPYLYNKENMTIKEISINNENEHVVSKTYLPSNKE
SSSSLONNTTNANEIQNDNLNFTLCCEYDYMKQLADEYESKHAFKKGYRS
KLOPNLRVNNIDMIKTEI I DNSDMNNNKNVTLYVDSLENIKTISTDDKTN
DDKRDVNEIKSIKNNERKNTLKIDGNKSLGSTONLNY ENENKNNNNNNNN
NKSNQEMEKNNIDDKSSTGNNKNINGNSKGNNNINNNNKNENSSSSSS3S
SNYNNNEGIKNILNTSAQNNIPFKDTIWSYTLTNEGT TKLCERLKDEEAY
KLENRVVVLSMRNCIIDNNSSTKDIRTFIKTNKLN IKTAGKNLEKKMDL 'L
SILONIPKEYITIK3GOKYGPNXGLPNDKSKNKIKEPHNNNMLEYNKVGS
NIGDGONTSSSCMNINKIYSEEENNIYINNNNNNMNKEPQTLLPNDRNDS
NSHSYNNINYTMYENGNEGN INDYTWNRNYENNVDIKIIINDEITKKY IKDNT
INVDDNIIKKKDIFKLKNENNE ITECAFEYFESKKKEDDDIESREFLIND
NNYNENINLIYKDIKYCGLDIETTCLEVEDENZRLIGIAVENYPVIIYDM
FNIMKKDILTDGLREVLENKNITKI IQNGKFDAKFLLANNFKIENIEFDTYT
ASKLLDKNENMYGEKLNNIVEXYLNVILDKCQOON3VWNISLLNNNQLEYA
ARDSSCLLKLYKKLKEEIKKENLHIVNDIENKCILPICDMELNGIKVDLE
NLOKSTNE ILNELNIEKDNLKKKLKDENTINVNSQOQOVT KALOKNNVRDIS
NELIENTSDSNLEXNFLNHEEI ISLRNYRRLYKIYSAFYLKT PTHTNTKTN
KIHTTFNOLKIFSGRYSSEKPNLCOIPROKNIREIFIPNDNNIFIIADEK
QIELKIAAEITNDETMT KAYNNNIDLHTLTAST ETKENIPDINKEDRHAZA
KAINFGLIYGMNYVNLENYAN'IYYGLNMSLDQCLYFYNSFFERYKGIYKW
HNQVKOKRALQYSTLSNRKVIFPYFSEFTKATNYPVQGTCAD I LKLALVLEL
YDNLKDENGKEILCVHDE I LEVNKKEFQEEATKILVQSMENSASY FLEKKV
KCEVSVKTARNWGSKD

Figure C.3. Amino acid sequence of P. chabaudl Pomi scquence (Accession no:- AAA84746.1).

NS FKLIKRERKRENKVINLLNPNSASLS 5SEESNADASSNSNABASQOENLDOS DT EAEKENDVY TTDNGT
MYIWNKIFVKDANDCLKNNIDYVQFITENSEKVIKHSQILNEFNDLROHILEELKYPDRINGVREKT T PSLINK
FLYGLRMGELSIWICSTCVGKTTLLSQLSLOYCIQGVST LGS FE INNIKLAKYMLNOFCGENLEKN 1 DL
FOLYADKFELLPLKFLKFHGSTNIDQVLDAMDYAVYAYDVKHITIDNTQTMININKESDIYELONIAIDK
FREFSTNENVHITLYVEPRKEDNNLLS LS SVFGSVKSTQEADNVIITQRQT SKNNEAVFFIDIKKNAFKG
SLGRIPYLYNXENMTIKEMPINYLNDFLSNNGS TGGSSSNNYLNKNGSYSNVLONTSSASNNNMDETLCD
EYDYMKQLSDEYESKHAFRRYNNKTCKCVALSGGLSLLKSSTLGSGTRRGDIFSEIKGNGKRAENEDIEK
ERERKCNSKISELLEQNDEKVAHTKTTNNSVTAQSLGSNEIRSKEKNTRKEKSVTRNVGT.ONNDSTNLKGGN
KNSEINTDTMNNEKNVTKGKY SSYLLSNEGLEKLCKEF

Fignre C.4. Amino acid scquence of PyPREX,

MPWYLFYFFYIFFLNLALGIRRRENRLKNEY Y IKINYKLLXKKKXNDLKKKEGI INGFVSKPNEKLLKKQFE
RAYYKRNMNDIEWGSNEKNCYNNLNKIKNKENAMS T A VERYYKININDVYRYLRRRKYZY IETOVICZTLEY
CPFCPPHKYKYDNMYRKHEIFENTGNSYCHRCGYXGSFYDFRKLKMGDLYT SNFESPIVNDTYEEEKITFND
VEVYNMNLLY SKEAENARNYLINERKINFET KXY Y IGFSVMEFQSLENSGKEERHECLVFPFIRKEISNT
NENENNCKSIYKGIGKTEDEGDIYEVVRIKVRSLKDRKGYMRIY PENVRSDMKLEFFGDHLITN SDEVVLT
EGEIRPAMTIFQRTRY FASLPNGSKSLPIYLLPHLEKFKKIHLWLD X DKAGKS SVENFVNELGT.GRTNVT
TDANVHYLNENAKFK I KRERKKKNKI INLLNPNSASLLPNEDSNVDYSTDSNCKS DY DR LGQESNSEKEKE
KNSENDVYFIDNGIMYIWNKISTKDANDCLKNDIDIQFFIKNSERVEKHSQILNINDLROQHILETTKY PDR
INGVKSKTIPSLNKFLYGCLRMGELS IWIGSTGVGKTTLLSQLSLDYCIQGVSTLWGSFEZNN IKLGKVML
NQFCGKNTEKNTDLFDLYADKFELLPLKFLEFHGSTNIDOVLDAMDYAVYAYDVKHI IIDNLOFMLNINK
FSDIYELONTIATDKFRSFSTNENVHITLYVEPRKEONNLLS [SSVEFG3VKETQEADNVFIIQRQISKNNE
AVPTIDTKKNRFKGSLGRIPYLYNXENMT IKEMPINYLNDFLENNS S IGSNNSNNYLNKNGSY SNVLONV
SSVSNNWNMDIFTLCOEYDYMKOLSDEYESKHAVRKYNNKIGXKCVADSGGLSLLKISTLRSETRRGDIFSE L
KEYEKNTENEDIEXEKEKYNSKISELLKKSDEKLTRIXTINONTTAQSLE SNETRSKEKNTRKKXSVTENV
GEQNNDS TNLXSGNKNSDIDADKMDDKNLITRKISSYLLSHNEGLEKLCKELKDDEKGKFONVYV IS ISKRE
CVINNMSPIKDIRNFIKVNKLNIKT SGNNLKKKDYFINVLOSIPREYISIITEGDRERYENKNGGDTSGN
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NUIIKSTQKETFIESQRQGNINTNNNKGDEYNNVRNMDEEGDNNVIKNNMNNEMYNNQVDPRLDDKIIKK
YMDDNT INVDGN IVKKCGRFKLINDKDKVKIEENLY Y YEPEKNFNDNIETRFELINDKNYNEKINY TYNG
IKYCCGLDMETTGLEVFGEK TRLIQTAVENYPVIIYDMENITNNNTT DGLRXILNDEN IVK T IONGKIDTK
FLTYNNFNITNTFCTY TASKLLDKNKNMYGFKLNN IVERYLSVYLDKQQQNSVWNNSLLNNRQLFYARRD
3SCLTKLYKXLATQITAENMO LI YNDIENKCILPICDMELNGT KVDLES LNKSTDQILNELNVERDELKKE
LENDDINVNSQQQ L LKALYDNNVRDLSNELIDNTSDANLKNFININAVILLRNYRKLYKLY SAFYTKL.PT,
HINKKINRIHTTENQLKL FSCRFSSEKPNLOQI PROKNIRE LI PTENNIFITADFXQIELKIAAEITND
BIMLKAYNNNIDLHTLTASIITKKGINE INKEDRHVAKAINFGLLYGMN Y VELRTYANTY YNVEMNLDQC
LYFYNSFFEHYKGLSRWHNSVKQTKALEY STLSNRKVVIPY ES KA LNYPVQETCADTLKLALVELYKN
LRHINGKITILCVHDEI I IEVDKKHOEEATLKITVESMENSASFFLKKVKCEVSVKIAENWGRKD

Figure C.5. Amino acid sequence of PAPREX.

MPRFKTATRORKNRLKKAYY IKINYKLLKKXKNDI KKKFGL INGEVSKPNEKLLEKQFRA
YYKRNNDIBWGSNEKNSCHNLNKIKNKLNAMS TFVSKYYKINTNDYYNYLNRKKYEYIET
DVKITLEYCPFCPPHKYKYDNMYKHEIFKNTENSYCHRCGYKGSFYDEFKLEMCGDLITSNT
ESPIVNDTYEEEKITENLVXVYNMNLLYSKEAENARNY LINERXINFETLAKYYIGESVM
EFQSLENSGRKFEKAECLYFPFIRKISNTNENENNCKSIYKG IGNLNDEEDIYEVVRIKVR
SLEKDKGYMRLY 2KNVRSDMKLFFFGDHLITNS DEVVLPEGEIDANT IFQETNY PALSLIN
GEKSTLPIYLLEDLEKFKKIHLWLDFDRAGKSSVINFVNKIGLGRINV I TDANVHY LNENT
FRKIKREARKKKNKT TN NSNNASFLPSEDSNVEVSTNSNCKGCHQEELDQSNTEKEKEKT
SENDVYFIDNGIMY TWNKISIKDANDCIRNDIDIQFETKNSERVKISQILNFNOLROHIL
ERIKYPDRINGVEKSKTIPSLNKFLYGLRMGELS INTGSTCGVGKT'TLLSQLSLDYCIQGVS
PTLWGSFEINNIXKLGKVMLNOFCGKNLE KNI DL DLYADKFELLPLKFLXFHGSTNIDQVL
DAMDYAVYAYDVEHIIIDNLQFMENINKESDIYELONTATDKFRS'STNEKNVHITLVVHP
REKEDNNLLSISSYFGSVKSTREADNVEFIIOROTI SKNNEMT IKEMPINYLNDFLSNNSSIG
NNNSNNY LNKNGSY SNVLONVSSVSNNNMDZFTLCDEYDYMKCLSDE YESKHAVRICY MNNT
GXCVADSGGLSLLKSSTLGSGTRRGNT FNENKEYGKNTENEDTEKDKERYNSKI IELLXQ
NNEKVTNTKTTNDSTTVOCLSSNEIQSKEKNTKKK SVIERVGTANNDSTNFESGNKNSDL
DVDEMDN'"NLITGNFSSYLLSNEGT MK CKLLKDDEKGKFQNIVISI SMRKCVINNNSPI
RDIRNEFIKVKKLNIXTSGNNLKKKDVFINVLQSLPKEY IS L ITEGEREKEGGNTSDINDI
IKATCKEIFFESQROGN LNTNNNEGDEYNNVRNMECEGGENNATKNNTNNEMY NNQVD PRL
DDKIIKXYIDDNIINVDGNIVKRCGLEFKLINDKDKVKIEENLYYYEPEKNENDNIETEFT
IINDKNYNEKINY IYNGIKYCGLDMETTGLEVFGEKIRLIQISVENYPVIIYDMENITNN
NILDGLRKILNDENIVKIIONGKFDTKELLYNNENITNIFDTYTASKLLDKNKNMYGEKT.
NNIVEKYLSVYLDKOOONSVWNNSLLNNNOLIFYAARDSSCI. KLYKELSEQIKAENMGIV
NDZENKCILPICDMELNGIXVDLENLNKSTRQTITNETNVERDKLKKELKNEDINVNSCRO
TLKALODNNVRDLSNRLIDNTSDANLEKNFINANAVILLRNYRKLYKLY SAFYLKLFPLHIN
KKTNKIOTTENQLKIFSGRESSBKPNLQOT PFROKNIREIFI2TENNIFIIADFXKQISLKT
AAEITNDE IMLKAYNKNIDLHATLTASIITKKCINEINKEDREVAKATNFGLLYGMNYVNL
RTYANTYYNVEKMNLDQCLY FYNSKFREHYKGLERWHNIVEKQTEALEY STLSNRKVVEPYFS
F'PEKALNYPVQGTCAD - LKLALVELYKNLRHINGKI ILCVHDEII IEVEKXHOEEALRILY
ESMENSASFFLKRKVKCEVSIKIAQNWGTKD

Figure C.6. Partial amino acid sequence of PePREX,

MGT. IKLGIGREXNRTL.KKANY TKINYKLLKKKKDLKKNIGIINE LVSKPNEELLKKQIRAY
YKRNNNIEWSKNENNSYNNTINKTKNKLNAMSTEFVSKYYKININDVYNYLNRXKYEYIETD
VKITLKYCFFCPPEKYKYDNMYKHEIFXNTCNSYCHRCGYKGSFYDFKLKMGDLYTSNFE
SPIVNDTYEEEKLYENDVKVYNMNLLY SKEAENARNY LMNERKINFETLKKYYIGFSVME
FOSLENSGKIEKHECLVFPFIRKITTTDENENNCKS IYKGAGKTEDEGDTYEVVRIKVRS
LKDKAYMRLYPXNVESDMKLEFFFCDHLITRSDEVVLYEGEL DAKTIFQETNY PAI SLEPNG
SKSLPIYLTLFHI.ERYKKTHLULDFDKAGKSSVFNFVNKIGLGRTNVITDANVAYLNENSE
KIKRERKRXNKVINLLNPNSASLSSSEESNADASSNSNATASQQRNLDQSDTEKEKENDY
YFPIDNGIMYIWNKITFVKDRANDCTRENNIDVOFFIKNSEKVEHSQILNEFNDLRQHILEELKY
PDRINGVRSKTIPSLNKFLYGLRMGELSIWTGSTEGVGKI'ILLSQLSLDYCL1OGY STLWGS
FEINNTKLAKVMLNQICGKNLERNIDLIDLYADKFELLPLAF LK FHGESTNI DQVLDAMDY
AVYAYDVEKHIIIDNLQTMLNINKFSDIYELQNIAIDKEFRE FSTNEKNVH L TLYVVHPRKEDL
IYFLFHQFLVVMTIKEMPINYLNDELSNNGS IGGSSSNNY LNKNGSY SNVLONI SSASNN
NMODFTLCDEYDYMKQLSDEYESKEAFRRYNNKTGKCVADSGGLSLLESSTLGSGTRRGDI
FSEIKGNGKKAENEDIEXEKEKCNSKISELLKONDEKVAETKTTNNEVTAQSLGSNETRS
KEKNTKRKKSVTENVGLONNDSTNLKGGNEKNSE INTDTMNNKNVTKGKY SSYLLSNEGLEK
LCKELKEDDOEKFENVIISMSMRNCVINNNS FIKDIENFIKVNKLN IKTSGNNLEKKDVT
IMVLOSIPKEYISITEGDTSGSNDSINGTQKETESGIORQGNMS TNRNTGGE Y SNMGSMD
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EEGDNNG1XNDMNNZMY DNQIEARLDDE ITKKYMDDONT INVOGH IVEKRKCARFKLINDKDN
TEIEENLYYYERKKTIMI TLRLDTLMETTGLEVEGEKTRLIQTAVENYIVIIYDMENI YN
NNTLDGLRXILNDENIVKI LONGKED I KFLLYNN TR TTNI DT Y IASKLLDKIFENMYGFK
ILNNIVEKYLSVYLODKOQONSVHNNSLLNNNCLFYANRDSSCLLELYKEY. SEQIVAERMRT
YNDIENKCILPICDMELNGL'I'VDLE

Figure C.7. Amino acid sequence of PEPREX.

MVRCCLFLFYLILIHYVLAVRNKSRPKADEFY LKTNCELVKRRENGSKAYFKRKVRDEDT.GLRETYDQLRG
GR3INCSSAGNHMHVDRRNSGALRALSTEVIKYYKINTNDVY SY LNRKKYEYTIETDVKITLRYCPTCPPH
KYKYNNMYKHET FKNTGNSYCHRCGYKGSFYDFKLKMGDLVTSNFESTVVNNT TYEEEK L PNDVRVYNM
HLLYSKRARGARKY DVEERKLNLETLEKYYIGFSTMEFQS LENSCK FEKHECLIFPFIRKKANDMNE LELN
GNRNNTNEKDSYEIVRIKVRSLRDXKGYMRLY PKUVKDEMKELFEFGDHLVENSEE LV LTEGE LDAMTVNOR
TNYAAISLPRGSKSLPIYLLPYLERFKKIHLMLOFDEAGKS SVEFNFPVRKIGLGRTNVINDTNVQYL.DEQV
FERKRKNMLTKSGLLLPLMIGDNAIGVAEQKQNATIKENTQSGEKNGNTEC IAGGNEPNTAVDEI SCTKKS
DLQTTEKAKSEGDGKNNS ICGDTGNKOEEAQKKVNEESEVRAHFVONNTMY T PNNTIVVKDANDCLRHNT
DIRFFIENSEKYKHSQILNENDLRON ILKELKY PDRINGIKSKTIPSLNKFLYGLRMGLELS t WTGPTGVE
KTILLSQLSLDYCTIQGVATLWG3FEINMNIKLGKVMLNQFCGKNLEKNIELEDLYADKIELLPLKFTKIEUG
STNIDQVLDAMDYAVYAYDVKUBIIIDNLQIMININKESDTYELCNIATDXFRSFSTNKNVHITLYVIIERK
EDNNLLS TASVEGSVESTOEADNVITIQRGVSKTINETVFI' IDIKKNREKGCTL.CRIPY LYNKENM ' TKEMS
IGYLNDAIPSSGYGIKVTTPESNEVPNVGPLRGGLUFTLCDEYDYMKQLSEEYESKHAMRKYRVGADGRY
SGVGSASINNINASSSYHRAPNECRNDSGATDS LRNNCNNONKSYNQVCDAEDDPT SHNRVYNTNDESEE
CRIKENMLKGDUQGRTTT2VGKTTKSDKPSGL1 1 HVQNS PNTKREKQEAAPLV ZKQNVSSYRLSSTGLITK
LCEEIKDNEKNEMILKCREIT L SMERNCVINKDSTTKDIRNFIKTNKLN IKTAGKNLKKVDVEFIAILQSIPKE
YITIKYGGGLVEKDNFDKNSVGNRTGENVKRTKVHSTLARNENGY ITGGNPSCALPVGG P IKNNFNIVSS
VEKESSASGHNIGHSLRGYVSHRGKEDALSGEKQY SEEIXSIYGERVTRKRY IQDNI INVDDNIVKRSGMEK
LEGDNKMVSNEKLEYY MPVKKEFDDDIESREPLEINDNNYNEKINNIYRKNVTHCGLDIETTGLEVFDEKTRL
TOIAVENYPVIIYDMENTTKESILTGLREILKNEKVVK T IQNGKFDAKFLMHNFQVIONIFLTY IASKLL
DENKNMYGFKLNNIVEKY LNVTLOKQOUNSVWNNS LLNNNQLEYAARDSSCLLKLYKXLESEICKENMET
VNDIENRKCILPICDMELNGLITVDLESTKKSTNEILSELNTEYSKLKARLEDXEININSQOOVLKALONNN
VRDISHKLIENTSDSNLENFLNHKEVVLLRNYRRLYKLY SAFYLKLPQATNKETNEKIRTTFNQLKTFSGR
FSSEKPNLOQIPROKNIREIFIPQKDNIFITADFKOIELKIAAEITNDDIMEKAYNNNIDLHTLTASIIT
KEKPTADVHEKEDREIAKAINTGLIYGHUNYVYNLENYANT Y YNLNMNLDQCLYIYNSFFERY KRG LY RWHNG L X
OIRGLEYSTELSNRKVIFPYFSFTKALNY PVQGTCADILKLSLVELYKNT.KPIHGKTILCVHDEI LIEVDK
KYQEDALKILVEIMENSASFEFLKKVKCEVSVKIAQNWGSKE

Figure C.8. Aminu acid sequence of PvPREX.

MYRCRFFLEYLILIHYATLAVRNKSRPKADFY LKTNCET VRRRENGSXAYFKRKARGE DTG
SRARYDDSQLWGRRNRCSEGNRVHRSNRERGATRATSTIVEKY YKININDVY SYLNREKY
ErIETDVKITLKYCPFCPPUKYKYDNMYKHE ZFKRTCNSYCHRCGYRGS FYDEKLEMGDI,
ITSNFRNTVVDOETYEERKITENDVKVYSHMNLLY SKEAEAARKYLTEFRREKLNLETLKKY YV
GFSIMEFQSLENSGKFEKHECLI FPFTREKARGASS LGLMGSKASTNE IDAQENASYEVVR
IKVRSLRDEGYMRLY PKNVKDEVKLFFFGDHLVGSSENVY LITNGRIDAMTVSCETNYAAL
SLEPNGSKSLPIYLLPYLER FRKINLWLDFDRACKSSVENEVNIXIGLGRTNVITDANVHY L
DEQT.FRRKRKNLLUTKGCLLVPLTVGLSPIGVAEQKQGGIKENTQRGEENGHSENTLDGRS
PNTAADPTSGTNKADLKI'AEKEGDRRKNFICGETCSTQRGEQRKKASENCKAKT LHEVQNN
TEYLPNSIVVKDANDCLKHNIDVRFETONSERVEHSQILNINDLRONILEELKY PDRING
VESKETIES L NKFLYGLRMGELS IWTG2TGVGKI'TLLSQLSLDYCIQGYSTIWGSEFIINNT
KLGKVMLNQFCGENLEKN I DLEDLYADKFLLLPLKELKTIIGS TN IDOVLDAMDYAVYAY D
VKHITTDNLOFMLNINKFSDIYITONTAIDKIRSPSTNKNVHITLVVHPREEDNNLLS 1A
SVFGSVKSTQEADNYFT1QAHVESKTNETVFFIDIKKNREFKGELGRIPYLYNKENMT IKEM
SIGYLMDSISSSCYGANGTPPSSNT LESVNPPRDGLDFTLCDEYDYMKQLADEYESKHAV
RRYRLGAIGKANGVGEGSTNRPNASSLKCSONVNSTDGGLVDS SRNNONRDHNKPYNOVEE
VACDPTRSNHVGESANGRCGERKGGIKNILKGTDRCDTARPVGGEL 2T SDEPSGGSSHYVCTPAK
PTGFKCELTADMSKQSVESYRLSSRGIIKLCEEIKDNKGETLKDRETTISMRSCVINKDS
TIKDLRNFIKTNKLNIRTAGKNLKKVDVEIAILQSIPRKEY1ITVKYVGSDVGKGNPTNUNY
RMGGGENVKGGRLNGALAGNHNSVNGGGS PSRAIPIGGRTRNDLNIVTTARESPVNSHNL
GHISSGHGSAPLTGDGRVGEKHYSEETKSLYGREVTKRY TODNIINVDONIVKRSGT KT,
EGDDKMVGSERLEYYEPVKKFDDDIESREFLIHCENYNIRINHIYKNYVTHCGLDIETTGL
EVFDERIRLIQIAVEDYPVIIYDMENITKESILTGLREVLRNEKVYKZ IQNCKEFDAKFLM
ANKFEVANYFDTY TASKLEDKNKHMYGEFRONNTIVERYLNVTT.DEKQOOR SVHNNS LLNNNGQ
LEFYAARDSSCLLKDYRKRLKSEICRENMGLVNDIENKCILPICDMELNGITVDLE SLSKST
NEILSELNEETSKTKAELKDEEINVNEQQOQVLKALQNKNVRDVSNKLIENTSDSNLKNEL
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NHREVVLLRNYRRLYKLYSAFYLKLPQH INKKTNKIATTTNQLKT FSGRESSEKPNLQQT
PROKNIREIFIPQKDNIFI IADFROIELKTARE T TNDDIMLKAYNNNIDLATLTASIITK
KATADVRKEDRHIAKAINFCLIYGMNYVHNLKNYANTY YNLNMNLDQCLYTYNSEFERYKG
IYRWHNQIKQMRALFYZTLSNRKVIFPYISETKALNY PVQGICADTTKLSLVELYKNLRP
INGRTITOVHEDEITIEVDRKYQEDALKILVE SMENSAS FFLKXVKCEVEVET NONWGESXE

Figure C.9. Aming acid sequence of T¢PREX,

MEPTYYINONLNETTLRI PKKRLIGRSKVAFLFFLTRLILISSLLOFSMEVKTDLSQGSF
S1SKRGRXKTPRPELECNIFIKLNT THKLNAVDKESMI SMKSLKQLSNLRNLIRFKYNKGS
RNYKNREFYECLEVENLNLPOIDGEN I IYGSQEYAYSPSSYENVPSYNGSYGLDESNTEV
SNHYRNMCEDIVEYLNRKKIEYNESPVKY TLKFCRPFCPPHRIKSDNLYKHEIFENSGNSY
HRCGYXGSLFDFKARMGDLPGAFDIASDPITN 2 FGAKKVQKDPDVT LTDVNKFEDNT. YN
NPEYACVLEYLTKIRGLKTHVLEKKYHAVGAGCT FKFKSV T GKLEPEKCVVFPWLSTEEKPYA
DMGDDVEIRDESEGEDYNREYTTDKLNYNRIKIRS IYDKSKLKILPRGGTWGMEGGELIQ
EALEKDSIVLSECELDAMS TFOETGRITTSLPNCGANSLPLALL PRKLEKFNE I YLWMDEDA
PCGSITSHFANKLGIQRVKIVHPLNY PSTTCTTTUIGTT I YGAGTTTRKGTKITTTATPTSK
SEMMKDAKEV LLSGGYDMNNY TKNATVMTHSQILTFNDIKQOLVYNELSDPVTTCGIKSIT
MPGLSNLLKGERRGELTVWTGSTGSGKT'TLLSQLELEYCLQGY S ' LWGSFE INNVRLAKT
MLRCEFSGRNLENSLNEFDYYANKFNELPLRFLKFHGSTNIDIVLDAMDYAVYVYDVQHTT
IDNTOEMLSNYSCPSQNSSYGGYSSTEKDVYELONRTIEXKFRR YV INKN IBLSLVVHPRKE
ADGIQLGLISVIGSVKSTCEADNVIILONILNISRCIDVKKNRFAGLIGRVYFKFDPVSL
TAQTIEVIEYLNRY TTNNE TKAKVEKDQTE SFTVESGAFPINGCSEVRKSKVSLSKEFKINT
POVNSTNLSTEPMWIPITTSTMMIEDYQSRAVPASTTTNYREREINNLGLTGTDLINLKE
VSOYVHKITQONYSTTSNGNQESGDSSTKODSTESSGVDLTESNMIGTGNNSNSSGXCRK
KSSKSDPVEIEYLSMRGLKISKS ST IKENRDIVKKNGLCELVKTAGKGIKKEALYENIRS
TIPGSAVVNTKOTEKLDASGESETVET IKVEDEGSPKSEVHSFGVSTSKSLLKLERINVY
PANDIDEFKLKYLSKLEKSLYKGESQI PSQPEKVASNDOQPRTEVDV Y YSVNYDPLLINGT
LYVDSYEKLESLKPLFKDPKAVGVDIETTGLDHNTNQITRLYVOQLSVENQPSVITDLEFKLNT
KNPESDNVV2GRMALIKCEWLKNLFK SKDTVRVFHNGKFDINFLRVYGFEFEGP IFDTMV
ASKLLVASRYISCKLTIIVIERYLNIVLDKTQOYSDWS ' LOLFEEQLLY SARDS FVLLPLY
VILEHLLKINNLADIASVENKCILATSDMELNGIKVDENDKLRILODELKQEHQETSNDLY
SQUNHSEINLNSQKOVLEKLOELKIMDRIKKKILSDTSESTL.IRNMSNPILSSLREYRIKA
NKALTAFTOKLPNHINPITSRIYPNYNQLGAESGRESCOGENLQOVPRDKKFRECEVAIK
GSKEVIADFSQIELRIAARTIANDPKMIOAYQONVDLASLIAS ILKNKSINEVNKEERQLA
KAVNEFGLIEGMSINGLRMYARTGYNLKTL, TOTEAKEIYTSFFNNFKGTLNWHNSVANSRET
MVRTLGNRLSVFESFSEIRSLNYPVQGTSADITKEIMARLVDSVKPLNAKIITCVHDELL
LEVPEDNAERALKMLIDTMVKSGEKY LKRVPVEAMGSIGDSWARKS

Figure C.10. Amino acid sequence of 7pPREX,

MEPTYYTNQALNEET LRISKKRYYKVAFLFFLTRLILISCLEPFSECVKTDLSQGS
SISKRGROFPPERTLCNIFKTFNT IRKFSPVDKINMISVKSIKOISNLRNLIRFRYN
KRPRNYRNREYKCLEVSNLNKPQMESGRKITDGCS Y SYPPTSYPNMESYNGSYGLD
ESNTEVSNHYRNMGEDIVEYLNREKIEYNESPTKYTLKECPEFCPPHRFKSNDNLEKHE
IWKNSENSYCHRCGYKGSLIDFKAHMGDLEPGAFDIASDR I SPEFGAKKVQRTEIVTT
EDVNEITONLYRNPEYACVLDY LTRTRGLKPHVLEKKYHVGAGS FKFKSVTGRLEQEX
CVVFPWLSTPNRLYPNDEVETQTDDSEGFDYNREFZTDELNVHNRIKIRSIYDKSKIK
1LPRGGAWGMFGGHL ITQEAQEKDSIVLSEGETLDAMS IYQETGRL ' LSLPNGANSLPL
ALLPKLEKFNETYLWMDFDAPGQOSS i SHFANKLGIQRVKVVHE LN PTT PATTTKGT
PTSTKGAGTTTRGSXKSTTATTQKT T SKMLEDANEVLLSGGVDMNNY FRNATVMTIISQO
ILTFSDIRQIVYNMELSDPVETCGTKS ITMPGCLSNLLKGHRRGRE LIV TGSTGSGKTT
LLEQLSLOYCLOGVSTLWGSFEINNVALARTMLROFSGRNLENNLNEFDY YANKZNE
LPLRFLKFHGSTNTIDIVLDAMDYAVYVYDVOHT IIDNLQFMLSNYSGPSONSSFGEY
SSSKDTYELQNRTIEKFRRIVTNKNTHLSLVVHPREKEADGIQLGLSSVRGSVKSTOR
ADNVIIIONILNESRCIDVEKKNRIAGI LGRVY TKEDPVSLTAQEFKVTEYLNEYTTN
FTRPRKVEKDQPDTPTVRSGG TR INGT PRTKPKVSLSHFKLNLPQVHGSHVINEPIGT
PNVGTMTSEDLCSRPTPAT STNYKDKERNNVGLTGIDLTKLIKPITQQINKI TQONY T
T38NENSISSDSSCKPRGEDT SGDDNTN SNLVGTNDIN SNS 3GKGGKLKTKSELVEERE
YLSMRGLKITENS S (IKEMRDEVEKNGLCELVK TAGKGTRKEDALYENTIRSIIPQSALT
TTKPTEEEVESVKEDSSVDTTKVEDESSARSDVHSFGVSTSKSLLKLERVNVT PNND
ITEFKLKYLSKLPKSLYKGEPPSSSKPTPVIIGNOVSIPVDVYYSVNEILPLI.IDGLT
YVDSYDKLQSLEPLFKDPRAVGVDIETTGLDHNTNQIRLVQLSVPNQPS LI TDLEKL
STNNPDAESVVEPGRNELIKCEWLXKLEFKSKXETVRKVEHNGKFPINFLRVYGEFRFEGDT
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FDTMVASKLLVASRY ISCKLTHVSERYLNIVLDKTQQYSDWSTLOLFEEQLLYSARD
SFVLLPLYVILEHLLKINNLSDIASVENKCILATSDMELNGIQVDEDKLKFLQDELK
QEHQEISNTLYSQLNQSEINLNSQKQVLEKLQELKIMDKSKKKIISDTSESTLIRNM
SNPIISSLREYRKANKALTAFTQKLPNHINPITSRIYPNYNQLGAESGRFSCDGPNL
QQVPRDKKFRECFVAPKGSKFVIADFSQIELRIAAREIANDPKMIQAYQQOKVDLHSLT
ASILKNKNINDVNKEERQLAKAVNFGLIFGMSINGLRMYAETGYNLKLTQNEAKETIY
TSFFNNFKGILNWHNSVKNSRPTMVRTLGNRLSVFESFSFTRSLNYPVQGTSADITK
ETMARLVDLVKPLNAKIIICVHDEIILEVPEDNAEKALKMLIDTMVKSGEKYLKKVP
VEAMGSIGDSWADKS

Figure C.11. Multiple alignment of amino acid sequences of Plasmodium PREX homologues

PbPREX 1

PyPREX 1

PcPREX 1 I
pfprex 1 BLLYKFRELEFE
PkPREX 1 RCQLIGL FRyL I NpNs

PbPREX 49
PYPREX 61
PCPREX 48
pfprex 59 -JINNNEYDAINNNNTNIYNNDTYKNRIGF:

PkPREX 59 LGLEsFYDLBGRsN

PbPREX 2
PyPREX 104
PcPREX 91
pfprex 118
PkPREX 97

PbPREX 152
PyPREX 164
PcPREX 151
pfprex 178
PkPREX 157

PbPREX 208
PYyPREX 22
PCPREX 207
pfprex 238
PKPREX 214

PbPREX 268
PyPREX 280
PCPREX 267
pfprex 298
PkPREX 274

PbPREX 312
PyPREX 324
PcPREX 311
pfprex 358
PKkPREX 312

PbPREX 372
PyPREX 384
PCcPREX 371
pfprex 418
PKPREX 372

PbPREX 430
PyYyPREX 442
PCPREX 429
pfprex 478 'YMDNKILSNLKSISSDKIKKK]




PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PKPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PCPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PKPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PCcPREX
pfprex
PkPREX

PbPREX
PyPREX
PCPREX
pfprex
PkPREX

PbPREX
PyPREX
PCcPREX
pfprex
PKPREX

PbPREX
PyPREX
PCPREX
pfprex

432 coLjifielB1cofir1cfAEQ-KEl---ATKENERSGEKN-~-~~ el Bec-vepfraf

469 R -------—-- - -
. o
465 R~ -~~~ ———mm == —————— e
537 ML TSSNNINVNILKNK ITNKENKSDNNLKEGMEKKEIQNEISVIEDNNN
482 Qr1sGTlKS----DLQITEKA! - - -GK-—-—~ NN--——==mmmmmmmm SICGDTGN

518

578
590
573
717
626

638
650
633
777
686

698
710
693
837
746

758
770
730
897
806 TKVTTP

938
977
911
1131




PkPREX

PbPREX
PyPREX
PCPREX
pfprex
PKPREX

PbPREX
PyPREX
PCcPREX
pfprex
PkPREX

PbPREX 1085 i 13 MR O —————

PyPREX 1128 i M N R M ——

PCPREX 1050 S = S R R s

pfprex 1311 SCMNINKIYS--EE| MNKEPOTLLPNDRNDSNSHS YTMVKN
PKPREX 1158 LAJNHNGVITGGNPSABPVGGPTKENFN----- IVSSVK-ES-SASGHMGHSLRGYVS

PbPREX 1121
PYPREX 1164
PCPREX 1086
pfprex 1368 E|
PkPREX 1211 HP

PbPREX
PyPREX
PCPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PCPREX
pfprex
PKPREX

PbPREX
PyPREX
PCcPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex
PkPREX

PbPREX
PyPREX
PcPREX
pfprex




PKPREX

PbPREX
PyPREX
PcPREX
pfprex
PKPREX

PbPREX
PyPREX
PCPREX
pfprex
PkPREX

PbPREX
PyPREX
PCcPREX
pfprex
PKkPREX

PbPREX
PyPREX
PCPREX
pfprex
PKPREX

Figure

Sequences were aligned using ClustalX 1.81.
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C.11. Multiple alignment of amino acid sequences of Plasmodium PREX homologues.
Black shading indicates identical amino acids; grey
shading indicates conserved amino acid substitutions. The numberings on the left hand side shows the
relative position of the amino acid in the respective sequences. Abbreviations: P. falciparum (Pf), P.
berghei (Pb), P. chabaudi (Pc), P. knowlesi (Pk), P. vivax (Pv) and P. yoelii (Py). Introns boundaries

were determined using ORF finder at http://www.ncbi.nlm.nih.gov/gorf/gorf.html.
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APPENDIX D

Figure D.1. Full alignment of deduced amino acid sequences of DNA polymerase domains of DNA

polymerases from family A
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Figure D.1. Full alignment of deduced amino acid sequences of DNA polymerase domains of DNA
polymerases from family A. Details of sequences used are shown in Table 6.1, alongside PfPREXpol.
These sequences were aligned using DIALIGN. Black shading indicates identical amino acids; grey
shading indicates conserved amino acid substitutions. The numberings on the left hand side is the relative
position of the amino acid in the respective sequences.
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Figure D.2. Full alignment of deduced amino acid sequence of DNA primases
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Figure D.2. Full alignment of deduced amino acid sequence of DNA primases. Details of sequences
used are shown in Table 6.3 alongside PfPREXpri. These sequences were aligned using DIALIGN. Black
shading indicates identical amino acids; grey shading indicates conserved amino acid substitutions. The
numberings on the left hand side are the relative positions of the amino acid in the respective sequences.

Figure D.3. Full alignment of deduced amino acid sequence of DNA helicases
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Figure D.3. Full alignment of deduced amino acid sequence of DNA helicases. Details of sequences
used are shown in Table 6.4 alongside PfPREXheli. These sequences were aligned using DIALIGN.
Black shading indicates identical amino acids; grey shading indicates conserved amino acid substitutions.
The numberings on the left hand side are the relative positions of the amino acid in the respective

sequences.
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