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SUMMARY

Malaria is a devastating disease which affects almost half of the world’s population. Since the
description of the malaria genome sequence, various aspects of the parasite have been
studied, including drug resistance mechanisms, epidemiology and surveillance systems.
Alarmingly, very little is known about the basic biological processes such as the regulation of
the expression of parasite genes. The parasite, Plasmodium falciparum, has developed highly
specialized methods of regulating the transcription of genes, starting at the regulation of genes
controlling basic cellular processes such as protein synthesis and erythrocyte invasion, followed
by the transcriptional regulation of more specialized genes, such as those aiding in immune
evasion and pathogenesis. The description of the P. falciparum transcriptome by Bozdech et al.
in 2003 revealed a complex, just-in-time and tightly regulated transcription profile of P.
falciparum genes. This suggests that the most probable Achilles heel for Plasmodium may be
its unique mechanisms of regulating gene expression. Various cis- and trans-regulatory
sequences have been identified in P. falciparum, along with possible DNA (and RNA) binding
proteins. The first part of this research focussed on transcriptional regulatory mechanisms in
which an in silico search identified cis-regulatory sequences in the 5" untranslated region of the
antigenically variant var gene family. Electrophoretic mobility shift assays (EMSA) were used to
identify protein binding partners of these sequences, which could ultimately act as transcription
factors in regulating the expression of this essential gene family. The second part of the
research investigated the involvement of post-transcriptional regulatory mechanisms in the
polyamine biosynthetic pathway of P. falciparum. Polyamines have been proven to be crucial for
the parasite’s development and therefore, an RNA interference knock-down strategy was used
to verify the importance of the polyamine biosynthetic enzymes S-Adenosylmethionine
decarboxylase (AdoMetDC), Ornithine decarboxylase (ODC) and Spermidine synthase. It is
clear that various mechanisms for gene regulation are used by the parasite and that this is
critical for the survival of this organism. The results of this study suggest the potential presence
of both double-stranded and single-stranded DNA regulatory proteins within P. falciparum
nuclear extract. As controversial as RNA interference remains in P. falciparum, this technique
was used as a plausible knock-down strategy of parasite specific genes and certain trends,
regarding the visible decreases in gene transcript level after double-stranded RNA treatment,
were observed. However, final conclusions as to the feasibility of using RNA interference in P.
falciparum remain to be elucidated. This study therefore ultimately lends insight into the

transcriptional and post-transcriptional levels of P. falciparum gene regulation.
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CHAPTER1

LITERATURE OVERVIEW:

1.1 Introduction

Malaria as a growing epidemic has become one of the most threatening human infections of our
time. Compared to other infectious diseases such as Human Immunodeficiency Virus (HIV) and
Tuberculosis (TB), it is evident that malaria is one of the most important public health
challenges as it has become more difficult to prevent and cure, due to frequent genetic changes
of P. falciparum (Flick et al., 2004). Since the start of the 21% century, approximately 3000
million people live in malaria areas, which translates back to approximately 40% of the world’s
population being at risk (Figure 1.1) (Aide et al., 2007). It has been estimated that there are
between 300 and 500 million clinical malaria cases and 2.7 million deaths annually (Aide et al.,
2007). In the sub-Saharan Africa regions, children under 5 years of age account for 90% of all
deaths due to malaria (Gardener et al., 2002; Griffith et al., 2007). Moreover, pregnant woman
who acquire malaria have a high risk of both maternal and perinatal morbidity and mortality,
which could include still birth and spontaneous abortion of the foetus (Griffith et al., 2007). Many
communities are crippled by malaria since they simply do not have the resources to treat and
prevent the disease, which eventually leads to poor economical growth and the parasite’s

persisting existence.
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Figure 1.1: Global distribution of P. falciparum malaria affected areas (Guerra et al., 2008).
Areas of high incidence (dark red), low incidence (pink) and no risk (light grey).
The malaria parasite is an Apicomplexan from the genus Plasmodium. Human malaria is
caused by four different species of the Plasmodium genus and are known as P. vivax, P.
malariae, P. ovale and P. falciparum (Griffith et al., 2007). P. vivax is most common and is

predominantly found in South and Northern Asia, Eastern Europe as well as Central and South
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America (Griffith et al., 2007). P. ovale on the other hand is most frequently found in West Africa
and occasionally occurs in Southeast Asia and Papua New Guinea, while P. malariae is the
least frequent, occurring in patchy areas worldwide (Griffith et al., 2007). However, P.
falciparum predominates in sub-Saharan Africa, Hispaniola and Papua New Guinea and is the
species that causes the most virulent form of malaria resulting in the most deaths annually

compared to any of the other species (Griffith et al., 2007).

The malaria parasite is transmitted to its hosts through the infectious bite of an Anopheles
mosquito with A. gambiae being the most common P. falciparum vector. P. cynomolgi, P. inui
and P. knowlesi are simian malarial parasites that are known to be transmitted to humans
through the bite of an infected Leucosphyrus group of anopheline mosquito, such as A. latens
(Galinski et al., 2009). P. cynomolgi is related to P. vivax, P. inui resembles P. malariae and P.
knowlesi has often been mistaken for P. malariae even though its blood stage cycle is 24 hours
compared to P. malariae which has a cycle of 72 hours (Galinski et al., 2009). Of the three
simian malaria parasites capable of infecting humans, P. knowlesi infections have become quite
prevalent in areas such as Southeast Asia, Southern China, Thailand, Singapore, Malaysia and
Taiwan but to date this parasite species cannot be classified as a human malaria species and is

rather classified as a zoonosis (Galinski et al., 2009).

The P. falciparum parasite’s extended and increasing resistance to current anti-malarial drugs
and the mosquito’s resistance to the various existing insecticides have made this epidemic
more difficult to control than ever before (Woodrow et al., 2006). The development of an anti-
malarial vaccine has failed due to the parasite’s complexity, which is evident throughout its life
cycle stages. The parasite has the ability to present a myriad of antigens through a process
known as antigenic variation and this phenomenon allows the parasite to effectively escape the
host’'s immune system. To date, an effective malaria vaccine has not yet been developed due to
the high cost and length of the process before it can be placed on the market, as well as low
returns as a result of affected countries not being able to afford expensive drugs. In addition to
this, the effectiveness of the current anti-malarial drugs are challenged by the increasing
resistance of the parasites and in turn, has discouraged pharmaceutical companies (Aide et al.,
2007).

The main focus of this research is gene regulatory mechanisms in P. falciparum and thus the
following discussion on anti-malarial drugs for treatment and prophylaxis should be considered
as a short summary. Details associated with mechanisms of drug action and resistance
mechanisms will not be provided, instead the discussion will focus on the biological processes

and intricate parasite biology, particularly as related to gene regulation.
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Quinine is an aryl aminoalcohol which originates from the bark of Cinchona officinalis (Yeka et
al., 2009). To date, Quinine is used as a first-line treatment in severe malaria cases and a
second-line treatment in uncomplicated malaria cases (Yeka et al., 2009). Chloroquine was
historically the first-line drug used for the treatment and prophylaxis of malaria but due to
increased resistance to chloroquine, sulfadoxine-pyrimethamine became the drug of choice.
Sulfadoxine-pyrimethamine is a combination of sulphur-based drugs and is part of the antifolate
drug family, aimed at inhibiting the P. falciparum folate biosynthetic enzymes dihydrofolate
reductase (DHFR) and dihydropteroate synthase (DHPS) (Nzila, 2006). However, subsequent
resistance and toxicity problems to this drug combination resulted in the need to find new
means of treating malaria. Currently, the best form of treatment relies on the combination of two
or more blood schizontocidal drugs that have independent modes-of-action (Deen et al., 2008).
The WHO recommends the use of Quinine, Artemether and Artesunate for the treatment of

severe P. falciparum malaria (Yeka et al., 2009).

Artemisinin is a sesquiterpene extracted from Artemesia annua and is a strong anti-plasmodial
drug with an elimination half-life of 2-5 hours (Balint, 2001). Artemisinin’s mode-of-action is
unclear and various mechanisms have been proposed, which include the interaction of
Artemisinin with heme to subsequently produce carbon-centered free radicals, which ultimately
damage the parasite microorganelles and membranes (Balint, 2001) and the interference of
Artemisinin with the electron transport chain resulting in dysfunctional mitochondria (Li et al.,
2005). Additional studies have verified that Artemisinins are not only localized to the food
vacuole but are located throughout the parasite and do not require heme, which led to another
theory of Artemisinin anti-malarial action, which proposes the activation of Artemisinin by iron
which in turn causes the irreversible inhibition of a metabolic enzyme known as Smooth
Endoplasmic Reticulum calcium-dependent ATPase (PfATP6) (Ridley, 2003). Combination
therapy combines derivatives of artemisinin, which reduces the biomass of existing parasites by
95%, with a partner compound which has a longer half-life, such as mefloquine, in order to Kkill
remaining parasites. The combination therapies currently available and in use include
Artemether-lumefantrine, Dihydroartemisinin-piperaquine, Artesunate-mefloquine and
Artesunate-amodiaquine. Table 1.1 summarises the various other anti-malarial therapeutic
drugs currently described by WHO that can be used for both the treatment and prophylaxis of
malaria (Deen et al., 2008). Treatment aims at alleviating symptoms, preventing relapses (P.
vivax and P. ovale) and preventing further transmission while prophylaxis drugs aim to prevent

the initial malaria infection by effectively killing erythrocytic and/or hepatic stage parasites.



-
&
UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Table 1.1: Current anti-malarial therapeutic drugs as described by the World Health Organization
and Medicines for Malaria Venture (Deen et al., 2008; Wells et al., 2009).

Compound In combination with Used for the treatment of
Amodiaquine (T) Artesunate P. vivax, P. malariae, P. ovale
Artemether (T) - Mild to severe malaria
Artemether-lumefantrine (T) - Mild to severe malaria
Artesunate (T) Amodiaquine, mefloquine, pyronaridine, sulfadoxine- Mild to severe malaria

pyrimethamine

Chloroquine (T) + (P) - P. vivax

Doxycycline (P) Quinine Mild to severe malaria
Mefloquine (T) + (P) Artesunate Mild to severe malaria
Primaquine (P) - P. vivax, P. ovale
Quinine (T) Doxycycline Mild to severe malaria
Sulfadoxine-pyrimethamine (P) Artesunate Mild to severe malaria
Dihydroartemisinin-piperaquine - Mild to severe malaria

Compounds are categorized for use as (T): treatment and/or (P): prophylaxis

Due to the failure of current anti-malarial drugs and the parasites increasing resistance to the
present drugs, new drug targets are being identified and studied for future therapeutic
treatments. The various molecular targets currently under clinical trial investigation is

summarised in Table 1.2.

Table 1.2: Examples of current drug discovery projects in malaria (Wells et al,, 2009).

Molecular target Function Key objective of drug development

Dihydrofolate reductase Folate biosynthesis Overcome existing resistance

Dihydroorotate dehydrogenase Pyrimidine synthesis Show selectivity and potency in vivo

Purine nucleoside phosphorylase Nucleoside synthesis Provide clinical proof-of-concept

Adenosine deaminase Nucleoside synthesis Show selectivity and potency in vivo

Cytochrome bc1 complex Mitochondrial respiration Overcome existing resistance and show selectivity for
parasite target

Subtilisin-like protease Egress from erythrocytes Lead discovery

Falcipains Proteolysis of haemoglobin Show selectivity against host proteases and develop
pharmacophores that do not cross-react with host thiols

Fatty acid biosynthesis Apicoplast lipid synthesis Lead discovery

Histone deacetylase DNA replication Show selectivity for parasite target

Kinases Signal transduction Show selectivity for parasite target

Cytochrome bc1 complex: ubiquinol-ferricytochrome ¢ oxidoreductase.

It is evident that P. falciparum drug-resistance remains a problem and thus research focussed
on obtaining a better understanding of how the parasite survives is therefore crucial for the
development of more effective, safe and affordable anti-malarial drugs. To develop the next

front-line anti-malarial drugs will require a thorough understanding of the parasites biology.
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1.2 P. falciparum biology

P. falciparum has two life cycles within separate hosts, an asexual life cycle within the human

host and a sexual life cycle within female Anopheles mosquitoes (Figure 1.2).
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Figure 1.2: Morphology of the P. falciparum life cycle stages (Greenwood et al., 2008).

A female Anopheles mosquito takes a blood meal from an infected human to obtain the required
nutrients for sustaining oogenesis and reproduction (Barillas-Mury et al., 2005). The haploid
male and female parasite gametocytes in the blood, enter the mosquito and are transformed
into microgametes and macrogametes, respectively. A diploid zygote forms by the fusion of the
microgamete with the female macrogamete in the mosquito’s midgut and the zygote then
transforms into a motile ookinete which needs to survive the harsh conditions inside the
mosquito including the ability to cross several barriers and avoid destruction by the mosquito’s
immune system (Barillas-Mury et al., 2005). Within the next 24 hours, the ookinete secrete
chitinases from its apical end to digest the peritrophic matrix consisting of a sheath of chitin and
enter the midgut epithelium where it develops into an oocyst (Barillas-Mury et al., 2005; Ghosh

et al., 2000). The oocyst progresses through various developmental processes to produce
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thousands of sporozoites which are released to invade the salivary gland epithelium cells
(Ghosh et al., 2000). Once the sporozoites have invaded the salivary glands they remain in the
cytoplasm temporarily, after which they travel to the secretory cavity where they await the next
mosquito blood meal (Ghosh et al., 2000).

During feeding, the sporozoites penetrate the secretory duct and enter the vertebrate host
where they travel, via the blood stream, to the liver to invade the hepatocytes (Kirk, 2001). After
about 7 days, the hepatocyte ruptures to release merosomes which in turn burst to release
thousands of merozoites into the circulation of the host where each merozoite quickly invades
an erythrocyte (Greenwood et al., 2008). Invasion of the erythrocyte involves the merozoite
attaching itself to specific surface receptors on the erythrocyte, re-orientating itself to ensure the
apical end of the merozoite is in contact with the erythrocyte, followed by penetration of the

membrane (Rasti et al., 2004).

Once in the erythrocyte, the parasite lies relatively dormant in the ring stage until approximately
15 hours post invasion (h.p.i), whereafter both the metabolic and biosynthetic activity within the
erythrocyte increases as the parasite progresses into the trophozoite stage (Kirk, 2001). During
this stage the parasite lacks a functional citric acid cycle and is therefore wholly reliant on
glycolysis for its energy supply (Kirk, 2001). As the parasite grows and matures within the
vacuole, the rate of glucose utilization and lactic acid production in the parasitized cell increases
and the parasite digests proteins of the host cell, principally hemoglobin, into small peptides that
are utilized by the parasite as a source of amino acids (Kirk, 2001). Isoleucine is the one amino
acid which is absent from human hemoglobin and thus the parasite obtains this amino acid by
exchanging leucine, an amino acid abundant in hemoglobin, for isoleucine from the extracellular
medium (Martin et al., 2007). Moreover, the structure of the erythrocyte is altered completely
from being smooth and biconcave, to an irregularly shaped cell with its surface covered in small
electron-dense protrusions known as knobs, which serve as localization points for parasite
derived proteins (Kirk, 2001). The late-stage trophozoite finally enters the schizont stage at
about 36 hours after invasion of the erythrocyte where it subdivides to produce ~30 daughter
merozoites which are released into the blood stream when the erythrocyte ruptures and each

new merozoite invades another erythrocyte, continuing the cycle (Kirk, 2001).

During the transition from trophozoite to schizont, the parasite’s metabolic activity increases
dramatically as the parasite prepares for cell growth, cell division and immune evasion. In the
trophozoite stage of the parasite, regulation of the immune evasion machinery become of
utmost importance and the tight control of gene transcription and translation becomes evident.
This stage therefore marks the beginning of the intricate mechanisms the parasite utilizes to

regulate its genes, as will be discussed in the following sections.
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1.3 General gene regulation

The mechanisms involved in eukaryotic gene regulation can only be fully understood when the
different stages at which gene expression can be regulated are considered. Figure 1.3 depicts a
summary of the different levels within a cell at which gene expression can be regulated and thus
the various facets where gene expression can be controlled include the transcriptional level,
epigenetically on the chromatin level, post-transcriptionally at the level of RNA processing and

stability and finally at the translational level (Meissner et al., 2005).

ranscriptional regulation
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Figure 1.3: Summary of the different levels at which gene regulation can occur within a eukaryotic
cell.

1.3.1 Transcriptional regulation

A gene is a sequence of DNA which carries a code required for RNA followed by protein
synthesis and this DNA code often contains regulatory regions which aid in regulating both the
rate of mMRNA synthesis and the rate of activity of genes. Upstream promoter and enhancer
regions are referred to as regulatory regions of a gene and contain novel 3-dimensional
foldback DNA structures to aid the polymerase enzymes and transcription machinery to

recognize specific sites (Maclean, 1989). At the transcriptional level of regulation, the
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transcription rate is influenced by the intricate interplay between protein components known as
trans-acting factors (or transcription factors) localized in the nucleus that interact with cis-
regulatory DNA elements, to facilitate the correct RNA polymerase to bind to the correct
promoter at the right time (Kumar et al., 2004; Meissner et al., 2005). These transcription factors
regulate transcription by binding to DNA cis-acting elements within enhancers or promoters,
which in turn signals chromatin and histone modifying enzymes to alter the nucleosome and
make it accessible to the transcription machinery. The DNA is bent thereby exposing previously
unseen, or hiding previously seen, binding sites from other transcription factors (Heintzman et
al., 2007; Kumar et al., 2004). Studies in organisms ranging from yeast to humans revealed that
active promoters are usually marked by several features such as nucleosome depletion and
histone H3 and H4 acetylation, which are absent from inactive promoters (Heintzman et al.,
2007).

Transcription in eukaryotes is regulated by three different RNA polymerases (RNA polymerase
I, I and 1ll) and each RNA polymerase synthesizes a different class of RNA (Sadhale et al.,
2007). The transcription initiation complex (Figure 1.4) requires RNA polymerase Il, which
catalyzes the transcription of all protein coding genes and six transcription factors (TFIIA, TFIIB,
TFIID, TFIE, TFIIF, TFIIH) which are known to assist the polymerase in its function (Sadhale et
al., 2007). TFIID is a primary factor which recruits on the promoter and helps with the assembly
of the other transcription factors and the RNA polymerase |l to form the pre-initiation complex

(PIC). This PIC then recognizes elements of the eukaryotic promoter.

Figure 1.4 below illustrates the typical eukaryotic machinery where a eukaryotic TATA box,
which is an AT-rich sequence found between -20 and -30 nucleotides upstream from the
transcription start site, is recognized by a TATA binding protein (TBP), Initiator (INR) is
recognized by TBP-associated factors (TAF 1 / TAF 2) of TFIID and the Downstream Promoter
Element (DPE) is recognized by TAF 6 and TAF 9 of TFIID (Sadhale et al., 2007). TFIIB
recognizes two TFIIB Recognition Elements (BRE) and Motif Ten Element (MTE), a consensus
sequence known to enhance RNA polymerase Il mediated transcription. Several cofactors are
also required for transcriptional initiation and these are classified into two classes. The first
class of enzymes and proteins is important for modification of chromatin while the second class,
often referred to as a mediator complex, are factors important for the interaction with RNA

polymerase Il and the general transcription factors (Sadhale et al., 2007).
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Figure 1.4: Eukaryotic transcription initiation machinery (Sadhale et al., 2007).
Transcription factor binding protein (TBP) identifies the TATA box, TAF 1/TAF2 are TBP-associated factors that recognize the
Initiator (INR) while TAF 6 recognizes the downstream promoter element (DPE). TFIIB Recognition Elements (BRE) and Motif
Ten Element (MTE) enhance RNA polymerase Il transcription.

The central dogma of molecular biology intricately connects the transcription of DNA to RNA
and the translation of RNA to protein. After replication of the DNA, RNA polymerase binds to the
promoter sequence on the double-stranded DNA which then unwinds to form two single DNA
strands. This allows one of the strands to act as the template from which the genetic code will
be transcribed. The presence of transcription factors are crucial for RNA polymerase functioning
and the binding of transcription factors to their designated cis-acting sequences (TATA box or
CAAT box) determine whether transcription of a certain gene is initiated. Once the mRNA
transcript has been produced, it requires post-transcriptional modifications before translation

can continue.

1.3.2 Post-transcriptional regulation

The mRNA becomes modified extensively from its immature to mature forms and each feature
and regulatory sequence will determine the final fate of the transcript. The mRNA 5’cap and
poly(A) tail represent strong promoters for the initiation of translation while internal ribosome
entry sequences (IRES), the upstream open reading frames (UORF) and tertiary RNA structures
such as hairpins, all affect translation in some way (Figure 1.5) (Gebauer et al., 2004). Post-
transcriptional regulation can be summarised to include mRNA decay, non-coding RNA,

antisense RNA and RNA interference.

Hairpin IRES
1

’

5 m/GpppN UORF H ORF }_O_[A:'n 3

Figure 1.5: The eukaryotic mRNA structure with its post-transcriptional modifications and the

elements that influence translation (Gebauer et al., 2004).
IRES (internal ribosome entry sequences), uUORF (upstream open reading frame) and green/blue ovals represent binding sites
for proteins and RNA regulators.

10



&

w UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
\ 4

YUNIBESITHI YA PRETORIA

1.3.2.1 MRNA decay

mRNA decay is an important aspect for regulating the number of transcripts present in the cell
and short-lived mRNA’s often encode the proteins which are of significant value to the cell
(Meyer et al., 2004). The mRNA decay rates differ between various transcripts from a few
minutes to over an hour, which implies the mechanisms involved in mRNA decay to be quite
complex. The mRNA turnover machinery is important in eliminating possible mutant RNA such
as genes containing premature stop codons, which are effectively degraded by nonsense-

mediated decay pathways (Wilusz et al., 2001).

mRNA contain a 5 7-methylguanosine cap structure and a 3’ poly(A) tail structure which are
determining factors in transport, stability and translation. The poly(A) tail protects the mRNA
from degradation by interacting with the poly(A)-binding protein (PABP), forming a ternary
complex with eukaryotic initiation factor 4G (elF4G) and preventing access of decapping and
deadenylating enzymes to their targets, thereby stabilizing the mRNA transcript (Wilusz et al.,
2001). Two mRNA decay pathways exist in eukaryotes (Figure 1.6), which have different

mechanisms of degradation.
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Figure 1.6: The two pathways of eukaryotic mRNA decay (Parker et al., 2004).

In the first pathway the mRNA poly(A) tail is shortened by mRNA deadenylases after which a
decapping enzyme hydrolyzes the 5’ cap, releasing the m’GpppN cap and produces an mRNA
with an exposed 5 monophosphate which then undergoes exonuclease degradation in the 5’-3’
direction (Parker et al., 2004). The exonuclease forms a complex with various other proteins
located in cytoplasmic processing structures known as P-bodies and is involved in both normal
mRNA decay and nonsense-mediated mRNA decay (Newbury, 2006). P-bodies contain pools
of mMRNAs that are not engaged in translation since P-bodies do not contain the translational
machinery and require mRNA’s for their assembly (Valencia-Sanchez et al.,, 2006). The

deadenylating enzymes, decapping proteins and DEAD-box helicase proteins are found in the
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P-bodies since these are the sites where mRNAs are specifically deadenylated and decapped
(Newbury, 2006). When translation of the mRNA is repressed the RNA transcript is transported
to P-bodies where the transcript is either degraded or stored (Newbury, 2006).

The second pathway, known as the 3’ decay pathway, involves deadenylation of the poly(A) tail
followed by direct degradation in the 3’-5’ direction via the cytoplasmic exosome (Parker et al.,
2004). The nuclear exosome functions in RNA processing and assists in the turnover of
incomplete mMRNA while the cytoplasmic exosome assists in non-stop mRNA decay and
degradation of the mRNA after deadenylation (Parker et al., 2004). Sequence elements within
the UTR of mRNA known as AU-rich elements (ARE) have the ability to regulate the rate of
mMRNA turnover by playing a role in either promoting rapid deadenylation and mRNA decay or in
stabilizing the mRNA transcript (Parker et al., 2004).

mMRNA decay can additionally undergo either nonsense-mediated mRNA decay (NMD) or non-
stop mRNA decay (Maquat, 2004; Van Hoof et al., 2002). NMD regulates the degradation of
mMRNA’s containing a premature translational stop codon by regulating the endonucleolytic
cleavage of the mRNA by a ribosome associated endonuclease (Newbury, 2006). A premature
termination codon (PTC) (UAA, UAG, UGA) is often located upstream from the normal site of
translation termination, which results in the production of a truncated protein that could function
in various deleterious mechanisms (Maquat, 2004). In mammalian cells, various elements allow
for the identification of PTC. The intron position within a pre-mRNA is a determinant for NMD
since a PTC that is followed by an intron located more than 55 nucleotides downstream is
suitable for NMD, while normal termination codons often reside in the last exon or are followed
by an exon-exon junction less than 55 nucleotides downstream and are in this way immune to
NMD (Figure 1.7) (Maquat, 2004). When the premature termination codon is identified, the
MRNA can undergo nonsense-mediated decay via two pathways, the decapping pathway which
is followed by 5’-3’ decay and the deadenylation pathway which is followed by 3’-5 exosome-
mediated decay (Figure 1.7) (Maquat, 2004).

3’-most
exon—-exon
AUG junction L
1y, ¥ I
Cap | A\ | | A,
AN
L |L750—55 nt L
NMD No NMD

Figure 1.7: lllustration of the regulation of nonsense-mediated mRNA decay in mammalian cells by
identifying and distinguishing between normal termination codons and premature termination
codons (Maquat, 2004).

If a PTC is located in the blue region, it is followed by an exon-exon junction, which is more than 25 nucleotides away and
therefore elicits NMD. If a PTC is located anywhere in the green region, it is within 55 nucleotides from an exon-exon junction

and therefore does not elicit NMD. The normal termination codon (Ter) is located in the last exon and therefore doesn't elicit
NMD
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Non-stop-mediated mMRNA decay regulates the degradation of mMRNA’s that lack a termination
codon via the 3’-5’ cytoplasmic exosome pathway. The non-stop mRNA decay pathway requires
translation of the mRNA which becomes deadenylated and degraded by the exosome in the
cytoplasm starting from the 3’ end (Van Hoof et al., 2002). The mRNA lacking a termination
codon is recognized by two mechanisms. The first requires that the translating ribosome reach
the poly(A) tail and the 3’ end of the mRNA, therefore indicating that the ribosome has an empty
A-site (Van Hoof et al., 2002). The second mechanism involves the COOH and NH, terminals of

a protein component of the exosome (Van Hoof et al., 2002).

1.3.2.2 RNA silencing

RNA silencing refers to a sequence-specific RNA degradation mechanism and includes post-
transriptional gene silencing (PTGS) in plants, gene quelling in fungi and RNA interference in
animals (Cottrell et al., 2003).

Non-coding RNA’s (ncRNA) are RNA transcripts which are not translated into protein and most
of these transcripts do not have any open reading frames (Li et al., 2008). ncRNA'’s are integral
components of ribonucleoprotein complexes that are involved in gene regulation and can be
either small non-coding RNA’s which include molecules such as microRNA’s (miRNA), short
interfering RNA’s (siRNA), small nucleolar RNA’s (snoRNA) and tRNA's, or they can be large
non-coding RNA’s (Yasgan et al., 2007). In all eukaryotic cells, there appear to be both protein
coding and non-coding transcripts. ncRNA found in other eukaryotic organisms have been
implicated to be involved in phenomena involving RNA-RNA and RNA-DNA interactions as well
as chromatin remodelling such as X-chromosome inactivation in mammals or the postulation
that some ncRNA'’s are implicated in maintaining the methylation status of CpG islands, thereby

affecting promoter activities (Mattick, 2001; Yasgan et al., 2007).

miRNA and siRNA are RNA molecules of between 21 and 26 nucleotides in length and have
emerged as important regulators of mMRNA translation and decay. miRNA and siRNA have the
ability to silence cytoplasmic mRNA by one of three mechanisms: either by triggering
endonuclease cleavage, by promoting translational repression or by accelerating mRNA
decapping (Carthew, 2006; Valencia-Sanchez et al., 2006). miRNA’'s and siRNA’s are
distinguished by their mode of biogenesis (Figure 1.8) since miRNA’s are produced from
transcripts that form stem-loop structures and inhibit translation by interacting with the 3’ UTR of
the target mRNA (Ullu et al., 2004). siRNA’s are produced from long double-stranded RNA
which are either endogenously produced or exogenously provided when using RNA interference
as a silencing tool (Valencia-Sanchez et al., 2006). In addition, stRNA from lin-4 and let-7, are
small temporal RNA molecules that are transcribed from the genome as hairpin precursors and

are processed by Dicer to allow the accumulation of one strand only (Hannon, 2002). Perfect
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complimentarity between target mMRNA and stRNA is not required for silencing and does not

(0}@

induce degradation but instead results in translational inhibition (Hannon, 2002).

RNA interference (Figure 1.8) was first observed by plant biologists in the 1980’s but its
molecular mechanism was only revealed in the late 1990’s (Leung et al., 2005). RNA
interference has become a useful molecular tool for the knock-down of gene expression and
requires a cytoplasmic ribonuclease Ill (RNase lll)-like protein known as Dicer and a multi-
protein complex known as the RNA-induced silencing complex (RISC). A key component of the
RISC complex is the Argonaute proteins. The Argonaute family members all contain a PAZ
(Piwi/Argonaute/Zwille) domain and a PIWI (P-element induced wimpy testis) domain which
functions in slicer activity since it is related to RNase H endonucleases (Valencia-Sanchez et
al., 2006). Dicer is active in the cytoplasm and cleaves double-stranded molecules into small
RNA duplexes of 19-25 base pairs in length with 3’-dinucleotide overhangs. The small
interfering RNA (siRNA) duplex becomes incorporated into RISC where an ATP-dependent
helicase unwinds the duplex, allowing one of the two strands to act as the guiding strand to
recognize and bind to its mMRNA (Leung et al., 2005). The degree of complimentarity between
the guiding strand and the target mRNA will determine whether the silencing will be achieved by
site-specific cleavage in the region of the siRNA-mRNA duplex. This is followed by degradation
of the products by non-specific RNases or via miRNA translational repression with the help of P-

bodies.
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Figure 1.8: lllustration of RNA silencing via (a) siRNA- and (b) miRNA-mediated gene silencing
(Jinek et al., 2009).
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Processing of miRNA and siRNA are both Dicer-dependent and key principles of their function
lie in the interaction between miRNA/siRNA with the mRNA target. The 5 portion of the miRNA
is highly conserved and the base pairing between the 5’ end of miRNA with the mRNA target
establishes the thermal stability of the interaction, while the 3’ end of miRNA has been
suggested to function as a modulator of suppression (Valencia-Sanchez et al., 2006). For
endonuclease cleavage, base pairing between base 10 and 11 is required and thus only one
complementary site is needed to direct repression. Translational repression requires multiple
complementary sites (Valencia-Sanchez et al., 2006). Endonucleolytic cleavage is favoured by
perfect base pairing between the miRNA/siRNA and the target mRNA, however some
mismatches are tolerated allowing cleavage to occur. It has been suggested that miRNA’s
utilize other mechanisms of target degradation such as sequestering the target mRNA to P-
bodies where the transcripts are unavailable to the protein synthetic machinery and instead are
the substrates for decapping enzymes and degradation nucleases (Carthew, 2006; Valencia-
Sanchez et al., 2006). The localization of Argonaute proteins in P-bodies are also functionally
important and it has been proven to be important for miRNA gene silencing (Valencia-Sanchez
et al., 2006).

The first antisense RNA discovery was made in 1981 in the laboratories of Tomizawas and
Nordstroms when they found that copy numbers in E. coli plasmids were controlled by small
RNA-regulators (Brantl, 2002). Antisense RNA’s are small (35-150 nucleotides), highly
structured and act via sequence complimentarity with target sense strand mRNA’s (Brantl,
2002). Antisense RNA’s are coded in cis by being transcribed from a promoter which is located
on the opposite strand of the same DNA molecule. However, some antisense RNA’s have been
found to be encoded in trans, requiring only partial complimentarity to their target mMRNA and
often have more than one mRNA target (Brantl, 2002). The main function of antisense RNA’s
are the inhibition of target mMRNA'’s, however certain activating antisense RNA’s have also been
identified (Brantl, 2002). Antisense oligonucleotides are defined as the non-coding
complimentary sequences that act as an RNA/DNA template to the target mMRNA to be
degraded. These antisense oligonucleotides have been recognized as naturally occurring gene
regulation mechanisms of which very little is known with regards to the mechanism of action
(Figure 1.9). Antisense deoxynucleotides are single strands of deoxynucleotide sequences that
bind to the target mRNA and activate RNase H, an endogenous enzyme which cleaves the
RNA strand of a heteroduplex RNA-DNA complex, ultimately causing the degradation of the
targeted transcript (Kang et al., 2008). Various other antisense mechanisms have been
observed such as interference with mRNA processing and transport, formation of a triplex with
the DNA and modifications of synthetic antisense oligonucleotides to produce morpholino
oligomers, peptide nucleic acids (PNA) or locked nucleic acids (LNA) which are all capable of

acting in different mechanisms (Rayburn et al., 2008). Antisense oligonucleotides, as a
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molecular gene silencing tool, have been used for target validation, gene function studies and

(021 +

gene therapy.
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Figure 1.9: Mechanism of antisense oligonucleotide silencing of mRNA target.

1.3.3 Translational regulation

Translation of eukaryotic mMRNA determines the relevant protein levels within cells and the times
at which the crucial proteins are expressed with regards to the cell cycle. Translational control is
critical for eukaryotic cells since it is involved with cell differentiation, proliferation and
development (Garcia-Sanz et al., 1998). Translational regulation is characterized by the various
mechanisms pre-existing mRNA’s are utilized, which include changes in phosphorylation states
of translational initiation factors, alterations in translation elongation or poly(A) tail length
modulation and initiation rate changes via trans-acting factors and cis-acting elements (Garcia-
Sanz et al, 1998). To understand global regulation and mRNA specific regulation, the
mechanism of eukaryotic translation must be considered. Firstly, the small 40S ribosomal
subunit binds to the 5’ end of the mRNA and scans the mRNA sequence in a 5’-3’ direction until
it identifies the initiation (AUG) codon (Gebauer et al., 2004). The 60S ribosomal subunit joins
the 40S subunit and together, the two subunits form the 80S ribosome (Gebauer et al., 2004).
The ribosomal units contain eukaryotic initiation factors (elF) that help control the translation of
the mRNA.

Global control/regulation of a protein is accompanied by changes in phosphorylation states of
either the initiation factors or the regulators that interact with the initiation factors (Gebauer et
al., 2004). A prime example is the translational inhibition which occurs when one of the elF2
subunits are phosphorylated. During translation initiation, when the AUG codon is recognized,
the GTP-bound elF2 is hydrolyzed to GDP-bound elF2 which is catalyzed by elF2B (Gebauer et
al., 2004). The elF2 consists of three subunits (a,8,y) and when the a-subunit is
phosphorylated, the GTP-GDP exchange is blocked since the dissociation rate of elF2 from
elF2B is slowed down and therefore the catalytic activity of elF2B is unavailable, ultimately
resulting in translational inhibition (Gebauer et al., 2004). The cap-binding protein elF4E is

another factor which affects the translation rate since it interacts with the scaffold protein elF4G
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(Gebauer et al., 2004). The elF4E associates with a domain in the elF4G, however when 4E-
binding proteins become hypophosphorylated, they bind to elF4AE which prevents elF4E from
interacting with elF4G and the small ribosomal subunit fails to associate with the mRNA, which

ultimately results in translational repression (Gebauer et al., 2004).

Reinitiation is another mechanism of translational regulation in eukaryotes and occurs when the
termination codon is reached and the 60S ribosome dissociates from the 40S ribosome, but the
40S ribosome still remains attached to the mRNA and continues scanning until it reaches yet
another start codon (AUG) and initiates translation downstream (Kozak, 2005). Reinitiation in
eukaryotes can only occur if the scanning 40S ribosomal subunit has enough time to pick up
another methionine loaded tRNA (Met-tRNA) before it arrives at the next start codon (Kozak,
2005). Since the loading of the Met-tRNA to the ribosome requires GTP and elF2, the
reinitiation mechanism can be regulated by manipulating the elF2-GTP levels, which allows the
40S ribosome to bypass certain start codons while scanning since the Met-tRNA has not yet

been loaded onto the ribosome (Kozak, 2005).

mRNA-specific regulation refers to the regulation of specific mMRNA’s through the interaction of
RNA binding proteins (Gebauer et al., 2004). RNA binding proteins act through three different
mechanisms, either by sterically hindering the binding site of the small ribosomal subunit on the
mRNA, interfering with the formation of the elF4F complex (cap-binding complex necessary for
translation initiation) or by cap-independent inhibition which interferes with ribosome scanning

from the cap structure (Gebauer et al., 2004).

1.3.4 Epigenetic regulation

Epigenetic gene regulation refers to alterations in gene expression and gene transcriptional
states which are not as a result of changes in the DNA sequence but rather due to changes in
DNA modifications or chromatin structure, such as histone methylation and acetylation (Deitsch
et al., 1999). The concept of epigenetics was first established in the 1940’s and is a mechanism
of gene regulation which generates diversity and helps maintain cell integrity and stability
(Cheung et al., 2005). Epigenetic changes are heritable and reversible, usually involving DNA

methylation and chromatin modifications (Cheung et al., 2005).

Eukaryotic genomes are packaged into the DNA-protein complex, chromatin, which consists of
nucleosome repeating units wrapped around a core histone (Rando et al., 2007). Chromatin is
known to affect the transcription of genes since the nucleosome position can serve as either an
activator or repressor of gene expression. In eukaryotes, the state of chromatin can be altered

by enzymes which either acetylate lysine residues of histones (histone acetyltransferases),
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causing relaxation of chromatin and therefore transcriptional activation, or enzymes that
deacetylate lysine residues (histone deacetylases) inducing chromatin condensation which
leads to transcriptional repression (Hakimi et al., 2007). Other histone modifying enzymes can
also methylate (methyltransferase) or demethylate (demethylase) the histone lysines often
resulting in transcriptional repression and activation, respectively, albeit certain exceptions exist
(Cheung et al., 2005).

CpG islands are frequent C-G dinucleotide sequences present in short stretches of DNA and
are often located around promoters of housekeeping genes, designating them as active.
Approximately 80% of CpG islands present in the mammalian genome are inactivated by
methylation at C° of cytosine (Cheung et al., 2005). Multi-cellular organisms utilize histone
methylation and acetylation marks to generate transcriptional memory, whereby the cell types
can remember their genetic program throughout the developmental cycle (Comeaux et al.,
2007). These histone modifications present a probable mechanism by which a virulence gene
program can be maintained over many life cycles and is known as the histone code (Comeaux
et al., 2007).

1.4 Gene regulation in Plasmodia

Gene regulation in P. falciparum can occur at various levels including transcriptional, post-
transcriptional, translational and epigenetic as depicted in Figure 1.10. The mechanisms behind
epigenetic gene regulation in Plasmodia have been investigated to a greater extent and will

therefore form a more extensive discussion.

|| || g |

- Transcription - mRNA decay - Histone tails - Chromatin
factors - RNA silencing - Translational - Recombination

- Cis-regulatory - non-coding RNA’s repression - Telomeres
elements - RNA interference - Gametocyte - Heterochromatin
- Promoters - Antisense - Introns

Figure 1.10: Levels of gene regulation in malaria.

1.4.1 Transcriptional regulation

The transcriptional machinery of P. falciparum is very similar to those found in other eukaryotes
which includes RNA polymerases (I, Il, 1ll), RNA processing (capping and splicing), promoter
regions and some transcription factors. However, differences were observed with regards to the

cis-acting elements, which indicates no homology to standard regulatory sequences found in
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eukaryotes and suggests the possible impact of evolution on the parasites mechanisms of gene

regulation (Kumar et al., 2004).

In P. falciparum, transcription is carried out by RNA polymerase Il and is monocistronic which
means that the resulting mMRNA sequence contains the genetic information to translate only a
single protein. This therefore suggests that transcription depends on discrete intergenic
sequences to manage transcriptional initiation and termination (Horrocks et al., 2009).
Transcription in P. falciparum depends on the interaction of various nuclear trans-acting factors
with their cognate sequences upstream of the transcription start site, which is correlated with
promoter activity and is thus also associated with the sequential steady-state accumulation of
mRNA and protein (Horrocks et al., 2009). The PfTBP shares a typical higher order structure
with other TATA box binding proteins, resulting in the formation of a “saddle-like” tertiary
structure that sits over the TATA box. The location of the TATA box of P. falciparum appears to
be situated much further upstream from the transcriptional start site than in most eukaryotes
and this suggest that the parasite utilizes a scanning mechanism, in order to correctly identify
the transcription start site (Coleman et al., 2008; Horrocks et al., 2009). Due to the AT-richness
of the parasite genome, the specificity of the PfTBP interaction with its cis-acting DNA element
also suggest that other components of the parasite PIC may recognise additional core promoter
sequences, in order to correctly select the specific transcription start site (Horrocks et al., 2009).
However, our understanding of transcription remains limited since a well described transcription

start site in the parasite remains to be elucidated.

P. falciparum has an intricate life cycle and in order to ensure that its survival, pathogenesis and
transmission between hosts remain successful, several complicated yet unique regulatory
mechanisms must be in place. The discovery of the intra-erythrocytic transcriptome profile of P.
falciparum by Bozdech et al. (2003) revealed that this parasite possesses an extremely well
regulated, phase-like mechanism of transcription that involves the up- and down-regulation of
specific genes in a stage- and time-specific manner (Figure 1.11). These trends observed in the
phaseogram lead to the “just-in-time” hypothesis which states that the induction of any gene
occurs only when that gene is required. The transcription of a gene is often immediately
proceeded by the translation of the gene into a mature protein product however, in P. falciparum
a delay in protein production is observed with the majority of the genes (Le Roch et al., 2004).
This feature is unique to P. falciparum alone and suggests that there is indeed a hard-wired
transcriptome and thus allows the mechanisms controlling the regulation of transcription to be

one of the most sought after discoveries to date (Ganesan et al., 2008).
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Figure 1.11: The phaseogram of the intra-erythrocytic developmental cycle of P. falciparum

(Bozdech et al., 2003).

Green represents down-regulated expression while red represents up-regulated expression. Mean peak-to-trough amplitude
indicated in parentheses

Genes involved in general eukaryotic cellular functions, such as ribonucleotide synthesis and
glycolysis, are abundant in the first half of the intra-erythrocytic developmental cycle (IDC) with
high levels of expression representing the genes involved in the transcriptional and translational
machinery, such as RNA polymerases, transcription factors and elongation factors (Figure
1.11) (Bozdech et al., 2003). The expression profile of these genes decrease as the parasite
progresses through into the trophozoite and schizont stage while the genes abundantly
expressed during these stages of the parasite life cycle are those related to specialized parasite
functions, such as cytoadherence and DNA replication, as well as those genes involved in
membrane transport of host cell nutrients such as hemoglobin which is degraded into hemozoin
(Bozdech et al., 2003).

Hall et al. (2005) performed a microarray and proteomic study where they analyzed the
transcriptome and proteome profile of P. berghei at different time points during the ring,

trophozoite, schizont and gametocyte stages and identified four categories of gene expression
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as follows: (i) housekeeping, (ii) host-related expression, (iii) strategy-specific expression, and
(iv) stage-specific expression (Hall et al., 2005). These categories and their respective proteins
correlate well with the findings of Bozdech et al. (2003) since the host-related genes up-
regulated in the gametocytes were associated with mitochondrial proteins while the strategy-
specific genes involved in invasion, asexual replication and sexual development were up-
regulated in the merozoite and sporozoite stages, again confirming the presence of a “just-in-

time” regulation mechanism of the transcriptome (Hall et al., 2005).

P. falciparum has developed mechanisms to control the levels of gene expression under various
external perturbations where there appears to be tight control between transcript production and
expression level. The effect of gene up- and down-regulation as a result of either drug-
induction, polyamine depletion or thermoregulation are only a few examples of studies
performed to determine how the parasite reacts to external perturbations and adjusts its gene
expression levels accordingly, once again providing support for the tightly controlled mechanism
of gene regulation within this parasite (Birkholtz et al., 2008; Clark et al., 2008; Gunasekera et
al., 2007a; Gunasekera et al., 2003; Oakley et al., 2007; Van Brummelen et al., 2009).

1.4.1.1 Trans-acting regulatory elements

Several known transcription factors have been identified in the P. falciparum genome and the
importance of transcription factors were intensely studied to reveal a complex, yet very
intriguing mode-of-action as will be discussed here. Apicomplexans possess additional
transcription factors in their proteome despite the presence of the expected general
transcription factors (Balaji et al., 2005). Analysis of the apicomplexan genomes revealed the
presence of C2H2 type Zn-finger and E2F domains in proteins but the genomes seem to lack
the conserved DNA binding domains found across eukaryote crown groups, such as the basic

leucine zipper and basic helix-loop-helix domains (Balaiji et al., 2005).

Myb proteins in eukaryotes have been shown to bind DNA in a sequence-specific manner and
PfMyb, the first non-basal transcription factor identified in P. falciparum, was shown to interact
with the myb regulatory element (MRE) (Gissot et al., 2005). To determine the importance of
this protein, RNA interference studies were performed and the results of knocking down the
gene expressing this protein caused growth inhibition in vitro. These results revealed the
importance of PfMyb for growth and development of the parasite, further supporting the role of

this protein as a transcription factor (Gissot et al., 2005).

Studies of the apicomplexan nuclear proteins revealed the presence of a novel apicomplexan

DNA binding protein known as Apicomplexan AP-2 transcription factor (ApiAP2) (De Silva et al.,
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2008). A closer look at ApiAP2 revealed that 22 of the 26 genes encoding ApiAP2 proteins are

05

expressed in different stages of the IDC and thus suggests that they could mediate the
regulation of stage-specific genes (Figure 1.12) (Balaji et al., 2005; Coleman et al., 2008; De
Silva et al., 2008). The role of ApiAP2 proteins as transcription factors regulating transcription
remain uncertain however, it has been suggested that ApiAP2 proteins interact with each other
and the chromatin remodelling factors which in turn recruit these complexes to specific locations
to interact with the core transcription machinery (De Silva et al., 2008). It still remains unclear
how individual antigenically variant genes such as the var genes, which are present in
euchromatin, are expressed while neighbouring genes remain in a silenced state and it is
assumed that this process involves specific histone modifications (which will be discussed later)
or that repression is as a result of ApiAP2 protein binding (Coleman et al., 2008). Voss et al.
(2003) describe the identification of a schizont expressed binding protein which binds in a highly
specific and tight manner to the subtelomeric promoter element (SPE) 2 sequence and recently,
this binding protein has been identified to be a member of the ApiAP2 family of transcription
factors however, its role in regulating var gene transcription remains to be elucidated (Flueck et
al., 2008).

H3K9%Ac

Figure 1.12: Transcriptional regulation of var genes occur on multiple-levels (Coleman et al., 2008).
The process of var gene silencing remains elusive and the process is likely to involve either specific histone modifications (such
as histone marks H3K4me3 and H3K9Ac which designate var genes as active), repression via ApiAP2 binding proteins to an
SPE promoter or transcription factor (TF) binding which activates specific genes.

1.4.1.2 Cis-regulatory motifs

Regulatory elements in P. falciparum have been identified using bioinformatic approaches and
one of the best-defined regulatory elements in Plasmodium is the G-box element sequence.
The G-box element is conserved throughout Plasmodia and was identified in the heat shock
protein family to bind nuclear proteins (Militello et al., 2004). The conservation of the G-box
element among different Plasmodium species suggests that this G-box might be involved in the
regulation of gene expression, however the mechanisms involved are still speculative (Militello
et al., 2004).

Voss et al. (2003) identified three nuclear proteins that bound specifically to different conserved
promoter fragments termed CPE (chromosome-central var gene promoter element), SPE 1 and

SPE 2 (subtelomeric var gene promoter element) (Voss et al., 2003). Antigenically variant gene
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families such as the var gene family, undergo mutually exclusive expression with var gene
transcription occurring between 18-27 hours post invasion. The expression of SPE 1 and CPE
binding proteins in the trophozoite and schizont stages suggest their role in var gene repression
which was later confirmed with deletion studies (Voss et al., 2003). It seems feasible that the
binding of the regulatory protein to its cognate cis-regulatory sequence is associated with
silencing of var genes and thus illustrate the possible role of nuclear proteins, with distinct
promoter elements, in regulating transcription of antigenically variant genes, such as the var

genes (Voss et al., 2003).

Two distinct DNA elements were identified in the antigenic variant rif gene family and are
believed to be associated with rif gene repression (Tham et al.,, 2007). These elements
(CGCACAACAC and TATGCAATGATT) also appear to bind to nuclear proteins that are
expressed during different stages of the parasite life cycle while mutation and deletion of these
elements in reporter gene constructs enhanced expression of the reporter gene (Tham et al.,
2007). An interesting finding during this study was that the one rif gene element
(CGCACAACAC) and the var gene element (SPE 2) discovered by Voss et al. (2003) were
bound by the same protein, which could imply co-regulation of repression between these two

antigenically variant gene families (Tham et al., 2007).

The P. falciparum CDP-diacylglycerol synthase (PfCDS) is a rate-limiting enzyme and catalyzes
the conversion of phosphatidic acid to CDP-diacylglycerol (Osta et al., 2002). Similar to the var
genes, the CDS gene is expressed in a stage-specific manner with its expression peaking at the
trophozoite and schizont stage (Osta et al., 2002). Deletion mapping of this PfCDS promoter led
to the identification of a 44 base pair element known as sequence B which interacts specifically
with nuclear proteins isolated from trophozoite stage parasites and appears to be essential for
promoter activity (Osta et al., 2002). Sequence B was identified to be a cis—acting sequence
which activates transcription when it co-operatively interacts with additional cis-acting elements
present in the enhancer region and within sequence B there exists a 24 bp cis-acting element

crucial for CDS promoter activity (Coleman et al., 2008; Osta et al., 2002).

The gametocyte specific gene pfg27 promoter in P. falciparum was previously shown to be
inactive during the asexual stages of the parasite life cycle but active at the start of
gametocytogenesis, only to become down-regulated during gametocyte maturation (Olivieri et
al., 2008). Upstream of the pfg27 gene is an element known as box C which is adjacent to a
GC-rich element while box C in reverse orientation is also present downstream of the GC-rich
element, followed by a poly-dA/poly-dT tract referred to as the poly A+T element (Olivieri et al.,
2008). Deletion of these elements in the pfg27 promoter revealed the importance of the poly
A+T element alone. This 140 base pair A+T element was able to retain the promoter in an

inactive state in asexual stages and switch on the transcription of the promoter at the start of
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gametocytogenesis, demonstrating the positive and negative control of a promoter through the
information present in the genetic elements adjacent to it (Olivieri et al., 2008). The identification
of these elements suggests the presence of possible parasite-specific factors that could bind to

these elements and further regulate transcription of parasitic genes.
1.4.1.3 Promoters

Promoters are regions on a DNA sequence that facilitate gene transcription and are commonly
found a few nucleotides upstream from the gene they regulate. The most common promoter
element found in Eukaryotic genes is the TATA box. The var genes of 3D7 P. falciparum are
classified into six types according to the promoter sequence location on the chromosome and

the orientation of gene transcription (Figure 1.13) (Kraemer et al., 2006).

Telomere @
TAREs [T
UpsBC, UpsC
UpsA, UpsD, UpsE
UpsB, UpsBC

Figure 1.13: The chromosomal location and transcriptional direction of the var gene promoters

(Kraemer et al., 2006).
The UpsA, UpsD and UpsE var genes are located in the subtelomere and transcribed toward the telomere. UpsB var genes are
located in the subtelomere transcribed towards the centromere. UpsC and UpsBC var genes are exclusively found in the
chromosome internal clusters (central).

Studies on the UpsB promoter resulted in the discovery that silencing of the UpsB promoter was
not dependent on the presence of the intron and that activation was dominant over silencing,
while further investigations revealed the importance of the chromatin environment on gene
activation and silencing (Voss et al., 2007). Studies on UpsC revealed that the presence of the
intron and rep20 element had no effect on UpsC promoter silencing but that the intron
prevented the spread of the promoter activation, suggesting a role of the intron in preventing var
genes found in the chromosome-central clusters from activation by an adjacent active gene
(Voss et al., 2006). It could be concluded that the UpsC promoter maintains the chromosome
central var genes in a silenced state and that UpsB promoter could play a similar role in
subtelomeric var gene silencing (Voss et al., 2006). It is evident from the studies performed by
Voss et al. (2006) that the activation of a var promoter is crucial in mutually exclusive
expression of var genes and the proposed mechanism for mono-allelic var expression is similar
to the mechanism described for Trypanosoma brucei which involves a perinuclear

compartment, responsible for the transcription of a single var locus (Voss et al., 2006).
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1.4.2 Post-transcriptional regulation

1.4.2.1 MRNA decay

Orthologs of the mRNA decay components found in humans and S. cerevisiae have been
identified in P. falciparum, however due to the AT-richness of the genome and the
uncharacterized UTR’s, identification of putative decay motifs have been very challenging
(Shock et al., 2007). Several proteins with similarity to RNA binding proteins, especially CCCH-
type zinc finger motifs, have been discovered and are assumed to play roles in mRNA stability
(Shock et al., 2007).

MRNA half-lives gradually lengthen during the IDC with ring parasites having mean mRNA half-
lives of 9.5 minutes, 20.5 minutes for trophozoites and increasing to 65.4 minutes for late
schizonts (Shock et al., 2007). The mechanisms involved in the observed mRNA half-life
increase are still unknown but may include a decrease in deadenylation, decapping and
exonuclease activity in later stages of the parasite life cycle (Shock et al., 2007). One interesting
observation was that the decay rates of genes functioning in the same pathway or process are

similar, an observation also seen in yeast and mammals (Shock et al., 2007).

1.4.2.2 RNA silencing

In P. falciparum, the role of nuclear non-coding RNA’s (ncRNA’s) are assumed to be different
from their role in other eukaryotes since many of the components associated with the RNA
interference machinery usually found in eukaryotes, have not been identified in Plasmodium.
However, this suggests that ncRNA’s found in P. falciparum might play pivotal roles in cellular
processes (Li et al., 2008). ncRNA’s have been identified in P. falciparum and associate with
centromeric chromatin, most likely via a protein interaction (Li et al., 2008). These ncRNA’s are
transcribed from centromere sequences and have discrete sizes. This indicate that these
transcripts are processed, most probably via a unique mechanism other than the mechanisms
involved in miRNA or RNA interference (Li et al., 2008). The possible role of these ncRNA’s
have been speculated to include organization, maintenance and function of centromeric
chromatin (Li et al., 2008).

The existence of RNA interference in Plasmodium remains controversial since database mining
using the consensus sequences for Dicer, Piwi, PAZ and RdRp failed to reveal the presence of
these RNA orthologs in any Plasmodium species. It seems that the existence of a classical RNA
interference pathway is not supported by the genetic make-up of these parasites or that other

mechanisms exist (Ullu et al., 2004). It should however be kept in mind that RNA interference in
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T. brucei has been proven to exist even though database mining failed to identify a putative
Dicer homologue. This indicates that these organisms may be so divergent that protein

homologues are not bioinformatically recognized (Ullu et al., 2004).

Antisense oligonucleotides can reduce target mRNA transcripts in the absence of RNA
interference machinery. Antisense knock-down has been performed in Plasmodium with great
success and thus it is possible that the resulting decrease in mRNA transcripts observed in
previous RNA interference studies, could be due to antisense mechanisms, rather than RNA

interference (Gardiner et al., 2000; Noonpakdee et al., 2003; Wanidworanun et al., 1999).

1.4.3 Translational regulation

Translational repression of the Plasmodium mRNA transcript is of utmost importance during
gametocytogenesis and sexual differentiation, since this mechanism controls the expression of
certain protein cascades and directs the location of translation within a cell (Mair et al., 2006).
The translational repression mechanism in metazoans appear to involve the interaction between
RNA binding proteins (Puf) and certain sequences located in the 5 and 3’ UTR of transcripts. A

similar mechanism is suggested to occur in P. falciparum (Braks et al., 2007).

The Plasmodium p25 and p28 genes encode proteins that play crucial roles in both zygote
development and midgut invasion of the mosquito. These transcripts remain in a translationally
repressed state until their translation is initiated by the ingestion of gametocytes by the
mosquito (Mair et al., 2006). Studies have shown that certain mRNA transcripts are packaged
together with proteins into quiescent messenger ribonucleoprotein particles (MRNPs) and are
stored for translation at a later stage (Mair et al., 2006). In P. bergei the p25 and p28 mRNA
transcripts in the female gametocytes remain untranslated and associate with an RNA helicase
homologue of DDX6 (DOZI) which seems to have a central role in silencing of gametocyte-
specific transcripts. It additionally appears to aid in the development of functional zygotes by

storing and stabilizing the mRNA in female gametocytes (Mair et al., 2006).

Braks et al. (2007) analyzed repressed transcripts of p25 and p28 in P. bergei and identified the
importance of the UTR’s in translational repression of these genes (Braks et al., 2007). The
translational repression was determined to be both stage- and sex-specific and a 47 nucleotide
U-rich element, previously identified to be involved in translational repression, was eventually

identified in the 3’ UTR of p28, confirming its role in translational repression (Braks et al., 2007).
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144 Epigenetic gene regulation

P. falciparum is thought to utilise various epigenetic gene regulation mechanisms to direct the
tight, “just-in-time” transcription of the genes when the parasite needs them most. The P.
falciparum var genes will be used as an example of epigenetic regulation due to the following
evidence: mutually exclusive gene expression is evident in the trophozoite stage of P.
falciparum when only a single var gene and its corresponding PfEMP1 protein is expressed at
any given time, allowing the other var genes which were active during the ring stage, to be
transcriptionally silent. Moreover, the chromosomal position and DNA sequence between an
active and a silent var gene does not change, which implies that the difference in the
transcriptional states could be due to chromatin structural changes (Deitsch et al., 2004). It has
been proposed that each individual var gene can exist in one of three different states, either
transcriptionally active, transcriptionally silent or transcriptionally inactive with the ability to
become active (Frank et al., 2006a). The following discussions therefore focus on the different
mechanisms of epigenetic variation proposed to exists in P. falciparum, with var genes as

examples throughout.

Ralph et al. (2005) have identified four major epigenetic factors that are associated with
antigenic variation of var genes in P. falciparum which include chromatin modifications and
promoter interactions (Table 1.3). With reference to Table 1.3, evidence exists for the presence
of epigenetic gene regulation mechanisms in Plasmodium. These epigenetic mechanisms
include chromatin modifications such as ectopic recombination due to chromosomal end
clustering (Deitsch et al., 2004; Freitas-Junior et al., 2000; Freitas-Junior et al., 2005); the
telomere positioning effect regulated by the P. falciparum silent information regulator (PfSir2)
protein, which designates genes as either inactive or active in the presence or absence of this
protein respectively (Duraisingh et al., 2005; Freitas-Junior et al., 2005; Ralph et al., 2005b;
Scherf et al., 2008); the maintenance of centromeric chromatin via non-coding RNA’s (Li et al.,
2008); heterochromatin gene movement involving the movement of active genes away from
telomere clusters (Marty et al., 2006; Ralph et al., 2005a) and differential histone marks present
on otherwise identical var genes (Scherf et al., 2008). These epigenetic mechanisms will be

discussed shortly.

27



-
&
" UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA
V YUNIBESITHI YA PRETORIA

Table 1.3: Four major epigenetic factors associated with var gene regulation in P. falciparum (Ralph
et al., 2005b).
var gene activation and silencing are assumed to be regulated by four main epigenetic mechanisms.

Epigenetic factor Silencing |Activation
of var of var
genes genes

. -‘ Non-
-~ condensed
. material

Perinuciear . Unknown | Unknown
heterochromatin

Condensed gt ?

material

Silenced var promoter
Sir2 Sir2

Chromatin remodeling
at var promoters

Sir2 Sirz
- PISir2 v i '

Active var prom ater

« Histone acetylation v

Perinuclear movement (
of var locus
Silenced Actl\.'e

var promoter

Luciferase @
. hrpll promoter var
var intron v |Unknown intron
Luciferase @
var promoter var

intren
Luciferase @

1441 Chromatin modification

The apicomplexan genome contains three effector modules that are distributed within the
parasite’s histone acetyltransferase and histone deacetylase enzymes and are known to direct
the folding of condensed chromatin (Hakimi et al., 2007). The bromodomain binds to acetylated
histone tails, the chromodomain binds to methyl-lysine and acts as a chromatin regulator and
the plant homeodomain binds to the epigenetic mark H3K4me3 (Histone H3 trimethylated at
lysine 4) (Hakimi et al., 2007).

A single active var gene in P. falciparum is defined by histone marks as either active (
H3K4me2/3) or repressive (H3K9me3) (Figure 1.14) (Issar et al., 2009; Scherf et al., 2008).
Histone marks in eukaryotes are hypothesized to mark genes for targeting to specific
transcription factories while the marks observed for P. falciparum have not been analyzed with
regards to their nuclear spatial distribution, although it seems as though the H3K9me3 mark
results in a unique sub-nuclear pattern (Issar et al., 2009). Studies on var2csa, a member of the
var gene repertoire known to mediate adhesion to placental chondroitin sulphate A, support the

notion of the histone code. Studies showed that H3K4me2 and H3K4me3 are highly enriched in
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the &’ flanking region of var2csa when it is actively transcribed in the ring stage but in later

05

developmental stages of the cycle, this histone enrichment remains significant even though the
var gene is no longer being transcribed (refer to Figure 1.14). This histone enrichment
presumably acts as a bookmark for expression of this gene for the next asexual life cycle
(Comeaux et al., 2007).

. w
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Active \ Poised . I
H3K4me3 var, H3K4me2 var, Merozoite var,
H3K4me2 reinvasion
H3K9ac —
Repressed L Repressed L L
H3Kome3 | ¥arz-60 / H3kome3 | Y260 vary. g0

Figure 1.14: Histone marks linked to expression and epigenetic memory of Plasmodium var genes
(Scherf et al., 2008).

Three different transcriptional states of var genes are proposed: Actively transcribed var genes in ring stages (blue). The
previously active gene is poised/silenced in the trophozoite/schizont stage but maintains the H3K4me2 enrichments which are
assumed to transmit memory of the active var gene during cell division. H3K9me3 enrichment maintains stably silenced var
genes throughout the asexual life cycle.

In contrast to this finding, H3K9me3 is enriched in the 5° flanking and coding regions of a var
gene which is silent throughout the asexual life cycle lending further insight into the possible
mechanisms the parasite utilizes to generate memory of the expression profiles of its genes

through numerous generations (Comeaux et al., 2007).

Histone methylation seems to be only one part of a larger “histone code” enriched at active,
poised or silenced var gene loci (Comeaux et al., 2007). Modifications such as those discussed
above could work in concert with other modifications to generate a “barcode” which could signify
exactly which var gene locus should be transcribed (Comeaux et al., 2007). The ultimate
significance of identifying a histone mark associated with activation, rather than silencing,
implies that the absence of a silencing modification (H3K9me3) does not designate a var locus
as active but that other activators recruited at one specific var locus out of the approximate 60

present in a single genome, could lead to its transcription (Comeaux et al., 2007).
The question has been raised as to whether it is possible for these histone marks to denote

transcriptional activation and silencing only of the var gene loci unique to var genes, or whether

these marks are more universal, relating to the whole P. falciparum genome.
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1.4.4.2 Recombination

Chromosome-end clustering has been observed in budding yeast and is assumed to be
associated with transcriptional silencing of telomeres (Smith et al., 2001). The function of
chromosomal end clustering at the telomeres of P. falciparum is not fully understood but it
appears as though it could aid in ectopic (non-allelic) recombination events, which allow var
genes to become aligned and in this way mediate antigenic variation (Deitsch et al., 2004;
Freitas-Junior et al., 2005). Since the parasite lacks the telomere binding Ku complex, which is
known to suppress recombination between sister telomeres in eukaryotic cells, the utilization of
this form of regulation by the parasite seems to be quite possible. When two identical P.
falciparum parental strains were crossed, the resulting progeny contained a new var form as a
result of telomere clustering and gene recombination events (Freitas-Junior et al., 2000). Gene
conversion is promoted as a mechanism for this recombination since the chromosomal
inheritance pattern of progeny presenting ectopic rearrangements showed that duplication of a
specific fragment was common (Freitas-Junior et al., 2000). An important feature for
recombination in the P. falciparum telomere-associated sequence is the telomere-associated
gene conversion events, which involves sequences located on different chromosomal ends to
produce new var assortments (Freitas-Junior et al., 2000). This therefore implies that ectopic
recombination events are associated with antigenic variation to rapidly generate sequence

diversity in the subtelomeric virulence genes of P. falciparum (Freitas-Junior et al., 2000).

1443 Telomere specific silencing

Variant gene families are arranged on the telomeres of chromosomes among telomeric repeats
(Figure 1.15). The chromosome ends consists of telomeres which are followed by telomere
associated sequences (TAS) consisting of six different blocks of telomere associated repetitive
elements (TARE) (Figueiredo et al., 2005). The telomere and centromere chromatin are highly
condensed and can vary with modifications of histones (hyper/hypo-acetylation) which in turn
cause an alteration in the gene’s accessibility to regulatory elements (Freitas-Junior et al., 2005;
Ralph et al., 2005b).

P.lalciparum

4—|MH Var HR‘-‘I"H Var Rep20 'IEAI%E:I-S:‘ [T(GIA)A,G,], >

Figure 1.15: The P. falciparum telomere ends illustrating the arrangement of variant genes,
repetitive elements (rep20) and telomere associated repeat elements (TARE’s) (Merrick et al., 2006).

One possible mechanism of regulating antigenic variation at the telomere is known as the

telomere positioning effect (TPE). The PfSir2 protein is a homolog of the S. cerevisiae histone
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deacetylase SIR2 protein and is involved in the transcriptional repression of telomeric genes by
producing hypoacetylated histones (Duffy et al.,, 2007). Studies on the var gene UpskE
promoters indicated that when the promoter was in complex with PfSir2, the gene transcribed
by this promoter was inactive, while the dissociation of PfSir2 from this promoter designated this
gene as active (Freitas-Junior et al., 2005). The silencing effect created by PfSir2 seemed to
spread into the chromosome, affecting the transcriptional state of var genes located up to 50kb
away from the telomere (Ralph et al., 2005b). The PfSir2 protein doesn’'t form a complex with
the UpsC promoter which suggests that the central promoters are repressed in a PfSir2
independent manner, perhaps via the var intron (Duraisingh et al., 2005; Freitas-Junior et al.,
2005).

1444 Heterochromatin gene movement

Ralph et al. (2005) revealed that a silent subtelomeric var gene was associated with the
telomere cluster but the activation of this gene required movement of the var gene away from
the telomere, thus suggesting that silencing proteins such as PfSir2 are concentrated in the
telomere (Ralph et al., 2005a). var genes are therefore required to move away from the
telomere to enter the euchromatic region of the nuclear periphery which in turn will allow the
transcription machinery to freely access this gene and designate it as active (Figure 1.16 [A])
(Ralph et al., 2005a). There appears to be no co-localization between the telomeric clusters and
the central var genes, supporting the speculation that other factors, such as the intron, might

play a role in the silencing of central genes (Ralph et al., 2005a).

Marty et al. (2006) discovered that the subtelomeric var gene co-localizes with heterologous
chromosome ends within the telomere clusters, regardless of the gene being in a silent or active
transcriptional state (Marty et al., 2006). The mechanism of activation and silencing of the var
genes is assumed to involve active and silent “clusters” where an activated gene is either
located within the “active cluster” before its activation, or the gene is relocated from a “silent
cluster” to an “active cluster” for its activation (Figure 1.16 [B]) (Marty et al., 2006). The
movement of chromosome ends between telomere clusters have been observed previously and
therefore the possibility of chromosome ends moving to active zones within the nuclear
periphery and adjusting the transcriptional states of genes, does seem to be an attractive notion
(Marty et al., 2006).
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Figure 1.16: Two possible mechanisms of var gene activation and silencing within the parasite

nucleus (Merrick et al., 2006).
A) Silent var genes are clustered on telomeres and are associated with silencing factors while upon activation, one telomere is
predicted to move into an “active zone” while the adjacent genes remain silenced. The previously active var gene rejoins a
telomere cluster and becomes silenced.
B) A selected var gene becomes active while remaining in a “silenced-cluster” and is isolated from the adjacent silent genes by
boundary elements. A different gene within a cluster can become active while the previously active gene becomes switched off.
S: silencer, A: transactivator, NM: nuclear membrane, B: Boundary element.

More recently, an attractive hypothesis was proposed by Lopez-Rubio et al. (2007) in which a
regulatory element, such as an enhancer, could localize within an active compartment and
enhance transcription of different genes from a single promoter. This is known as the “counting
mechanism” and is assumed to be used by different parasites to achieve phenotypic variation
(Figure 1.17) (Lopez-Rubio et al., 2007). It suggests that a single enhancer is required to
activate gene members present on different chromosomes and thus interact with promoter
elements of another member of the gene family, designating it as active (Lopez-Rubio et al.,
2007).
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Figure 1.17: The enhancer-mediated counting mechanism hypothesis of gene switching (Lopez-

Rubio et al., 2007).
A unique enhancer could activate in cis or in trans gene members that are dispersed on different chromosomes.
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1445 Intron interactions

The intron of a var gene exerts a silencing effect on the promoter in a selective manner,
suggesting that the intron enhances repression of the var promoter (Deitsch et al., 2001a;
Scherf, 2006). The var genes all contain two functional promoters, one located within the intron
and the other located upstream from var exon | (Calderwood et al., 2003). The function of the
var intron on gene silencing is apparently through its region 2, which exerts a greater repression
on the expressed gene than either region 1 or region 3 or a combination of both region 1 and 3
while deletion of region 2 was shown to cause the activation of a previously silenced promoter
(Calderwood et al., 2003; Gannoun-Zaki et al., 2005). Moreover, a var promoter paired with an
intron is silenced and dissociation of the promoter from the intron results in the activation of the
promoter (Figure 1.18) (Frank et al., 2006b).

v~ N\

—%I luciferase I—LLW—LI luciterase I

silent var intron active var
promoter promoter

¥~ N\ v N\
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silent var intron silent var intron intron
promoter promoter

Figure 1.18: lllustration of the strict pairing of a var intron and var promoter required for var gene

silencing (Frank et al., 2006b).
In the top figure, a var promoter and var intron is paired resulting in the promoter being silenced however, the unpaired var
promoter remains active, allowing active expression to take place. This demonstrates that a single var intron can only silence
one var promoter, even if several var promoters are in close proximity. In the bottom figure, var promoters are paired with their
var introns resulting in silenced promoters, while the unpaired var intron, with intrinsic promoter activity, results in active
expression.

After analysing the complex nature of its existence, it is quite clear that the malaria parasite P.
falciparum has various facets in its life cycle that need thorough regulation, from surviving in the
mosquito host, to penetrating various cells and finally to remain outside the immune radar of the
human host. The various mechanisms involved in gene regulation is therefore of major interest
since the design and synthesis of drugs against the transcriptional and translational machinery

of the parasite, could aid in complete elimination of the parasite.

This study will therefore attempt to investigate gene regulatory mechanisms in P. falciparum by

focussing on the transcriptional and post-transcriptional levels of regulation.
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1.5 OBJECTIVES AND AIMS

The main objective of this research was to investigate transcriptional and post-transcriptional
mechanisms of gene regulation in P. falciparum. As such, Chapter 2 aimed to investigate the
transcriptional level of regulation and involved analyzing the importance of five conserved
motifs, previously identified in the 5> UTR of P. falciparum var genes, in the binding to regulatory

protein binding partners.

In Chapter 3, the post-transcriptional level of regulation was studied by exploiting the polyamine
biosynthetic pathway of P. falciparum with the use of RNA interference. RNA interference was
performed on the polyamine biosynthetic enzymes Spermidine synthase and S-
Adenosylmethionine decarboxylase/Ornithine decarboxylase, to characterize these as anti-

malarial drug targets.
The results described in this dissertation have been presented at the following conference:
e 2007: Molecular and Cellular Biology Group (MCBG) Conference

Title: Cis-regulatory motifs contribute towards the regulation of gene expression and

antigenic variation in the malaria parasite Plasmodium falciparum.
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CHAPTER 2

IDENTIFICATION OF P. FALCIPARUM NUCLEAR PROTEINS AS REGULATORY
TRANSCRIPTION FACTORS IN TRANSCRIPTIONAL REGULATION

2.1 INTRODUCTION

P. falciparum resides in the mature host erythrocyte, an ideal home for this parasite since
erythrocytes do not differentiate, do not possess any protein synthesis or trafficking machinery
and do not express any of the major histocompatibility complex (MHC) molecules such as MHC
class | or Il on its surface (Deitsch et al., 1997; Newbold, 1999; Scherf et al., 2008). P.
falciparum utilizes the resources within the erythrocyte to synthesize parasite-specific proteins,
which are then exported to the surface of the erythrocyte (located in so-called knobs) and
mediate the binding of the parasitized erythrocyte to other endothelial surfaces (cytoadherence)
and in this way avoid non-specific clearance from the spleen (Fernandez et al., 1999; Newbold,
1999; Sherman et al., 2003). These parasite-specific proteins include PfEMP1, rifin, stevor,
PfMC-2TM and surfin (Figure 2.1) (Lavazec et al., 2007; Trenholme et al., 2004).
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Figure 2.1: Gene families encoding the variant surface molecules exposed on the P. falciparum
infected erythrocyte surface (Scherf et al., 2008).

In addition to preventing clearance by the spleen, the above-mentioned proteins provide the
major advantage to the parasite of immune system evasion through a process called antigenic
variation. Antigenic variation has been used by numerous microbes other than P. falciparum
such as T. brucei, Neisseria meningitidis, N. gonorrhoea and Haemophilus influenzae, with the
rate of antigenic variation in P. falciparum parasite being approximately 2% per generation. This
is extremely important since the rate needs to be fast enough to prevent complete elimination

from the host immune system and slow enough to ensure that the entire repertoire of antigens

35



-+
=
UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

are not expressed too quickly (Frank et al., 2006a). The switch rates of antigens are believed to
be an intrinsic property of each individual gene and this in turn suggests that the activation and

silencing of a particular gene could be controlled by the surrounding DNA (Deitsch et al., 2004).

The var gene family, discovered in 1995, encodes the antigenically variant protein PfEMP1,
which is exposed on the surface of infected erythrocytes and has the ability to mediate the
binding of the infected erythrocyte to other surfaces (Voss et al.,, 2000). PfEMP1 is a high
molecular weight protein (~250 kDa) which recognizes various receptors such as intercellular
adhesion molecule-1 (ICAM), cluster determinant 36 (CD36) and chondroitin sulphate A (CSA)
(Dzikowski et al., 2006; Keys et al., 2007; Smith et al., 2001). There are approximately 59 highly
diverse var genes per haploid P. falciparum genome and these genes are predominantly found
in the subtelomeric regions of all 14 chromosomes, except chromosome 14 (Trenholme et al.,
2004). The 5 exon of the var gene encodes the extra-cellular portion of the PfEMP1 protein
while the short 3’ exon encodes the cytoplasmic tail and remains conserved between the var
genes (Figure 2.2) (Ralph et al., 2005b). The transcription of the var genes starts at around 12
hours post invasion, after which the transcription becomes tightly regulated where transcription

of only a single var gene dominates during the trophozoite stage (Voss et al., 2000)
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Figure 2.2: The structure of a var gene (Scherf et al., 2008).

The rifin (repetitive interspersed family) gene family code for immunogenic proteins that are
expressed on the infected erythrocyte surface and function in antigenic variation (Table 2.1).
The rif genes are located in close proximity to the var genes and are assumed to be associated
with rosseting. The rif, stevor and Pfmc-2TM genes all share a common two transmembrane
structure consisting of a short first exon encoding a signal peptide sequence, a long exon which
encodes the rest of the gene and a short variant loop of amino acids exposed at the surface of
the erythrocyte (Dzikowski et al., 2006). Rifins are abundantly found in sporozoites, merozoites
and gametocytes to allow A-type rifins to be exported to Maurer's cleft and the erythrocyte

surface, while the B-type rifins reside within the parasite (Joannin et al., 2008).

Approximately 30-40 stevor genes encode stevor proteins (~30-40 kDa) located

subtelomerically on all 14 chromosomes of P. falciparum (Blythe et al., 2004). Transcription of
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these stevor genes within P. falciparum 3D7 was shown to occur between 22 and 32 hours post
invasion, with peak transcription occurring at 28 hours post invasion (Blythe et al., 2004). A
selected subset of stevor is transcribed at any given point and stevor migrates to Maurer’s cleft
to protect the components within the Maurer’s cleft during the schizont stage when naturally
occurring antibodies can freely pass through the erythrocyte membrane (Blythe et al., 2004).
During the asexual stage of the parasite’s life cycle, the stevor protein are expressed after
PfEMP1 and rifin which suggests an important function of stevor proteins in late stage parasites,

perhaps aiding in cytoadherence (Blythe et al., 2004).

The Pfmc-2TM gene family encodes the Pfmc-2TM proteins and are localized to the Maurer’s
cleft while the surfin (surface associated interspersed genes) multi-gene family encodes surfin
proteins exported to the erythrocyte surface (Dzikowski et al., 2006). The ultimate roles of these
proteins have yet to be discovered and it remains unknown if gene expression switching occurs
(Scherf et al., 2008).

Table 2.1: Features of the antigenically variant gene families in P. falciparum strain 3D7 [adapted
from (Dzikowski et al., 2006; Rasti et al., 2004; Scherf et al., 2008; Winter et al., 2005).

Feature var rif stevor PIMC-2TM Surf
Functions Cytoadherence Unknown Unknown Unknown Unknown
Immune escape
Immunomodulation
Subcellular Maurer’s cleft/ Maurer's Maurer's Maurer's Maurer’s cleft/
location Infected cleft/Parasitophorous | cleft/Parasitophorous | cleft/Parasitophorous | Parasitophorous
erythrocyte surface | vacuole/Merozoite vacuole/Merozoite vacuole vacuole/Infected
erythrocyte
surface/Merozoite
Protein size 200-350 kDa 30-45 kDa 30-40 kDa 27 kDa 280-300 kDa
Gene copies ~60 ~150 ~28-40 ~13 ~10
Variant PfEMP1 rifin stevor Pfmc-2TM surfin
antigen
mRNA 3-18 12-27 22-32 18-30 <6-40
expression
(h.p.i)

h.p.i: Hours post invasion.

211 var gene regulatory sequences

Bioinformatics has proven to be a reliable technique to identify conserved motifs with probable
functions in gene regulation. An in silico search for conserved motifs was performed previously
with the use of the MADIBA web server (MicroArray Data Interface for Biological Annotation),
which was developed to facilitate the interpretation of the biological significance of gene clusters
(Law et al., 2008)Claudel-Renard, Unpublished work). The complete genome was analysed for
over-represented DNA sequences, a similar strategy to that used by Tompa et al. (2005) and
reviewed by Walhout et al. (2006) (Tompa et al., 2005; Walhout, 2006). Subsequently, an

additional analysis was performed to determine how many of these genome wide “hits” were
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present in the antigenically variant genes. This resulted in the identification of conserved motifs
in the upstream regions of antigenically variant genes, including var, rif, and stevor (Table 2.2).
The motifs identified are sequence motifs consisting of a nucleotide pattern in a DNA sequence,
while the Dyad consists of two sets of four conserved nucleotides separated by two random

nucleotides (assigned as N) (Table 2.2) (Claudel-Renard, C. unpublished work).

Table 2.2: Conserved motifs identified via an in silico search.

Motif Sequence Important genes in Important Interesting genes Motif

name the genome PfEMP1 or var position
Dyad ACATNNTGTC 156 44 1 stevor, 4 rif -40-50 nt
Motif 1 CTCCCATAAC 34 29 3 rif -100 nt
Motif 2 TCGGTTACTG 15 15 -600 nt
Motif 3 GCCTCTGTTG 16 14 1 rif -1100 nt
Motif 4 CGAAATCGTG 21 21 -1150 nt

Significant findings are highlighted in bold since the in silico search indicated Motif 2 and Motif 4 sequences are exclusively
located in the var gene family.

As discussed in this chapter, var genes have various levels of regulation which include
regulatory sequences. These cis-acting regulatory elements are bound by proteins and thus this
chapter aimed to identify the protein binding partners to the cis-motifs with the use of the

following techniques.

2.1.2 DNA-protein interactions

DNA binding proteins are categorized as either functional or structural and these features
should enable the protein to access the nucleotide bases through either the major or minor
groove. The major groove is generally the site of direct information readout while the minor
groove is an important target for proteins that expand the major groove upon binding (Neidle,
2002). Minor groove interactions assist in DNA-protein stabilization and commonly prefer AT
base pairs. DNA bending may also be required to reveal residues that were previously unseen
and in this way, optimize interactions by producing favourable protein contacts (Neidle, 2002).
Regulatory proteins can control gene transcription by binding to double-stranded DNA in a
highly specific manner, or it can initiate transcription by binding to a particular sequence such as
the 5 TATA sequence (Neidle, 2002). Other DNA binding proteins serve functions such as
cleavage proteins (DNase |) which have structural selectivity and little sequence specificity,
repair proteins, structural proteins such as histones which maintain integrity of packaged DNA,
DNA topoisomerases which function to resolve topological problems and processing proteins
typified by DNA and RNA polymerases (Neidle, 2002).

There are a limited number of ways in which proteins can recognise double-stranded DNA and

typical recognition motifs include the helix-turn-helix, helix-loop-helix, Zinc-finger, Zipper motifs,

B-sheets and B-hairpins (Neidle, 2002). Helix-turn-helix motifs are major groove binding motifs
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and consists of 20 amino acid residues while Zinc-fingers form the largest family of DNA-binding
motifs and involve sequence-specific recognition, by recognizing a 3 bp site in the major groove
of B-DNA (Neidle, 2002). Leucine zippers are long, continuous, almost straight a-helices with
regularly repeating leucine residues and form a coiled coil structure when two helices interact
(Lilley, 1995; Neidle, 2002).

Direct DNA-protein contacts involve the formation of hydrogen bonds between amino acid side
chains and the nucleotide while long range electrostatic interactions occur between the ionized
phosphate group of the nucleic acid and the guanidium or imidazole group of arginine and
histidine respectively (Lilley, 1995). Simple kinetic analysis can explain the interaction and the
issues underlying the interaction between protein and DNA. When a univalent protein (P) binds
to its site on the DNA molecule (D) it will form a complex (DP) which is in equilibrium with the
free components, where K, is the association constant and K, the rate of dissociation (Moss,
2001)
P+D & DP
Kd

A strong DNA-protein interaction will have a K, larger than Ky and two distinct bands
corresponding to the complex (DP) and the free DNA (D) will be observed during the gel run.
However, during electrophoresis, dissociation is expected and it is impossible for the released
DNA to ever catch up with the free DNA therefore causing a slight smear in the resulting gel
(Moss, 2001). If the interaction is weak, where K, is smaller than Ky, a faint band representing

the complex (DP) will be visible as a more obvious smear (Moss, 2001).

To understand gene expression at the molecular level requires analyzing the interaction of
nucleic acids with various regulatory proteins (Ahmed, 2005). The regulation of various genes
relies on the interaction of a specific protein with a DNA sequence and a technique which is
central to studying this interaction is known as an electrophoretic mobility shift assay (EMSA).
Electrophoretic mobility shift assays are utilized to detect DNA-binding factors by assessing the
degree to which the binding protein affects the electrophoretic mobility of specific DNA
sequences through a non-denaturing polyacrylamide gel (Walker, 2002). The principle behind
EMSA'’s is that proteins with different molecular weights, charge and size will differ in their
electrophoretic mobility in a non-denaturing polyacrylamide gel and thus, DNA in complex with
such a protein, will have a different mobility in a non-denaturing gel than a free DNA segment
(Moss, 2001). The major advantage of an EMSA is that the protein used in the DNA-protein
assay does not necessarily need to be from a purified sample and may be from a crude nuclear
protein extract. This assay also provides information on the number and type of binding

proteins. If a sequence is bound by multiple proteins or if multiple forms of a protein (eg.
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phosphorylation states) bind to a sequence, these complexes can be resolved and

characterized.

In this study, EMSA’s were utilized to identify protein binding partners to conserved motifs in var
gene UTR since EMSA’s provide a sensitive method to study DNA-protein interactions and
transcriptional regulators. In order to detect any DNA-protein complexes, the DNA fragment can
be labelled with either radioactive labels such as *?P, covalent or non-covalent fluorophores,
non-radioactive biotin or hapten labels and detected via autoradiography, fluorescence imaging,

chemilluminescent imaging or chromophore deposition (Hellman et al., 2007).

2.2 MATERIALS AND METHODS
221 Cis-regulatory elements containing the conserved motifs

The conserved motifs identified via an in silico approach in the upstream UTR of the var genes
were used to design oligonucleotides to be used in EMSA procedures (Table 2.2). The
conserved motifs consist of ~10 nucleotides each, which were too short for gel analysis.
Therefore, the var gene sequences were analyzed and approximately 10-15 conserved
nucleotides were added to either side of the conserved motif to produce oligonucleotides with a
final length of ~40 nucleotides. The conserved motifs and their flanking regions were obtained
from GeneDB (www.genedb.org) and since each conserved motif appeared on more than one
chromosome, the flanking regions varied. A multiple alignment was performed with each motif
where the various flanking regions associated with the conserved sequence was aligned using

CLUSTALW (www.ebi.ac.uk/clustalw) to obtain consensus sequences for the motifs.

Lyophilized oligonucleotides (IDT, Germany) were resuspended in Tris buffer (10 mM Tris-HCI,
pH 8) to obtain a final concentration of 100 mM of each oligonucleotide by rotation (120 r.p.m)
at 4°C, overnight (Rotator HAG, Korea). Oligonucleotide concentrations were determined
spectrophotometrically by determining absorbance at 230 nm, 260 nm, 280 nm and 320 nm with
a Genequant Pro Spectrophotometer (Amersham Biosciences). The Azgo:Azg ratios for all the
oligonucleotides ranged between 1.7 and 2.2 indicating that the oligonucleotides were pure. The

oligonucleotide molar concentrations were determined using the formula:

pmol/pl = (ng/pl)/ MW jigonucieotidge X dilution factor
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222 P. falciparum cell culture

All media and solutions utilized in the culturing procedure were prepared under sterile
conditions with the use of sterile double distilled, de-ionized (ddd) water and were sterilized
either by autoclaving or filtration (0.22 um filters). General ethical clearance for all in vitro P.
falciparum culturing has been obtained from the ehical committee of the Faculty of Natural and

Agricultural Sciences (investigator Prof L. Birkholtz).

Blood (O) from consenting volunteers were collected in vacutainer tubes containing
Ethylenediaminetetraacetic acid (EDTA) as anticoagulant and centrifuged for 5 minutes at
2500xg (Hermle Z 320, Hermle Labortechnik GmbH, Germany). The serum, platelets and white
blood cells were removed and the pelleted erythrocytes were resuspended in one pellet volume
of incomplete culture media (1.04% w/v RPMI (Sigma), 0.022 M glucose (Sigma), 0.025 M
HEPES (Sigma), 0.005% w/v Hypoxanthine (Sigma), 0.096% v/v Gentamicin (Sigma) and 0.25
M Bicarbonate (Merck) pH 7.4), mixed and centrifuged as before. This wash step was repeated
three times after which the pelleted erythrocytes were resuspended in one pellet volume of
incomplete culture medium to obtain a hematocrit of 50%. The erythrocytes were stored at 4°C
and washed every two days by centrifugation and resusupension in fresh incomplete culture

media.

P. falciparum strain 3D7 was thawed from cryopreservation in liquid nitrogen (-190 °C) in a 37°C
water bath for 3 minutes. The thawed parasite suspension (~1 ml) was transferred under sterile
conditions to 10 ml tubes (Corning, Sigma-Aldrich) and 0.2 ml sterile 12% (w/v) NaCl was slowly
added, followed by mixing the suspension with gentle pipetting. Subsequently, 1.8 ml sterile
1.6% (w/v) NaCl was added to the suspension, mixed by pipetting and centrifuged for 5 minutes
at 2500xg. The supernatant was aspirated and 1 ml washed erythrocytes were added to the
parasite pellet and mixed by gentle pipetting. The suspension of cells was transferred to 75 cm®
Lasec tissue culture flasks and 10 ml of pre-warmed (37 °C) complete culture medium
(incomplete culture medium with 0.5% w/v Albumax Il (Invitrogen)) was added to obtain a final
hematocrit of 5%. The culture was gassed with a gas mixture (Afrox, South Africa) consisting of
5% oxygen, 5% carbon dioxide and 90% nitrogen, sealed airtight and incubated at 37 °C in a
NAPCO CO;incubator (Precision Scientific).

The parasites were maintained in culture with modification of the original method of Trager and
Jensen (Trager et al., 1976) with daily microscopic monitoring of Giemsa-stained thin smears
(Nikon AFXDX microscope equipped with a camera), adding fresh culture media and gassing.

Parasitemia and hematocrit values of the parasite cultures were calculated and adjusted
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accordingly to ensure a parasitemia of 5-10% and hematocrit of ~5% throughout the culturing

period.

P. falciparum cultures were synchronized with the addition of filtered 5% w/v D-Sorbitol when
the parasites were predominantly in the ring stage. Sorbitol is used to convert an asynchronous
mixed stage parasite culture to a synchronous culture by eliminating trophozoite and schizont
stage parasites since trophozoite and schizont infected erythrocytes are osmotically intolerant to
sorbitol while ring stage parasites remain intact and unaffected. Parasites were pelleted by
centrifugation for 5 minutes at 2500xg after which 5 pellet volumes of sterile, pre-warmed (37
°C) 5% w/v D-Sorbitol was added to the parasite pellet and mixed by gentle pipetting. After
incubation at 37°C for 10 minutes, the parasite suspension was centrifuged for 5 minutes at
2500xg and the pellet washed twice by addition of one pellet volume of complete culture
medium and centrifuged as above. Finally, the parasites were resuspended in complete culture
media and fresh erythrocytes were added to obtain a final hematocrit of 5%, after which the

flasks were gassed and placed in an incubator (37°C).

2.2.3 Nuclear extraction from cell culture

2.2.3.1 Nuclear protein extraction (Voss et al, 2003)

Sixteen flasks of 30 ml P. falciparum cultures with ~7% parasitemia and 5% hematocrit were
transferred to 50 ml centrifuge tubes and centrifuged at 2500xg. The supernatant was aspirated
and 5 pellet volumes of a 0.05% w/v saponin in PBS (10 mM Na,HPO,, 1.4 mM KH,PO,, 137
mM NaCl and 2 mM KCI, pH 7.4) was added to the pellet, the suspension was mixed well and
placed on ice for 10 minutes to allow cell lysis to occur. Saponin forms a complex with the
cholesterol in erythrocytes and thus forms pores in the cell membrane bilayer, ultimately leading
to erythrocyte lysis. The lysed parasites were centrifuged for 5 minutes at 2500xg after which
the supernatant was aspirated and the pellet washed by the addition of one pellet volume of ice-
cold 1xPBS and subsequently centrifuged at 4°C for 2 minutes at 11 000xg. The pellet was

washed twice more with 1xPBS as described previously, until the supernatant appeared clear.

The supernatant was aspirated and 1.5 ml ice cold lysis buffer (20 mM Hepes, pH 7.8, 10 mM
KCIl, 1 mM EDTA, 1 mM EGTA, 1mM DTT, 1 x Protease inhibitor cocktail (Roche), 0.65% v/v
NP40)) was added to the pellet, mixed well and incubated on ice for 5 minutes. The protease
inhibitor cocktail consists of various protease inhibitors such as the serine protease inhibitors
Chymotrypsin and Trypsin, the cysteine protease inhibitor Papain and the metalloprotease
inhibitor Thermolysin, which provide reliable protection against proteases which are released

during different extraction procedures. Non-ionic detergents such as Tween20 and Triton X-100
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have uncharged hydrophilic head groups with a poly-oxyethylene polar region and are often
used for the isolation and solubilisation of functional proteins (Hellman et al., 2007). Nonidet
P40 (NP40) is a non-ionic, non-denaturing detergent, used for solubilizing the membrane
proteins during this isolation procedure. The pellet was centrifuged for 5 minutes at 2500xg and
the supernatant containing the cytoplasmic proteins was carefully transferred to an Eppendorf
tube. The pellet was resuspended in 1.5 ml ice cold lysis buffer, incubated on ice for 5 minutes
and centrifuged as before. The supernatant was removed and combined with the previous

supernatant to be stored at -70°C.

The nuclear pellet was washed three more times with 1 ml lysis buffer until the supernatant was
clear. The nuclear pellet was resuspended in 1 pellet volume of nuclear extraction buffer (20
mM Hepes, pH 7.8, 800 mM KCI, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1x complete protease
inhibitor cocktail (Roche)) and vortexed at a high speed (Heidolph vortex, Reax 2000, Germany)
for 30 minutes at 4 °C. The suspension was subsequently centrifuged for 3 minutes at 13 000xg
at 4°C (Eppendorf centrifuge 5415R, Eppendorf, Germany) and the supernatant containing the
nuclear proteins were transferred to a new Eppendorf tube. The supernatant was centrifuged for
30 minutes at 13 000xg at 4°C after which the supernatant was transferred to a new tube and
one pellet volume of dilution buffer (20 mM Hepes, pH 7.8, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT, 30% v/v glycerol) was added to the nuclear extract pellet and stored at -70°C.

2.2.3.2 Commercial protein extraction protocols

The protein yield of nuclear and cytoplasmic extracts from two kits, the NucBuster kit from
Novagen and the ProteoJet kit from Fermentas, were compared to each other and the Voss
extraction protocol. To do this, one 45 ml flask of P. falciparum culture was gently mixed to
obtain an evenly dispersed suspension of erythrocytes, infected erythrocytes and culture
medium. The flask was split into three 15 ml volumes and centrifuged at 2500xg for 5 minutes.
Saponin lysis was performed as in section 2.2.3.1. One 15 ml volume of culture was used to
extract nuclear and cytoplasmic proteins with the Voss protocol as described in section 2.2.3.1.
All centrifugation steps to follow were performed at 4 °C and all reagents and reactions were

placed on ice throughout the entire extraction procedure.

For the NucBuster extraction protocol, the instructions were followed as described by the
manufacturer. First, the 40 ul P. falciparum parasite pellet obtained after saponin lysis, was
resuspended in 150 pul proprietary reagent 1 and vortexed at maximum speed for 15 seconds.
The reaction was incubated on ice for 5 minutes after which it was vortexed again at maximum
speed for 15 seconds and centrifuged at 16 000xg for 5 minutes, 4 °C. The supernatant, which

contains the cytoplasmic proteins, was transferred to a new Eppendorf tube and stored at -70
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°C. The pellet was washed with 500 pl ice cold 1xPBS, centrifuged at 16 000xg for 5 minutes to
remove the excess cytoplasmic proteins and the supernatant discarded. The pellet was
resuspended in 75 pl proprietary reagent 2, supplemented with 1 ul (100 x) protease inhibitor
cocktail supplied by the NucBuster kit and 1 pl 100 mM DTT. The suspension was vortexed at
maximum speed for 15 seconds, incubated on ice for 5 minutes, vortexed a second time and
centrifuged at 16 000xg for 5 minutes. The supernatant, containing the nuclear proteins, was

transferred to a new Eppendorf tube and stored at - 70°C.

The ProteoJet extraction procedure was also followed as described by the manufacturer. The
40 pl P. falciparum parasite pellet obtained after saponin lysis was resuspended in 500 pl
proprietary cell lysis buffer supplemented with 20 ul (25 x) complete protease inhibitor cocktail
(Roche) and 5 ul 100 mM DTT. The suspension was vortexed for 10 seconds, incubated on ice
for 10 minutes, vortexed again for 10 seconds and centrifuged for 7 minutes at 500xg. The
supernatant containing the cytoplasmic proteins was transferred to a new Eppendorf tube and
the pellet was placed on ice. The supernatant was centrifuged at 16 000xg for 20 minutes and
the supernatant was transferred to a clean Eppendorf tube and stored at -70°C. The nuclei
pellet was washed with 500 ul proprietary wash buffer supplemented with 20 pl (25 x) protease
inhibitor cocktail and 15 yl 100 mM DTT, vortexed briefly, incubated on ice for 2 minutes and
centrifuged at 500xg for 7 minutes. This wash step was repeated once more after which the
supernatant containing some cytoplasmic proteins was transferred to a clean Eppendorf tube
and stored at -70°C. The pellet was resuspended in 150 ul proprietary storage buffer
supplemented with 6 ul (25 x) protease inhibitor cocktail and 7.5 yl 100 mM DTT, followed by
the addition of 15 pl proprietary lysis buffer to the nuclei pellet, vortexed at 4°C at moderate
speed for 15 minutes and centrifuged at 16 000xg for 10 minutes. The supernatant containing

the nuclear proteins was transferred to a clean Eppendorf tube and stored at -70 °C.

2233 Measurement of protein yield

Due to the presence of many interfering substances such as detergents, reductants and
ampholytes in the extraction buffers used, careful consideration regarding the method of
quantitation was required. Both the Bradford assay and the Micro BCA Protein assay kit
(Pierce) gave inaccurate results (not shown) and thus the 2-D Quant kit (Amersham
Biosciences) was used to accurately quantify the protein present in extract samples. The 2-D
Quant kit works by quantitatively precipitating proteins while the interfering substances remain
in solution. The precipitated proteins are then resuspended in a copper containing solution,
which allows the cupric ions to bind to polypeptide backbones present in proteins. The unbound
copper is measured with a colorimetric reagent. The absorbency of the reactions is measured at

492 nm and the intensity of the colour is inversely proportional to the protein concentration.
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Standard curves were set up as described in the 2-D Quant kit manual. For the standard curve,
six tubes were set up, each containing increasing amounts (0 ug — 50 pg) of the BSA (2 mg/ml)
standard solution provided with the kit. Three tubes containing 10 pl, 20 yl and 30 pl of the
nuclear extract were set up and identical reactions were set up for the cytoplasmic extract. The

proprietary colorimetric working reagent was prepared fresh as described by the kit.

First, 500l of proprietary precipitant from the kit was added to each tube and each tube was
vortexed briefly, incubated at room temperature for 3 minutes after which 500 ul of proprietary
co-precipitant was added and vortexed briefly. Each tube was inverted prior to centrifugation at
16 000xg for 3 minutes at 4°C. The supernatant was decanted and the tubes containing white
precipitate were centrifuged at 16 000xg for 3 minutes at 4°C, after which the remaining
supernatant was carefully removed, followed by the addition of 100 ul proprietary copper
solution and 400 ul ddd water. The tubes were vortexed to dissolve the precipitate and 1 ml of
the freshly prepared colorimetric working reagent was added to each tube, immediately inverted
and incubated at room temperature for 20 minutes after which 300 ul from each tube was

transferred to an ELISA plate in triplicate and the absorbance was read at 492 nm.

2234 SDS-PAGE analysis of nuclear proteins

To analyze and compare the protein profiles of the nuclear and cytoplasmic extracts of P.
falciparum, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and silver
staining was performed. SDS-PAGE is a technique widely used to separate proteins based on
size, since the non-ionic detergent SDS allows all the proteins in the sample to be negatively
charged. The SDS-polyacrylamide gel consisted of a 4% stacking gel and a 10% separating gel.
The 10% separating gel (39% v/v ddd H,0, 25% v/v 1.5 M Tris-HCI, pH 8.8, 1% v/v 10% SDS,
32% v/v acrylamide/bisacrylamide) was prepared and degassed for 10 minutes after which
0.05% v/v tetramethylethylenediamine (TEMED) and 0.5% v/v of a 10% w/v ammonium
persulphate (APS) solution were added. TEMED is used in conjunction with APS which is a
strong oxidizing agent since TEMED catalyzes the decomposition of the APS ion to create free
radicals and allow polymerization of the acrylamide gel. The separating gel was poured
between two glass plates (0.5 mm separating distance) and immediately covered with a thin
layer of 20% ethanol to prevent drying. The gel was allowed to polymerize for approximately 30
minutes after which a 4% stacking gel (61% v/v ddd H,O, 25% v/v 0.5 M Tris-HCI, pH 6.8, 1%
viv 10% SDS, 13% v/v acrylamide/bisacrylamide) was prepared and degassed for 10 minutes,
followed by the addition of 0.1% v/v TEMED and 0.5% v/v of a 10% w/v APS solution. The
ethanol was carefully removed with Whatman Paper and the stacking gel was poured on top of

the separating gel and allowed to polymerize at room temperature overnight.
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Nuclear and cytoplasmic extract (0.5 ug each) from various samples were mixed with 4 pl SDS-
sample buffer (50% v/v water, 12.5% v/v 0.5 M Tris-HCI, pH 6.8, 10% v/v glycerol, 20% v/v of
10% w/v SDS, 5% p-mercaptoethanol and 2.5% w/v of 0.05% w/v bromophenol blue) in a final
volume of 15 pl , boiled for 5 minutes and loaded onto the SDS-polyacrylamide gel. The gel was
run at 35 V for 30 minutes while the samples travelled through the stacking gel, followed by 85
V for approximately 2 hours for separation. The gels were placed in a fixing solution (30% v/v

EtOH, 10% v/v Acetic acid) overnight for subsequent silver staining.

To detect and visualise the protein within the nuclear and cytoplasmic extracts, the SDS-
polyacrylamide gel was stained with silver staining, which is highly sensitive with a detection
limit of 0.2 ng (Switzer et al., 1979). All incubation steps were performed with shaking at 19
r.p.m at room temperature on a shaking platform (HIR 10M Rotating hybridization oven, Grant
Boekel). The gels were incubated in a sensitizing solution (30% v/v ethanol, 0.5 M sodium
acetate, 0.5% v/v glutaraldehyde, 0.2% w/v sodium thiosulphate) for 30 minutes. Sodium
thiosulphate keeps the silver ions in solution and minimizes background staining while
glutaraldehyde allows reduction of the silver ions during the staining procedure. The solution
was decanted and the gels were incubated in distilled water for 10 minutes. The water was
decanted and the previous water wash step was repeated three times. The gels were incubated
for 30 minutes in 0.1% w/v AgNO3; and 0.25% v/v formaldehyde, washed briefly with distilled
water and placed in the developing solution (2.5% Na,COs;, 0.01% formaldehyde) until the
protein bands were clear. The silver nitrate solution provides silver ions and the low
formaldehyde concentration during the fixing step allows impregnation of the silver ions. The
higher concentration of formaldehyde in the developing step creates a moderate reducing
environment which reduces the silver ions to elemental silver, which is then visible as black

spots. The silver reaction was stopped with the addition of 0.05 M EDTA.
224 Electrophoretic Mobility Shift Assays (EMSA’s)

Non-denaturing PAGE, also known as native PAGE, can be used to separate native proteins
depending on factors such as size, shape and native charge and is the technique of choice in
EMSA’s (Ahmed, 2005). Since mobility relies on both charge and molecular size, a buffer with a
high pH is often used since the majority of proteins are thus negatively charged and migrate
towards the anode (Ahmed, 2005). Various factors could interfere with the DNA-protein binding
reaction in EMSA’s and thus prior to loading the reactions onto the gel, it is necessary to wash

the wells with 0.5 x TBE running buffer to remove APS, Urea and residual polyacrylamide.

For optimal DNA-protein binding reactions investigated by EMSA, various reagents can be

added. This includes poly L-lysine (small polypeptide of L-lysine) to improve the binding of the
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protein to its oligonucleotide partner. Poly [d(I-C)] binds to non-specific DNA binding proteins
reducing non-specific binding with the motifs in question and effectively eliminates false-
positive shifts. Divalent cations such as Zn®* and Mg®* may act as co-factors in the binding
reaction between protein and DNA while glycerol acts as a stabilizing factor for the protein in

the nuclear extracts.

Once shifts are obtained, unlabelled competitors (100 fold excess) can be included in
competitor assays. Non-specific, unlabelled competitor, with a different nucleotide sequence to
the motif in question, will not compete with the labelled oligonucleotide for the binding protein
and the shift should remain intact. However, a specific, unlabelled competitor with identical
sequence to the oligonucleotide will compete for the binding protein and the shift should thus
disappear. The use of such specific or non-specific competitors will provide insight into the

specificity, or lack thereof, of the DNA-protein interaction.
2.2.4.1 Preparation of *P-labelled double-stranded motifs

Complimentary single-stranded sense and antisense oligonucleotides were annealed to form
double-stranded oligonucleotides at 1 pmol/ul working solutions as follows: 100 pmol of each
sense and antisense strand were incubated at 95°C for 5 minutes in 1x NEB restriction buffer 3
(100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl,, 1 mM DTT, pH 7.9). The reactions were

subsequently allowed to slowly cool to room temperature (~1 hour) and stored at -20 °C.

The double-stranded oligonucleotides were labelled with a-**P dATP (250 uCi, 3000 Ci/mmol
(Perkin Elmer)). *P dATP is incorporated to the 3’ end of oligonucleotides using Klenow
fragment, a DNA polymerase lacking 5’-3’ exonuclease activity but still has 5’-3’ polymerase
activity. The labelling reaction was performed at room temperature for 20 minutes and
contained 1 pmol double-stranded oligonucleotide, 6.6 pmol *P dATP (3000 Ci/mmol), 50 uM
each of dCTP, dGTP and dTTP, 1 x Klenow buffer (500mM Tris-HCI (pH 7.2), 100mM MgSO,
and 1mM DTT) and 1 Unit Klenow fragment (Promega) in a volume of 20 ul. The reaction was
stopped with the addition of 10 mM EDTA.

The *P-labelled double-stranded oligonucleotides were subsequently purified from single-
stranded oligonucleotides and dNTP’s using CentriSep size exclusion spin columns (Applied
Biosystems) according to the manufacturer’s instructions. Briefly, 800 ul ddd water was added
to the columns and hydrated overnight at 4 °C. The column was equilibrated to room
temperature for 2 hours, drained by gravity and dried by centrifugation at 750xg for 2 minutes.
The *?P-labelled double-stranded oligonucleotide reaction was transferred to the centre of the

column and centrifuged at 750xg for 2 minutes after which an additional wash step with 30 pl
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ddd water was included and centrifuged as above. The eluate consisting of the purified **P-

labelled double-stranded oligonucleotides were stored at — 20°C until use.
2242 ?P_based EMSA

The binding reaction (20 pl) between the *’P-labelled double-stranded oligonucleotides and the
nuclear extract (from section 2.2.3.1) was set up on ice as described by Voss et al. (2003) and
summarized in Table 2.3 (Voss et al., 2003). The 4 x EMSA buffer consist of 80 mM HEPES,
pH7.9, 240 mM KCI, 8 mM MgCl;, 0.1 mM ZnCl,, 2 mM EDTA, 8 mM DTT 0.4% Triton X-100
and 40% glycerol. The reactions were incubated on ice for 10 minutes after which %2P_jabelled
oligonucleotide was added to a final concentration of 2 fmol/20 pl reaction and was incubated at
room temperature for 15 minutes. The samples were cross-linked by exposing the reactions to
UV light for 3 minutes and then loaded onto a pre-run 6% native polyacrylamide gel without
loading dye since the 4 x EMSA buffer already contains glycerol. DNA-protein complexes could
dissociate during the gel run if the interaction between the protein and DNA is weak and thus
UV cross-linking is included to fix these interactions by forming covalent bonds between amino
acids and proteins. The gel was run for 90 minutes at 115 V and exposed to a phosphor imager

for 20 minutes, after which the results were analyzed with Quantity One Software (BioRad).

Table 2.3: The standard binding reaction set up for 32P-EMSA’s.

Reagent Motif Motif + Nuclear | Motif + Nuclear
extract extract +
competitor

EMSA buffer 1x 1x 1x
DTT (mM) 2 2 2

Nuclear extract (ug) - 0.42 042

Poly (dI-dC) (ng) 0.05 0.05 0.05

Single-stranded competitor (fmol) 10.5 10.5 10.5
Protease inhibitor cocktail 1x 1x 1x

Unlabelled double-stranded specific competitor (fmol) - - 100
Total volume (pl) 19 19 19

Table represents final concentrations of reagents in 19 pl final reaction volume.

The phosphor screen (Bio-Rad) is composed of a barium fluorobromide matrix which is doped
with europium (BaFBr:Eu) and is sensitive to particles such as B-particles and X-rays. This
enables detection of radioisotopic emitters such as **P, **P and *°S. The glass plates were
separated and the wet gel remaining on the single plate was wrapped with plastic wrap (glad
wrap) and placed on the phosphor screen. The leak-proof plastic wrapped gel was placed in a
sample exposure cassette to ensure close contact between the sample and the imaging screen

for optimum exposure. The gel was removed and the screen was placed in a laser scanner
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where the results were analyzed with Quantity One software (BioRad Laboratories). The image
was obtained when the radioactive emission strikes the phosphor screen and phosphor
oxidation occurs forming a high-energy active site which, when illuminated with wavelengths of
visible light, undergoes a reduction reaction and the trapped energy is released as photons, that
are captured by the photomultiplier tube which in turn produces a quantitative image to analyze.
The darkness of each pixel in the image represents the signal intensity of the sample and thus

the bands and their approximate positions can be detected.

2243 Optimization strategies for **P-EMSA

2P_EMSA’s were optimized by including positive controls, by determining the effect of added

ATP and lastly by determining the stage-specificity of nuclear proteins.
22431 Effectors

Since some DNA-protein interactions require additional co-factors such as specific ions (Mg**)
or ATP, 1 mM ATP (Sigma Aldrich) was added to the tubes prior to the 10 minute ice incubation
step. The 4 x EMSA buffer contains various ions (Mg®* and ZnCI**) which could affect binding
however, since this buffer has successfully been used in previous EMSA reactions in P.
falciparum (Voss et al., 2003), it was not optimized further. The reactions were set up as in
Table 2.3.

22432 Protein origins

The nuclear protein of interest is assumed to be expressed in the trophozoite stage of the P.
falciparum life cycle since this is the developmental stage where all but a single selected var
gene is transcribed. To eliminate the possibility of this nuclear protein being present in any of
the other two life cycle stages and to verify the nuclear protein’s production in the trophozoite
stage, stage-specific nuclear extraction from subsequent life cycle stages of P. falciparum were
performed. Additionally, schizont stage nuclear extracts are required for control reactions using
SPE 2 which is a sequence identified by Voss et al. (2003). For the stage-specific binding
reactions, the reaction set up was as described in Table 2.4 except the nuclear extracts used

were from specific stages of the parasite life cycle.

In addition, to verify that any shifts observed were due to protein expressed in the nuclear
extract, EMSA’s were performed with cytoplasmic extracts (0.42 ug) and total protein extracts
(0.47 ug) obtained from P. falciparum, instead of nuclear extracts. EMSA reactions were set up

as described previously in Table 2.3.
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2.2.4.3.3 EMSA with additional positive controls

Two additional positive controls were introduced to verify EMSA binding conditions. The first is
the inclusion of the SPE 2 sequence identified by Voss et al. (2003), which was found to
strongly bind a nuclear protein specifically expressed in the schizont stage of P. falciparum. The
second control is an unlabelled oligonucleotide from a DIG gel shift kit ( Second Generation,
Roche), which was radioactively labelled. DIG oligonucleotide is known to specifically bind a
control protein, Oct2A ,and should thus provide a clear and definite shift if EMSA conditions are
optimal. For comparison purposes EMSA’s were performed with the DIG protocol (described by

the kit manual) and the Voss protocol (Table 2.4).

Table 2.4: The EMSA set up for the positive controls.

Motif 2 SPE 2 DIG oligonucleotide
(similar to SPE 1) oligonucleotide (Voss binding reaction)
EMSA buffer 1x 1x 1x 1x 1x 1x 1x 1x 1x
DTT (mM) 2 2 2 2 2 2 2 2 2
Nuclear extract (ug) - 0427 | 0427 - 0.42s | 0.42s -
Oct2A factor (ng) - - - - - - - ~2.6 ~2.6
Poly (dI-dC) (ug) 0.05 0.05 0.05 0.05 | 0.05 0.05 0.05 0.05 | 0.05

Single-stranded competitor (fmol) 105 | 10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5

Protease inhibitor cocktail 1x 1x 1x 1x 1x 1x 1x 1x 1x

Unlabelled double-stranded specific - - 100 - - 100 - - 100
competitor (fmol)

Total volume (pl) 19 19 19 19 19 19 19 19 19

The nuclear extract used for the EMSA reactions were obtained from either trophozoiter) stages or schizonts) stages
of the parasite life cycle.

After the 10 minute ice incubation step, 2 fmol P**-labelled double-stranded oligonucleotides

was added in a final volume of 20 pl and treated as described in section 2.2.4.2.
2244 ¥2P_EMSA of single-stranded oligonucleotides

Evidence for the existence of some single-stranded RNA binding proteins in P. falciparum that
bind to DNA (or RNA) sequences exists (Gunasekera et al., 2007b). To determine whether the
motifs in question bind proteins when in single-stranded state, the *’P- labelled double-stranded
oligonucleotides where denatured to their single-stranded forms by incubating 10 pmol of each
double-stranded oligonucleotide at 95°C for 1 minute and snap cooling the oligonucleotides on

ice for 10 minutes.
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The EMSA reactions were set up as in Table 2.5 using nuclear extracts from trophozoite and

schizont P. falciparum stages respectively, in either the presence or absence of added ATP.

Table 2.5: EMSA reaction set up with single-stranded oligonucleotide, trophozoite and schizont
nuclear extract in both the presence and absence of ATP.

Motifs (1,2,3,4,Dyad)
EMSA buffer 1x 1x 1x 1x 1x 1x 1x
DTT (mM) 2 2 2 2 2 2 2
Nuclear extract (ug) - 0.427 0.427 0.427 0.42s 0.42s 0.42s
ATP (mM) - - 1 1 - 1 1
Poly (dI-dC) (ug) 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Single-stranded competitor (fmol) 10.5 10.5 10.5 10.5 10.5 10.5 10.5
Protease inhibitor cocktail 1x 1x 1x 1X 1X 1x 1x
Unlabelled single-stranded sense - - - 100 - - 100
competitor (fmol)
Total volume (ul) 19 19 19 19 19 19 19

The nuclear extract used for the EMSA reactions were obtained from either trophozoiter) stages or schizonts) stages
of the parasite life cycle.

The reactions were incubated on ice for 10 minutes after which 2 fmol **P-labelled single-
stranded oligonucleotides were added and reactions were subsequently treated as described in
section 2.2.4.2.

To verify the repeatability of shifts and the specificity of the binding, reactions were set up as
described in Table 2.6 with 100-fold excess of numerous specific- and non-specific, single-
stranded oligonucleotides. A single-stranded random competitor oligonucleotide, which has
been shown to prevent non-specific shifts by binding to the single-stranded binding protein
PfRPA, previously identified by Voss et al. (2002) as P. falciparum replication protein A, which is
present in P. falciparum nuclear extract (Voss et al., 2002), was also included. This should
indicate if the observed shifts are due to the random, non-specific binding of PfRPA to the
oligonucleotide under investigation. Sheared salmon sperm DNA replaced Poly (dI-dC) in these

reactions to bind to non-specific proteins.
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Table 2.6: EMSA reaction set up with single-stranded oligonucleotide, trophozoite nuclear extract
and 100 fold excess of specific- and non-specific single-stranded competitors.

Motifs (1,2,3,4,Dyad)
EMSA buffer 1x 1x 1x 1x 1x 1x 1x
DTT (mM) 2 2 2 2 2 2 2
Nuclear extract (ug) 042r | 0427 | 0427 | 042r | 042r | 042r
Sheared salmon sperm DNA (2 ug/pl) 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Single-stranded competitor (fmol) 10.5 10.5 10.5 10.5 10.5 10.5
Protease inhibitor cocktail 1x 1x 1x 1x 1x 1x 1x
Unlabelled single-stranded competitor (fmol) - - 100 1008 | 100c | 1000
Total volume (pl) 19 19 19 19 19 19 19
. 100 fold excess single-stranded competitors used are as follows:
(A): Mixture of single-stranded sense and antisense unlabelled oligonucleotide specific to the 32P-labelled
oligonucleotide
(B): Single-stranded sense unlabelled oligonucleotide specific to the 32P-labelled oligonucleotide
(C): Single-stranded antisense unlabelled oligonucleotide specific to the 32P-labelled oligonucleotide
(D): Mixture of single-stranded sense and antisense unlabelled oligonucleotide non-specific to the 32P-labelled

oligonucleotide

After the 10 minute ice incubation, 2 fmol *’P-labelled single-stranded oligonucleotides were

added and reactions were treated as described in section 2.2.4.2.
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2.3 RESULTS

2.31 P. falciparum cell culture

The P. falciparum cultures were maintained in vitro and the complete life cycle comprising of

ring, early trophozoite, late trophozoite and schizont stages could be visualized by light

microscopy (Figure 2.3). The P. falciparum parasites showed no signs of stress throughout the

culturing period and the rate of parasite multiplication (3-7 fold) during the culture period

confirmed that the culture was well maintained. Subsequent protein extractions were performed

on the parasite cultures during the ring, late trophozoite and schizont stages for EMSA studies.

A B C D

| ‘ F I

Figure 2.3: P. falciparum cultures in A) ring, B) early trophozoite, C) late trophozoite and D) schizont
stage.

-

2.3.2 Protein isolation and characterisation

A BSA standard curve was used to determine the concentration of proteins isolated from P.
falciparum nuclear and cytoplasmic extracts. A standard curve was constructed for each
extraction procedure and Figure 2.4 is a representative of such a standard curve. R? values of
all the curves ranged between 0.973 and 0.997, which allowed accurate concentration

deductions to be made.
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Figure 2.4: BSA standard curve for protein determination in nuclear and cytoplasmic extracts.
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Proteins isolated from either P. falciparum nuclear or cytoplasmic extracts with the Voss
protocol (Voss et al., 2003) ranged in yield from 120 pg (0.3 pg/ul) to maximally 720 ug (1.8
pa/ul). The protein concentrations present in the cytoplasmic extracts were 2-fold higher than
the protein concentration of the nuclear extracts for both the commercial products NucBuster
and ProteoJet. The nuclear extract obtained from the Voss protocol however, contained a
greater concentration (280 pg) of proteins compared to the residual cytoplasmic extract (200 ug)
indicating the optimized nature of this protocol for the extraction of nuclear protein from P.

falciparum.

The general trend observed was that the concentration of the isolated proteins increases as the
parasite progresses through its life cycle with the least amount of nuclear protein present in
extracts from the ring stage (120 pg) and the highest concentration of proteins being present in
extracts from schizont stages (320 ug). This trend in protein production was expected since the
parasite’s metabolic activity increases as it passes from the ring stage through the trophozoite

stage into the schizont stage.

In order to analyze and detect proteins within the P. falciparum nuclear and cytoplasmic

extracts, SDS-PAGE was performed and proteins visualized with silver staining (Figure 2.5).

N.E, + : % - +
CE, . + . b . +

170
130

100

70

55

40

35
25

NucBuster ProteoJet Voss

Figure 2.5: SDS-PAGE of nuclear and cytoplasmic extracts isolated from P. falciparum trophozoite

cultures for comparison of NucBuster, ProteoJet and Voss extraction protocols.
MM: Protein marker, N.E: Nuclear extract, C.E: Cytoplasmic extract, (+) and (-) indicates reagent was added and omitted
respectively.
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Nuclear and cytoplasmic extracts were obtained from P. falciparum cultures using three
different extraction procedures for comparison purposes. The commercial NucBuster and
ProteoJet kits were compared to the extraction protocol described by Voss et al. (2003). From
Figure 2.5, it can be seen that with the NucBuster protocol, the cytoplasmic and nuclear
extracts contain similar sized proteins including those at ~35-40 kDa, ~55 kDa, ~60-70 kDa,
100 kDa and a selected set of proteins between 100 and 170 kDa. Protein differences are also
clear for proteins present at ~40-45 kDa, ~65 kDa and ~110 KDa in the cytoplasmic extract
while proteins at ~60-70 kDa, ~80-90 KDa and ~110-170 kDa are present only in nuclear
extract. The extraction profiles of the ProteoJet and Voss protocols produced very similar
results when both the cytoplasmic and nuclear extracts are analyzed. Protein similarities
between nuclear and cytoplasmic extracts obtained with the ProteoJet kit are observed (~55
KDa, ~70 kDa, ~100 kDa and ~120-170 kDa) while protein differences are also evident (~30-45
kDa, ~55-60 kDa, 110-170 kDa and above 170 kDa). The protein bands present at ~38 kDa, 68
kDa and greater than 170 kDa are present in the nuclear extract and absent in the cytoplasmic
extract of ProteoJet samples. For the Voss protocol, numerous similarities (~38 kDa, ~40-45
kDa, 55 kDa, ~60-70 kDa, 100-170 kDa and above 170 kDa) and differences (~35-45 kDa, ~60
kDa, ~68 kDa, ~38 kDa, 100-130 kDa and 170 kDa) are observed between the nuclear extract

and cytoplasmic extract. All extracts share a common protein of 55 kDa.

The ultimate aim here was to isolate clean, clear nuclear extract for subsequent EMSA
reactions. Analysis of the nuclear extract protein profile obtained via the Voss protocol clearly
reveal the presence of proteins exclusively present in this nuclear extract which are absent in
either or both the NucBuster and ProteoJet extract. As can be seen in Figure 2.5, it appears as
though the Voss procedure provides a clearer, cleaner protein and a greater abundance of
nuclear proteins when compared to the commercial kits used here. Therefore, for all extraction

procedures to follow, the Voss protocol was utilized.

Nuclear extracts from ring, trophozoite and schizont stages of P. falciparum were subsequently
prepared using the Voss protocol (Figure 2.6) (Voss et al., 2003). The results obtained in Figure
2.6 reveals the intricate expression profiles of P. falciparum proteins during various stages of
the parasite’s life cycle. As expected, there are numerous similarities and differences between

the proteins present in the nuclear and cytoplasmic extracts.
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Figure 2.6: SDS-PAGE of stage-specific nuclear and cytoplasmic extracts utilizing Voss’s protocol

performed on P. falciparum in vitro cultures.
MM: Protein marker, N.E: Nuclear extract, C.E: Cytoplasmic extract, (+) and (-) indicates reagent was added and omitted
respectively.

Figure 2.6 shows a common protein at ~55 kDa present throughout all the extracts regardless of
the life stage or compartment at which the extracts were obtained. An interesting observation
however, is the presence of a protein, approximately 60 kDa, present in both the ring and

schizont stage nuclear extract but absent in the trophozoite stage nuclear extract.

It remains evident in Figure 2.5 and Figure 2.6 that the Voss extraction protocol (Voss et al.,
2003) from trophozoite stage P. falciparum parasites provides sufficient nuclear proteins for

future EMSA reactions with the conserved motifs in question.

2.3.3 2p.EMSA
2.3.31 Design and labelling of cis-regulatory elements containing the conserved
motifs.

The conserved motifs previously identified in silico (Claudel-Renard, unpublished results) were
converted into 39-44 oligonucleotides with the conserved motif represented in bold in the centre
of these oligonucleotides (Table 2.7). The oligonucleotides, each containing the specific
conserved motifs will be referred to in text as Motif 1, 2, 3, 4 and Dyad. The oligonucleotide
concentrations were determined using absorbance readings on a GeneQuant Pro and the
Azs0:Azgo ratios of all the oligonucleotides were between 1.8 and 2.2, which indicated good
purity. These oligonucleotides were subsequently isotopically labelled with %P and used in the
EMSA studies.
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Table 2.7: The oligonucleotide sequences of the conserved motifs designed and synthesized for

EMSA’s along with the control oligonucleotides SPE 2 and DIG.

Oligonucleotide name Oligonucleotide sequence (5°-3’) Size Ta
Motif 1 sense ACCATATCACAATACTCCCATAACATAACATAACATACA 39 60.3
Motif 1 antisense TGTATGTTATGTTATGTTATGGGAGTATTGTGATATGGT 39 60.3
Motif 2 sense TATATATAATAATTCTCGGTTACTGCATGTGTCCGTGCAC 40 63.4
Motif 2 antisense GTGCACGGACACATGCAGTAACCGAGAATTATTATATATA 40 63.4
Motif 3 sense CGGAAGAAGATATTTGCCTCTGTTGTTATCTCTAAAATAT 40 61.4
Motif 3 antisense ATATTTTAGAGATAACAACAGAGGCAAATATCTTCTTCCG 40 61.4
Motif 4 sense AGATACCCAAAAAATCGAAATCGTGCACGGACACATGCAG 40 66.5
Motif 4 antisense CTGCATGTGTCCGTGCACGATTTCGATTTTTTGGGTATCT 40 66.5
Dyad sense CATTTATATATTATATATTACATTATGTCATTTATTAATAAATA 44 53.3
Dyad antisense TATTTATTAATAAATGACATAATGTAATATATAATATATAAATG 44 53.3
SPE 2 sense GTGCGACTTTATTGTGCATAGTGGTGCGAATTTATACTTTGG 42 65.4
SPE 2 antisense CCAAAGTATAAATTCGCACCACTATGCACAATAAAGTCGCAC 42 65.4
DIG sense GTACGGAGTATCCAGCTCCGTAGCATGCAAATCCTCTGG 39 69.7
DIG antisense TCGACCAGAGGATTTGCATGCTACGGAGCTGGATACTCC 39 69.7

Conserved sequences are in bold. Ta symbolizes annealing temperature which is calculated by subtracting 5 °C from the melting

temperature (Tm).
Tm =

2.3.3.2

69.3°C + (0.41 x GC%) — 650/primer length (Rychlik et al., 1990)

Isotopic labelling of oligonucleotides containing the cis-regulatory motifs

Previous EMSA results using a DIG-labelled form of Motif 2 oligonucleotide, containing the

conserved motif, was shown to be unreliable and not reproducible (results not shown). For this

reason, *P was used as the labelling system for the subsequent EMSA’s. Klenow fragment was

used to catalyze the isotopic labelling of the above oligonucleotides containing the cis-

regulatory motifs. The %2P_|abelled double-stranded oligonucleotides were analyzed for labelling

efficiency by native polyacrylamide gel electrophoresis and exposed to a phosphor imager for

detection. In Figure 2.7, it is clear that the labelling and spin column purification of the

oligonucleotides were sufficient since a strong radioactive signal can be detected, allowing

subsequent EMSA reactions to be performed.

1

2 3 4 5 6 7

Figure 2.7: Electrophoresis of all double-stranded oligonucleotides containing the conserved cis-

regulatory motifs for labelling efficiency with 32P.
Lane 1: Motif 1; Lane 2: Motif 2; Lane 3: Motif 3; Lane 4: Motif 4; Lane 5: Dyad; Lane 6: SPE 2; Lane 7: DIG.

:| ‘P-labelled ds cligonucleotide
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2.3.3.3 ¥2P_EMSA with positive controls to verify conditions

Motif 2 (similar to the previously described motif involved in var gene regulation, SPE 1 (Voss et
al., 2003)) was used throughout this study as a positive control. EMSA reactions performed by
Voss et al. (2003) included the addition of a random single-stranded unlabelled oligonucleotide

to remove any shifts that could be caused by the non-specific binding of PfRPA.

The SPE 2 motif is a regulatory element discovered by Voss et al. (2003) and was proven to
bind a protein expressed in the schizont stage of P. falciparum in a highly specific manner. The
DIG gel shift kit used previously provides an unlabelled oligonucleotide (DIG) which was
labelled isotopically with *P and used as a control to bind Oct2A. The *?P-labelled control
oligonucleotides Motif 1 (similar to SPE 1), SPE 2 and DIG were therefore used in EMSA
reactions with their respective nuclear extracts or binding proteins according to the Voss
protocol (Figure 2.8). For comparative purposes, the DIG EMSA reaction was set up as
described by the kit, utilizing the kit binding buffer and reagents. As can be seen in Figure 2.8,
the EMSA reaction, with conditions described by the Voss protocol, provided clear shifts with all
three controls (lanes 2, 5 and 8) in the presence of the respective binding protein. Competitor
reactions, using 100-fold excess unlabelled oligonucleotide specific to each motif, were set up
to determine the specificity of the reaction. Introduction of the double-stranded unlabelled
competitors eliminated the previously observed shift (Figure 2.8, lanes 3, 6, 9 and 12),

indicating that the DNA-protein interactions observed were specific.

The binding reaction of the DIG oligonucleotide set up as described by the kit did not produce
as clear a shift as compared to the Voss protocol (lane 11). Thus, all future EMSA reactions,

including the controls, were set up as described by the Voss protocol.

Oct2A

= = - - - - + + - + +

N,ET * * - - - - - - - -3
N.E; I T T T L -
Comp R S -
12 3 4 5 6 7 8 9 10 11 12

:I Bound motif = shift
; :| Bound motif = shift

" ] Bound motif = shift

} Unbound motif

Motif 2 SPE 2 DIG DIG
(Voss buffer) (Kit buffer)

Figure 2.8: EMSA analysis of all control oligonucleotides.
Oct2A: DIG binding factor; N.Ews: Nuclear extract from (T) trophozoites or (S) schizonts; Comp: 100 fold excess double-stranded
unlabelled specific competitor oligonucleotide.
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To verify the presence of the shifts observed in the EMSA (Figure 2.8), a densitometric lane

05

analysis was performed using Quantity One Software (BioRad), to analyze each lane of the gel
individually by calculating the intensity of pixels which are representative of the **P radioactive
signal. Densitometric lane analysis (Figure 2.9) confirms a shift observed at an Rf of ~0.6 for
Motif 2, ~0.43 for SPE 2 and ~0.35 for DIG. Lane analysis confirmed the absence of shifts with
the DIG motif set up using the kit binding reactions (Figure 2.9 (D)).
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Figure 2.9: Densitometric lane analysis of EMSA results from Figure 2.8.
(A) Moatif 2; (B) SPE 2; (C) DIG (Voss binding reaction) and (D) DIG (kit binding reaction) control oligonucleotides to verify the
shifts observed in the EMSA gel.

Compared to EMSA results in literature (Voss et al. 2003, Lanzer et al. 1992), the shifts
observed in Figure 2.8, regardless of the motif under study, are similar to the EMSA shifts
obtained by the authors mentioned. These EMSA results confirm that the Voss protocol is
optimal for the EMSA analyses in P. falciparum and the EMSA conditions allowed shifts that

were verified by densitometric lane analysis (Figure 2.9).

2334 Binding reaction and electrophoresis with *P-labelled motifs

The EMSA reactions thus far confirmed that Motif 2, in the presence of trophozoite nuclear
extract, clearly provides shifts representing DNA-protein interactions and can thus be used as a
control. A random single-stranded unlabelled oligonucleotide should be added to the EMSA

reactions to remove shifts that could be caused by the non-specific binding of PfRPA (Voss et
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al., 2002). Subsequent analysis of binding to **P-labelled Motif 2 was performed in the presence

05

and absence of this random unlabelled single-stranded oligonucleotide (Figure 2.10).

ss Random oligo

N‘ET sl = + + + +
Comp - - - = + +
1 2 3 4 b 6

i ] Bound motif = shift

] Bound motif = shift

} Unbound motif

Motif 2

Figure 2.10: EMSA of Motif 2 in the presence and absence of the random single-stranded unlabelled

oligonucleotide.
Ss Random oligo: random single-stranded unlabelled oligonucleotide (50 fold excess); N.Er: Nuclear extract from trophozoites;
Comp: 100 fold excess double-stranded unlabelled specific competitor oligonucleotide.

In Figure 2.10, as expected, no shifts are observed when Motif 2, without nuclear extract, is in
the presence or absence of the random single-stranded unlabelled oligonucleotide (lanes 1 and
2). Shifts are however visible when the **P-labelled Motif 2 was incubated with nuclear extract
(lanes 3 and 4). Two shifts are observed in the absence of the random single-stranded
unlabelled oligonucleotide (lane 3), however in the presence of the random single-stranded
unlabelled oligonucleotide, only one clear shift was observed (lane 4). The two shifts present in
the absence of the random single-stranded unlabelled oligonucleotide are therefore assumed to
originate from a nuclear extract protein partner binding specifically to Motif 2 and in addition,
PfRPA is thought to bind non-specifically to single- and/or double-stranded **P-labelled Motif 2.
When random single-stranded unlabelled oligonucleotide is added, it competes for binding to
the non-specific binding protein PfRPA and only one shift remains visible after electrophoresis.
This shift (lane 4) correlates in position (Rf ~0.63, Figure 2.11) to that observed for Motif 2 in
Figure 2.8 (lane 2) and is therefore assumed to be as a result of a protein present in the P.

falciparum nuclear extract binding specifically to Motif 2.
Competitor reactions containing nuclear extract with excess double-stranded unlabelled Motif 2

specific oligonucleotide lack shifts in both the presence and absence of the random single-

stranded unlabelled oligonucleotide (lanes 5 and 6). This result was expected since a 100-fold
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excess of this double-stranded unlabelled competitor would compete with *?P-labelled Motif 2

05

for the binding protein of interest present in the P. falciparum nuclear extract.

The presence of the shifts in the above EMSA (Figure 2.10) was verified with densitometric lane
analysis (Figure 2.11). In the presence of *P-labelled Motif 2 and P. falciparum nuclear extract
(lane 3), two peaks are observed, one at an Rf of ~0.39 assumed to be as a result of the PfRPA
protein binding to the labelled Motif 2 and a second peak at an Rf of ~0.63, assumed to be as a

result of the nuclear protein binding to Motif 2.

Bound motifs Bound motifs Unbound motifs

0o 020 040 060 020 0
L ; L L . 1 .

150

100

(=50

Figure 2.11: Lane analysis utilizing Quantity One Software to verify the shifts obtained by EMSA

analysis of Motif 2 in the presence and absence of the random single-stranded DNA.
Lane numbers correspond to the lanes used in the EMSA in Figure 2.10

In the presence of random single-stranded oligonucleotide (lane 4), only a single shift at an Rf
of ~0.63 was observed (Figure 2.11), confirming the result of the nuclear binding protein present
in the P. falciparum nuclear extract binding to Motif 2 (Figure 2.10). Comparing the Rf values
obtained in Figure 2.11 lanes 3 and 4 (Rf ~0.63) to the Rf value of Motif 2 with trophozoite
nuclear extract (lane 2) of Figure 2.9 A (Rf ~0.6), the Rf values are very similar and thus
confirms the specific binding of a protein present in this P. falciparum nuclear extract to *?P-
labelled Motif 2.

Since shifts were observed with *?P-labelled Motif 2 and the importance of the random single-
stranded unlabelled oligonucleotide was determined, all EMSA’s performed hereafter contained
the random single-stranded unlabelled oligonucleotide unless otherwise stated. In the case

where a double-stranded unlabelled competitor was used, the competitor was specific to each
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motif unless otherwise stated. EMSA reactions were set up for the remaining four *?P-labelled

05

motifs in question using the P. falciparum trophozoite nuclear extract as a source for binding

proteins and Motif 2 as internal control (Figure 2.12).

N.E, - + + - + + - + + - + + - + +
Comp - - + - - + - - + - - + - - +
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

.

Bound motif = shift

~; J Unbound motif

Motif 1 "~ Motif 2 ~ Motif 3 Motif 4 Dyad

Figure 2.12: EMSA of Motif 1, Motif 2, Motif 3, Motif 4 and Dyad with trophozoite nuclear extract.
N.Er: Nuclear extract from trophozoites; Comp: 100 fold excess double-stranded unlabelled specific competitor oligonucleotide.

It appears as though no shifts are present in any of the EMSA’s performed with Motif 1, Motif 3,
Motif 4 or the Dyad while the internal control Motif 2 resulted in the expected shift. Densitometric
lane analysis was also utilized to confirm the observations (results not shown) and indeed it was
confirmed that no shifts or DNA-protein complexes were present for the motifs but that the shift

observed for Motif 2 was comparable to earlier results, again with an Rf of ~0.61.
2.3.3.5  3?P-EMSA optimizations
2.3.3.5.1  3?P-EMSA with stage-specific nuclear extracts.

Nuclear extracts were prepared from P. falciparum cultures in the ring, trophozoite and schizont
stages to determine if the motifs in question have binding proteins which are expressed during
specific stages of the parasite life cycle only. The EMSA was firstly performed with *?P-labelled
Motif 2 as internal control. Increasing amounts (3 ug, 6 ug, and 9 pg) of nuclear extracts
isolated from three life cycle stages of P. falciparum were added to Motif 2 to determine the
minimum amount of protein required to produce a shift. As can be seen in Figure 2.13 (A), the
addition of the P. falciparum ring and schizont nuclear extracts did not result in shifts. However,
shifts were only observed with the addition of the P. falciparum trophozoite nuclear extract
(lanes 5 and 6). These results confirm that the binding protein for Motif 2 remains solely
expressed in the trophozoite stage. Densitometric lane analysis (Figure 2.13 (B)) confirms the
presence of shifts, again at an Rf of ~0.6 and these results additionally confirm that shifts

become more evident when nuclear extracts exceeding 6 ug are used.
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Figure 2.13: (A) EMSA of Motif 2 with nuclear extracts from rings, trophozoites and schizonts and

(B) densitometric lane analysis of EMSA lane 4, 5 and 6.

N.Ermss: Nuclear extract from (R) rings, (T) trophozoites, (S) schizonts; Comp: 100 fold excess double-stranded unlabelled

specific competitor oligonucleotide.

EMSA reactions with nuclear extracts from ring, trophozoite and schizont stage P. falciparum

were subsequently performed on the remaining four motifs in question. As can be seen in

Figure 2.14, no shifts were observed with any of the nuclear extracts, for any of the motifs, other

than Motif 2 in the presence of trophozoite nuclear extract and these observations were

confirmed by densitometric lane analysis (results not shown). It could thus be assumed that

either the conditions are not optimal for binding, that the binding protein for these motifs are not

expressed in any of these stages or that none of these motifs have regulatory functions in the

double-stranded form.
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Figure 2.14: EMSA of all five motifs in question with nuclear extracts from rings, trophozoites and

schizonts.

N.Ermss: Nuclear extract from (R) rings, (T) trophozoites, (S) schizonts.
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Due to the success of previous P. falciparum EMSA’s by Voss et al. (Voss et al., 2003), as well

05

as with Motif 2 observed here, cation and salt concentrations seemed optimal for the EMSA’s
performed in this study. Previous DNA-protein studies discovered that the addition of ATP could
increase the affinity of the nuclear protein for the regulatory motif (Menetski et al., 1985) and

thus ATP optimization was considered next.

2.3.3.5.2 *’P-EMSA with addition of ATP.

EMSA reactions for the five **P-labelled motifs in question were set up in both the presence and

absence of ATP to determine if DNA-protein interactions could be improved (Figure 2.15).

ATP + *+ + + + + - + + + +
Comp + - + % + - + wi
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

J Bound motif = shift

. j| Unbound motif

Motif 1 Motif 2 Motif 3 - Motif 4 Dyad
Origin Bound motifs Unbound motifs
B p g :

|-..J;

0 0.2 )

0.

RS moti [IEEREER Vot + binding factor [IREEREER] wotif + binding factor + ATP ?:éz:‘ ;)inding factor + ATP +
Figure 2.15: (A) EMSA of Motif 1, Motif 2, Motif 3, Motif 4 and Dyad with trophozoite nuclear extract
in either the presence or absence of ATP, (B) densitometric lane analysis of Motif 2 with trophozoite

nuclear extract in either the presence or absence of ATP.
N.Er: Nuclear extract from trophozoites; ATP: Adenosine triphosphate; Comp: 100 fold excess double-stranded unlabelled
specific competitor oligonucleotide.
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In Figure 2.15 (A) no shifts were observed for Motif 1, 4 or the Dyad in either the presence or
absence of ATP (lanes 2 and 3) and densitometric lane analysis (not shown) confirmed the
absence of shifts for these three motifs. A possible shift appeared to be present for Motif 3 in
the presence and absence of ATP (lanes 2 and 3) however, densitometric lane analysis could
not confirm shifts associated with this motif. An apparent shift was observed for Motif 2 in the
absence and presence of ATP (lanes 2 and 3) and densitometric lane analysis of Motif 2 (Figure
2.15 (B)) revealed identical shifts of Rf values ~0.5, irrespective of the presence or absence of
ATP.

2.3.3.6 EMSA of single-stranded *’P-labelled motifs

The motifs in question, except Motif 2, appear to not be regulatory in their double-stranded
state. Since some regulatory proteins bind to both single- and double-stranded DNA and RNA
(Babitzke et al., 2009; Lilley, 1995; Nimonkar et al., 2003) and RNA binding proteins have been
identified in P. falciparum (Cui et al., 2002; Gunasekera et al., 2007b), EMSA reactions were
performed on single-stranded **P-labelled cis-regulatory oligonucleotides to determine if the

motifs in question are perhaps regulatory in the single-stranded state.

2.3.3.6.1 EMSA of single-stranded **P-labelled motifs with nuclear extract in either

the presence or absence of ATP

The **P-labelled single-stranded versions of the oligonucleotides for each motif were used in
EMSA reactions in the presence and absence of ATP. Nuclear extracts from both trophozoite
and schizont stage P. falciparum were used to determine if the single-stranded motifs in
question have binding proteins expressed in these life cycle stages of P. falciparum. The
random single-stranded unlabelled competitor (to bind PfRPA) was included in all reactions and
competitor reactions were performed with excess specific, unlabelled single-stranded sense

oligonucleotides.

The motifs were denatured to 95.0°C and snap cooled on ice and therefore the majority of each
motif was expected to be in the single-stranded state. Figure 2.16 (A) illustrates the EMSA
result of Motif 2 in its single-stranded form and a clear shift is observed in the presence of
trophozoite nuclear extract, both in the presence and absence of ATP (lanes 2 and 3). There

also appears to be a second shift present in both lanes 2 and 3 and possibly also lanes 5 and 6.
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Figure 2.16: (A) EMSA of single-stranded Motif 2 with trophozoite and schizont nuclear extract in
the presence and absence of ATP and densitometric lane analysis of single-stranded Motif 2 EMSA
with (B) trophozoite nuclear extract and (C) schizont nuclear extract.

Ss: single-stranded; N.Ems: Nuclear extract from trophozoites (T) schizonts (S); ATP: Adenosine triphosphate; ss sense sp-
Comp: 100 fold excess single-stranded unlabelled sense specific competitor oligonucleotide.
Densitometric inspection of the shifts obtained with trophozoite nuclear extract (lanes 2 and 3)
confirmed the presence of two shifts, one at an Rf of ~0.39 and a second shift at an Rf of ~0.61
(Figure 2.16 B) for single-stranded Motif 2. The addition of ATP had no effect on DNA-protein
complex formation. With the addition of the single-stranded, unlabelled specific-competitor
oligonucleotide, the shift is eliminated due to competition reactions with the binding protein. This
indicates the specificity of both DNA-protein binding reactions. Previously, the shift obtained at
an Rf of ~0.39 was suggested to be PfRPA since this binding protein binds non-specifically to
single-stranded DNA and inclusion of the random single-stranded unlabelled competitor
oligonucleotide eliminated the shift associated with this protein. In these EMSA reactions, the
random single-stranded unlabelled competitor oligonucleotide was included and it did not
eliminate the binding protein, causing a shift at an Rf of ~0.39. Instead, only single-stranded
unlabelled specific competitor eliminated both shifts (Rf ~0.61 and Rf ~0.39), suggesting that
the observed shifts in these EMSA reactions are as a result of P. falciparum nuclear extract

proteins binding specifically to Motif 2.

Similar shifts were obtained when single-stranded Motif 2 was incubated with schizont nuclear

extract in the presence of ATP (Figure 2.16 (A), lanes 5 and 6), however Rf values from
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densitometric lane analysis (Figure 2.16 (C)) confirms that a single shift at Rf ~0.63 is present
with schizont nuclear extract, only in the absence of ATP (lane 5). No other shifts were

confirmed with densitometric lane analysis.

The EMSA experiment for single-stranded forms of Motif 1, Motif 3, Motif 4 and Dyad was
subsequently performed in parallel with Motif 2 (Figure 2.16). In Figure 2.17, shifts are observed
for all the motifs when incubated with P. falciparum trophozoite nuclear extract (lanes 2 and 3).
However, only Motif 3, Motif 4 and the Dyad resulted in possible shifts when incubated with P.

falciparum schizont nuclear extracts as well (lanes 5 and 6).

N.E1 = 4+ + = - = - 4+ = = - - o+ + 4 - = o= = % 4+ =
N.E5 = == = 4 % + 0+ - + + 0+
ATP - b = . R P + .

ss sense sp-Comp - - - + - -
12345 6

¥ ]Origin

J Bound motif = shift

] :| Unbound motif

Motif 1 Motif 3 Motif 4 Dyad

Figure 2.17: EMSA of Motif 1, Motif 3, Motif 4 and Dyad in single-stranded state with trophozoite and

schizont nuclear extract in the presence and absence of ATP.
N.Emws: Nuclear extract from trophozoites (T) or schizonts (S); ATP: Adenosine triphosphate; ss sense sp-Comp: 100 fold excess
single-stranded unlabelled sense specific competitor oligonucleotide.

Shifts were obtained with all single-stranded oligonucleotides in the presence of both the
trophozoite and schizont nuclear extract, except for Motif 1 which resulted in a shift with
trophozoite nuclear extract only. Densitometric lane analysis was performed on the motifs
incubated with P. falciparum trophozoite and schizont nuclear extract, however no shifts were
confirmed for any of the motifs incubated with the schizont nuclear extract (results not shown)

while shifts were confirmed with trophozoite nuclear extract (Figure 2.18 (A-D)).
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Figure 2.18: Densitometric lane analysis of single-stranded (A) Motif 1, (B) Motif 3, (C) Motif 4 and
(D) Dyad with trophozoite nuclear extract in the presence and absence of ATP.

The shifts observed for these motifs with P. falciparum trophozoite nuclear extract also seem to
be similar with regards to the degree of retardation (Figure 2.18 (A-D)) since Motif 1 and Motif 3
have similar Rf values of ~0.39, while Motif 4 and the Dyad have similar Rf values of ~0.44, in
both the presence and absence of ATP. These results convey the possibility that Motif 1 and
Motif 3 share the same binding protein or same sized protein while Motif 4 and the Dyad appear

to share the same or similar sized protein.

Competitor reactions of single-stranded *?P-labelled motifs with single-stranded unlabelled
sense competitor oligonucleotides, specific to each motif, eliminated the observed shifts,
indicating thus far that the binding between the motif and protein is sense oligonucleotide
specific. This however was investigated further by additional competitor studies which are

described in the following section.
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2.3.3.6.2 EMSA of single-stranded “P-labelled motifs with specific- and non-

specific single-stranded competitors.

The binding of proteins present in P. falciparum nuclear extract to *P-labelled single-stranded
oligonucleotides were studied with various specific- and non-specific single-stranded
competitors to determine the specificity of the observed DNA-protein interactions. EMSA
reactions were performed with P. falciparum trophozoite nuclear extract and both specific and
non-specific single-stranded sense and antisense competitors were added to compete for the
binding protein. The unlabelled single-stranded motif pool of each motif was used as the non-
specific competitor for every other motif. In other words, the unlabelled single-stranded non-
specific competitor used for Motif 1 was unlabelled single-stranded Motif 3, and so forth.
Therefore, assuming the single-stranded oligonucleotides remain unhybridized, it is possible to
determine which single-stranded oligonucleotide is being identified by the binding protein. To do
this, both sense and antisense specific unlabelled single-stranded oligonucleotides were added
to the competitor reactions in 100-fold excess. Thus, if the DNA-protein binding interaction is
sense strand-specific, then only the sense-specific unlabelled single-stranded competitor
sequence should eliminate the shift, and the same scenario is predicted for the antisense-

specific competitor.

Motif 2 was studied as a control and as can be seen in Figure 2.19 (A), a shift is produced with
the addition of the P. falciparum trophozoite nuclear extract. This shift remains in the absence
and presence of the random single-stranded oligonucleotide (lane 2 and 3). In the absence of
the random single-stranded oligonucleotide, a shift of high intensity is observed (lane 2) at an Rf
of ~0.39 and a faint shift is observed slightly lower in the same lane (Rf ~0.6, lane 2). The
addition of the random single-stranded oligonucleotide resulted in a fainter shift (lane 3) at an
identical Rf of ~0.39 in the gel.
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Figure 2.19: (A) EMSA of single-stranded control Motif 2 with trophozoite nuclear extract in the
presence and absence of random single-stranded unlabelled oligonucleotide and (B) densitometric

lane analysis of EMSA.
Dashed circles represents possible shifts however, densitometric lane analysis concluded that these were not shifts. Random ss
oligo: Random single-stranded unlabelled oligonucleotide (50 fold excess); N.Er: Nuclear extract from trophozoites; ss sense
and a-sense sp-Comp: 100 fold excess single-stranded sense and antisense unlabelled specific oligonucleotide; ss sense sp-
Comp: 100 fold excess single-stranded sense unlabelled specific oligonucleotide; ss a-sense sp-Comp: 100 fold excess single-
stranded antisense unlabelled specific oligonucleotide; ss sense and a-sense non sp-Comp: 100 fold excess single-stranded
sense and antisense unlabelled non-specific oligonucleotide

Densitometric lane analysis (Figure 2.19 (B)) confirms the presence of identical shifts with Rf
values of ~0.4 in both the presence and absence of the random single-stranded oligonucleotide.
The absence of the shift at Rf ~0.6 is unexpected since the EMSA results illustrated in Figure
2.16 of single-stranded Motif 2 in the presence of the random single-stranded competitor (and
absence of ATP) did result in two shifts, one at an Rf of ~0.39 and the other at Rf ~0.6.
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Since the *?P-labelled motifs are in single-stranded form, it could thus be possible that the shift
observed here is as a result of two proteins of similar size binding to different fractions of the
%P-labelled single-stranded motif. The addition of the random single-stranded unlabelled
oligonucleotide out-competes for what is thought to be PfRPA and subsequently causes a
decrease in the amount of protein bound to the *P-labelled single-stranded motif, which is
observed in the EMSA as a less prominent band (lane 3), while the P. falciparum nuclear
protein remains bound to the labelled motif. It therefore remains plausible that a P. falciparum
nuclear protein, of similar size to PfRPA, binds specifically to a fraction of the *’P-labelled
single-stranded motifs while PfRPA binds non-specifically to another fraction of the *P-labelled
single-stranded motifs, causing identical shifts (lane 2 and 3). Only PfRPA is then out-competed
with the random single-stranded oligonucleotide. Again, the shift at Rf ~0.39 was completely
eliminated/out-competed with unlabelled single-stranded specific, and non-specific,

oligonucleotide competitors in Figure 2.19 (A) (lanes 4, 5, 6 and 7).

The same EMSA experiment was performed with the remaining four **P-labelled single-
stranded motifs (Motif 1, Motif 3, Motif 4 and Dyad) and again additional competition reactions
were set up using non-specific unlabelled single-stranded sense and antisense competitor
oligonucleotides to verify the specificity, non-specificity, or sequence-specificity of the DNA-
protein interaction. Figure 2.20 represents the EMSA results obtained for Motif 1, 3, 4 and Dyad

in single-stranded state with different competitors.
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Figure 2.20: EMSA’s (left) of single-stranded motifs with trophozoite nuclear extract with different
specific- and non-specific single-stranded competitors, densitometric lane analysis (right) of
EMSA’s.

Dashed circle represents a possible shift. Random ss oligo: Random single-stranded unlabelled oligonucleotide (50 fold excess);
N.Er: Nuclear extract from trophozoites; ss sense and a-sense sp-Comp: 100 fold excess single-stranded sense and antisense
unlabelled specific oligonucleotide; ss sense sp-Comp: 100 fold excess single-stranded sense unlabelled specific
oligonucleotide; ss a-sense sp-Comp: 100 fold excess single-stranded antisense unlabelled specific oligonucleotide; ss sense

and a-sense non sp-Comp: 100 fold excess single-stranded sense and antisense unlabelled non-specific oligonucleotide.
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In Figure 2.20 (A), Motif 1 resulted in identical shifts at Rf ~0.46 when the random single-
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stranded unlabelled oligonucleotide was both absent and present (lane 2 and 3). For Motif 3
and Motif 4, shifts with identical Rf values (0.42) were observed in the presence and absence of
the random single-stranded unlabelled oligonucleotide while the addition of the random single-
stranded unlabelled oligonucleotide appeared to have caused decrease signal intensities. The
Dyad EMSA resulted in a shift at an Rf of ~0.43 in the absence of the random single-stranded
unlabelled oligonucleotide (lane 2, Figure 2.20 (D)) which was eliminated with the addition of the
random single-stranded unlabelled oligonucleotide (lane 3). This result however deviates from
the observation in Figure 2.17 (lane 2) where the Dyad EMSA clearly resulted in shifts in the
presence of the random single-stranded competitor and in the absence of ATP. The reason for
this deviation is uncertain and this result suggests that exact EMSA repeatability is

experimentally challenging due to the intricacy of DNA-protein interactions.

All the shifts observed in Figure 2.20 (lanes 2 and 3) were eliminated with the addition of excess
motif specific- and non-specific single-stranded competitor oligonucleotides (lanes 4, 5, 6 and
7), regardless as to whether the competitor sequence was sense or antisense. Literature results
(Voss et al, 2003) of competitor studies illustrated that any added competitor which competes
with the sequence of interest for the binding protein, will eliminate the shift completely. This is
what was observed in lanes 4, 5, 6 and 7 of Figure 2.20 and thus allow us to conclude that the
DNA-protein interaction remaining after addition of random single-stranded competitor
oligonucleotide, presumably originates from a P. falciparum nuclear protein, and may be

sequence-specific.

To address the sequence-specificity of the DNA-protein interaction, a multiple sequence
alignment (www.ebi.ac.uk/Tools/clustalw2/index.html) was performed with all five motifs in
question, to determine whether there are regions conserved in similarity that may have
functional significance in protein binding. The alignment of the motifs is illustrated in Figure
2.21.

18 20 20

Motif 3sense . ... ... CGGAAGAAGATATTTGCCTC.G-T TAAAATAT -
Motif 3antisense . . aTaTTTTAGAGARAACAAC ABAGE C 2maTfaATE CCE- - ...
Motif 2sense - - - - .. .. TAaTATATARTAATTCHCES CETECAL
Motif 4 antisense - - - - - - - CTaCAaTETeTcCETEchce -MéseTAaTCT-

Dyad sense c e CATTTATATATTATATATTACATTAT- AATAAATA
Dyad antisense ~ TATTTATTAATAAATGACATAATET AxTAT] baaTel- - - -
Motif 2 antisense - @ THCACGEACACATECAGTAACCEAGAATY A b e
Motif 4 sense -ABATACCCA - AsassllceaaaTEETECACRGADACATE CfAE - - - - - - -
Motif 1 sense - ACCATATEACAARACTCCCATAACA Fa- oo
Motif 1 antisense . . . . ... ... TETA GlTATGTTATGTIA.G aclaT/eTEATATEE T

Consensus

SA+TCATHTATATATGATATAATACGH TATHGTCATATATA+ATATAT -

Figure 2.21: CLUSTALW alignment of the five motifs in question.
Red circle represents areas with high similarity among the motifs.
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The consensus sequence in Figure 2.21 illustrates the nucleotides most common between all
motifs and it appears as though there are small stretches of nucleotides that are very similar
among the motifs. However, definite similarities are observed between specific pairs of motifs,
especially the nucleotide sequences found between 30 — 40 nucleotides, represented by a red

circle.

The alignment verified that Motif 2 and Motif 4 sequences are very similar (45%) and in
conjunction with the EMSA results (Figure 2.20), the proteins bound to Motif 2 and Motif 4 are
assumed to be similar. Motif 3 shares some similarity with both Motif 4 (30%) and the Dyad
(32%), however the Dyad shares greater similarity with Motif 1 (38%). Motif 3 is therefore
assumed to share sequence similarity with both Motif 2 and Motif 4. These results allow the
assumption that all these motifs share either the same binding protein or similar binding proteins
(example: PfRPA and the P. falciparum nuclear extract specific protein) however, the protein

affinities for the sequences may vary and therefore be affected by competition assays.
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2.4 DISCUSSION:

The parasite P. falciparum has proven to be a complex parasite and a mastermind at escaping
the host immune system. In order to eradicate this parasite, new drug targets and gene
intervention strategies, aimed at targeting the mechanisms utilized by the parasite to evade the
immune system, are required. P. falciparum resides within the erythrocyte of its host and utilizes
antigenic variation to escape the host immune system. The erythrocyte is an ideal home for the
parasite since it does not differentiate and does not hold any trafficking machinery. Antigenic
variation in P. falciparum is controlled by the var gene family and requires regulatory proteins to
determine the transcriptional state of the antigenically variant genes. Several conserved cis-
regulatory sequences were identified in P. falciparum using an in silico strategy and the aim of
this study was to determine whether these sequences are regulated by parasite derived specific

proteins.

The structure of the parasite within the erythrocyte is extremely complex, consisting of
numerous membranes and residing within a parasitophorous vacuole. This complex structure
makes isolation of parasite specific proteins very challenging and special extraction methods
were required. In this study, a specialized P. falciparum extraction method (Voss et al. 2003)
was compared to commercial extraction kits and the results obtained revealed that the
commercial kits were not as functional and successful in extracting parasite proteins, as was the
specialized protocol from Voss et al. (2003). Within the erythrocyte, the parasite’s metabolic
activity increases as it progresses through one life cycle stage to the next and the nuclear
extracts from each cycle also revealed the significant increase in protein levels as the parasite
proceeded from the ring stage through to the trophozoite stage and into the schizont stage.
Although there were extensive similarities and differences between the protein profiles of the
different parasite life cycle stages, the up- and down-regulation of certain genes, and the just-in-
time transcription of genes proposed by Bozdech et al. (2003) become noticeable with certain
proteins being present in certain life cycle stages and absent in others. The presence and
absence of proteins may also be due to post-transcriptional regulation such as mRNA
degradation, as suggested by Shock et al. (2007), in addition to the more conventional

transcriptional regulation.

Voss et al. (2002) identified a protein present in P. falciparum nuclear extract to bind in a non-
specific manner, but with high affinity to single-stranded DNA and with a lower affinity to double-
stranded DNA (Voss et al., 2002). This protein was affinity purified and identified with mass
spectrophotometry to be PfRPA, a 55 kDa protein which play major roles in DNA metabolism,
including DNA replication, recombination and repair (Voss et al.,, 2002). PfRPA activity was

found to be present in both nuclear and cytoplasmic extracts and the expression profile of
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PfRPA revealed that this protein is expressed in all life cycle stages of P. falciparum except mid
rings ( 8-15 h.p.i) (Voss et al., 2002). It is therefore possible that the common 55 kDa band
present in both the nuclear and cytoplasmic extract and in all three asexual life cycle stages of
the parasite, is PfRPA. Analysis of the transcript and proteome profile (Bozdech et al., 2003;
Lasonder et al., 2002; Le Roch et al., 2004) clearly indicate the expression of proteins in each
stage is related to the protein function and location in that specific life cycle stage. It can be
assumed that the presence of the 60 kDa protein in both the ring and schizont stage could be
due to the similarity in function of this protein in both stages, for example it may be required for

erythrocyte invasion.

Regulatory sequences can be found upstream, downstream or in some cases far from the
transcription start site and can be classified as either proximal, such as promoter elements
which are close to the 5’ end of a gene, or distal, such as enhancers and cis-regulatory motifs
which are elements located far upstream or downstream from the target gene (Abnizova et al.,
2006). Cis-regulatory sequences are in general very difficult to recognize since they lack
specific transcription signals such as CAAT boxes and TAAT start site consensus sequences
(Abnizova et al., 2006). Furthermore, identification of regulatory sequences in an AT rich
genome such as P. falciparum can prove to be even more challenging. There are numerous
computational methods and algorithms to enable the statistical recognition of regulatory regions.
However, the information obtained is often biased since it does not take into account the
complicated, irregular structure of regulatory regions (Abnizova et al., 2006). The five potential
regulatory motifs in this study were identified using an unsupervised (ab initio) interative
computational approach, by searching the P. falciparum genome for recurring, over-represented
motifs without any prior knowledge of transcription factor binding sites (Claudel-Renard,
unpublished results). From the hits obtained, an additional analysis was performed to determine
the presence of these conserved gene clusters within antigenically variant gene families and
subsequently, the five motifs in this study were identified as presumable cis-regulatory

sequences.

Various in vitro techniques are available to study DNA-protein complex formation, such as
methylation interference, protein-binding microarrays (PBM), nitrocellulose binding assays,
DNase 1 footprinting, reporter gene constructs and EMSA’s. Due to ease, simplicity and
inexpensive method of detection, as well as the availability of a specialized P. falciparum
protocol, EMSA’s were the method of choice to study the DNA-protein complex formation
between the five motifs under question and P. falciparum nuclear proteins. PfRPA preferentially
binds to AT-rich sequences of double-stranded DNA and since the P. falciparum genome is
highly AT-rich, it was strongly recommended that a 50-fold excess unlabelled single-stranded
oligonucleotide be included in all EMSA reactions associated with P. falciparum (Voss et al.,

2002). Once the ideal EMSA conditions were determined with the positive controls, the
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importance of adding the random single-stranded competitor to out-compete PfRPA was
determined. The nuclear extract profiles indicated the presence of a 55 kDa protein present in
nuclear extracts from all three life cycle stages of the parasite and the EMSA’s indicated the
possible presence of this protein in the nuclear extract. The EMSA reactions with double-
stranded motifs proved to be challenging at first and optimization strategies were performed
with very little success of obtaining double-stranded shifts, other than the shifts obtained with
the internal positive control, Motif 2. Motif 2 appeared to be bound by a P. falciparum nuclear
protein which was out-competed with excess double-stranded unlabelled competitor specific to
the target sequence. Nuclear extracts form all three life cycle stages of the parasite were
studied to determine if the regulatory proteins for the remaining motifs were expressed in other
stages. The EMSA’s failed at providing shifts for all the motifs except for Motif 2 whose protein
was solely expressed in the trophozoite stage. This result supports the stage specificity and
“just-in-time” expression of P. falciparum proteins and further suggests the possible regulatory

role of the Motif 2 binding protein.

EMSA'’s were also performed with the addition of P. falciparum cytoplasmic extract as well as P.
falciparum total protein extract (results not shown), instead of nuclear extract, to determine if the
binding proteins for the motifs were perhaps expressed and actively present in another cellular
compartment. However, no shifts were observed in any of these reactions confirming the
absence of binding proteins to these motifs in either cytoplasmic or total protein extract of P.
falciparum. These results indicated that optimizations of EMSA conditions for each individual
Motif is necessary. It should be considered that each motif in general is unique with regards to
its sequence and the respective protein-binding partner and thus the optimal binding conditions
for each motif may differ. Several studies have shown that the addition of co-factors such as
ATP and Mg? can aid the protein binding to its cognate DNA sequence (De et al., 1998;
Jazwinski, 1987; Mcentee et al., 1981; Menetski et al., 1985) while other studies have shown
that added ATP could adversely interfere with the DNA-protein interaction (Jovanovic et al.,
2006). The results obtained suggest that ATP does not increase the P. falciparum protein
affinity for the five probable regulatory sequences in this study, regardless of whether the

sequences are in the single- or double-stranded state.

The binding buffer is of extreme importance since this buffer contains divalent cations such as
Mg*? and Zn*?, non-ionic detergent Triton X-100 and various chelating reagents and it was
assumed that the 4 x EMSA buffer recommended by Voss et al. (2003) was optimized. The use
of poly (dI-dC) to eliminate non-specific binding proteins are advisable in EMSA’s but studies
performed by Larouche et al. (1996) have shown that excessive amounts of poly (dI-dC) can
impair and even prevent the DNA-protein complex formation (Larouche et al., 1996). It was

recommended by Voss et al. (2003) to use between 0.1-2 ug poly (dI-dC) for P. falciparum
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EMSA’s and thus 1 pg poly (dI-dC) was used in the present study. However, the lack of clear
EMSA shifts obtained for most of the putative regulatory sequences suggests that some
optimization of poly (dI-dC) concentration may have been required. Some DNA-protein
interactions require optimum NaCl and KCI concentrations and excess salt has been proven to
decrease DNA-protein complex stability (Jazwinski, 1987). The optimum molar concentrations
of Mg?* was found to be ~10 mM and the 4 x EMSA buffer contained 8 mM MgCl, and 240 mM
KCI respectively. The difficulty of obtaining shifts in these EMSA’s may therefore indicate that
future optimisation of the 4 x EMSA buffer for application to the oligonucleotides used in this

study may be necessary.

No DNA-protein complexes were observed with double-stranded Motif 1, Motif 3, Motif 4 or the
Dyad in the presence of ring, trophozoite or schizont nuclear extract. As seen with Cro proteins,
the sequence of a gene is of utmost importance for specific protein binding since changing the
DNA sequence from ATAT to AGCT decreases the binding affinity of the Cro protein 60-fold
(Lilley, 1995). When designing the motifs under question in this study, the flanking regions were
designed by sequence alignment and choosing conserved residues. This could have resulted in
small changes in the overall regulatory sequence identified by the cognate binding protein,
ultimately resulting in a decrease of affinity. Co-operativity is also a common finding amongst
DNA-binding proteins where the binding proteins are arranged in such a way to be a functional
pair and synergistically activate or repress promoter activity. The regulatory sequences in this
study were all approximately 40 nucleotide bases in length while Voss et al. (Voss et al., 2003)
used motifs of up to 80 nucleotide bases. It could thus be possible that the sequences used
here were too short for co-operative binding to occur if the protein binding partner of interest to
the motifs in question were indeed co-operative and required a second protein for the initial
DNA recognition. The majority of DNA-protein interactions involve Guanine base recognition,
and identification of binding proteins in P. falciparum is difficult due to the fact that Adenine
bases are less frequently recognized by binding proteins, compared to Guanine bases (Neidle,
2002). The sequences of the regulatory motifs identified in this study are by default AT-rich and

thus could have complicated protein recognition.

Certain proteins have the ability to bind both double- and/or single-stranded regulatory
sequences (Stark et al., 1992). The final study was to determine if the motifs in question have
single-stranded binding proteins. In these single-stranded EMSA’s it appears as though a
protein of similar size to PIRPA binds to all the conserved motifs and that single-stranded Motif
2 has two binding proteins. The *P-labelled single-stranded oligonucleotides were in a one to
one ratio of sense and antisense and could also anneal to form double-stranded
oligonucleotides. The annealing temperatures of these oligonucleotides are higher than room

temperature and thus, the formation of double-stranded motifs after denaturation may be
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favourable. This suggests that the shifts observed could be due to the nuclear protein binding to
either the sense or antisense or even the double-stranded oligonucleotide sequence. The shifts
with identical Rf values obtained with every motif occurred in the presence of the random single-
stranded competitor and was eliminated with unlabelled single-stranded competitors derived
from the motifs themselves, suggesting that the shifts observed were as a result of a P.
falciparum nuclear protein, with sequence specificity, binding to either the sense or antisense
strand of the motifs. The elimination of the shift with motif derived competitor could, however,
also be as a result of excess (100 fold) competitor as apposed to the 50 fold random competitor.
Since the single-stranded EMSA reaction contained excess single-stranded motifs, perhaps a
greater fold competitor (100 fold) was needed to out compete for the binding protein, which in
this case could then be PfRPA. After competitor studies in the presence and absence of the
random single-stranded competitor and sequence alignment, it appeared that these motifs
share some sequence similarity and that another protein, in addition to PIRPA, may be binding
to the motifs with different degrees of affinity. It appears as though all the motifs in question
have single-stranded regulatory proteins and the identity and function of these remain to be

elucidated.

An interesting alignment finding was the great degree of sequence similarity shared between
Motif 2 and Motif 4 and the similar EMSA results obtained with these single-stranded motifs.
The in silico approach used to identify these motifs (Table 2.2), classified these two motifs as
important findings, since all repeats of these two motifs reside within antigenically variant gene
families. This result therefore further suggests that Motif 2, previously identified by Voss et al.
(2003) as SPE 1, is a potential double-stranded, and to a lesser extent single-stranded,
regulatory gene and that Motif 4 could be a potential single-stranded regulatory sequence,

important for regulating P. falciparum antigenic variation.

A fundamental part of any EMSA is the presence and integrity of the protein binding partner
within the nuclear extract. The quality of the nuclear extract and the final protein concentration
correlated well with literature values (Voss et al. 2003). In this study it has become apparent
that EMSA experiments with P. falciparum proteins remain challenging with regards to
repeatability of shifts and emphasizes the importance of using an optimized protocol. EMSA
reactions performed with the modified protocol by Voss et al. (2003) proved promising and the
importance of including the random single-stranded unlabelled oligonucleotide to eliminate non-

specific shifts caused by PfRPA was confirmed.
It would have been beneficial to this study to determine the fraction of radioactively labelled

DNA which is in double- and single-stranded form, prior to the EMSA'’s, since this would have

assisted with the subsequent EMSA analysis of the results. The single- and/or double-stranded
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state of the oligonucleotides after denaturation can be determined via either hydroxyapatite
chromatography, S1 nuclease hydrolysis of single-stranded DNA, DNA Quant assays or
capillary electrophoresis (Drabovich et al., 2004; Durre, 2005; Kinney et al., 1999; Schroder et
al., 2003). The hydroxyapatite chromatography utilizes high molarity buffers to elute the bound
double-stranded DNA while S1 nuclease digestion specifically digests single-stranded DNA
allowing the remaining double-stranded DNA to be precipitated (Schroder et al., 2003). The
DNAQuant assay (Promega) uses coupled enzyme reactions to produce ATP which is
proportional to the amount of the double-stranded DNA present in the sample, while the single-
stranded binding protein (SSB) capillary electophoresis technique allows the separation of
single-stranded and double-stranded DNA via the change in electrophoretic mobility of single-
stranded DNA, which is bound by SSB (Drabovich et al., 2004; Kinney et al., 1999). In addition,
Colorimetric detection of single-stranded DNA using colloidal gold nanoparticles can be used to
determine the presence and fraction of single-stranded DNA in a solution containing double-
stranded DNA and single-stranded DNA (Rho et al., 2009). An easier alternative would have
been to label each sense- and antisense-strand separately with **P and use them independently
in the EMSA reactions. These techniques were however not utilized at the time of study since
the requirement to distinguish which fractions of the motif pool were single- or double-stranded

were unclear at that stage.

It would be of great interest to this study to analyse the DNA-protein interaction observed with
the five motifs further but utilizing additional in vitro techniques such as Nitocellulose binding
assays, DNase 1 footprinting, DNA protein crosslinking and Chromatin Immunoprecipitaion
(ChlIP) (Abnizova et al.,, 2006). Double-stranded microarray studies of the DNA-protein
interaction can help to explore the sequence specificity of DNA-protein binding to ultimately
indicate the relative affinity of the binding proteins (Abnizova et al., 2006). Protein-binding
microarrays (PBM) can also be used to determine in vitro binding specificities of transcription
factors by assaying the sequence-specific binding of individual transcription factors to double-
stranded DNA microarrays containing numerous potential DNA binding sites (Mukherjee et al.,
2004). In addition to this, X-ray crystallography and NMR spectroscopy data can be utilized to
study the structural details of the DNA-protein interaction, to ultimately add data to both the

protein data bank and the nucleic acid database.

Single-stranded binding proteins such as eukaryotic RPA function in numerous eukaryotic
processes including replication, repair and recombination. Homology searches for the presence
of other well known single-stranded and double-stranded DNA binding proteins in P. falciparum
resulted in no significant hits. Thus, future perspectives for this study would include finding a
means to accurately identify and characterize the binding proteins. Antibodies against RPA exist
and therefore supershift assays can be performed to verify if the shifts observed are due to

PfRPA or due to another protein. Tryptic digestion of UV crosslinked EMSA reactions can be
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analyzed via SDS-PAGE, to determine the various positions at which these binding proteins
bind, since this will give further insight as to whether these proteins identify and bind identical
sites on the DNA motif. Finally, it would be ideal to isolate the binding proteins via affinity
purification by using streptavidin-coated magnetic beads with the tethered biotinylated motif of
interest. The bound proteins can be eluted after several wash steps and fractions can be
analyzed by SDS-PAGE and silver staining. Thereafter the purified protein eluates can be
combined, run on an SDS-PAGE and the band of interest excised, trypsin digested and
analyzed with mass spectrophotometry. Database searches with the fragmentation spectra
obtained via MS/MS from the tryptic peptides could ultimately identify the DNA binding protein.
Once these regulatory binding proteins have been identified and characterized, more specific
anti-malarial drugs can be designed to mimic these regulatory proteins and ultimately abolish

antigenic variation in P. falciparum.
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CHAPTER 3

POST-TRANSCRIPTIONAL MECHANISMS OF REGULATION FOCUSSING ON
POLYAMINE PATHWAY ENZYMES S-ADENOZYLMETHIONINE
DECARBOXYLASE/ORNITHINE DECARBOXYLASE AND SPERMIDINE SYNTHASE

3.1 INTRODUCTION
311 Polyamines

Polyamines are a group of organic cations that are present in all cells and although their roles
have not yet been fully elucidated, studies have made it clear that they are involved in cellular
processes such as transcription, replication, translation and even apoptosis and are thus crucial
factors in cell proliferation and differentiation (Thomas et al., 2003). Polyamines are positively
charged molecules which allow electrostatic interactions (via cationic amino groups) and
hydrophobic interactions (via methylene bridging groups) to be dominant, allowing polyamines
to interact with anionic compounds such as DNA, RNA and mitotic chromosomes or act as
ligands on DNA, RNA, proteins and phospholipids (Thomas et al., 2003). Polyamines have the
ability to promote DNA conformational changes where DNA bending can be provoked by
micromolar concentrations of polyamines, which in turn lead to regulation of gene expression
(Thomas et al., 2003). Polyamines also have the ability to enhance the binding of several gene-

regulatory proteins to specific regulatory sequences (Thomas et al., 2003).

Due to their multiple functions, intracellular levels of polyamines are tightly controlled through
biosynthetic, catabolic and transport mechanisms (Loikkanen, 2005). The levels of the
polyamines, putrescine (a diamine), spermidine (a triamine) and spermine (a tetra-amine) are
controlled by enzymes which are either biosynthetic or catabolic (Figure 3.1) (Thomas et al.,
2003). Biosynthetic enzymes of the polyamine pathways include Ornithine decarboxylase
(ODC), S-Adenosylmethionine decarboxylase (AdoMetDC), Spermidine synthase and Spermine
synthase while the catabolic enzymes are spermine/spermidine acetyltransferase, flavin
containing polyamine oxidase and copper containing diamine oxidase (Thomas et al., 2003).
The transport of polyamines are carrier-mediated, involving transporters, which suggests that
the uptake of polyamines are relatively saturable and a energy-mediated process (Loikkanen,
2005). Studies performed by Janne et al. (1975) illustrated that polyamines participate in protein
synthesis by enhancing the synthesis and activity of RNA polymerases, in addition to
stimulating the synthesis of specific proteins and decreasing amino acid misincorporation during

polypeptide synthesis (Janne et al., 1975; Loikkanen, 2005). Polyamine accumulation and

82



e

é UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA
deprivation respectively stimulate and inhibit synthesis of DNA, RNA and proteins and thus their

intracellular levels require tight regulation (Loikkanen, 2005).

Polyamine synthesis involves two amino acids; L-arginine and L-Methionine (Loikkanen, 2005).
L-ornithine is cleaved from L-arginine by arginase |l and decarboxylated by ODC to release
putrescine (Loikkanen, 2005). Methionine adenosyltransferase converts L-Methionine to S-
adenosylmethionine (S-AdoMet) which is decarboxylated by AdoMetDC. An aminopropyl moiety
is transferred from decarboxylated S-AdoMet to putrescine by Spermidine synthase forming
spermidine (Loikkanen, 2005). In mammals, Spermine synthase converts spermidine to
spermine. The metabolic pathway in P. falciparum is more simplified such that Spermidine
synthase catalyzes the production of spermine and no interconversion pathway exists (Figure
3.1) (Haider et al., 2005). ODC and AdoMetDC have very fast turnover rates with half-lives less

than one hour and are said to be the rate limiting enzymes (Loikkanen, 2005).
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Figure 3.1: A simplified illustration of the metabolic pathways of polyamine synthesis in P.

falciparum.
ODC (Ornithine decarboxylase), AdoMetDC (S-Adenosylmethionine decarboxylase), MTA (methylthioadenosine)

ODC and AdoMetDC are usually produced by separate genes and are monofunctional
homomeric and heterotetrameric structures, respectively (Wrenger et al., 2001). In P. falciparum
however, ODC and AdoMetDC have been described as a heterotetrameric bifunctional enzyme

since a single polypeptide bears both AdoMetDC and ODC activities which are separated by a
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hinge region (Birkholtz et al., 2004). This protein has an approximate molecular mass of 330
kDa with AdoMetDC activity on the N-terminus while ODC activity resides in the C-terminus
(Birkholtz et al., 2004). During rapid cellular growth, the activity and quantity of the biosynthetic
enzymes AdoMetDC and ODC increase, in addition to an increase in the polyamine levels,
which makes these enzymes involved in polyamine biosynthesis very intriguing drug targets
(Reguera et al., 2005).

Spermidine synthase catalyzes the production of spermidine which increases DNA-polymerase
activity and is of great importance for modifying and activating the eukaryotic translation
initiation factor elF5A (Burger et al., 2007).

Since polyamines are important factors in cell proliferation and growth, they have been
extensively studied and therapeutically used in the treatment of certain cancers and have
additionally been studied as drug targets against P. falciparum. Various inhibitors of AdoMetDC,
ODC and Spermidine synthase have been developed to block the parasite polyamine pathway,
including MGBG (methylglyoxal bis-guanylhydrazone), DFMO (a-difluoromethylornithine) and
AdoDATO (S-adenosyl-1, 8-diamino-3-thiooctane), respectively. Both MGBG and DFMO have
been used efficiently in the treatment of certain leukaemias and lymphomas but MGBG’s use as
an anticancer drug was limited due its extreme cytotoxicity and anti-mitochondrial activity
(Loikkanen, 2005). DFMO was originally designed as an anti-cancer agent but has become
established as an effective agent in the treatment of African sleeping sickness, caused by the
protozoan Trypanosoma brucei gambiense (Wrenger et al., 2001). DFMO has been used in P.
falciparum culture and was found to block the erythrocytic schizogony of the parasite. However,
due to its cytostatic versus cytocidal effect, it has not been used effectively as a therapeutic

agent against P. falciparum (Burger et al., 2007).

3.1.2 Polyamine knock-down strategies

Transfection studies provides a valuable tool for analyzing gene function in various organisms
and provide greater information on gene function when animal models are available.
Transfection in parasites can become challenging since only circular plasmid DNA can be used
and the drugs commonly used to select transformed parasites within host cells may result in
killing of the host cells (Crabb, 2002). Stable transfection in P. falciparum has been developed
and makes use of mutant dihydrofolate reductase—thymidylate synthase genes as selectable
markers in transfection plasmids (Crabb, 2002). Current techniques employed for gene knock-
down include morpholino oligonucleotides, siRNA, transfection and allelic exchange which have
been successfully used in Plasmodium (Kocken et al., 2002; Nkrumah et al., 2009; Russo et al.,
2009; Triglia et al., 1998; Waller et al., 2003).
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Several gene knock-out and knock-down strategies that are aimed at polyamine metabolism
have been employed in both T. brucei and Leishmania and thus provide evidence for the
importance of polyamine biosynthetic enzymes in cell growth. Knock-outs of AdoMetDC, ODC
and Spermidine synthase in L. donovani have allowed functional characterization and
determination of the importance of these enzymes. Both AdoMetDC and ODC knock-out studies
resulted in parasites incapable of growing in medium not supplemented with polyamines.
However, addition of spermidine to the medium rescued the deletion mutant parasites (Jiang et
al., 1999; Roberts et al., 2001; Roberts et al., 2002).

The mechanism of polyamine regulation has been studied in T. brucei with the use of RNA
interference, where the effect of AdoMetDC and prozyme knock-down on cell growth was
studied (Willert et al., 2008). AdoMetDC is activated when a prozyme, which is a catalytically
dead homolog, binds to it and forms a heterodimer (Willert et al., 2008). RNA interference was
utilized to knock-down AdoMetDC and prozyme and the results revealed a decrease in
spermidine and trypanothione levels, which ultimately lead to cell death (Willert et al., 2008).
Trypanothione is unique to Trypanosomatids and is produced when spermidine becomes
conjugated to glutathione (Willert et al., 2008). It is evident through inhibitor studies that
interference of polyamine production in P. falciparum is detrimental to the parasite and the
importance of the AdoMetDC/ODC bifunctional gene and Spermidine synthase gene for
polyamine production and cell proliferation, has been demonstrated (Assaraf et al., 1984; Clark
et al., 2008; Dasgupta et al., 2005; Muller et al., 2008; Van Brummelen et al., 2009). Knocking-
out of P. falciparum essential genes may prove to be challenging, leading to sudden parasite
death and inconclusive results, whereas gene knock-down studies of parasite essential genes

maintain parasites in a viable state and may provide a greater understanding of gene regulation.

3.1.21 RNA interference

Several studies claim the success of using RNA interference as a gene knock-down tool in
Plasmodium. Double-stranded RNA has been used against dihydro-orotate dehydrogenase
(DHODH), cysteine proteases (falcipain-1, falcipain-2 and falcipain-3), signal peptidase (PfSP1),
Serine/threonine phosphatase (PfPP1) and several pathogenic genes (Dasaradhi et al., 2005;
Kumar et al., 2002; Malhotra et al., 2002; Mcrobert et al., 2002; Siau et al., 2007; Tuteja et al.,
2008). The mechanism associated with the decreased transcript levels observed in the studies
mentioned above remain to be elucidated since a RISC-mediated degradation mechanism has

not yet been demonstrated in P. falciparum.

Recently Baum et al. (2009) performed various studies to determine the viability of RNA

interference in Plasmodium by utilizing in silico homology searches and a variety of biological
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investigating techniques, such as introducing siRNA into parasite lines and designing double-
stranded RNA hairpin constructs to knock-down certain genes under study (Baum et al., 2009).
Their final results lead them to conclude that RNA interference is not possible in Plasmodium
but that antisense mechanisms should be investigated further. In addition, Siau et al. (2007)
hypothesized that P. falciparum may utilize its existing antisense machinery to process double-

stranded RNA, which would ultimately result in gene knock-down (Siau et al., 2007).

Advantages of using RNA interference as a knock-down tool is the efficiency and specificity of
the degradation. RNA interference often results in the partial knock-down of a gene and thus
leads to the production of a range of phenotypes with differing severity, which in turn facilitates
the study of essential genes (Small, 2007). RNA interference can be controlled in a time-
dependent manner and several related genes can be targeted to determine gene functions.
Disadvantages of RNA interference include off-target effects, since the expression of genes not
targeted by the double-stranded RNA may be affected. RNA interference provides the ability to
analyze the effect of reduced gene expression while at the same time allowing the parasite to
survive and thus this technique was used to attempt knock-down of P. falciparum
AdoMetDC/ODC and Spermidine synthase with the aim of further exploring the significance of

these biosynthetic enzymes in parasite growth and survival.

313 Semi-quantitative Real-Time PCR (semi-qPCR)

The original polymerase chain reaction (PCR) reaction allows the amplification of any nucleic
acid sequence by using a cyclic process to generate multiple copies, which are then analyzed
with electrophoresis (Kubista et al., 2006). Quantification is a serious limitation of PCR since
end-point analysis of the PCR product only reveals that the same amount of product forms,
independent of the amount of template in the original sample (Kubista et al., 2006). End-point
analysis thus would provide both qualitative results, to confirm the presence or absence of a
target, and semi-quantitative results, since the analysis is performed once the reaction is
exhausted and has reached a plateau phase (Kubista et al., 2006). End-point analysis is the
only analysis option available for standard PCR, while it is not essential in semi-qPCR, but can
be useful to determine the presence of any primer-dimers (Kubista et al., 2006). Due to the
limitations of the original PCR, semi-qPCR was developed to use a fluorescent reporter which
binds to the product formed during the reaction and in this way, the fluorescent signal is directly
proportional to the amount of product (Kubista et al., 2006). The fluorescent signal is weak at
first but as the amount of product accumulates during the PCR run, the signal increases
exponentially and eventually levels off and saturates, usually due to the reaction being depleted
of critical components such as primers, dNTP’s or reporter. In the log phase of the reaction, the

response curves become separated and the difference in the initial amounts of template
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molecules that were present, can be determined by comparing the number of amplification
cycles that were required for the response curve of the sample to reach a certain fluorescent
threshold signal, known as the sample’s threshold cycle (C+) value, here known as the Cq point
(Kubista et al., 2006; Lefever et al., 2009).

Semi-gPCR makes use of different types of probes and dyes to detect the product. Tagman
probes and molecular beacons depend on FRET (Foster Resonance Energy Transfer) while
SYBR Green is a fluorescent dye which emits a strong signal once it is bound to double-
stranded DNA (Figure 3.2) (Dharmaraj, Applied Biosystems). SYBR Green is the simplest, most
economical and inexpensive fluorescent method to use in semi-gPCR and is both sensitive and
easy-to use, however the disadvantage is that it can bind to any double-stranded DNA

sequence, including primer-dimers (Dharmaraj, Applied Biosystems).
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Figure 3.2: Mechanisms of reporters commonly used in semi-qPCR (adapted from (Kubista et al.,
2006).

(A) Molecular beacon: Hybridization of molecular beacon to the target, separates the fluor and the quencher resulting in
fluorescent light upon radiation. (B) Tagman probe: The 5 nuclease activity of DNA polymerase cleaves the Tagman probe
resulting in the decoupling of the probe and quencher and fluorescent signal is detected. (C) SYBR Green: Binding of SYBR
green to double-stranded DNA causes bright fluorescence and thus fluorescence signal increases proportionally as semi-gPCR
product accumulates.

In this study, semi-gPCR was employed to monitor the transcript levels of P. falciparum
AdoMetDC/ODC and Spermidine synthase after double-stranded RNA knock-down of these

genes.

3.2 MATERIALS AND METHODS

Keeping the expression profiles in mind, double-stranded RNA treatment time points and RNA
extraction time points were carefully considered. For the RNA interference study, P. falciparum
parasites were treated in both the ring stage (~10 h.p.i) and in the early trophozoite stage (~20
h.p.i) (Figure 3.3). Treating parasites in the ring stage required electroporation to introduce the
double-stranded RNA into the cell (Waterkeyn et al., 1999). Electroporation allows foreign

material to enter the cell since, once an electric potential is applied and the critical field is
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achieved, there is a rapid rearrangement of lipids which result in the formations of a pore, which
then allows the movement of molecules into the cell. Transcription of AdoMetDC/ODC and
Spermidine synthase is between 8-38 h.p.i (Figure 3.3 (A)). Treating parasites at 10 h.p.i allows
double-stranded RNA to be introduced in the ring stage, at the start of the AdoMetDC/ODC and
Spermidine synthase transcript production in P. falciparum. P. falciparum parasites were
harvested at 16 h.p.i, a time point which falls before and during peak production of
AdoMetDC/ODC and Spermidine synthase transcript, respectively. Cultures are again
harvested at 34 h.p.i, after peak transcription of both AdoMetDC/ODC and Spermidine synthase
has been reached. At 16 h.p.i the transcripts for AdoMetDC/ODC and Spermidine synthase are
still actively being transcribed and thus the RNA interference effect at this time point will be
expected to be minimal due to possible saturation. However, due to the “just-in-time”
hypothesis, mRNA ftrascripts are often immediately translated into protein and thus the most
effective transcript interference may occur when the transcript is being actively transcribed. At
34 h.p.i however, the parasites will be metabolically active in the trophozoite stage and
transcripts would have reached maximum expression. Therefore, the double-stranded RNA
introduced into the cells are assumed to adversely affect the remaining mRNA transcript levels

and the RNA interference effect may be more noticeable at this time point.

P. falciparum cultures were also treated in the early trophozoite stage (~20 h.p.i). Introduction of
double-stranded RNA in this developmental stage does not require electroporation and instead,
requires simple incubation since it is believed that parasites at this stage are highly
metabolically active and have a modified erythrocyte membrane which can freely take up
compounds from the surrounding medium (Adisa et al., 2007; Elford, 1986). Treating parasites
at ~20 h.p.i again introduces the double-stranded RNA when the transcripts of AdoMetDC/ODC
and Spermidine synthase are being produced. Parasite cultures are harvested at 26 h.p.i., a
time point where AdoMetDC/ODC transcript production is at its peak while Spermidine synthase
transcript production is on a gradual decline. At this time point the RNA interference effect may
be expected to be significant for Spermidine synthase since the available transcripts of
Spermidine synthase will be available for degradation, assuming a RISC-mediated degradation
mechanism exists in P. falciparum. The RNA interference effect on AdoMetDC/ODC may once
again be significant at 26 h.p.i, due to the effective interference the introduced double-stranded
RNA may have on the trancripts during peak transcription. The cultures are also harvested at 44
h.p.i. when the transcript production of both AdoMetDC/ODC and Spermidine synthase have
come to a halt. Therefore, at 44 h.p.i, the RNA interference effect is expected to be noticeable
for all double-stranded RNA treatments since AdoMetDC/ODC and Spermidine synthase
transcripts are expected to be adversely affected and the pronounced effect of RNA

interference on parasite growth can be studied.
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Figure 3.3: (A) The transcript expression profile of Spermidine synthase and AdoMetDC/ODC of P.
falciparum 3D7 strain (DiRisi lab at http://malaria.ucsf.edu), B) lllustration of the experimental set up

for RNA interference in P. falciparum 3D7 strain.
(A): Red lines indicate start and end of transcript production.
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3.21 Design of RNA interference primers

The entire gene sequence of AdoMetDC/ODC (Accesion number PF10_0322) and Spermidine
synthase (Accession number PF11_0301) was obtained from PlasmoDB and subsequently
analyzed. The most conserved sequence within each gene region was used for sequence-
specific primer design, utilizing primer designing software Oligo (Version 6, MBI). Parameters
were set to reduce the formation of hairpin loops and primer-dimers and thus primers requiring
less than -5 kcal/mol for dimer or hairpin formation were omitted. Primers were designed to
amplify the conserved regions of each gene from plasmids, to subsequently be converted to
RNA for the RNA interference study. The T7 promoter sequence was added to the 5 end of
both forward and reverse primers to produce final primer lengths of ~40 nucleotides. The T7
RNA polymerase promoter is required at the 5’ end of both DNA sequence strands since the T7
RNA polymerase enzyme is extremely promoter specific and catalyzes the formation of RNA in
the 5’-3’ direction. Longer sections of the AdoMetDC/ODC gene were also considered for RNA
interference and thus the AdoMetDC/ODC gene (greater than 4000 nucleotides) was split into
four sections of roughly 1000 nucleotides each and primers were subsequently designed with a
T7 promoter sequence at the 5 end of both the forward and the reverse primers, as described
previously. The primers were used in subsequent PCR reactions to amplify the sections of the

genes under investigation.

The lyophilized primers were reconstituted as described in section 2.2.1. The Azs0:Azs ratios for
all the oligonucleotides ranged between 1.9 and 2.4 indicating that the oligonucleotides were

pure.

3.2.2 Amplification and purification of genes

The genes of interest, previously cloned into expression plasmids (kind gift from Professor Rolf
Walter at the Bernhard Nocht Institute) were amplified for use as templates in double-stranded
RNA synthesis. The PCR reactions contained 50% (v/v) Kapa Taq polymerase ready mix, 1
pmol of each forward and reverse primer and 11 ng (110 ng/ul) plasmid DNA. The annealing
temperature for all the primers in the optimized PCR were identical, however the amount of
cycles used for the extension and amplification differed. Amplification of AdoMetDC, Insert,
Section 1, Section 2 and Section 4 required 27 cycles while ODC, Spermidine synthase and
Section 3 required 29 cycles for successful amplification. PCR reactions were performed in a
PCR thermal cycler (GeneAmp PCR System 9700, Perkin Elmer) at 94°C for 3 minutes,
followed by the respective amount of cycles at 94°C for 30 seconds, primer annealing at 60°C
for 30 seconds and primer extension at 65°C for 4.5 minutes. The PCR cycles were completed

after a single incubation step at 65°C for 7 minutes. After large scale PCR reactions were
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complete, 10 ul of each amplicon was analyzed on a 2% w/v agarose gel prepared in 1 x TAE
(0.04 M Tris, 0.02 M Acetic acid, 0.001 M EDTA, pH 7.6), run at 8 V/cm in a Hoefer HE 33

electrophoresis gel system (Amersham Biosciences) and stained with ethidium bromide.

PCR products were purified at room temperature with the E.Z.N.A cycle-pure kit (PeqglLab,
Perkin Elmer) as described by the manufacturer. The E.Z.N.A kit purifies DNA ranging in size
from 100 bp - 10 kb and assures the elimination of oligonucleotides, nucleotides and
polymerases which are present in the PCR reactions. For the gene fragments smaller than 200
bp (AdoMetDC, ODC, Insert and Spermidine synthase), two volumes of proprietary Buffer XP1
were added while only one volume of proprietary Buffer XP1 was added to the gene fragments
larger than 200 bp (Sections 1, 2, 3 and 4). The samples were vortexed thoroughly for 5
seconds to evenly resuspend the DNA in the buffer, loaded onto the HiBind DNA spin column,
inserted into a 2 ml collection tube and centrifuged at 10 000xg for 1 minute (Eppendorf mini-
spin plus, Merck, Germany). The column was subsequently washed twice by adding 750 ul
proprietary SPW buffer and centrifuged as described previously. The column was subsequently
dried with centrifugation at 10 000xg for 2 minutes and the DNA was eluted with 40 pl ddd water

and centrifuged as above.

The concentrations of the purified DNA products were determined spectrophotometrically as in
section 2.2.1. All DNA yields were above 100 ng/ul and all Azgo:Azso ratios were between 1.85
and 2.0.

3.2.3 Double-stranded RNA synthesis and purification

To synthesize double-stranded RNA from the PCR-generated DNA templates, the T7 RiboMax
Express RNA interference system (Promega) was utilized. The optimum conditions for double-
stranded RNA synthesis were determined by increasing the 37°C incubating time incrementally
from 2 hours to 6 hours. Sufficient product for the RNA interference study was obtained with 3
hour 37°C incubation. The efficiency of DNase and RNase digestion was determined by
comparing the undigested double-stranded RNA product with RNase and DNase digested
products. Once the optimum conditions for RNA synthesis were determined, double-stranded
RNA was produced on a large scale for all genes in question. Reactions contained 1 x
proprietary RiboMAX 2x buffer, 6 ug purified DNA template and 8 pl proprietary T7 Express
enzyme mix. Reactions were incubated at 37°C for 3 hours in a PCR thermal cycler (Perkin
Elmer), followed by enzyme inactivation at 65°C for 5 minutes. The reactions were allowed to
cool to room temperature for 5 minutes after which the reactions were again incubated at 70°C
for 10 minutes and allowed to cool to room temperature for 20 minutes to anneal

complementary RNA'’s.
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The double-stranded RNA reactions were treated with both a proprietary RQ1 RNase-free
DNase and a proprietary RNase1 solution, obtained from the T7 RiboMax Express RNA
interference system, to eliminate any remaining contaminating DNA and single-stranded RNA
respectively. A 1/200 dilution of the RNase solution provided by the kit was prepared fresh for
each digestion. For the double-stranded RNA digestion reaction, 4 ul of proprietary DNase and
4 pl diluted proprietary RNase was added to each 80 ul double-stranded RNA product and
incubated at 37°C for 30 minutes and placed on ice. For the large double-stranded RNA
sections (Section 1, 2, 3 and 4) it was necessary to perform the RNase/DNase digestion step at

37°C for 2 hours to degrade the majority of contaminating nucleic acids.

In order to purify the double-stranded RNA from the digested RNA reactions, sodium acetate-
ethanol precipitation was performed as described by the T7 RiboMax Express RNA interference
system. To each reaction, 0.1 volumes of a 3M NaOAc (pH 5.2) and 2.5 volumes of ice cold
95% ethanol was added, mixed and incubated on ice for 5 minutes. The cloudy reactions were
centrifuged at 4°C for 10 minutes at 16 100xg (Eppendorf centrifuge 5415R, Eppendorf,
Germany) after which the supernatant was carefully removed and the white pellet was washed
with 500 pl ice cold 70% ethanol. All the ethanol was carefully removed and the pellet air dried
for approximately 20 minutes. The RNA pellet was resuspended in 3 volumes nuclease-free

water and stored at -70°C.

The RNA concentrations of double-stranded RNA samples were determined
spectrophotometrically with a NanoDrop (Thermo Scientific) by measuring the absorbance at
260 nm and 280 nm. The Ausp:Azso ratios were between 2.0 and 2.3 and the double-stranded
RNA yields were between 1.7 ug/ul and 2.6 ug/pl. The double-stranded RNA product was also
analyzed on an agarose gel by loading 25 ul of a 1/100 double-stranded RNA dilution onto a 2%

w/v agarose gel prepared in 1 x TAE, as described in section 3.2.2.

3.24 RNA interference on P. falciparum genes

3.2.4.1 Electroporation

According to literature, RNA interference in P. faciparum is achieved at double-stranded RNA
concentrations of 40 ug (Malhotra et al., 2002). For the RNA interference study, P. falciparum

parasite cultures were treated with each individual double-stranded RNA in triplicate.
Parasite pellets were obtained from 3 x 30 ml 3D7 P. falciparum culture of approximately 8-10%

parasitemia, maintained as described in section 2.2. For treatment in the ring stage (~10 h.p.i),

parasites were centrifuged at 2500xg for 5 minutes, washed once with 10 ml sterile cytomix
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transfection buffer (120 mM KCI, 0.15 mM CaCl,, 5 mM MgCl,, 2 mM EDTA , 25 mM Hepes, 10
mM KH,PO,, pH 7.6 ) and centrifuged as above. Upon electroporation, cells are sensitive to the
osmolarity and ionic composition of the medium and thus the cytomix electroporation buffer is
used in transfection reactions since it resembles the intracellular ionic composition of cells and
thus cells are more likely to survive the harsh conditions of electroporation when suspended in
cytomix (Van Den Hoff et al., 1992). The transfection reactions consisted of 200 pl cytomix
buffer containing 40 ug double-stranded RNA added to 200 ul washed parasite pellet which was
incubated on ice for 10 minutes. The electroporator (BioRad Gene Pulser Il with capacitance
extender) was set at a voltage of 0.31 kV, capacitance set to 950 yF and electroporation
occurred in 0.2 cm electroporation cuvettes (BioRad). After electroporation, 600 pl complete
culture medium was added to each cuvette, mixed by pipetting and incubated on ice for 5
minutes. After this, 300 ul of each transfected reaction was aliquoted in triplicate into the wells
of a 24 well plate, containing 1.5 ml pre-warmed complete culture medium, to produce a total
volume of 1.8 ml double-stranded RNA treated culture of 8-10% parasitemia and ~3.3%
hematocrit. The plate was incubated in an incubation chamber which was sealed airtight and
gassed for 3 minutes, followed by incubation at 37°C for either 6 or 24 hours. Three friplicate

biological replicates were each transfected and aliquoted into a 48-well plate in triplicate.

For treatment in the trophozoite stage (~20 h.p.i), parasites were centrifuged at 2500xg for 5
minutes and 200 pl infected erythrocyte pellet was added to Eppendorf tubes containing 800 pl
complete culture media supplemented with 40 pg double-stranded RNA. 300 pl of each
transfected reaction was aliquoted in triplicate into the wells of a 24 well plate, containing 1.5 ml
pre-warmed complete culture medium to produce a total volume of 1.8 ml double-stranded RNA
treated culture of ~8% parasitemia and ~4% hematocrit. The 24 well plate was incubated in an
incubation chamber which was sealed airtight and gassed for 3 minutes, followed by incubation
at 37°C for either 6 or 24 hours.

Prior to harvesting, Giemsa stained slides were prepared from each treatment for morphological
monitoring. Since the parasites have not completed a full developmental cycle, the parasitemia
did not change. The pellets were harvested by transferring the culture to Eppendorf tubes,
centrifugation for 5 minutes at 16 000xg, removing the supernatant followed by flash freezing

the pellet quickly in liquid nitrogen and stored at -70°C for RNA isolation.
3.24.2 RNA isolation

RNA isolation was performed at ~16 h.p.i, ~26 h.p.i, ~34 h.p.i and ~44 h.p.i. Two separate RNA
isolation techniques were utilized, one protocol utilizes three Qiagen kits and Tri-reagent and

this procedure was used for isolating RNA from the negative control samples, while the other
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protocol utilizes the MagMax-96 total RNA isolation kit (AEC Amersham) for large scale RNA

isolation from the samples treated with the eight double-stranded RNA sequences in question.

3.24.21 Total RNA isolation using Qiagen kits and Tri-reagent

This RNA isolation procedure requires reagents from the following kits: RNeasy kit (Qiagen),
TRI-Reagent (Sigma), RNase free DNase1 set (Qiagen), and QIA-Shredder (Qiagen). Triple
autoclaved Eppendorf tubes and RNase free and DNase free tips were used throughout the

isolation procedure.

Frozen treated pellets were thawed on ice and 600 pl proprietary Lysis buffer (RLT from
RNeasy kit) was added, vortexed at maximum speed for 5 seconds, pipetted onto a QIA-
Shredder column (Qiagen) and centrifuged at 15 700xg for 2 minutes. This was followed by
addition of 600 pyl TRI-Reagent (Sigma), vortexing as before and incubating the reactions at
room temperature for 5 minutes. TRI-Reagent is a mixture of phenol and guanidine
isothiocyanate which is used in RNA isolation procedures since it effectively disrupts cells and
breaks down cellular components, while maintaining the integrity of the RNA. Addition of 400 pl
of chloroform to each reaction followed by vigorous vortexing for 15 seconds, incubation at
room temperature for 10 minutes and centrifugation at 15 700xg for 15 minutes, separates the
solution into an aqueous and organic phase. The colourless aqueous phase of each reaction,
containing the RNA, was transferred to a clean Eppendorf tube. One volume of 70% ethanol
was added to each tube, mixed by inversion, loaded onto RNeasy columns (Qiagen) and
centrifuged for 15 seconds at 8000xg. The column was washed by adding 350 pl of proprietary
wash buffer RW1, centrifugation at 8000xg for 15 seconds and discarding the flow-through.

For on column DNase digestion, 70 ul of proprietary Buffer RDD was added to a 10 ul aliquot of
DNase 1, mixed gently by inversion and this 80 pyl DNase1 mixture was pipetted directly onto
the membrane of the column and incubated at room temperature for 15 minutes. The column
was washed by adding 350 pl proprietary Buffer RW1, centrifuging the column at 8000xg for 15
seconds and subsequently washed twice with 500 pl proprietary wash buffer RPE and
centrifuged as above. The RNeasy column was placed into a new 2 ml collection tube and
centrifuged at 15 700xg for 1 minute to ensure that the membrane was completely dry. RNA
was eluted in 30 pl of RNase free water at room temperature for 5 minutes, centrifuged at
8000xg for 1 minute and stored at -70°C. The RNA concentrations were determined with the
NanoDrop as described in section 3.2.3 and the Axs0:A2g0 ratios were all between 1.9 and 2.2
with RNA vyields between 25 ng/upl and 218 ng/pl.
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3.24.2.2 Total RNA isolation using MagMax-96 total RNA isolation kit

The MagMax-96 total RNA isolation kit (AEC Amersham) was used for large scale RNA
isolation. This kit disrupts the cells in the samples in a guanidinium thiocyanate-based solution
to solubilise cellular membranes and inactivate nucleases. After homogenization, the samples
are mixed with magnetic beads coated with a nucleic acid binding surface. The beads with the
bound nucleic acids are captured on a magnetic stand and washed to remove cell debris,
protein and any other contaminants, after which the samples are treated with DNase to remove

contaminating DNA and the RNA is eluted in a low salt buffer.

The bead mix was prepared by vortexing the magnetic beads, provided by the kit, at a moderate
speed for 10 seconds to ensure a uniform suspension. Each RNA isolation reaction requires 20
Ml bead mix and thus the required volume of RNA magnetic beads were aliquoted into a clean
Eppendorf tube and the same volume of proprietary Lysis/Binding Enhancer solution was added
and placed on ice. The thawed parasite pellets were resuspended in 30 ul ice cold 1xPBS and
140 pl of proprietary Lysis Binding solution, mixed well and passed through a 25-gauge needle
to aid in breaking open the cells. The samples were transferred to the wells of the 96-well plate
and incubated with shaking at 200 r.p.m for 1 minute. The bead mix was gently vortexed for 5
seconds and 20 pl bead mix was added to each well, followed by incubation with shaking at 200
r.p.m for 5 minutes. The plate was placed on the magnetic stand for 5 minutes to allow the
beads to pellet, after which the supernatant was carefully removed and discarded. The plate
was removed from the magnetic stand and 150 pl of proprietary Wash solution 1 was added to
each well, incubated with shaking for 1 minute at 200 r.p.m, placed on the magnetic stand for 5
minutes and the supernatant removed and discarded. The plate was removed from the stand
and 150 ul proprietary Wash solution 2 was added to each well, incubated with shaking as
described previously and placed on the magnetic stand for 5 minutes. The supernatant was
discarded and the plate was removed from the stand and 50 pl of proprietary diluted TURBO
DNase was added to each well and incubated with shaking for 15 minutes at 200 r.p.m.
Subsequently, 100 pl proprietary RNA Rebinding solution was added and incubated with
shaking at 200 r.p.m for 3 minutes. The DNase solution releases nucleic acids from the beads
and degrades genomic DNA while the RNA Rebinding solution allows the RNA in the solution to
rebind to the binding beads. The plate was placed on the magnetic stand for 5 minutes and the
supernatant was discarded. The plate was removed from the stand and the beads were washed
twice by adding 150 pul proprietary Wash solution 2 to each well, incubation with shaking at 200
r.p.m for 1 minute, capturing the beads on the magnetic stand for 5 minutes and discarding the
supernatant. The beads were dried by incubating the plate with shaking at 320 r.p.m for 2
minutes. RNA was eluted with the addition of 50 ul proprietary Elution Buffer, incubation with

shaking at 300 r.p.m for 3 minutes and subsequently placing the plate on the magnetic stand.
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The supernatant containing the RNA was carefully transferred to clean Eppendorf tubes and
stored at -70°C. RNA concentrations were determined with the NanoDrop as described in
section 3.2.3 and the Agso:Azs ratios were all between 1.7 and 2.4 with RNA vyields between 10

ng/ul and 158 ng/pl.

3.24.3 Real-Time PCR monitoring of transcript levels

3.2.4.31 cDNA synthesis

RNA obtained from double-stranded RNA treated P. falciparum parasites (section 3.2.4.2) were
reverse transcribed using Superscript Il reverse transcriptase (Invitrogen) which contains a
modified pol gene of the Moloney Murine Leukemia Virus. For cDNA synthesis, 500 ng RNA
template was mixed with 10 pmol ddPoly-T,5 (Integrated DNA technologies, lowa, USA) and
incubated at 70°C for 10 minutes in a PCR thermal cycler (Perkin Elmer), followed by incubation
on ice for 5 minutes. Subsequently, 2 ul of a proprietary 5 x First strand buffer was added along
with 1 mM DTT and 2 mM dNTP mix (Promega) and incubated at 45°C for 2 minutes.
Superscript Ill was added (200 units) and the reactions were incubated at 45°C for 1 hour.
Enzyme was inactivated at 95°C for 3 minutes, reactions were cooled on ice and the cDNA

were stored at -70°C.

3.2432 Real-Time PCR

Semi-gPCR reactions (10 pl) contained 5 pyl SYBR Fast LightCycler 480 Ready Mix (KAPA
Biosystems, South Africa), 10 pmol of each forward and reverse primer and 1 pl (1/20 dilution)
cDNA in a 384 well RT-PCR plate, which was subsequently sealed, spun down at 1000xg for 3
minutes and immediately placed in the LightCycler 480 (Roche). The PCR program for the 10 pl
reaction volumes comprised one pre-incubation step at 95°C for 10 minutes followed by 45
cycles of 95°C for 10 seconds, 55°C for 5 seconds and 72°C for 7 seconds. Subsequently, one
melting curve cycle at 95°C for 5 seconds, 65°C for 5 seconds and 95°C (increased at a
continuous rate of 0.1°C/second) was followed by a final cooling cycle at 40°C for 30 seconds.
Each cDNA sample was treated separately and each semi-gPCR reaction was performed in
duplicate. Three primer pairs (with similar Tm temperatures and same sized amplicons) were
used in the semi-qPCR reactions to amplify certain sections of the target genes, to ultimately
determine the mRNA level of expression after RNA interference. The semi-gPCR products were
analyzed on a 2% w/v agarose prepared in 1 x TAE, run at 8 V/cm in a MaxiCell EC360M

electrophoresis gel system (E-C Apparatus Corporation) and stained with ethidium bromide.
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Comparison of gene expression levels after different double-stranded RNA treatments required
normalization to internal reference genes, which compensates for the expression variances in
each sample. It is however challenging to find internal reference genes with constant expression
among several known reference (housekeeping) genes, since expression of referencing genes
can vary considerably depending on experimental conditions (Li et al., 2009; Thellin et al.,
1999). To normalize the semi-qPCR results, a gene whose mRNA transcript is unaffected
throughout the RNA interference experiment was needed. The mRNA levels of Lactate
dehydrogenase (LDH) were the most constant between treated and untreated parasite cultures
and thus LDH was used as a referencing gene for the semi-qPCR normalization (refer to Figure
3.14, page 110).

Two methods can be used to convert the C, values into normalized relative quantities. The
standard curve method assumes 100 % PCR efficiency and uses a single reference gene for
normalization while the delta-C4 quantification method calculates the difference in quantification
cycle between two samples and transforms it into relative quantities, using an exponential
function with the PCR efficiency (E) value as its base (Hellemans et al.,, 2007). For
normalization, LDH standard curves were first constructed using a dilution series of cDNA
template and LDH semi-qPCR primers. The average amount of template is directly proportional
to the amount of mMRNA transcript/expression in each sample and thus the LDH transcript
expression between treated (T) and untreated (UT) samples is expected to be very similar,
resulting in a T/UT ratio close to 1.0. There may be slight deviations from 1.0 for LDH and thus
the factor used to bring the T/UT ratio of LDH to 1.0 is known as the normalizing factor. The
normalizing factor was calculated by the flexible and open source program for semi-gPCR data
management and analysis known as qBasePlus (Biogazelle), version 1.2 (Hellemans et al.,
2007). qBasePlus uses the delta-C, method to calculate the relative quantities and ultimately
give an indication of mRNA expression of AdoMetDC/ODC and Spermidine synthase after
double-stranded RNA treatment, at the different time points. Each time point was considered
separately. Generally, each respective time point LDH normalizing factor is used to normalize
the treated samples at the same time point, known as time point comparison (Figure 3.4).
However, according to the morphology study (Figure 3.10 and Figure 3.11), several double-
stranded RNA treatments resulted in delayed parasite development and thus normalization was

performed using morphological comparisons and not time point comparisons (Figure 3.4).
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At 34 hpi At 26 hpi
dsRNA treated dsRNA treated
. . ) \\ Morphological comparison
Direct time point comparison of T (34 hpi) with UT (26 hpi)

of T(34hpi) with UT(34 hpi)

~

Untreated Untreated

Figure 3.4: lllustration of normalizing strategy depicting direct time point comparison and

morphological comparisons.
T: treated; UT: untreated

The treated parasites were normalized with the normalizing factor calculated for LDH of the
untreated parasites, whose development at the RNA extraction time point was identical/similar
to the treated parasites development. In other words, exact life cycle stages were compared
with each other such that the treated parasites, whose development was at the late trophozoite
stage (while its experimental untreated control was at the middle-schizont stage) was
normalized with the LDH values of an untreated parasite also in the late-trophozoite
developmental stage, enabling proper comparison of mRNA levels in conjunction with the “just-

in-time” expression of transcripts, as proposed by Bozdech et al. (2003).

3.3 RESULTS

3.31 Double-stranded RNA design and synthesis

RNA interference was aimed at knocking down the P. falciparum AdoMetDC/ODC and
Spermidine synthase genes. Conserved motifs in these genes were identified and were
amplified for subsequent double-stranded RNA synthesis (Figure 3.5 and Figure 3.6). For
Spermidine synthase, an area of ~30 amino acids (amino acid 194 — 223) that were conserved

was identified (Figure 3.5).
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Figure 3.5: (A) The protein alignment profile of P. falciparum Spermidine synthase with Spermidine
synthase of A. thaliana, T maritime and H. Sapiens (Burger et al., 2007) and (B) the nucleotide
sequence of Spermidine synthase obtained from PlasmoDB (www.plasmodb.org).

Red box/letters represent the conserved sequence within PfSpermidine synthase which was used as template for double-
stranded RNA synthesis. The solid black cylinders indicate a-helices while solid black arrows indicate B-sheets. Amino acids
shaded light grey have conservation of 50-80% and dark grey have conservation of >80%. Nt: Nucleotide sequence, AA: Amino

acid sequence.
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For AdoMetDC/ODC, because of its bifunctional nature and size (greater than 4000 bases),

various areas were targeted (Figure 3.6).
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Figure 3.6: The amino acid sequence alignments of P. falciparum AdoMetDC/ODC with AdoMetDC
or ODC from H. sapiens (Hs), M. musculus (Mm) T. brucei (Tb), L. donovani (Ld) P. bergei (Pb) and
P. yoelii (Py) (Modified from (Birkholtz et al., 2004).

Red boxes represent the conserved sequence within PfAdoMetDC/ODC which were used as templates for double-stranded RNA
synthesis of small sections. The coloured lines represent the sequences used as templates for the larger sections (Pink: Section
1, Yellow: Section 2, Green: Section 3 and Blue: Section 4). The PfAdoMetDC, hinge and PfODC domains are indicated.
Parasite-specific inserts are in italics with A1 (214-410), H (573-752), O1 (1047-1085) and 02 (1156-1302) while the predicted
secondary structures are indicated as s: (B-sheets) and h: (a-helices). Amino acids shaded light grey have conservation of >60%

and black have conservation of >80%. Black underlined sequences indicate low-complexity areas.
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The first conserved sequence is 93 nucleotides in length (amino acid 71 - 101, Figure 3.6) and
is localized in the N-terminal of the AdoMetDC/ODC bifunctional protein, within the AdoMetDC
domain (called AdoMetDC). The second conserved sequence corresponds to a region in the
ODC domain (amino acid 985 - 1010) and is 78 nucleotides in length, (called ODC). Lastly, an
insert of 96 nucleotides (amino acids 1068-1099) has been identified in P. falciparum to cause a
profound decrease in AdoMetDC/ODC activity, when deleted (Birkholtz et al., 2004) and this
was also targeted. Beyond these areas, the complete AdoMetDC/ODC gene was divided into
four sections (Section 1: amino acid 33 — 339, Section 2: amino acid 336 — 655, Section 3:
amino acid 670 — 984 and Section 4: amino acid 1006 — 1325) to provide full coverage of the
gene. The nucleotide lengths for Sections 1, 2, 3 and 4 are 923, 960, 942 and 957 bp

respectively.

Primers were designed to amplify the areas of the genes described above. The T7 promoter
sequence was included at the 5" end of both the forward and reverse primer (Table 3.1) and the
target sequences were subsequently amplified from plasmids containing the full length
AdoMetDC/ODC or Spermidine synthase gene.

Table 3.1: The RNA interference primers to amplify the AdoMetDC, ODC, Insert and Spermidine

synthase targets.
Gene Primer Sequence (5°-3’) Calculated | Product size
Tm (°C) (including
primers)

AdoMetDC | Forward | TAATACGACTCACTATAGGGTCAGAGAGTTCTTTATAC 67.3 131
Reverse | TAATACGACTCACTATAGGATCAACCACAAACGGTATG 68.4

oDC Forward | TAATACGACTCACTATAGGCTAATGAATATGAATGGGAAGAAAT 67.6 116
Reverse | TAATACGACTCACTATAGGATGAAATGATACACCTACAATA 66.5

INSERT Forward | TAATACGACTCACTATAGGTCATTATTGTACTTTAAGTCT 65.4 134
Reverse | TAATACGACTCACTATAGGATCCATATTTCGTCTTGAGAA 67.4

SPD Forward | TAATACGACTCACTATAGGATCGTAGATAGTTCAGATCCA 68.4 128
SYNTH  MReverse | TAATACGACTCACTATAGGGTTAGGCTTTAGGGCGTTGTAAAT 703

Section 1 Forward | TAATACGACTCACTATAGGATATACCTAAAGAATTATGGGA 66.5 961
Reverse | TAATACGACTCACTATAGGGGAAGGAACAACACTCAC 69.4

Section 2 Forward | TAATACGACTCACTATAGGGTTGTTCCTTCCGAAAGA 68.3 998
Reverse | TAATACGACTCACTATAGGTGTTTGTACCTTTTCAAGTTTT 66.5

Section 3 Forward | TAATACGACTCACTATAGGGGGGTAATAATGAATTGAG 67.3 980
Reverse | TAATACGACTCACTATAGGTCCATATTTTGAAGACATATAA 65.4

Section 4 Forward | TAATACGACTCACTATAGGTGTATCATTTCATGTTGG 66.1 995
Reverse | TAATACGACTCACTATAGGATACTATCGCTTACATAATATG 66.5

T7 promoter sequence in italics. Product size represents final product length including the primers (36 nucleotides).
Tm = 69.3°C + (0.41 x GC%) - 650/primer length (Rychlik et al., 1990).

The expected PCR product length of the amplified targets (amplicons) can be found in Table
3.1. As can be seen in Figure 3.7, PCR products of expected sizes were successfully amplified

for all the fragments, with no primer dimers or over-amplification. These PCR products were

101




-
&
w UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Qo VYUNIBESITHI YA PRETORIA

subsequently purified and used as templates for double-stranded RNA synthesis as described

in section 3.3.2.
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Figure 3.7: Large scale purified PCR amplicons of AdoMetDC, ODC, Insert, Spermidine synthase,

Section 1, 2, 3 and 4 sequences on a 2% agarose gel.
MM: DNA ladder; Lane 1: AdoMetDC amplicon; Lane 2: ODC amplicon; Lane 3: Insert amplicon; Lane 4: Spermidine synthase
amplicon; Lane 5: Section 1 amplicon; Lane 6: Section 2 amplicon; Lane 7: Section 3 amplicon; Lane 8: Section 4 amplicon.

3.3.2 Double-stranded RNA synthesis and purification

The T7 RiboMax Express RNA interference system was subsequently used to synthesize
double-stranded RNA from all template amplicons obtained. RNA samples are often analyzed
on an RNase free agarose gel which has been prepared with 3-(N-morpholino) propanesulfonic
acid (MOPS) running buffer and contains Formamide to prevent the RNA samples from being
degraded. Single-stranded RNA can fold upon itself and form strong secondary structures,
which pose a problem when RNA needs to be quantified and analyzed for quality. In such
instances, the RNA is denatured prior to loading on an RNA gel and electrophoresed with
MOPS as the running buffer. Double-stranded RNA however, is stable and resistant to RNase
degradation and since the aim of this step was to verify the presence and correct size of the
double-stranded RNA product, an agarose gel was used. The final double-stranded RNA
product before and after DNase and RNase digestion was therefore analyzed on a 2% DNA

agarose gel (Figure 3.8).
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Figure 3.8: Trial double-stranded RNA synthesis and digestion of AdoMetDC, ODC, Spermidine

synthase and Insert.
MM: Low range RNA ladder; Lane 1: Undigested and unpurified; Lane 2: Undigested and purified; Lane 3: RNase digested and
purified; Lane 4: RNase and DNase digested and purified.

As can be seen in Figure 3.8, analysis of the RNA product with electrophoresis without RNase
digestion, DNase digestion or ethanol-purification reveals the presence of two bands (Lane 1 of
each). The top lighter band is assumed to be due to the formation of concatamers, where the
two T7 promoter sequences anneal, resulting in a band of approximately double the size (~ 240)
while the lower darker band may be a mixture of perfectly annealed RNA strands and

imperfectly annealed RNA strands, with resulting single-stranded over-hangs (Figure 3.8).

After the RNA product was purified with ethanol precipitation (lane 2 of each), the size of the
band remained the same (~130 bp) but the intensity of the band decreased, most likely due to
loss of some double-stranded RNA product during the precipitation step. The purified
undigested RNA product is assumed to contain a mixture of perfectly annealed double-stranded
RNA strands and imperfectly annealed RNA strands with single-stranded RNA over-hangs.
Since the RNA samples are electrophoresed on a DNA agarose gel, the RNase’s in the
environment are expected to degrade any contaminating single-stranded RNA products. RNase
digestion followed by precipitation (lane 3) produced a product which was slightly smaller in size
than the previous undigested products. Agarose separates nucleic acids based on size and this
RNase digested product produced a band which migrated slightly further in the gel and it was
therefore assumed that this RNase digested product was marginally smaller in size (~120 bp).
This is most likely due to the RNase digesting the remaining single-stranded RNA of the
imperfectly annealed RNA strands. RNase digestion followed by DNase digestion and
precipitation (lane 4) produced a band similar in size to the RNase digested band since DNases
removed the contaminating DNA template. RNase and DNase digestion followed by ethanol
precipitation provided a clear, purified double-stranded RNA product. The kit control reactions
were used to verify that the DNA template was converted to RNA. The kit provides two linear
DNA templates which are used to produce two non-complimentary linear single-stranded RNA
transcripts. These single-stranded RNA sequences remained intact in the DNA agarose gel
without any prior RNase free treatment. RNase digestion of these RNA transcripts (lane 3, kit

control) immediately eliminated them from the product pool as can be seen in Figure 3.8.
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The double-stranded RNA synthesis protocol seemed to be sufficient for synthesizing double-
stranded RNA and thus large scale double-stranded RNA synthesis of all eight genes in
question were performed. As can be seen in Figure 3.9, RNase and DNase digestion produced
clean double-stranded RNA product for AdoMetDC, ODC, Insert and Spermidine synthase. For
the larger sections, however there appeared to be more than just one double-stranded RNA
product, even after RNase and DNase digestion, indicating possible mispriming during RNA
synthesis, resulting in additional double-stranded RNA. The ultimate aim was to knock-down
larger sections of AdoMetDC/ODC and thus these double-stranded RNA sequences, illustrated

in Figure 3.9, were used in the RNA interference study.

Spermidine
AdoMetDC oDC Insert synthase Section 1 Section 2 Section 3 Section 4
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Figure 3.9: Large scale purified double-stranded RNA of all eight genes.
MM: 1 Kb DNA ladder; Lane 1: Undigested and purified RNA; Lane 2: RNase and DNase digested purified double-stranded
RNA.

3.33 RNA interference on P. falciparum genes

3.3.3.1 Morphology study

The expression profiles of AdoMetDC/ODC and Spermidine synthase throughout the IDC of P.
falciparum was obtained from the DeRisi Laboratory Malaria Transcriptome Database
(http://malaria.ucsf.edu) as is illustrated in Figure 3.3. Parasite pellets were harvested for RNA
isolation and Figure 3.10 and Figure 3.11 show Giemsa stained thin blood smears of P.

falciparum parasites at ~16 h.p.i, ~26 h.p.i, ~34 h.p.i and ~44 h.p.i.

In Figure 3.10 (A) it can be seen that at the time of treatment, the parasites were in the ring
stage and parasites grew without any signs of stress. After 6 hours incubation with the double-
stranded RNA, the parasites were in the early trophozoite stage. At this stage, the parasites

treated with Insert and ODC double-stranded RNA appeared similar in morphology to the
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untreated parasites, while the parasites treated with AdoMetDC and Spermidine synthase
double-stranded RNA seemed smaller and their development appeared to be slightly retarded
(~14-16 h.p.i). After 24 hours, the RNA interference effect seemed more evident
morphologically. The untreated parasites were at approximately 34 h.p.i and as shown in Figure
3.10 (A), the parasites were in the mature trophozoite-early schizont developmental stage. The
parasite occupied almost the entire erythrocyte volume and hemozoin deposits were evident,
indicating that the parasites were not under stress. When compared to the untreated parasites,
the AdoMetDC, Insert and Spermidine synthase treated parasites were much smaller in size,
had less hemozoin deposits, the parasites occupied less than half the erythrocyte volume and
appeared to be in the middle-trophozoite developmental stage (~28-30 h.p.i). The ODC treated
parasites showed signs of stress since these parasites were very small and morphologically

appeared to be in the early to middle-trophozoite developmental stage (~26-28 h.p.i).
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Figure 3.10: Morphological analysis of Giemsa stained slides illustrating ring stage P. falciparum

after 6 and 24 hours incubation with double-stranded RNA.
Oil immersion microscopy was performed at a 100 x magnification. (A) AdoMetDC, ODC, Insert and Spermidine synthase, (B)
Section 1, 2, 3and 4.
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The parasites shown in Figure 3.10 (B) were treated in the ring stage with double-stranded RNA
from Section 1, 2, 3, and 4. At 16 h.p.i, the untreated parasites seemed to be in the late ring
stage and had started to move into the early-trophozoite stage since the parasite ring appeared
denser. After 6 hours incubation with double-stranded RNA, all the treated parasites at 16 h.p.i
revealed retarded development (~14 h.p.i) since the parasite structure was not as dense as
seen in the untreated parasites at the same time point. The parasites however, did not seem to
be under overt stress. At 34 h.p.i the untreated parasites were in the mature trophozoite-early
schizont stage since the parasites were larger and took up the majority of the erythrocyte
volume. After 24 hours incubation, the parasites treated with Section 1 and Section 3 double-
stranded RNA appeared small, pyknotic and concentrated at the edge of the erythrocyte
membrane while the parasites treated with Section 2 and Section 4 double-stranded RNA were
slightly bigger but not as fully developed as the untreated parasites. This slight growth inhibition
is indicative that the parasites were starting to stress. Morphologically, the parasites treated with
Section 1 and Section 3 double-stranded RNA appeared to be in the early/middle-trophozoite
stage (~26-28 h.p.i) while the parasites treated with Section 2 and Section 4 appeared to be at
the middle-trophozoite stage (~30-32 h.p.i)

Figure 3.11 represents Giemsa stained thin blood smears of the parasites treated in the early-

trophozoite development stage. Double-stranded RNA was added to the culture medium at ~20

h.p.i and parasites were incubated at 37°C for either 6 or 24 hours.
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Figure 3.11: Morphological analysis of Giemsa stained slides illustrating trophozoite stage P.

falciparum after 6 and 24 hours incubation with double-stranded RNA.
Qil immersion microscopy was performed at a 100 x magnification. (A) AdoMetDC, ODC, Insert and Spermidine synthase, (B)
Section 1, 2, 3 and 4.

Figure 3.11 (A) represents the parasites treated with AdoMetDC, ODC, Insert and Spermidine
synthase double-stranded RNA at ~20 h.p.i. At ~26 h.p.i, the untreated parasites had started to
develop into the early/middle-trophozoite developmental stage where the parasite structure was
dense and there were signs of hemozoin. After 6 hours incubation with double-stranded RNA,
the parasites treated with AdoMetDC and ODC double-stranded RNA appeared to be at the
same developmental stage as the untreated parasites, while the parasites treated with double-
stranded RNA from Spermidine synthase and Insert appeared to be marginally larger than the
untreated parasites with development at ~28 h.p.i. At 44 h.p.i, the untreated parasites had
entered the schizont stage as can be seen by the array of nuclei. After 24 hours incubation with
double-stranded RNA, it appeared as though the development of treated parasites were slightly

behind that of the untreated parasites, since the treated parasites all seemed to be in the
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mature-trophozoite developmental stage (~34-36 h.p.i) indicating the parasites were under

stress and thus under developed.

Figure 3.11 (B) represents the morphology of the parasites treated with double-stranded RNA
from Section 1, 2, 3 and 4 at ~20 h.p.i. The untreated parasites at 26 h.p.i were in the
early/middle-trophozoite development stage while 6 hours incubation with Section 1 and Section
4 double-stranded RNA resulted in the treated parasites being in the very early-trophozoite
developmental stage (~21 h.p.i). The treated parasites were small and still resembled a ring,
indicating the parasites were under stress. The parasites treated with Section 2 and Section 3
double-stranded RNA had slightly retarded development (~24 h.p.i). At 44 h.p.i, the untreated
parasites entered the schizont stage and after 24 hours incubation with double-stranded RNA,
the treated parasites appeared to have been under stress since the parasites were much
smaller in comparison to the untreated parasites. The parasites treated with Section 1 and 2
double-stranded RNA had extremely retarded development, ~27-30 h.p.i, while the parasites
treated with Section 3 and Section 4 double-stranded RNA also had retarded development,

morphologically based at ~30-32 h.p.i.

The results represented in Figure 3.10 and Figure 3.11 indicate that the incorporation of double-
stranded RNA into cells at the ring stage appeared to be more effective, since inhibitory effects
were visible after 6 hours of double-stranded RNA incubation for all double-stranded RNA
treatments and this inhibitory effect became more evident after 24 hours incubation. However,
morphology studies are very subjective and thus to verify the loss of gene function after double-
stranded RNA treatment, total RNA was isolated and semi-gPCR was performed as described
in section 3.2.4.4 to determine the effect of double-stranded RNA incorporation on selected P.

falciparum transcript levels.

3.34 Semi-qPCR

RNA was isolated from the treated and untreated parasite cultures, cDNA was synthesized from
the RNA template and semi-gPCR was performed to determine the mRNA levels of the genes
targeted by RNA interference. Three primer sets aimed at amplifying LDH, AdoMetDC/ODC and
Spermidine synthase gene fragments were used in the semi-qPCR reaction (Table 3.2). During
optimization, it was found that a 1/20 dilution of the cDNA template was optimal and thus this

dilution factor was used for the cDNA template throughout the semi-qRT-PCR experiments.
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Table 3.2: Real-time PCR primer sets

Gene Primer [ MW (g/mol) [ Tm | Product size (bp) Sequence (5°-3’)
Spermidine Forward 6024.0 57 70 ACAACGCCCTAAAGCCTAAC
synthase Reverse 6372.2 58 ATTGTTCCCACGTGTATCCAG
AdoMetDC/ODC Forward 7286.8 58 165 AATCAATTCCATGACGCTTATCTG
Reverse 7197.7 58 ACAATTCACCATTCCTGTATCTTC
LDH Forward 6541.3 58 169 GATTTGGCTGGAGCAGATGTA
Reverse 7988.3 55 CAACAATAATAAAAGCATTTGGACAA
Tm = 69.3°C + (0.41 x GC%) - 650/primer length (Rychlik et al., 1990)

Figure 3.12 represents the end-point analysis of the semi-qPCR product in duplicate, run on an
agarose gel. The semi-qPCR was successful since bands of the expected sizes were obtained
(refer to Table 3.2) indicating adequate amplification of the cDNA template by all the primer

sets.

P falciparum cultures treated with dsRNA in ring stage P, falciparum cultures treated with dsRNA in trophozoite stage
(~10 h.p.i) (~20 h.p.i)
Spermidine AdoMetDC/ Spermidine AdoMetDC/ Spermidine AdoMetDC/ Spermidine AdoMetDC/
LDH synthase ODC LDH synthase oDCc LDH synthase ODC  LDH synthase obCc

MM 1 2 1 2 1 2121 2 1 2MM 1 2 1 2 1 2 1 2 1 2 1 2

- ®
1000
750
S -
250 M- -

RMNA harvest at 34 h.p.i RNA harvest at 16 h.p.i RMNA harvest at 26 h.p.i RNA harvest at 44 h.p.i

Figure 3.12: Semi-qPCR product of P. falciparum parasites treated with double-stranded RNA in the

ring and trophozoite stage.
MM: Molecular marker; LDH: Lactate dehydrogenase; AdoMetDC/ODC: S-adenosylmethionine decarboxylase/Ornithine
decarboxylase.

3.3.4.1 Semi-gPCR data

Figure 3.13 (A) and (B) represents the amplification and melting curves obtained from the semi-
gPCR results from P. falciparum parasites treated with double-stranded RNA. As mentioned
previously, three sets of primers were used to amplify the cDNA of each gene of interest
(AdoMetDC/ODC, Spermidine synthase and LDH). Figure 3.13 (A) represents amplification
curves of each gene (with the Cq values indicated). Figure 3.13 (B) illustrates the melting peaks
and verifies the absence of primer-dimers, giving an indication of the efficiency of the primer
pairs in amplifying the genes of interest. The amplification curves indicate that all the genes
were amplified successfully and in the melting peak, three peaks are observed, each

corresponding to the genes that were amplified with the three different primer sets used. The
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plateau seen in Figure 3.13 A, represented by the red box, illustrates that the semi-qPCR

reaction had been exhausted of reagents after ~27 cycles.
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Figure 3.13: Representative graphs of semi-qPCR amplification curves (A) and melting peaks (B).
Red circles represent Cq points of the genes being amplified, the red box indicates the plateau/saturation point of the PCR
reaction and the red oval indicates that no primer-dimers formed during the reaction.

By using the delta-C, values (qBasePlus), the relative expression of LDH gene was analysed
between treated and untreated samples. The expression levels of LDH were relatively constant

(~ 1.0) between treated and untreated samples, as illustrated in Figure 3.14, and thus LDH was

.

verified as a reference gene for this study.
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Figure 3.14: LDH expression levels of treated and untreated samples (T/UT) as determined by

qBasePlus.
Green bars represent the deviance of LDH expression between treated and untreated samples after various double-stranded
RNA treatments.
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Once LDH was verified as a reasonably good reference gene, the LDH standard curves were
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constructed using a dilution series of untreated cDNA obtained from each of the four time
points. The four resulting standard curves constructed by gBasePlus are shown in Figure 3.15.
The standard curves all have correlation coefficients (R? values) close to or equal to 1.0,
suggesting a good “fit” resembling the relationship between the X and Y variables. The standard
deviations are all less than 0.01 and the efficiency of the PCR reaction is assumed to be 100%

since the E values are all above 1.0 (100%).

Al * Ring treated, 6 hours incubation Bl * Ring treated, 24 hours incubation

) \ E: 1554 . \ E: 1841

SE: 0.003 SE: 0.01
R2 0.999 R2 0.996
o] \ o1

, g <

- Quantity - - Quantity -

c Trophozoite treated, 6 hours incubation

N

E: 1471 E: 22
SE. 0006 \ SE 0006
Re 10 R 1,000
S

Quantity

Trophozoite treated, 24 hours incubation

Ca &

Quantity

Figure 3.15: LDH standard curves for each time point (A) 16, (B) 34, (C) 26 and (D) 44 h.p.i.
E: Efficiency value, SE: Standard error, Rz Correlation coefficient, Cq: Quantification cycle, Quantity: Starting quantity of
template.

The following results represent the transcript levels of Spermidine synthase and
AdoMetDC/ODC after treatment with the eight different double-stranded RNA sequences. The
relative quantities of each gene in each sample were determined with qBasePlus. The treated
samples were normalized using either direct time point comparisons or morphological
comparisons. According to the morphology of the parasites (Figure 3.10 and Figure 3.11), Table
3.3 illustrates the developmental time point of the untreated sample which correlates bests with
the respective developmental time point of the treated samples. The parasite extraction time
point and morphological time points were very similar 6 hours after treatment, irrespective of
whether parasites were treated at ~10 or ~20 h.p.i, while major morphological changes only
became apparent after 24 hours incubation. Table 3.3 therefore illustrates the time point LDH
normalizing factor which was used to normalize each treated sample, to obtain the figures to

follow.
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Table 3.3: Morphological developmental stage of P. falciparum treated and untreated parasites at
the time of RNA extraction.

Double-stranded AdoMetDC oDcC Insert Spd Syn Sec. 1 Sec. 2 Sec.3 Sec. 4
RNA treatment:
Morphological parasite developmental stage similar to UT sample at extraction time point:
Extraction time point: 16 h.p.i 16 h.p.i 16 h.p.i 16 h.p.i 16 h.p.i 16 h.p.i 16 h.p.i 16 h.p.i
16 h.p.i
* Extraction time 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i
point: 34 h.p.i
Extraction time point: 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i 26 h.p.i
26 h.p.i
* Extraction time 34 h.p.i 34 h.p.i 34 h.p.i 34 h.p.i 34 h.p.i 34 h.pi 34 h.p.i 34 h.p.i
point: 44 h.p.i

* Represents the samples that were normalized by comparing morphological time points.

The following bar graphs represent the transcript levels of AdoMetDC/ODC and Spermidine
synthase after both 6 and 24 hours of incubation with double-stranded RNA. The expression
levels of the genes were normalized with the LDH normalizing factor using either morphological
time point comparison or the direct time point comparison, as discussed above. The effect of
double-stranded RNA on transcript production of AdoMetDC/ODC and Spermidine synthase will
be discussed separately for treatment in the ring stage and for treatment in the trophozoite

stage.

Figure 3.16 represents the transcript levels of AdoMetDC/ODC obtained from parasites treated
with double-stranded RNA in the ring stages and harvested after 6 and 24 incubation. After 6
hours incubation (~16 h.p.i), the untreated parasites were in the late-ring, early-trophozoite
stage while the treated parasites all appeared to be at a similar developmental time point (~14-
16 h.p.i) and did not present any signs of stress (refer to Figure 3.10) . AdoMetDC/ODC
transcript production at ~16 h.p.i is at a steady increase (Figure 3.3 (A)) and thus available
transcripts were expected to act as substrates for double-stranded RNA interference. As can be
seen in Figure 3.16, at 16 h.p.i, the majority of double-stranded RNA treatments caused a
reduction in AdoMetDC/ODC transcript levels, except for AdoMetDC and Section 1 derived

double-stranded RNA sequences.
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Figure 3.16: Average expression ratios of P. falciparum AdoMetDC/ODC transcripts after 6 (16 h.p.i
harvested) and 24 hours incubation (34 h.p.i harvested) with double-stranded RNA, starting in the
ring stage.

Error bars indicate standard deviations. Double-stranded RNA treatments shown in right hand panel.

After 24 hours incubation (~34 h.p.i), the untreated parasites were mature-trophozoites/early-
schizonts while the treated parasites all appeared to have delayed development (between ~26-
31 h.p.i (refer to Figure 3.10). At 34 h.p.i the AdoMetDC/ODC transcript levels were at a steady
decline (Figure 3.3 (A)). The double-stranded RNA of Spermidine synthase, Section 2, Section
3 and Section 4 caused a decrease of AdoMetDC/ODC transcript levels at 16 h.p.i and this
effect appears to be long lasting, causing a continuous decrease even at 24 h.p.i. The decrease
in AdoMetDC/ODC transcript levels with Section 1 becomes apparent with extended incubation
while ODC and Insert double-stranded RNA appear to have caused minimal changes in
transcript levels. AdoMetDC double-stranded RNA again caused an increase in

AdoMetDC/ODC transcript levels, even with extended incubation times.

Double-stranded RNA treatment with shorter sequences (ODC, Insert) (refer to Figure 3.16)
peviously observed to cause a decrease in AdoMetDC/ODC transcript levels (16 h.p.i), resulted
in no significant effect on AdoMetDC/ODC transcript levels when incubation times were
extended (34 h.p.i), suggesting the possibility that the RNA interference activity/efficiency of
short double-stranded sequences decreases with time. The decrease in transcript levels caused
by the larger double-stranded RNA sequences (Section 2, Section 3 and Section 4) all
maintained their RNA interference activity after 24 hours and Section 1, which previously

caused a slight increase of AdoMetDC/ODC transcript levels, caused a decrease of
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AdoMetDC/ODC transcript, with extended double-stranded RNA incubation. However,

05

Spermidine synthase double-stranded RNA appears to also have a long lasting knock-down
effect on AdoMetDC/ODC transcript levels which may indicate non-specific effects. The effect of
double-stranded RNA interference on Spermidine synthase transcript levels was therefore

analyzed next.

Figure 3.17 illustrates the expression levels of Spermidine synthase transcripts after parasites

were treated in the ring stage with double-stranded RNA for 6 and 24 hours.
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Figure 3.17: Average expression ratios of P. falciparum Spermidine synthase transcripts after 6 and

24 hours incubation with double-stranded RNA, starting in the ring stage.
Error bars indicate standard deviations. Double-stranded RNA treatments shown in right hand panel.

At 16 h.p.i, Spermidine synthase transcript production is almost at its maximum (refer to Figure
3.3 (A)). Double-stranded RNA treatments resulted in the increase of Spermidine synthase
transcript levels (AdoMetDC, ODC, Insert, Section 1, Section 3 and Section 4) while only
Spermidine synthase and Section 2 double-stranded RNA treatment caused a decrease in
Spermidine synthase transcript levels. At 34 h.p.i the double-stranded RNA treatments with all
eight sequences resulted in the increase of Spermidine synthase transcript levels, again most
likely due to non-specific effects.

Figure 3.16 and Figure 3.17 illustrate the effect double-stranded RNA treatment had on

AdoMetDC/ODC and Spermidine synthase transcript levels when parasites were treated in the
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ring developmental stage. Figure 3.18 and Figure 3.19 represent the transcript levels of
AdoMetDC/ODC and Spermidine synthase transcripts after parasites were treated in the early
trophozoite developmental stage. Previous RNA interference studies by Sriwilaijaroen et al.
(2009) involved the addition of double-stranded RNA to the medium of ring stage parasites and
inhibition was observed after 24 and 36 hours of incubation (Sriwilaijaroen et al., 2009). The
double-stranded RNA which was added to the culture medium was therefore expected to be

spontaneously taken up by P. falciparum housed within the erythrocyte.

Figure 3.18 illustrates the transcript levels of AdoMetDC/ODC after double-stranded RNA
incubation for 6 and 24 hours. At 26 h.p.i, the untreated parasites were in the early/middle-
trophozoite developmental stage while the double-stranded RNA treated parasites were
morphologically either similar to (~26 h.p.i) or slightly ahead (~28 h.p.i) of the untreated
parasites. At 26 h.p.i AdoMetDC/ODC transcript production is at its peak (refer to Figure 3.3

(A))-
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Figure 3.18: Average expression ratios of P. falciparum AdoMetDC/ODC transcripts after 6 (26 h.p.i
harvested) and 24 hours incubation (44 h.p.i harvested) with double-stranded RNA, starting in the

trophozoite stage.
Error bars indicate standard deviations. Double-stranded RNA treatments shown in right hand panel.

As is shown in Figure 3.18, the majority of double-stranded RNA treatments had minor effects
on AdoMetDC/ODC transcript levels while only Section 3 double-stranded RNA caused a slight
decrease in transcript levels of AdoMetDC/ODC at 26 h.p.i.
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After 24 hours double-stranded RNA incubation (44 h.p.i), the AdoMetDC/ODC transcript

production has come to a halt (refer to Figure 3.3(A)) and the long term effect of using longer

05

double-stranded RNA sequences becomes more significant. At 44 h.p.i the untreated parasites
have entered the schizont developmental stage while all the treated parasites had retarded

development and parasite arrest appeared to have occurred in the trophozoite stage.

After 24 hours double-stranded RNA incubation, the short double-stranded RNA sequences
designed to knock-down AdoMetDC/ODC transcripts, increased AdoMetDC/ODC transcript
levels, except for the Insert which caused a slight decrease in transcript levels. The larger
double-stranded RNA sequences (Section 2, 3 and 4) decreased AdoMetDC/ODC transcript
levels. Assuming that double-stranded RNA was spontaneously taken up from the surrounding
culture medium, this result at 44 h.p.i thus suggests that larger sections of double-stranded
RNA are more effective in obtaining the desired knock-down results as compared to the shorter

double-stranded RNA sequences.

Figure 3.19 below illustrates the transcript levels of Spermidine synthase after 6 and 24 hours

double-stranded RNA incubation in the trophozoite stage.
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Figure 3.19: Average expression ratios of P. falciparum Spermidine synthase transcripts after 6 and

24 hours incubation with double-stranded RNA, starting in the trophozoite stage.
Error bars indicate standard deviations. Double-stranded RNA treatments shown in right hand panel.
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At 26 h.p.i, Spermidine synthase transcript production is at a gradual decrease (refer to Figure
3.3 (A)) and none of the double-stranded RNA treatments, including double-stranded RNA from
Spermidine synthase, had any specific effect on Spermidine synthase transcript levels. After 24
h.p.i however, once again a non-specific increase in Spermidine synthase transcript levels was
observed. Morphologically, at 44 h.p.i, the treated parasites development were halted in the
trophozoite stage and the parasites were clearly under stress, which could suggest that the
transcript level increase observed for Spermidine synthase was as a result of a general stress

response.

3.4 DISCUSSION

RNA interference in P. falciparum has been a controversial subject due to the lack of
homologues to the major RNA interference components such as Dicer. Nonetheless, in light of
several reports claiming the successful use of RNA interference silencing in malaria parasites,
as well as the relative advantages afforded by RNA interference versus more conventional gene
knock-out approaches, an RNA interference study was designed to knock-down two P.
falciparum polyamine biosynthetic enzymes, AdoMetDC/ODC and Spermidine synthase, and
determine the effect of gene knock-down on parasite survival, to introduce a new means of
therapeutic intervention. Short (~120 nucleotide) and long (~980 nucleotide) double-stranded
RNA sequences were designed to knock-down P. falciparum AdoMetDC/ODC and Spermidine
synthase. Double-stranded RNA was introduced to the parasites via electroporation in the ring
stage and simple incubation in the trophozoite stage. The effect of RNA interference on the
transcript levels of AdoMetDC/ODC and Spermidine synthase was analysed 6 and 24 hours

later

Figure 3.20 illustrate the targeted areas for double stranded RNA knock-down of P. falciparum
AdoMetDC/ODC. AdoMetDC/ODC has five parasite specific inserts termed A1, A2, A3, O1 and
02 which are separated by a hinge region believed to be important for functional protein
complex formation (Figure 3.20) (Birkholtz et al., 2004; Williams et al., 2007).

Section 1 Section 2 Section 3 Section 4

P -y
L L L

1 57-63 110-137 259 -408 573 -752 1047 - 1085 1156 - 1302 1419

Figure 3.20: Parasite-specific inserts within the N- and C-terminal of the bifunctional

AdoMetDC/ODC protein of the wild type P. falciparum parasite (Williams et al., 2007)
Residue numbers are indicated for each insert position. Double stranded RNA sequence targets are indicated with arrows.
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The nucleotide positions from where the double-stranded RNA sequences were designed
consequentially indicates that Section 1 double-stranded RNA was aimed at targeting mRNA
regions corresponding to A1, A2 and A3 of AdoMetDC. The Insert double stranded RNA was
designed to target the O1 insert of ODC while Section 2 and 3 were designed to target the first
and second half of the hinge region respectively. Section 4 was designed to target both insert
01 and O2 of ODC.

Parasites were treated in the ring stage and at 16 h.p.i, AdoMetDC/ODC transcript levels were
deceased with all double-stranded RNA treatments, except for AdoMetDC and Section 1
double-stranded RNA. This would suggest that the Section 1 double-stranded RNA sequence is
not effective at producing RNA interference effects. Spermidine synthase double-stranded RNA
was designed to specifically knock-down Spermidine synthase and unless a feedback or
compensatory mechanism exists, this double-stranded RNA treatment was expected to have no
effect on AdoMetDC/ODC transcript levels. However, AdoMetDC/ODC transctipt levels were
decreased with Spermidine synthase double-stranded RNA treatment at 16 h.p.i, which raises
the possibility that some feedback mechanism may exist. Assuming once again that the RNA
interference effect was specific and successful at knocking down Spermidine synthase, the
subsequent reduction of polyamines could have caused the decrease of AdoMetDC/ODC
transcript levels. Previous studies resulting in ODC inhibition in P. falciparum revealed that ODC
is inhibited by putrescine levels and that a feedback mechanism may exist (Muller et al., 2008).
At 34 h.p.i, the AdoMetDC/ODC transcript levels remained reduced for all double-stranded RNA
treatments, except AdoMetDC, ODC and Insert double-stranded RNA. At 16 h.p.i and 34 h.p.i,
double-stranded RNA treatments resulted in the non-specific increase of Spermidine synthase

transcript, possibly indicative of a stress response.

Parasites were ftreated in the trophozoite stage and at 26 h.p.i, AdoMetDC/ODC and
Spermidine synthase transcript levels were unaffected for all double-stranded RNA treatments
except for Section 3, which caused a minor reduction of AdoMetDC/ODC transcript. After 24
hours incubation, at 44 h.p.i, it appeared as though the short double-stranded RNA sequences
had lost their gene inhibitory effect while increased incubation time with the longer double-
stranded RNA sequences resulted in a greater inhibitory effect on AdoMetDC/ODC transcript
production, except for Section 1 which had no effect on AdoMetDC/ODC transcript levels.
Spermidine synthase transcript levels at 44 h.p.i were once again increased as a result of non-

specific stress response.

In the light of the current controversy surrounding RNA interference in P. falciparum, certain
trends were observed and will therefore be discussed. With regards to AdoMetDC/ODC
transcript levels, a greater inhibitory effect was observed with parasites treated in the ring stage,

rather than the trophozoite stage. After 6 hours incubation in the trophozoite stage, both

118



-
&
W UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

AdoMetDC/ODC and Spermidine synthase transcript levels remained unchanged. Only after 24
hours incubation (44 h.p.h) did the inhibitory effect on AdoMetDC/ODC transcript levels become
apparent. The main observation in this RNA interference study was the constant
AdoMetDC/ODC inhibitory effect observed with Section 3 double-stranded RNA, regardless of
the stage of RNA introduction or the incubation time. Section 3 was designed to knock-down an
area that would be translated into part of the hinge region of the bifunctional AdoMetDC/ODC
enzyme. This RNA interference study reveals that interference with this region of the transcript
affects AdoMetDC/ODC transcripts adversely. The general trend for AdoMetDC/ODC thus far is
the decrease of AdoMetDC/ODC transcript production with extended double-stranded RNA

incubation time, when using larger double-stranded RNA sequences.

The results from this RNA interference study allow numerous observations to be analyzed for
optimization of RNA interference in P. falciparum. Firstly, during increased incubation times, the
shorter double-stranded RNA sequences tend to lose their gene inhibitory effect, while the
longer double-stranded RNA sequences maintain their inhibitory effect. The decreased
efficiency of short double-stranded RNA sequences to knock-down their target mRNA with
extended incubation, observed in this study, may be as a result of double-stranded RNA dilution
or degradation. In addition, the inhibitory effects of longer double-stranded RNA sequences
become more evident with extended incubation, suggesting that longer double-stranded RNA
sequences and extended double-stranded RNA incubation time will result in greater gene
knock-down of the target gene (AdoMetDC/ODC). Since double-stranded RNA mechanism of
action requires the cleavage of the long double-stranded RNA sequences into siRNA’s by the
RISC complex, assuming that a RISC complex exists in P. falciparum, it seems logical that
longer double-stranded RNA sequences (1000 bp) will in turn provide a mixture of siRNA’s,
each directed at the same mRNA target for degradation and consequently have a greater
knock-down effect. Also, RNA interference utilizes various cellular enzymes to degrade the
targeted transcripts in a sequence-specific manner and thus, the double-stranded RNA length
dependence of RNA interference could reflect that longer RNA sequences may enable more co-
factors (such as Dicer, R2D2, Loquacious, Protein Kinase R Protein Activator (PACT) and HIV
TAR RNA Binding Protein (TRBP)) to be recruited to degrade the target mRNA at multiple sites
(Collins et al., 2006). With regards to increasing the incubation time, Wanidworanun et al.
(1999) used antisense technology to knock-down the aldolase gene in P. falciparum and their
study found that at 24 hours incubation, no knock-down effect of the target gene was obtained,
while increasing the incubation time to 72 hours resulted in a significant knock-down of aldolase
(Wanidworanun et al.,, 1999). Thus the delayed knock-down observed in this study for
AdoMetDC/ODC using RNA interference could become even more evident if double-stranded

RNA incubation times were extended.
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Bosher et al. (1999) performed RNA interference studies in C. elegans and discovered that the
length of the double-stranded RNA can affect the RNA interference efficiency (Bosher et al.,
1999). Longer double-stranded RNA'’s had a greater gene knock-down effect when compared to
shorter sequences and furthermore, using shorter double-stranded RNA sequences in C.
elegans proved effective only when the concentration of the short double-stranded RNA’s were
increased by up to 250 fold (Bosher et al., 1999). In this RNA interference study, identical
amounts (40 pg) of double-stranded RNA were introduced into P. falciparum culture, regardless
of the length of the double-stranded RNA sequence. It could therefore be that a higher
concentration of the shorter double-stranded RNA sequences, may have provided a more
effective gene knock-down result for AdoMetDC/ODC, and more specifically for Spermidine
synthase. Higher amounts of double-stranded RNA may be more effective in knocking down the
target gene, however this could also counteract RNA-editing enzymes such as Adenosine
deaminase acting on RNA (ADAR) (Brantl, 2002). ADAR’s promiscuously deaminate
adenosines present in long double-stranded RNA'’s prior to processing and in turn, change the
RNA structure making a fraction of the double-stranded RNA sequences non-homologous to the
target mRNA (Brantl, 2002). Adenosine deaminase (PF10_0289) has been identified in P.
falciparum and since RNA interference is homology dependent, a single base pair mismatch
between the siRNA and the target mMRNA can reduce the silencing effect dramatically. Thus, the
use of increased double-stranded RNA concentrations in RNA interference studies must be

considered with caution.

It should also be considered that long double-stranded RNA sequences can activate the double-
stranded RNA-dependent protein kinase response, which results in the phosphorylation of
elF2a translation initiation factor in response to stress. Several protein kinases have been
identified in P. falciparum and are important for cell cycle regulation, stress response and sexual
differentiation which suggests that activation of such a stress response by long double-stranded
RNA sequences could lead to cytostatic arrest (Kappes et al., 1999). This therefore also
suggests that the increased inhibition or transcript reduction observed with the longer double-
stranded RNA could be as a result of a general stress response and not necessarily RNA

interference.

The absence of a significant knock-down effect observed with parasites treated in the
trophozoite stage may be due to a general lack of double-stranded RNA uptake by the parasite.
Double-stranded RNA was simply added to the culture medium and was assumed to be taken
up by the parasite. Sriwilaijaroen et al. (2009) performed double-stranded RNA interference on
P. falciparum histone deacetylase (PfHDAC-1) by treating parasites with double-stranded RNA
in the ring stage and isolating RNA after 24 and 36 hours of incubation (Sriwilaijaroen et al.,
2009). In their study double-stranded RNA was added to the medium in increasing

concentrations, without electroporation and revealed that gene knock-down was dose-
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dependent, but only until a certain threshold, after which increased double-stranded RNA
concentration did not increase the gene knock-down effect (Sriwilaijaroen et al., 2009). This
result suggests that either the erythrocyte has a limited ability to take up double-stranded RNA
or that the processing enzymes are limited. Previous RNA interference studies in P. falciparum
claim that electroporation of 1 ug/ul of double-stranded RNA is sufficient for inhibition and that
no inhibition will occur without electroporation (Mcrobert et al., 2002) while other studies have
claimed that adding double-stranded RNA directly to the culture medium at 25 ug/ul can inhibit
parasite growth (Gissot et al., 2005; Malhotra et al., 2002). Electroporation may enhance the
uptake and delivery of double-stranded RNA to the parasite by assisting passage through three
membrane layers (erythrocyte membrane, parasitophorous vacuolar membrane, parasite
plasma membrane) however, parasitized erythrocytes have been shown to permit the entry of
oligonucleotides when added directly to the medium, whereas uninfected erythrocytes do not
(Malhotra et al., 2002; Pouvell et al., 1991; Rappaport et al., 1992). In addition, it was
determined that approximately 0.1-0.15% of the double-stranded RNA present in the medium
was taken up by the parasite (Malhotra et al., 2002; Pouvell et al., 1991; Rappaport et al.,
1992). Assuming that 0.15 % of the double-stranded RNA was taken up spontaneously by the
P. falciparum parasites in this study, the question remains as to whether the double-stranded
RNA concentrations were sufficient to cause gene knock-down after 6 and 24 hours.
AdoMetDC/ODC transcript levels appeared to be decreased after 24 hours but Spermidine
synthase transcript levels remained increased. Trophozoite parasites can not survive the harsh
conditions of electroporation and thus, for future studies, it may be beneficial to use pre-
electrophoresed erythrocytes since P. falciparum may be able to take up the double-stranded
RNA spontaneously from the cytoplasm of pre-electrophoresed uninfected erythrocytes, as was
done with plasmids (Deitsch et al., 2001b; Mcrobert et al., 2002).

Similar gene knock-down of ODC and Spermidine synthase by Xiao et al. (2009) in T. brucei
resulted in cell cycle arrest, which was observed after double-stranded RNA for ODC and
Spermidine synthase was introduced into the parasite culture (Xiao et al., 2009). Although the
polyamine biosynthetic pathway enzymes differ between T. brucei and P. falciparum, RNA
interference trends may be similar and may aid in understanding the RNA interference effects
observed in this study presented here with P. falciparum. RNA interference in T. brucei with 6
hours incubation with Spermidine synthase and ODC double-stranded RNA resulted in the
depletion of both polyamines and trypanothione, which lead to cell growth arrest but did not
assert any significant effect on the trancript levels of other polyamine pathway enzymes (Xiao et
al., 2009). An interesting finding was that the Spermidine synthase double-stranded RNA
resulted in a 20% inhibition of Spermidine synthase after 2 days incubation while ODC double-
stranded RNA inhibition led to ~90% reduction in ODC mRNA within 24 hours and resulted in
almost complete depletion of putrescine (Xiao et al., 2009). In the study presented here for P.

falciparum, the effect of double-stranded RNA on Spermidine synthase do not seem evident
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since the transcript levels of Spermidine synthase were not significantly knocked-down, even
with increased incubation. The observation by Xiao et al. (2009) regarding the delayed knock-
down of Spermidine synthase could suggest that extended incubation time, such as 48 hours, is

required for a knock-down effect of Spermidine synthase to be observed in P. falciparum.

Considering the results obtained after double-stranded RNA treatment, several trends,
especially those observed with ODC inhibition, remain similar when compared to literature. RNA
interference studies and DFMO inhibition of ODC in P. falciparum prevented the parasites from
developing past the trophozoite stage - a similar observation was made morphologically in this
study using RNA interference (Heby et al., 2003; Muller et al., 2008; Sriwilaijaroen et al., 2009).
This therefore suggests that in this study some gene interference is occurring. Whether the
mechanism behind this knock-down was as a result of RNA degradation or antisense remains
to be elucidated. Since certain antisense RNA’s have been found to have more than one mRNA
target (Brantl, 2002), it remains plausible that certain transcript reductions, such as the
Spermidine transcript decrease with Section 2 double-stranded RNA or the AdoMetDC/ODC
transcript reduction with Spermidine synthase double-stranded RNA, are due to non-specific,

antisense-mediated effects.

The origin of double-stranded RNA design can also prove problematic. Studies by Bosher et al.
(1999) found that double-stranded RNA designed from intronic sequences were less potent in
knocking down C. elegans genes than double-stranded RNA sequences designed from exonic
sequences, which suggests that pre-mRNA may be protected against RNA interference or that
RNA interference can occur in the nucleus but is predominantly active in the cytoplasm (Bosher
et al., 1999). The eight double-stranded RNA sequences designed in this study were designed
from the exonic sequences of the genes under study and thus cytoplasmic RNA degradation

was anticipated.

In this study, double-stranded RNA degradation targeting the mRNA region encoding the ODC
domain of AdoMetDC/ODC resulted in a significant knock-down of AdoMetDC/ODC, suggesting
that the double-stranded sequences corresponding to this region, may be more effective. In the
study by Van Brummelen et al. (2009), AdoMetDC/ODC transcript production was inhibited with
the use of several irreversible inhibitors and the down-stream reactions were analyzed (Van
Brummelen et al., 2009). As expected, they found that polyamine (putrescine) levels were
diminished due to the proper functioning of AdoMetDC/ODC being abolished and the fold
decrease in polyamines was identical to the fold decrease in transcript level (Van Brummelen et
al.,, 2009). Thus, the parasite seemed to respond to the decreasing transcript levels by
decreasing its requirement for polyamines by the same fold, suggesting that this regulation
occurs on both the transcriptome and proteome level. In this study, the mRNA transcripts of

AdoMetDC/ODC were knocked-down and revealed that on the transcriptome level,
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AdoMetDC/ODC transcript reduction lead to cytostasis and it is assumed the parasite adjusted
its polyamine requirement accordingly. Quantitative microarray and semi-quantitative proteomic
datasets obtained from the various life cycle stages of the P. falciparum parasite failed to
provide evidence of a strict correlation between mRNA and protein since it seems that mRNA
can accumulate and the protein may only become transcribed later, suggesting a major role of

post-transcriptional regulation of parasite genes (Le Roch et al., 2004).

RNA interference was selected as the method of gene knock-down due to its advantages over
other knock-down techniques, which include the low-cost and speed of the assay, as well as the
fact that multiple genes can be analyzed simultaneously. Although the exact mechanism behind
the knock-down of transcript levels observed in this study remains to be elucidated, several
observations have suggested that gene inhibition was evident. RNA interference may be
possible in P. falciparum however, due to the complexity of this parasite, certain optimizations

and additional analysis may be required for future RNA interference attempts.

For future studies, it may be advantageous to include an additional harvesting time point, where
parasites are treated at ~20 h.p.i and harvested in the next cycle (after incubating parasites with
double-stranded RNA for ~30 or ~40 hours). This would allow analysis of the RNA interference
effect in a new parasite cycle and in addition, the percentage parasitemia could be determined
before and after double-stranded RNA treatment to determine the full effect of introducing
double-stranded RNA into P. falciparum culture. This extended incubation time may also aid in
specifically knocking down Spermidine synthase since this enzyme may require longer
incubation times than AdoMetDC/ODC. It will be of interest to this study to confirm the observed
results via either RNA dot blots or with Northern blot analysis where the mRNA can be detected
with labelled antisense RNA probes. Western blots may also be incorporated to determine the
protein levels and indicate the level at which these genes are regulated, while analysis of
polyamine pools will contribute to understanding the effect of enzyme inhibition. The effect of
double-stranded RNA type RNA interference can also be determined with subsequent enzyme
activity assays of the enzymes in question. Previous co-inhibition studies of AdoMetDC/ODC by
van Brummelen et al. (2009) resulted in the subsequent increase of degradation enzymes such
as Ornithine aminotransferase (OAT) to counteract the ornithine accumulation. Thus, in addition
to analyzing the mRNA transcript levels of the targeted genes (AdoMetDC/ODC and Spermidine
synthase) after double-stranded RNA incubation, it would be interesting to analyze the transcript
levels of other enzymes related to the polyamine biosynthetic pathway such as OAT. It would
also be of considerable value to analyze the effect of antisense sequences on the transcript
levels of Spermidine synthase and AdoMetDC/ODC, since the target specificity of antisense
technology should assist in unravelling the mechanism behind the transcript knock-down

observed here.
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The regulatory switch that controls the key control point of P. falciparum ODC remains to be

05

identified. The results of this study could ultimately be used to design more specific inhibitors
and with additional information, such as the 3-dimensional structure of the enzymes, selective
interference of P. falciparum essential genes may be possible using available knock-down
techniques. This study therefore contributes to our understanding of P. falciparum polyamine
enzymes and may give some insight into the regulatory control points in polyamine biosynthetic

pathways, to ultimately aid in eradicating this parasite from the human host.
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CHAPTER 4

CONCLUDING DISCUSSION

The malaria parasite P. falciparum has proven to be exceptionally proficient at manipulating the
host resources in such a way to maintain a chronic infection. Due to the tight regulation and
“just-in-time” expression of its genes, the mechanisms behind parasitic gene regulation have

been identified as a likely Achilles heel for P. falciparum.

Gene regulation studies in P. falciparum are ill defined and since the elucidation of its
mechanism of regulation could lead to the discovery of the ultimate means of controlling
malaria, understanding the regulatory mechanism is of critical value. Few parasite-specific
transcriptional factors and their regulatory sequences have been identified to date due to the
AT-richness of the parasite genome and the nature of the techniques to study gene regulation
have made this fairly challenging. The use of different algorithms during in silico searches have
generated numerous potential cis-regulatory sequences, however various limitations have been
identified in the consistency of the data generated (Horrocks et al., 2009). As discussed in
Chapter 1, gene regulation occurs at various levels: on the transcriptional level by the intricate
interplay of proteins, also known as transcription factors, with cis-regulatory DNA elements such
as enhancers or repressors (Kumar et al., 2004; Meissner et al., 2005), on the post-
transcriptional level via mRNA decay (Meyer et al., 2004; Parker et al., 2004; Wilusz et al.,
2001), RNA interference (Valencia-Sanchez et al., 2006) or non-coding RNA’s (Li et al., 2008),
on the translational level via translational repression (Gebauer et al., 2004) and epigenetically
on the chromatin level (Rando et al., 2007). The global aims of this study were to investigate

two possible mechanisms of gene regulation at the level of transcription and post-transcription.

In Chapter 2, transcriptional mechanisms were investigated through verification of the
robustness of in silico methods, to identify cis-regulatory sequences in the P. falciparum
genome. In this chapter, the complexity of the DNA-protein interaction using P. falciparum
derived proteins was illustrated using EMSA’s. Molecular studies on P. falciparum clearly
require specialized methods and protocols and the methods used in this study have been
optimized to provide a stepping stone for future analysis. The cis-regulatory sequences may
have a regulatory function and in addition, appear to share similar regulatory proteins. It is
evident that both double- and single-stranded regulatory proteins are present in P. falciparum
nuclear extract since definite shifts were observed under various scenarios. Among the five cis-
regulatory sequences identified, Motif 2 was previously identified as SPE 1 and found to bind a
nuclear factor (Voss et al., 2003) which support the possible regulatory role of the remaining

four motifs. The presence and importance of cis-regulatory sequences and regulatory proteins
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have been illustrated in P. falciparum (Flueck et al., 2008; Gissot et al., 2005; Osta et al., 2002;
Voss et al., 2003) and thus this study has contributed to the global requirement of
understanding P. falciparum gene regulation. Although additional studies, to unravel the details
regarding the DNA-protein interactions are crucial, the identity and characterization of these
regulatory proteins could ultimately lead to an important discovery and design of new anti-

malarials.

The results presented in Chapter 3 supports the possibility of the presence of post-
transcriptional gene regulatory mechanisms like RNA interference machinery in P. falciparum.
Authors have claimed that RNA interference is both possible and impossible in P. falciparum
(Baum et al., 2009; Kumar et al., 2002; Malhotra et al., 2002; Mcrobert et al., 2002) while a
definite antisense mechanism has been identified in this parasite (Barker et al., 1996; Gardiner
et al., 2000; Ikemoto et al., 1999; Noonpakdee et al., 2003; Wanidworanun et al., 1999). The
successful knock-down of the biosynthetically important AdoMetDC/ODC and Spermidine
synthase genes resulted in morphological changes similar to what was observed with drug
inhibition studies of the same enzymes (Birkholtz et al., 2004; Das et al., 1995; Van Brummelen
et al., 2009; Whaun et al., 1985). The knock-down however could have been as a result of other
mechanisms other than RNA interference, such as antisense or a general stress response.
Further insight into the mechanism of gene knock-down however is imperative to fully
understand and appreciate the complexity of the malaria parasite within the human host. The
main outcome in discovering the importance of AdoMetDC/ODC and Spermidine synthase for
P. falciparum survival would lead to the development of more effective anti-malarial drugs,

especially if enzyme inhibition can be combined with polyamine transport inhibition.

Gene regulation, whether it is transcriptional, post-transcriptional, translational or epigenetic,
plays a major role in parasite survival. The research presented here has lent some insight into
the possible mechanisms of gene regulation P. falciparum utilizes in vitro for survival. These
results have introduced a new avenue of exploiting the parasite P. falciparum for complete
eradication from the human host and further studies are imperative. The feasibility of identifying
regulatory proteins have been illustrated and in addition, a quicker and less expensive means of
knocking-down genes, crucial to the parasite for survival, have been identified. The results
obtained in this study have contributed to the global challenge of unravelling the gene-
regulatory pathways within P. falciparum and although it may be clear that a great deal of work
remains to be done in both the EMSA and RNA interference studies, this research has initiated
the flow of making even greater discoveries in Plasmodium, and these discoveries are within

reasonable reach.
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