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Summary

The P. falciparum parasite’s life cycle, and implied cell cycle, is strictly controlled allowing the
parasite to rapidly develop during the intraerythrocytic stages alternating DNA synthesis and
mitosis during endocyclic schizogony. This results in asynchronous nuclear divisions to form
multinucleated schizonts during mitosis. However, mitotic nuclear division in P. falciparum
parasites remain poorly understood. Several mitotic kinases of the P. falciparum kinome, such
as aurora related kinases (ARKs), have been suggested to be cell cycle regulators. The PfARKs
are essential for intraerythrocytic stages of the Plasmodium parasite of which PfARK-1 are highly
conserved and associated with spindle pole bodies (SPB) during schizogony. The role of PIARK
associated with SPB in cell cycle regulation of P. falciparum parasites has been understudied,
despite the close link to centrosome and bipolar microtubule dynamics, chromosome
segregation and cytokinesis of Aurora kinases in various other organisms. Knowledge gaps
regarding the parasite’s cell cycle regulatory mechanisms is mostly due to the complexity
associated with cell cycle compartment synchronisation of the parasite under in vitro conditions.
In this dissertation, an innovative approach is used for cell cycle compartmentalisation of
parasites as a tool to interrogate the importance of PfARK in cell cycle regulation during the
intraerythrocytic stages of the parasite through hesperadin-induced PfARK inhibition.
Collectively, this dissertation provides extensive insight to PfARK cell cycle regulation during
parasite asynchronous nuclear division associated with M-phase progression, chromosomal
segregation and spindle formation. The data demonstrate that novel cell cycle regulatory
mechanisms of mitotic kinases, such as PfARKs and their involved pathways, serve as attractive

future drug targets in Plasmodium parasites.
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1 Chapter 1: Literature review

1.1 Malaria Epidemiology

Nearly half of the world’s population, 3.2 billion people, is at risk of being infected with the malaria
parasite, a parasitic protozoan from the genus Plasmodium, transmitted by adult female
Anopheles mosquitoes [1]. In 2016, the malaria parasite was responsible for 216 million clinical
cases and resulted in 445 000 deaths [1]. The transmission intensity of malaria is influenced by
the mosquito vector’s behavioural and physiological characteristics such as their biting habits,
longevity, density and their efficiency of transfection [2, 3]. Malaria remains one of the greatest
global challenges due to the long-lived nature and robustness of the anopheline vector species
to environmental changes, which mainly occurs in high densities in tropical climates allowing
them to breed readily. Even though malaria is a global disease, sub-Saharan Africa
disproportionally accounts for more than 90% of malaria deaths [1, 4], mainly in children under
the age of 5 [1]. However, Latin America, Southeast Asia and the Middle East are not risk free
and are also prone to the socio-economic burden of malaria [5]. Besides the high risk to infants
and young children, Plasmodium parasite infection can lead to chronic anaemia and placental

malaria infection in pregnant women [1].

21 cases Certified malaria free since year 2000
Zero cases in 2016 [ No malaria
Zero cases (23 years) Not applicable

Figure 1.1: Comparison of the global distribution of indigenous malaria cases in 2000 and their status by 2016.
Countries who reported zero cases in three or more consecutive years up to 2016 are eligible to be certified malaria
free by the WHO (green), while, countries with zero cases reported in 2016 (yellow) and with =21 cases (red) remain
at high risk. Countries certified malaria free since 2000 (purple), no malaria (white) and not applicable (grey)
countries, are free of risk [1]. Image adapted from freely accessible WHO malaria report 2017 (URL link:
https://www.who.int/malaria/publications/world_malaria_report/en/) [1].

© University of Pretoria
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The World Health Organisation (WHQO) reported that, from 2000 to 2016, Latin America,
Southeast Asia and sub-Saharan Africa had the highest Plasmodium parasite infection rate and
with 21 cases in 2016 (Fig. 1.1) [1]. Countries recently certifed as malaria free regions (zero
locally transmitted cases for 23 years) include southern parts of South America, Algeria and
Egypt in Africa and several countries in Asia including Iraq, Syria, Turkey and Ozbekistan.
Morocco (Africa), Turkmenistan and Kyrgyzstan (Asia) were certified malaria free since 2000
(Fig. 1.1) [1]. Tajikistan (Asia) had zero cases in 2016 (Fig. 1.1) [1].

In 2012, the SADC Ministers of Health finally affirmed regional elimination strategies, and the
Elimination 8 (E8) was launched. The E8 is a regional attempt to eliminate malaria by 2020-2030
in eight southern Africa countries. South Africa, Botswana, Namibia and Swaziland are frontline
countries reoriented to begin malaria elimination and are considered as the frontline countries.
Collaboration with Zimbabwe, Angola, Mozambique and Zambia as second line countries, due
to higher malaria transmission rates, are required for successful malaria elimination in southern
Africa. Additionally, the Global Technical Strategy for malaria (2016-2030) was developed and
authorised by the WHO in 2015 [1]. With this, global targets were set for 2030, aiming at malaria
elimination in at least 35 countries with a 90% decrease in global malaria cases and mortality
rates [1]. The E-2020 initiative was established in 2016 by the WHO where 21 countries were
identified to have the potential for zero indigenous cases and eliminate malaria by 2020 [1].
However, spreading of resistance to antimalarial drugs and insecticide resistance, land-use and
—cover changes, contributes to the difficulty of malaria control. Several countries, including South

Africa, have been reported to be off-track with the E-2020 initiative’s common goal [1].

Malaria intervention strategies aimed at inhibiting contact between human and Plasmodium-
infected mosquitoes as it is essential to disrupt malaria transmission (reviewed in [6]). In 1960,
the WHO Pesticide Evaluation Scheme was launched and were collaborating with other WHO
institutions such as the International Programme on Chemical Safety to evaluate and test
pesticides  for  public  health (www.who.int) [1]. Insecticides  such  as
dichlorodiphenyltrichloroethane (DDT) [1] and more recently, pyrethroids [1, 7], were commonly
used as an effective indoor residual spray as a mosquito vector control. Nonetheless, a
significant number of insecticide classes, like DDT, have lost their efficiency against continuously
evolving mosquito species [1, 3, 8-10]. Vector control using insecticides-treated nets resulted in
a significant improvement in the control of mosquitoes and malaria transmission [1]. However,

mosquitoes continue to adapt their feeding regimes [11]. Therefore, emphasis shifted from adult

2
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mosquito control to larvae control [12] and larvae control strategies included biological
control[13].

Despite extensive research on vaccine development, no vaccine against the Plasmodium
parasite to prevent malaria have been successfully developed yet [14, 15]. Malaria vaccine
development is mainly focussed on the pre-erythrocytic and intraerythrocytic stages as well as
transmission blocking of the Plasmodium parasite [16]. Pre-erythrocytic vaccine development is
aimed at disrupting the establishment of the parasite exoerythrocytic cycle (reviewed in [17]).
Intraerythrocytic developmental cycle (IDC) vaccines aims at parasitaemia reduction, while
transmission blocking vaccines aims at gametocytogenesis disruption [16, 18]. The leading
vaccine candidate RTS,S/AS01 [19], reached phase Il of clinical trials [20] and has shown
protective efficacy against clinical and severe malaria at 31% and 56% in infants (6 — 12 weeks)

and children (5-17 months), respectively [21, 22].

The most successful strategy to target the parasite remains the use of chemoprophylactic and
chemotherapeutic compounds [1]. However, the spread of drug-resistant Plasmodium
parasites, due to the misuse of clinically available antimalarials, has undermined their efficacy
[1]. The leading parasite control strategy, endorsed by the WHO as first-line gold standard, is
artemisinin-based combination therapies (ACT) for all malaria infections [23]. Parasite resistance
against artemisinin and some of its partner drugs have developed in some countries; however,
in Africa, the leading continent in malaria fatalities, fortunately, parasites remain susceptible to
ACTs [24]. However, as a result of continuous drug resistance development in the parasite, the
Medicine for Malaria Venture was established in 1999 as a public-private partnership and non-
profit organisation, which supports the efforts of the WHO through the development of affordable

antimalarial drugs (www.mmv.org). This has resulted in the development of synthetic drugs

aimed towards multiple stages of the parasite’s development and therefore useful in the context

of malaria elimination strategies [25, 26].
1.2 Plasmodium parasite

The Plasmodium genus consists of more than 170 species and cause infection in different
vertebrates [27], however only six Plasmodium species are known to infect humans [1]. Even
though P. falciparum and P. vivax predominates malarial infections, P. ovale, P. malariae, P.
knowlesi and P. cynomolgi (zoonotic species) are also responsible for malarial infections in

humans [1]. P falciparum is the major contributor of all malarial deaths [1].

© University of Pretoria
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The life cycle of P. falciparum parasites in humans are initiated after parasites are transmitted
from an adult female Anopheles mosquito taking a blood feed on a human host [1], thereby
inoculating sporozoites from her parasite-infected salivary glands (Fig. 1.2) [28]. The
microscopic motile sporozoites enter the asexual, exoerythrocytic cycle in the human liver within
30 min by invading hepatocytes [28, 29]. Here, a sporozoite undergoes multiple nuclear divisions
during hepatic schizogony within 5-10 days to produce more than 30 000 daughter merozoites
per infected hepatocyte. These daughter merozoites are released into the bloodstream to initiate
the asexual, IDC [30].

The sequence of events during the IDC of Plasmodium parasites is well characterised.
Erythrocyte entry is associated with deformation of the targeted erythrocyte when the anterior
end of the merozoite makes initial contact and during erythrocyte penetration [31] as the
merozoite apical organelles (rhoptries, micronemes and dense granules) discharge their content
[32]. Once inside the erythrocyte, the Plasmodium parasite subsequently develops from a
morphologically characterised ‘ring’ stage to a metabolically active trophozoite-stage parasite,
characterised by irregular bulges and deep tubular invaginations formed on the surface of the
parasite (Fig. 1.2) [33]. Schizogony ensues when the parasite undergoes multiple, asynchronous
nuclear divisions, releasing up to 32 daughter merozoites per infected erythrocyte [34, 35],
depending on the Plasmodium species. These merozoites can re-infect new erythrocytes and
thereby perpetuate unlimited rounds of subsequent IDCs in an untreated or nonimmune
individual. The IDC of P. falciparum, P. vivax and P. ovale parasites each takes approximately
48 h [36].

A minor proportion of asexual parasites are stochastically converted to form intraerythrocytic
sexual forms of the parasite [37], able to support transmission to mosquitoes. Sexually
committed merozoites leave the IDC to develop into intraerythrocytic micro- (male) and
macrogametocytes (female) over a period of 10-14 days through differential gene expression
[38] in a process known as gametocytogenesis (Fig. 1.2). Gametocyte gender is predetermined
[39] and is already established in the schizont committed to gametocytogenesis [40]. A female-
biased (>5-fold) gender ratio is typically found [41]. For P. falciparum infections, clinical
gametocytaemia can be detected 7-15 days after asexual parasitaemia [42]. Five distinct
morphological stages (I — V) occur during P. falciparum gametocytogenesis, of which stage | to
IV sequester in the bone marrow and spleen (reviewed in [43]. Mature stage V gametocytes are

released in the peripheral blood system [44, 45] where they circulate for another two to three

4
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days while they become infectious to female anopheline mosquitoes taking blood meals [46].
During gametocyte maturation, molecular alterations, such as an increase in mRNA transcripts
stored in the cytoplasm, prepare the Plasmodium parasite for the rapid adaption to the mosquito
midgut [42].

Transmissicaits Infected hepatocyte

Sporozoite Human host Schizont
Oocyst -
2
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Figure 1.2: The life cycle of P. falciparum parasites.

During a blood meal the Anopheles mosquito transmit sporozoites to the human host where they develop into exo-
erythrocytic and intraerythrocytic parasites. Within the erythrocyte the Plasmodium parasite develops from a ring to
a mature trophozoite, which undergoes multiple nuclear divisions to form a schizont. Committed merozoites leave
the IDC to develop into intraerythrocytic micro- (male) and macrogametocytes (female) during gametocytogenesis
before mature gametocytes enter the sporogonic stages in the mosquito midgut after a blood meal. Images were
designed using Blender software (www.blender.org) and others were adapted from freely available images.

The microgametocyte will mature into eight microgametes through exflagellation in the female
anopheline mosquito midgut [47]. The macrogametocyte, however, matures to one large
macrogamete [48]. The sporogonic cycle subsequently ensues in the mosquito midgut, where
the environment from the human host’s blood compartment to the mosquito vector midgut, is
responsible for the induction of gamete development [49]. Fertilization of the mature

macrogamete and flagellated microgametes occur through fusion of the gamete plasma
5
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membranes followed by nuclear fusion and meiotic division to form a tetraploid zygote (Fig. 1.2)
[50]. The end of the malaria sexual phase is reached when the zygotes develop into motile
ookinetes [51, 52]. Ookinetes penetrates the midgut epithelium through their apical complex
and position themselves between the epithelium and basal lamina [50] where they develop into
oocysts. A haploid state is restored when sporozoite budding occurs in the oocysts [50]. The
growing oocysts rupture and release sporozoites which migrate to the salivary glands of the

mosquito ready to infect a human host upon a blood meal [53].
1.3 P. falciparum parasites have an unusual cell cycle

Eukaryotes rely on precise cell progression and cell cycle regulation for genomic DNA duplication
and subsequent cell division into daughter cells [54]. Only a few eukaryotic organisms, especially
those with short embryonic stages or fast cell cycles [55], have developed and formed our
molecular understanding of the classic eukaryotic cell cycle. However, the cell cycle of unicellular
protozoans, such as P. falciparum, is also under severe control to facilitate development. This
has to occur through cell growth regulation and genome replication for subsequent division, as
in metazoans, but the molecular mechanisms of these processes in protozoa is comparably less
well understood [56]. The multistage P. falciparum parasite life cycle, and implied cell cycle, is
strictly controlled and the cell cycle is rather unique compared to the classic eukaryotic cell cycle

model allowing the parasite to rapidly develop during the IDC [57, 58].

1.3.1 Phases of the cell cycle

Different cell cycle phases can be associated with P. falciparum parasite life cycle stages (Fig.
1.3). The cell cycle commences in the interphase, which accounts for more than 90% of cell
cycle duration. The interphase is divided into sub-phases: initial gap (G1) phase, synthesis (S)
phase the second gap (G.) phase and the quiescent period (Go) [59]. Invading merozoites are
generally accepted to be in a non-replicative state with condensed chromatin and therefore, are
in a Ge-like quiescent state [60]. In a classic eukaryotic cell cycle, non-dividing cells enters a
quiescent phase (Go) whereby the cell temporarily exits the cell cycle [61]. Upon cell cycle re-
entry of these Gy cells, cell proliferation is under strict control and regulation [61]. Deficiencies
and abnormalities in cell cycle control, often associated with pathologies such as cancer, could

result in uncontrolled proliferation [62, 63].

Throughout the Gi-phase, the cell increases in size, RNA and protein content together with

chromatin decondensation; preparing the cell for DNA replication in the subsequent S-phase, in
6
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both the classic eukaryotic cell cycle [64] and the Plasmodium parasites’ cell cycle (Fig. 1.3)
[65]. During the Plasmodium parasite’s Gi-phase, uncondensed chromatin is associated with
the development of ring to early trophozoites stage parasites, remaining at 1N DNA copy number
[60]. In early trophozoites, an increase in RNA and protein content [66] is seen up to 24 h post-

invasion (hpi) [67].

Upon completion of the Gi-phase, the cells enter the S-phase where the classic eukaryotic cell
cycle conventionally undergoes a single round of genomic DNA replication, resulting in
duplicated chromosomes (reviewed in [68]). During the S-phase and throughout the subsequent
Go-phase the chromatin remains uncondensed [64]. In Plasmodium, the S-phase is initiated in
mature trophozoites (2N) and the parasite is classified as a schizonts (>2N) following 3-4 rounds
of DNA replication from 24-28 hpi [57, 66, 67]. In a classic eukaryotic cell cycle, the G,-phase
prepares the cell for mitosis through additional cell growth and protein synthesis (Fig. 1.3).
However, in Plasmodium an unusual occurrence is seen of alternating DNA synthesis and mitosis
during endocyclic schizogony [57]. This results in asynchronous nuclear divisions with no

discernible Gz-phase, to form multinucleated schizonts (Fig. 1.3) [57].

The mitotic (M) phase consists of four major sub-phases during which the cell will divide into two
daughter cells in the classic eukaryotic cell cycle and up to 32 daughter merozoites in the P.
falciparum cell cycle [34, 35]. In the classic eukaryotic cell cycle the initial sub-phase of mitosis,
prophase, the chromatin starts to condense into discrete chromosomes, which appear as two
sister chromatids joined at their centromere [69]. In contrast, Plasmodium parasite
chromosomes remain uncondensed during the M-phase as it alternates between the S-phase
and M-phase [57]. Microtubule organizing centers (MTOCS), are responsible for nucleation. The
formation of the mitotic spindle from MTOC:Ss is initiated during the prophase [66]. In the classic
eukaryotic cell cycle, the nuclear envelope fragments, partially or completely [70], allowing the
mitotic spindle microtubules to invade the nuclear area for chromosome attachment at
kinetochores during the metaphase [71]. This aligns chromosomes on the metaphase plate
equidistant from opposing spindle poles at MTOCs [66]. However, Plasmodium parasites have
intact nuclear envelopes during schizogony and forms multinucleated parasites through
repeated mitosis in the absence of cell division, a concept known as closed mitosis [57]. The
metaphase is the longest phase of the mitotic phases [66]. Upon completion of the metaphase,
the shortest mitotic phase, anaphase, commences. During the anaphase, the sister chromatids

part from each other and are subsequently pulled to opposite spindle poles through microtubule
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shortening; while non-kinetochore microtubules lengthen and elongate the cell [66]. During final
mitotic phase, telophase, the cell divides into two identical daughter cells with uncondensed
daughter nuclei followed by nucleus envelope reconstruction together with cytokinesis.
Cytokinesis is a process whereby cell division occurs through mechanical separation as a
cleavage furrow is formed [72]. The cleavage furrow consists of contractile actin microfilaments
associated with myosin, which further deepens the cleavage furrow to pinch off the parental cell
into two daughter cells [72, 73]. Despite asynchronous nuclear division in Plasmodium parasites,
synchronous nuclear division occurs in the final round of mitosis followed by subsequent
segmentation and a single cytokinesis event, to release multiple daughter merozoites (Fig. 1.3)

[57].

IVI Do G &
o
. .Merozojtes

Cell Cycle

Cell cycle phases Molecular Events Chromatin conformation

Euk  Pf RNA synthesis ~w-w-w-  Uncondensed chromatin
Gy-phase DNA synthesis @SS Condensed chromatin
S-phase Protein synthesis
Gyphase Nuclei division
M-phase

- - Gg-phase

Figure 1.3: Classic eukaryotic and P. falciparum cell cycle summary.

The eukaryotic cell cycle consists of four major phases; the first gap phase (G1) phase, the DNA synthesis phase
(S), the second gap phase (G2) and the mitotic phase (M). Classic eukaryotic cell cycle enters a Go phase, a
quiescent, non-replicative phase, after a cell exits the cell cycle (outer cell cycle ring, shades of grey). In P.
falciparum parasites (inner cell cycle ring), merozoites are in a Go phase (dark purple), a quiescent, non-replicative
phase. Ring-stage parasites during the Gi-phase (green blocks) develop in to trophozoite-stage parasites in the S-
phase (yellow blocks). Parasites alternate S- and M-phases (red blocks) during schizont development. In parasites,
the second gap phase (G>) is non-apparent. Individual cell cycle phase blocks are associated with the 48 h life cycle
of P. falciparum parasite. Specific molecular events (histograms) and chromatin conformations are associated with

8
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particular cell cycle phases. Images were designed using Blender software (www.blender.org) and Microsoft Excel
and Powerpoint Office 365.

1.3.2 Cell cycle checkpoints

The cell cycle control system, responsible for the dynamic regulation of sequential events, is
typically regulated by internal and external cellular signals at certain checkpoints. Governed by
decision-making signals, cell cycle checkpoints ensure that cells either commence the next cell
cycle phase upon completion of the current phase or enters a quiescent state by leaving the cell
cycle until the cell cycle can recommence [74]. If the cell cycle cannot recommence, cell death
ensues. Three major checkpoints are present in classic eukaryotic cell cycle for quality control
of 1) cell growth (G+/S), 2) replicated DNA fidelity (G2/M) and 3) the assembly of a bipolar spindle
and chromosome attachment (M-checkpoint) [66, 75, 76]. In Plasmodium, little is known about
the existence of cell cycle checkpoints. However, induced parasite cell cycle dormancy through
drug treatment [24, 77, 78] or nutrient starvation [79] have suggested a G-checkpoint in pre-
replicative ring-stage parasites, that may resemble a growth-factor dependent restriction point
(R-point) in metazoa. With no discernible G.-phase in the parasite cell cycle (Fig. 1.3), the
parasite is deprived of the opportunity of a G.-checkpoint [57, 80, 81]. Nonetheless, the highly
conserved parasite DNA repair machinery is upregulated in response to DNA damage [82]. The
ability of Plasmodium parasites to have a S- or M-checkpoint is challenged by the high rate of
genomic DNA replication during schizogony [57]. There is some evidence of chromosome
separation control: chromosomes align with the hemi-spindle in an uncondensed conformation
while remaining anchored to the MTOCs [83]. However, the ability of parasites to be
multinucleated within a shared cytoplasm remains poorly understood [80] and schizogony is
consistently completed around 48 hpi, despite the number of merozoites formed [84]; suggestive
of some level of intra-S or M-checkpoints in parasites. Despite unclear understanding of the
molecular process controlling checkpoints in Plasmodium parasite’s cell cycle, it seems unlikely

that the parasite will proceed through its cell cycle unchecked with timely precision and intricacy.

1.3.3 Cell cycle clock: cyclins and cyclin-dependent kinases

In the classic eukaryotic cell cycle, cell cycle control proteins, the abundance of cyclins and
cyclin-dependent kinases, regulate the sequential cell cycle events [66]. Cyclins associate with
the Gi-phase (Cyclin D), the S-phase (cyclin A and E) and the M-phase (cyclin A and B)
(reviewed in [85]). Cyclins activate cyclin-dependent kinases (CDK) as effectors of cell cycle
regulation, through phosphorylating additional proteins important for the cell cycle to progress

9
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[85]. In contrast to the classic eukaryotic cell cycle, Plasmodium parasites have an unusual
cyclin, cyclin-dependant kinase (CDK) and CDK-related kinase (CRK) repertoire. Three cyclins
have been identified (CYC1, -3 and -4) [86], together with seven CDKs or CRKs: protein kinase
(PK) 5 and -6, MRK-1, CRK-1,-3,-4 and -5 [87, 88]. None of the Plasmodium parasite cyclins
are homologues to classic eukaryotic cell cycle cyclins and their expression are not confined to
cell cycle phases, rather these are expressed at many life cycle stages [86, 89]. However, CDKs
are not the only kinases associated with the cell cycle, as kinases of never-in-mitosis A
(NIMA/NEK) and Aurora-related kinase (ARK) groups have been reported to be involved in the
parasite’s cell cycle [90-95].

1.3.4 Protein phosphorylation in cell cycle regulation

Eukaryotic cells rely on intracellular signalling for 1) cell division, differentiation and progression
throughout the life cycle, and 2) responding to extracellular signalling [96]. Besides the release
of secondary messenger molecules and site-specific recruitment of required elements
downstream, protein modifications play a major role in signalling pathways. Undeniably, the most
prominent protein modifications in eukaryotic cells are reversible protein phosphorylation
performed by protein kinases and phosphatases [97] and Plasmodium is no exception [98].
However, the essential roles of protein phosphorylation in Plasmodium cell cycle regulation have
been understudied, despite protein phosphorylation being a universal regulatory mechanism in

other eukaryotic organisms [97, 99].

The majority of the Plasmodium kinome, consisting of approximately 90 kinase members [100-
102], fall within the familiar mammalian kinome groups: cAMP-dependent, cGMP-dependent
and protein kinase C (AGC), CMGC, casein kinase 1 (CK1), tyrosine kinase-like (TKL) and
calcium-mediated kinase (CaMK) [103], and the biochemical regulation correlates with their
homologues. However, not all Plasmodium kinases, such as the Phe-lle-Lys-Lys kinases (FIKKs)
and a family of Calcium-dependant protein kinase (CDPKs), fall within the traditional eukaryotic
protein kinase (ePK) groups and are thus considered to be orphan families with no orthologues
in other higher eukaryotes [100, 102, 104]. The FIKKs constitute novel, atypical protein kinase-
like enzymes consisting of 21 members all with a conserved Phe-lle-Lys-Lys motif [103]. In P.
falciparum, the expanding FIKK family consists of 19 kinase genes and 2 pseudogenes [105].The
FIKK family accounts for the majority of the kinome diversity between P. falciparum and other

Plasmodium species, in the sub-telomeric regions [101], a chromosomal region prone to evolve
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rapidly [106]. Therefore, the FIKK proteins are postulated to be involved in specific host-parasite

interactions located in distinct infected erythrocytic cellular compartments [106].

The pivotal role of CDPKs in metabolism, transcription, ion pumps and channels, and
cytoskeleton control has marked its importance in the Plasmodium kinome in the early 1990’s
[107]. CDPKs, conventionally found in plants and not in metazoans, contain a kinase domain
directly fused to calmodulin-like EF-hands commonly found at the C-terminal [108]. An auto-
inhibitory domain acts as a pseudo substrate and inhibits the kinase domain which is released
upon calcium binding to the fused EF-hands [108]. In P. falciparum, 5 CDPKs have been
identified, PFCDPK-1 -5 with EF-hand-containing, amino-terminal tails [107]. Conversely, the
Plasmodium kinome notably lacks the tyrosine kinases (TKs) and members of mitogen-activated

protein kinase kinases (MAPKKSs) that are present in the human kinome [102].

The remainder of the Plasmodium kinome are members of the AGC, CaMK, CK1, CMGC, TKL,
orphan, NIMA/NEK and ARK groups [102]. Characteristically, three conserved regulatory
phosphorylation sites are present on the AGC protein kinases [109]. Three essential
intraerythrocytic P. falciparum kinases, PfPKA, PfPKB and PfPKG, belong to the AGC group [98].
To date, the only known cAMP-dependant protein kinase in P. falciparum is PfPKA which acts
on PfAMA1 protein essential for merozoite invasion [110, 111]. An essential role during
intraerythrocytic schizogony and gametogenesis has been assigned to the cGMP-dependent
protein kinase, PfPKG [112, 113]. PKGs are major cGMP signal transduction mediators, which
are expressed during the ring-stages of P. falciparum parasites [112, 113]. Phosphorylation of
the glideosome-associated protein GAP45 through PfPKB is essential for motor function and
erythrocyte invasion upon calcium-bound calmodulin activation associated with its N-terminus
calmodulin-binding domain [114]. A further 13 P. falciparum kinases belong to the CaMK group
involved in essential parasitic functions including cell invasion, protein secretion, cell motility and
egress [98]. Within the CaMK group, 7 kinases belong to the CDPK family discussed earlier. A
single member CK1 group, PfCK1, is essential during the intraerythrocytic stages of the

Plasmodium parasite development [98].

The CMGC group is the largest kinase group in Plasmodium and consists of 4 kinase families;
CDK, MAPK, GSK3 and CLK, hence the name. The pivotal role of the CMGC kinases in
intraerythrocytic proliferation is emphasised through 26 kinases present in the P. falciparum
kinome [98].

11
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Figure 1.4: Summary of all identified kinases of the P. falciparum kinome.

The Plasmodium kinome, consisting of 90 kinase members and cluster within 11 kinome groups/families; AGC,
ARK, CaMK, CK1, CDPK, CMGC, elF, FIKKs, NIMA, Orphans and TKL (group/family- and gene names; far outer
layer). (Layer-A) identified essential end non-essential kinases for intraerythrocytic parasites stages. (Layer-B)
Characterised kinase functions in IDC and (Layer-C) gametocytogenesis, gametogenesis or sporogonic cycle. Data
compiled from [87, 90-95, 98, 115-119].

Classic eukaryotic cell cycles are regulated by CDKs, among other regulators. Here, 5 CDKs are
present in the P. falciparum kinome; however, their involvement in P. falciparum cell cycle control
is still unclear [102, 120]. Merckx et al. have recently identified 3 novel CRKs of which PIMRK
and PfPK5 associates with and are subsequently regulated by cyclins Pfcyc1,-3 and -4 [89].
PfMRK may be associated with nuclear DNA replication machinery; however, very little is known
about the distinct roles of these kinases [121]. Furthermore, 2 mitogen-activated protein kinases
(MAPKSs) are represented in the P. falciparum kinome, MAP-1 and MAP-2, of which the latter is

essential for IDC completion [117]. However, due to the lack of MAPKK in the Plasmodium
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kinome, both Dorin et al. and Lye et al. argued in favour of atypical MAPK regulation by members
of NIMA/NEK kinases [91, 118]. Three enzymes encoded in the P. falciparum kinome belong to
the glycogen synthase kinase family (GSK) of which PfGSK3 have been reported to associate
with erythrocytic Golgi-like apparatus, co-localise with Maurer’s clefts and aids in protein export
to erythrocytic membranes [122]. Finally, 4 cyclin-dependent-like kinases (CLKs) of the CMGC
group, PfCLK1-4, are present in the P. falciparum kinome and are essential for IDC completion
[123]. Four TKL members are present in the P. falciparum kinome despite the absence of
tyrosine kinases in Plasmodium [102]. Notably, only 2 TKLs, PfTKL1 and PfTKL3, are essential
for IDC completion [98]. Both of these kinases, similar to mammalian TKLS, share MORN and

SAM motifs found at the N-terminal [115].

In a study performed on the P. falciparum parasite’s global kinomic and phosphoproteomic,
several essential cell cycle associated kinases have been functionally assessed through reverse
genetic approaches [98]. Several of these essential kinases are involved in cell cycle regulation
and progression such as the NIMA/NEK and ARK kinases [90, 92].

1.3.5 P. falciparum kinases involved in the cell cycle

NIMA/NEK kinases, a kinase family mainly involved in eukaryotic mitosis and meiosis, are
represented by 4 members in the P. falciparum kinome [98, 102]. The majority of the NEK
kinases are predominantly expressed in the gametocyte stages of the parasite life cycle [92,
1171, with the only exception of PINEK-1 expressed in the intraerythrocytic stages as well [98].
Interestingly, PINEK-1 is male gametocyte specific in Plasmodium while, both PINEK-2 and
PfNEK-4 are expressed irrespective of the parasite sex [92]. The latter is essential for meiotic
zygote-ookinete transitioning of the parasite in the mosquito midgut [94, 95]. Mitotic kinases,
such as NEKs and ARKs among others, have been described as centrosomal cycle regulators

in higher eukaryotes [124].

The P. falciparum kinome has three conserved Ser/Thr protein kinases distantly related to AGC
kinases, belonging to the Aurora family PfARK-1-3 [119]. All the ARKs are essential for
intraerythrocytic stages of the Plasmodium parasite due to previous unsuccessful gene
disruption attempts. Uniquely, PFARK-2 is only present in Plasmodium species while PTARK-3 is
found in only a subset of apicomplexans, Plasmodium, Neospora and Toxoplasma. By contrast,
PfARK-1 is highly conserved across all apicomplexans. Previous studies indicated co-localisation

of PTARK-1 with a subset of nuclei during schizogony, with no more than one PfARK-1 pair per
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nucleus in a maximum of 4 nuclei per schizont at any given time, in favour of the asynchronous
model of nuclear division in Plasmodium parasites [57, 119]. This strongly suggested an
essential role of PfARK-1 in parasite cell cycle events. Furthermore, co-localisation studies
indicated PfARK-1 pairs flank intra-nuclear microtubule spindles during the onset of mitosis
[119]. However, as mitosis progresses to developed full bipolar mitotic spindles, PfARK-1 pairs
are undetected; suggesting altogether, PFARK-1 associates with spindle pole bodies (SPB), a
distinctive feature of mitosis [98, 119]. SPB, often referred to as centriolar plaques, are the
functional equivalent of the centrosomes (MTOCs) found in higher eukaryotes. These SPB are
embedded in intact nuclear membrane pores and anchors spindle microtubules inside the
nucleus [65, 125]. Duplication of SPB, together with microtubule assembly, is an early hallmark

of mitosis in Plasmodium [65].
1.4 Work leading up to this dissertation

1.4.1 Aurora kinase and ARK interrogation

As attractive anti-neoplastic drug targets, Aurora kinases have been exploited extensively in
cancer [126] and Aurora kinase-specific inhibitors are continuously developed and assessed for
their potential as Aurora-based targeted anti-cancer therapy [127]. Hesperadin, among other
commercially available Aurora kinase inhibitors (reviewed in [128, 129]), is an Aurora kinase
specific indolinone and has been successfully used in previous studies as a tool for functional
kinase analysis [130]. Inhibition of mammalian AUR-B through hesperadin treatment revealed its
function in correcting kinetochore-microtubule attachment and subsequent maintenance of the
spindle assembly checkpoint, reminiscent of AUR-B RNAi phenotype [130]. Furthermore,
hesperadin has shown to have nanomolar range activity (250 nM) against mammalian cells and
significantly reduce cancer cell proliferation as a result of mitotic defects through AUR-B
inhibition [131]. Hesperadin was recently reported as a repurposed inhibitor of the human Aurora
kinase family with nanomolar activity against protozoans such as Trypanosoma brucei [132] and
Plasmodium parasites [133]. In other protozoans, such as 7. brucei, TbAUK-1 inhibition resulted
in blocked nuclear division with S-phase re-initation and impaired spindle formation during
mitosis [132, 134].

Aurora kinases have been described in various organisms with a close association with
centrosome and bipolar microtubule dynamics, as well as chromosome segregation and

cytokinesis [90, 135]. The role of PfARK associated with SPB in cell cycle regulation of P.
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falciparum parasites has not been completely elucidated. This is mostly due to the complexity
associated with tight synchronisation of the parasite to a particular cell cycle compartment under
in vitro conditions. Therefore, to aid in cell cycle studies, tight compartmentalisation of the

parasites within a minimal age range within parasites is required [58].

1.4.2 A system to allow parasite synchronisation for cell cycle analysis

In erythrocytes, polyamines are present in low levels as they lack ornithine decarboxylase (ODC)
and S-adenosyl methionine decarboxylase (AdoMetDC) [136] and absorb polyamines from the
environment [137, 138]. Naturally occurring polyamines (including putrescine, spermidine and
spermine) [139] are essential mitogens of normal cell cycle progression. The polyamine pathway
is essential for cell growth and proliferation of all proliferating cells including P. falciparum
parasites and inhibition thereof leads to decreased cell growth and apoptosis [140, 141].
Mitogen (polyamine) depletion leads to R-point induction in cells and cells cannot progress
through the G+/S transition [142, 143].

P. falciparum infected erythrocytes have significant increased polyamine levels due to polyamine
synthesis by the parasite as the parasite matures during the IDC (Fig. 1.5) in preparation of
increased macromolecular biosynthesis required for DNA replication and nuclear division during
the schizont stages [54, 55]. This characteristic was exploited in an innovative study on P.
falciparum parasites by Van Biljon et al., 2018 [142] where a developmental block was induced
in early trophozoite-stages through polyamine biosynthesis disruption using a-
difluoromethylornithine (DFMO) (Fig. 1.5), an ODC inhibitor [142]. As polyamine biosynthesis is
essential for parasite proliferation, DFMO treatment arrested parasites synchronicity (93.3 +
1.0%) in the early trophozoite-stage of development with essentially no parasites able to escape
the block (Fig. 1.5) [142].
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Figure 1.5: P. falciparum parasite cell cycle events correlated to inducing controlled cell cycle arrest and re-entry.
Expression of PFAdoMetDC/ODC (top panel line graph) from 12 hpi correlates with detectable putrescine levels (top
panel bar graph) at early and late trophozoite (S) and schizont (M) parasite stages. An optimal window for DFMO
treatment (grey block) is therefore 0-12 hpi, ring-stage (G1) parasites, resulting in 18-22 hpi synchronised early
trophozoite-stage parasites (G+/S). Parasite arrest can be reversed upon putrescine addition after 24 h of DFMO
treatment, with normal life cycle progression as a result. Correlated with life cycle progression, duplication of SPB
(middle panel), together with microtubule assembly, is an early hallmark of the M-phase. PfARK-1 pairs (yellow
shapes) flank intra-nuclear microtubule spindles during the onset of M-phase. Images were created using Blender
software (www.blender.org) and others were adapted from previous publications [65, 90, 94, 119, 142].

The morphologically observed tight synchronisation was used to evaluate if these parasites are
indeed also regulated in their cell cycle development. For arrest to be a true reflection of a cell
cycle arrest event (e.g. parasites enter a quiescent Gy state and re-initiate the cell cycle once
conditions are favourable), the arrest should be fully reversible and parasites remain viable and
free of obvious negative perturbation effects [568, 144]. The presence of polyamine uptake
mechanisms in P. falciparum parasites was established [145] and it was used to prove the
DFMO-induced arrested parasites could re-initiate their cell cycle after mitogen (polyamine)
stimulation [142]. Additionally, DFMO-treated parasites comply with a quiescent, arrested
phenotype as they remain morphologically unaffected, metabolically viable and they still actively
synthesise ATP [146]. DFMO-treated parasites can re-enter the cell cycle upon putrescine

supplementation without observable stress and increased gametocytogenesis rate[142].
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The system was used to interrogate regulation of the parasite during its Gs-phase, since these
parasites were unable to initiate DNA synthesis and remained at a 1N DNA copy number
associated with the Gs-phase [142]. Polyamine supplementation resulted in subsequent DNA
replication during schizogony and nuclear division in mitosis [142]. This phenomenon is
indicative of cell cycle arrest at a mitogen-dependent R-point prior to the G4/S transition (Fig.
1.5) [142]. The system therefore provides a useful tool by which parasites can be
compartmentalised in their cell cycle, and this is a much-needed resource for cell cycle studies

of malaria parasites.

This dissertation focused on the involvement of PfARK regulatory mechanisms in cell cycle phase
progression and life cycle development of the parasite through chemical interrogation. The
novelty of the dissertation is embedded in the use of an innovative approach, established by Van
Biljon et al. [142] for cell cycle phase-specific synchronisation of parasites as a tool to provide
extensive insights to the importance of PfARK cell cycle regulation during the intraerythrocytic
stages of the parasite. Ultimately, the dissertation provides a better understanding of PfARK cell
cycle regulation during parasite asynchronous nuclear division associated with M-phase

progression.
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1.5 Hypothesis

DFMO synchronisation of intraerythrocytic P. falciparum parasites allow investigation of the

involvement of Aurora-related kinases in M-phase regulation of intraerythrocytic P. falciparum

parasites.

1.6 Aim

The main research aim of this study was to define the role of PfARK during M-phase cell cycle

regulation in intraerythrocytic P. falciparum parasites.

1.7 Specific objectives

1.7.1

1.7.2

1.7.3

To validate DFMO-induced P. falciparum parasite cell cycle arrest at the G+/S transition

and subsequent parasite recovery as a valuable synchronisation tool.

Here, the antiproliferative properties of DFMO-treated parasites were validated
quantitatively. This was extrapolated to validate the developmental stage of DFMO-
arrested parasites and assessment of life cycle progression of DFMO-arrested parasite

reversal through putrescine supplementation.

Assess the potential of DFMO synchronisation as an applicable system to study the M-

phase of P. falciparum parasite cell cycle.

Life cycle progression to M-phase of putrescine-rescued parasites was assessed and
validated to the developmental stage of putrescine-rescued parasites. Furthermore,
nuclei formation during M-phase development of putrescine-rescued parasites was

described.

Characterise of the role of P. falciparum ARK in M-phase cell cycle regulation.

Here, the antiproliferative properties of hesperadin was validated as an PfARK inhibitor.
DFMO synchronisation was used as a tool to evaluate the effect on M-phase cell cycle
regulation of PfARK inhibition on life cycle progression and proliferation, the ability of
parasite proliferation recovery after hesperadin treatment, DNA replication during
schizogony, nuclei development during schizogony, parasite viability and spindle

formation during mitosis.
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1.8 Research outputs

1.8.1 Peer reviewed publications

Van Biljon, R., Niemand, J., van Wyk, R., Clark, K., Verlinden, B., Abrie, C., von Gruning, H.,
Smidt, W., Smit, A., Reader, J., Painter, H., Llinas, M., Doerig, C., and Birkholtz, L.-M., Inducing
controlled cell cycle arrest and re-entry during asexual proliferation of Plasmodium falciparum

malaria parasites. Scientific Reports, 2018. 8(1): p. 16581.

Results of aim 2 and 3 are being prepared as part of a manuscript for submission to Nature

Chemical Biology (impact factor of 15.066).
1.8.2 Conference proceedings:

Abrie C., van Biljon R., Doerig C., Niemand J., Birkholtz L. Functional investigation of essential

kinase regulatory elements of cell cycle regulation in Plasmodium falciparum. MRC Office of

Malaria Research Conference. Poster presentation. Pretoria, South Africa, 2017.
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2 Chapter 2: Materials and Methods
2.1 Ethics statement

All experiments of this study were carried out at the Malaria Parasite Molecular Laboratory
(M2PL) with certified Biosafety level P2 facilities for P. falciparum parasite cultivation. The
University of Pretoria Research Ethics Committee, Health Sciences Faculty has granted ethical

clearance (506/2018) for the cultivation of parasites and the use of human erythrocytes.
2.2 In vitro culturing of intraerythrocytic P. falciparum parasites

Blood was donated from consenting A+, B+ or O+ human donors. Serum and buffy coat was
removed from whole blood by washing with phosphate buffered saline (PBS) containing 137 mM
NaCl (Sigma Aldrich, USA), 2.7 mM KCI (Merck, Germany), 4.3 mM Na,HPO, (Merck,
Germany), and 1.47 mM KH.PO, (Merck, Germany) at pH 7.4 followed by centrifugation at
3500g for 10 min. Erythrocytes were stored at 4°C in culture medium (RPMI-1640 (Sigma
Aldrich, USA) supplemented with 23.81 mM NaHCOs; (Sigma Aldrich, USA) [147], 25 mM
HEPES (Sigma Aldrich, USA), 0.024 mg/mL gentamycin (HyClone, USA), 0.2 mM hypoxanthine
(Sigma Aldrich, USA), 0.2% glucose (Merck, Germany), and 5 g/L Aloumax Il (ThermoFischer,
New Zealand)) for no longer than 2 weeks at 50% haematocrit. Cryopreserved P. falciparum
NF54, NF54FS16-6FLue 37 and W2 parasites were thawed at 37°C followed by adding 200 ul of
12% NaCl and 1800 ul of 16% NaCl in a stepwise manner with 5 min incubation periods after
each addition. Thawed parasites were suspended in human erythrocytes and complete RPMI-
1640 culture medium at a 5% haematocrit. In preparation for in vitro, studies cultures with a ring-
stage parasitaemia of >2% were consecutively synchronised to ~80% ring-stage parasites by
5% (w/v) D-sorbitol (Sigma Aldrich, USA) treatment at 37°C for 15 min to allow iso-osmotic lysis
of trophozoite and schizont infected erythrocytes [148]. Synchronized cultures were maintained
in complete culture medium at a 5% haematocrit. Routine culture maintenance included daily
media changes and cultures were gassed with 5% CO,, 5% O, and 90% N (Afrox, South Africa)
for approximately 50 s prior to incubation at 37°C in a rotatory incubator at 60 rpm. Parasitaemia

was monitored daily using light microscopy of Giemsa stained parasites.
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2.3 SYBR Green I|-based fluorescence assay to validate antiproliferative effects against

intraerythrocytic P. falciparum parasite stages

Malaria SYBR Green I|-based fluorescence assay was used as screening method to determine
compound in vitro antiproliferative efficacy against P. falciparum parasites. The assay is based
on the detection of nucleic acid content. SYBR Green | is known to have a high affinity for double
stranded DNA [149]. Human erythrocytes are known to lack nucleic acids. However, parasitic
cells contain both DNA and RNA and are thus prone to SYBR Green | fluorophore staining. An
>80% synchronised ring-stage intraerythrocytic P. falciparum parasite culture (1% parasitaemia,
1% haematocrit) was used. Chloroquine disulphate (0.5 uM), a well-known potent antimalarial,
was used as a positive control for inhibition and an untreated control was used as a positive
control for parasite growth. Compounds were dissolved in non-lethal dimethyl sulfoxide (final
concentration lower than 0.1%) for full dose response evaluation in a 96-well plate serially diluted
two-fold in complete culture medium. The parasites were placed in a modular gas chamber,
gassed (5% CO, 5% O, and 90% N) for 1 min and incubated at 37°C in a stationary incubator
for 96 h. Equal volumes of thawed parasites were resuspended in SYBR Green lysis buffer
containing 0.002% (v/v) SYBR Green | dye (Invitrogen, USA), 20 mM Tris, 0.008% (w/v) saponin
(Sigma Aldrich, USA), 5 mM EDTA (ethylene dinitrotetraacetic acid) (Merck, Germany), 0.08%
(v/v) Triton X-100 (Sigma Aldrich, USA) and incubated for 1 h in the dark at room temperature.
SYBR Green | fluorescence was measured using a multimode reader GloMax®-Multi Detection
System (Promega, USA) at excitation wavelength of 485 nm and emission wavelength of 538
nm. Normalisation to the untreated parasite growth control was performed after subtracting
background fluorescence of the positive control for parasite growth inhibition and parasite
proliferation was expressed as a percentage. Data were analysed and non-linear regression
curves were generated using GraphPad 6.01 software to determine the half-maximal inhibitory

concentrations (ICso) [150] for all compounds.
2.4 Measurement of P. falciparum parasite nucleic content

Parasite DNA content as a measurement of DFMO-induced cell cycle arrest was investigated
with flow cytometry as described [142]. Synchronised ring-stage P. falciparum 3D7 parasites
(5% parasitaemia, 5% haematocrit) 6-10 hpi, were treated with 2xICso DFMO (Sigma Aldrich,
USA). After 24 h DFMO treatment, DFMO-arrested intraerythrocytic parasites was reversed with
2 mM putrescine dihydrochloride (Sigma Aldrich, USA) and parasite recovery was monitored

hourly up to 72 h after DFMO treatment. Aliquots (50 pl) were removed at every time point and
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fixed in a 1:10 ratio with 0.025% (v/v) glutaraldehyde (Sigma Aldrich, USA) in PBS for 30 min at
room temperature and stored at 4°C. In preparation for flow cytometry, cell pellets were washed
twice with 500 ul PBS followed by centrifugation at 500g for 5 min to remove the glutaraldehyde.
For cell cycle compartmental analysis, cell pellets were stained for with 10 pl of 1:1000 SYBR
Green | (Invitrogen, USA) together with 10 pl of 1:1000 Pyronin Y (Sigma Aldrich, USA) and
incubated in the dark for 30 min at room temperature. The dye was removed through two
consecutive washing steps with 500 ul PBS followed by centrifugation at 500g for 5 min. Cell

pellets were resuspended in PBS to a final volume of 750 pl.

Flow cytometric analysis was performed on a Becton Dickinson Accuri™ C6 Plus (Becton
Dickinson, USA) with voltage settings set to FSC: 50 V, SSC: 200 V and FITC: 380 V. For each
sample, 100 000 events were counted, and fluorescence was measured for SYBR Green | (DNA)
with a 515-545 nm filter (FL-1 channel, FITC signal) and for Pyronin Y (RNA) with a 564-606 nm
filter (FL-2 channel, PE signal). A single stained SYBR Green | and Pyronin Y sample was used

to calculate compensation.
2.5 Flow cytometry gating strategy

Flow cytometry datasets were analysed using FlowJo version 10 software (FlowJo LLC, USA).
Dataset cleansing was done by removing instrument induced fluorescence anomalies, doublets
and/or cell clumps, cell debris and any unwanted events. Primary gating was performed manually
based on control samples; an unstained uninfected erythrocyte sample and a stained uninfected
erythrocyte sample. Background DNA-free erythrocyte fluorescence signal was deducted using
the latter control sample. Primary gating was performed to separate parasite infected
erythrocytes from the uninfected erythrocytes, as a measure of parasitaemia. The parasite
infected erythrocyte population was used to perform secondary gating; segregate parasite
infected erythrocytes according to their DNA copy number. Ring and early trophozoite parasites
with a single nucleus corresponded to 1N DNA copy number [57], while mature trophozoite and

schizont parasites contained multiple nuclei, 2N [57] and >2N [57, 151], respectively.
2.6 Morphological evaluation of P. falciparum parasites
2.6.1 P. falciparum parasite sample preparation for immunofluorescence assay (IFA)

Samples of 2 ml synchronised intraerythrocytic P. falciparum parasites (5% haematocrit, 5-10%

parasitaemia) were aliquoted and centrifuged at 1200g for 3 min. Supernatant was discarded
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and samples were resuspended in 1 ml PBS at 4°C. Parasites were released from erythrocytes
through 0.15% (w/v) saponin in PBS lysis on ice for 2 min (trophozoite and schizont parasite
stages) and 10 min (ring-stages) thereby releasing the parasite from the erythrocytic plasma
membrane and haemoglobin responsible for background fluorescence. After saponin incubation,
parasites were centrifuged at 1500g for 5 min at 10°C. Parasite pellets were resuspended in 1
ml cold PBS and washed through centrifugation at 5300g for 2 min, twice. Preservation of
parasite sub-cellular molecular arrangements at a given time is required for accurate parasite
morphology assessment. P. falciparum parasites were fixed with 4% (w/v) paraformaldehyde
(PFA) with 0.025% (v/v) glutaraldehyde in PBS for 30 min on ice to create cross-linkages
between amine groups on proteins and nucleic acids. Unreacted aldehyde groups were blocked
through 0.1% (w/v) glycine treatment for additional 5 min on ice. Fixatives were removed from
the parasite suspension through centrifugation at 53009 for 5 min. The fixed parasite pellet was
washed in cold PBS followed by centrifugation at 5300g for 5 min, resuspended in 100 pl cold
PBS and stored at 4°C.

2.6.2 Coverslip cleaning and preparation for IFA

To remove any chemical residue present on the coverslips, a series of 100% acetone, 100%
methanol and triple distilled water (dddH».O) was used to rinse coverslips, repeated twice.
Coverslips were then incubated in 1 M KOH for 45 min using a Branson Sonifier cell disruptor B-
30 (Branson, USA) to clear the surface of the coverslips from small debris, which may result in
autofluorescence or non-specific binding. Coverslips were sonicated an additional two times in
dddH.0 for 15 min and subsequently rinsed twice in dddH,O prior to storage in 40% (v/v) ethanol

in dddH.O at room temperature.

To ensure parasites adhere to the surface of the coverslips through ionic attraction to negative
charges in cell membranes, cationic surface charge was created by incubating coverslips in
0.01% (w/v) poly-L-lysine (PPL) (Sigma Aldrich, USA) in PBS for 30 min in a moist chamber.
Following incubation, coverslips were rinsed twice with PBS. Fresh coverslips were prepared on

the day of immunofluorescence (IF) imaging.

2.6.3 Direct IFA

IF allows for molecular antigen detection and visualisation through specific binding of antibodies.
Direct IF labelling is based on a primary antibody conjugated to a fluorophore specific for a target

molecule. For direct IF, 50-100 pl fixed parasites (as prepared above) were aliquoted onto clean
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PPL-coated coverslips (as prepared above). Parasites were left to settle for 1 h to adhere and
form a monolayer on the coverslip surface. Unattached parasites were carefully rinsed off without
disturbing the monolayer using PBS. Parasites were permeabilised with 0.1% (v/v) Triton X-100
in PBS incubated for 5 min at room temperature. After permeabilisation, the parasites were
washed with PBS. Non-specific antibody binding was blocked by incubating coverslip adhered
parasites for 20 min with 1% (w/v) bovine serum antigen (BSA) in PBS at room temperature.
AlexaFluor 647 conjugated rabbit anti-a-tubulin (Biocom Biotech, RSA) was used at 1:500
dilution in 1% (w/v) BSA in PBS incubated 45 min in a humid chamber in the dark. To remove
unbound primary antibodies, the parasites were washed three times with PBS. Coverslips with
antibody-labelled parasites with suitable fluorophore counterstaining (Table 2.1 below) were

mounted on glass slides in Fluoroshield (Sigma Aldrich, USA) mounting medium.

2.6.4 Fluorophore staining

Fluorophore staining is based on light absorption and emission through a fluorescent chemical
compound. Parasite morphology was correlated to parasite maturity through confocal
fluorescence microscopy using fluorophores (Invitrogen. USA) with applicable binding
specificity. Thin smears of intraerythrocytic P. falciparum parasites were made and air-dried
parasites were fixed by rinsing slides in 100% methanol. Applicable fluorophores were selected,
and fixed parasites were incubated with fluorophores at specified dilution (as indicated in Table
2.1) for 15 min in the dark at room temperature. In the case of dual staining, fluorophores were
selected based on their excitation and emission wavelengths to ensure spectrally distinct
fluorophores were used. Excess fluorophores were removed by rinsing the slide twice in PBS.

Parasites were freshly stained on the day of visualisation.

Table 2.1: Fluorophores used in fluorescent labelling assays.

Fluorophore Probe type Em’ Ex? UV-vis Dil.®
(nm) (nm) spectrum used

colour
Hoechst 33258 Nucleic acids; AT-selective 478 345 Blue 1:1000
SYBR Green | Nucleic acids; AT-selective 520 497 Green 1:1000
Propidium lodide (PI) | Nucleic acids; membrane impermeant 617 536 Orange/Red | 1:1000

1) Em: Peak emission wavelength (nm).
2) Ex: Peak excitation wavelength (nm).
3) Dil. Used: dilution used.
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2.6.5 Confocal fluorescence microscopy and image processing

For parasite morphology analysis, imaging was performed on a Zeiss LSM 880 Inverted Confocal
Laser Scanning Microscope (LSM) - Airyscan detector (Zeiss, Germany) for super-resolution
imaging with appropriate channels, based on fluorophore emission and excitation wavelengths.
A 100x oil immersion objective with 1.4 numerical aperture was used for imaging parasites.
Photomultiplier gain was set to 600 V and laser scanning times were kept at 45 s. Zeiss ZEN lite
blue edition software (Zeiss, Germany) was used for initial digital image processing and ImageJ
version 1.52d open source software (NIH, USA) was used for fluorescence intensity analysis as

grey values in pixels.
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3 Chapter 3: Results

3.1  DFMO-induced parasite G+/S transition cell cycle arrest and subsequent parasite recovery

as a synchronisation tool

3.1.1 Antiproliferative properties of DFMO

The antiproliferative effects of DFMO, an AdoMetDC/ODC inhibitor (Fig. 3.1A), was evaluated
across different P. falciparum parasite strain, drug sensitive NF54 (or NF54PS16-GFP-Lucy and 3D7
parasite strains, as well as drug resistant (chloroquine, cycloguanil, quinine, sulfadoxine and
pyrimethamine) W2 parasite strain. The ICsy of DFMO against intraerythrocytic P. falciparum

parasites was confirmed through in vitro SYBR Green | fluorescence assay (Fig. 3.1B).

A B
OH
F 1004 ®m NF54 (ICsg: 2.437 + 0.057 mM)
0 9 A NF54PS16 (1c.0- 2 137 £ 0.017 mM)
F 5 ¥ 3D7 (ICsp: 2.241 £ 0.015 mM)
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©
B
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Log[DFMO] (mh)

Figure 3.1: Dose-response evaluation of DFMO inhibition of intraerythrocytic P. falciparum parasite strains.

(A) The structure of DFMO (B) DFMO dose-response against NF54 (drug sensitive, m), NF54P8186FP-Lue (gryg
sensitive, A) 3D7 (drug sensitive, ¥) and W2 (drug resistant, e) parasite strains were determined using SYBR
Green |-based assay for 96 h drug pressure, initiated on ring-stage P. falciparum parasite cultures (1% parasitaemia,
1% haematocrit). Results are representative of one biological replicate (n=1+ SD), performed in technical triplicate.
Non-linear regression curves were generated using GraphPad Prism version 6.01 software. Error bars represent
standard deviation. For some points, error bars fall within the symbols.

Collectively, the ICso values of DFMO treatment across different P. falciparum parasite strains
(W2, NF54 and 3D7) were determined as 2 mM and corresponds to previous reports of 1Csg
1.25+ 0.42 mM for the 3D7 strain [152]. No cross-resistance or loss of efficacy was observed
between the strains. For DFMO-induced cell cycle arrest studies, parasites were treated with

DFMO at 2xICso concentrations.
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3.1.2 Flow cytometry evaluation of DFMO-arrested parasites

3.1.2.1 Quality control evaluation and gating strategy of infected erythrocytes stained with
SYBR Green |

Flow cytometry was used to evaluate DNA synthesis (SYBR Green | staining) as a proxy for cell
cycle arrest and to determine the phase of arrest. To ensure the sensitivity of flow cytometry
measurements, strict quality control parameters were applied to eliminate fluorescent anomalies
(Fig. 3.2). Flow run stability was used to determine the population of cells present in even flow
and eliminate cells affected through uneven flow caused by instrument clogging and back
pressure from the dataset. Fig. 3.2A indicates a forward scatter (FSC-A) parameter against time
to evaluate the quality of the flow over the time of acquisition, which was consistent through the
experiment. Secondly, pulse geometry gating was performed to acquire only single cells from
the dataset. A forward scatter height (FSC-H) against area (FSC-A) density plot (Fig. 3.2B) was
used to select for single cells along the diagonal, thereby removing doublets and cell clumps
from the dataset and increasing the accuracy of flow cytometry measurements. Uninfected and
P. falciparum infected erythrocytes were identified based on relative cell size (FSC-A) and cell
complexity (SSC-A) represented by a density plot (Fig. 3.2C). The forward and side scatter

gating eliminate cell debris, free merozoites and events not of interest from the dataset.

A Flow cytometry run B Single cells C Population of
stability interest

10 SSC-A; FSC-A
1 96.9

FSC-A: FSC-A
FSC-A: FSC-A
SSC-A 0 SEC-A

10°

w0t R o

Time :: Time FSC-H: FSC-H FSC-A FSC-A

Figure 3.2: Flow cytometry quality control parameters evaluation.

(A) Flow stability gating. A forward scatter (FSC) parameter against time represents the quality of the flow over the
time of acquisition. The stability gate (red) represents the population of cells with an even flow. (B) Pulse geometry
gating. Forward scatter height (FSC-H) against area (FSC-A) density plot allows for differentiation between single
cells and cell clumps. (C) Forward and side scatter gate. Density plot represents cell size (FSC) correlated with its
complexity (SSC) to select for wanted cells. All density plots were generated using FlowJo version 10.1 software.

Subsequently, the P. falciparum infected erythrocyte population was identified by evaluating
differences between SYBR Green | nuclear stained uninfected and infected populations (Fig.
3.3), respectively, using flow cytometry as described previously [151, 153]. P. falciparum
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infected erythrocytes can be clearly distinguished from the uninfected erythrocytes with
complexity SSC-A analysis associated with fluorescent output (Fig. 3.3). Quadrant gates
identified Q4 as a population with erythrocyte-generated fluorescence whilst Q3 represent the
P. falciparum-infected erythrocyte population. Quantification of Q3 populations indicated a large
difference between uninfected (0.29%) (Fig. 3.3A) and parasite infected (9.31%) erythrocyte
samples (Fig. 3.3B), the latter corresponding to parasitaemia (9%) morphologically quantified
using Giemsa-stained thin smears. This gating strategy was subsequently applied to all samples

to identify the P. falciparum-infected erythrocyte population of interest.

A SYBR Green | B SYBR Green |
Stained Uninfected Erythrocytes Stained Infected Erythrocytes
iRBC iRBC
0.30 9:31
W @ wia - @
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O 0.29
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Figure 3.3: Flow cytometry gating strategy used for intraerythrocytic P. falciparum parasite life cycle progression.
(A) Density plot represents the side scatter (SSC) of the SYBR Green | stained uninfected erythrocytes. The bar
indicated on the corresponding histograms (iRBC) corresponds to the gate set to differentiate between SYBR Green
| stained uninfected erythrocytes and infected erythrocytes fluorescence. (B) Gating conditions (as in fig. 3.3A) were
applied to SYBR Green | stained intraerythrocytic P. falciparum 3D7 parasites. Density plots and histograms were
generated using FlowJo version 10.1 software. Parasitaemia was confirmed through Giemsa stained light
microscopy at 1000x magnification.

3.1.2.2 Using flow cytometry to evaluate parasite cell cycle compartments

Once the parasite-infected erythrocyte population was separated from uninfected erythrocytes,
the population could be evaluated for cell cycle progression. Here, SYBR Green | nuclear stain
was used to monitor cell cycle progression based on an increase fluorescence associated with
increased nucleic acid content (Fig. 3.4). In all cases, the flow cytometric populations were
associated morphologically with life cycle stages and independent nuclear counts through
fluorescent imaging (SYBR Green | stained nuclei). Ring-stage parasites were haploid (1N),
trophozoite-stages were considered to contain 2N nuclear content (two distinct nuclei
observed). Schizonts were classified as containing any number of nuclei >2N [57, 151].

Therefore, flow cytometry can be used to assess cell cycle progression in P. falciparum parasites.
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Count

Figure 3.4: Flow cytometry gating strategy used for intraerythrocytic P. falciparum parasite DNA copy number
progression.

Intraerythrocytic P. falciparum parasite culture (3% parasitaemia, 5% haematocrit) was stained with SYBR Green |
before analysis. Fluorescence collected in the FL-1 channel (FITC signal) on a Becton Dickenson AccuriTM C6 Plus
cytometer. Histogram represents parasite DNA copy number (N) with corresponding parasite morphology; ring-
stage parasites (1N), trophozoite-stage parasites (2N), schizont-stage parasites (> 2N) as described [57, 151]. In
all cases, a total of 100 000 events were captured. Histograms were generated using FlowJo version 10.1 software.
Morphology was confirmed through SYBR Green | confocal fluorescence microscopy using a Zeiss LSM 880
Confocal Laser Scanning Microscope (LSM).

Additionally, SYBR Green |, in conjunction with Pyronin Y, staining was used for cell cycle
compartmentalisation into Gy and S-phase parasites (Fig. 3.5). DNA and RNA synthesis are
associated with different cell cycle phases. Early Gi-phase are associated with ring-stage (1N)
parasites and contains mainly DNA [151] and will therefore stain with SYBR Green |. During late
Gs-phase RNA synthesis occurs as the parasite develops into early trophozoites [151]. Pyronin
Y fluorescence is directly related to RNA content levels and will therefore increase during late
Gs-phase. As the parasites develop to mature trophozoite (2N) and schizont (>2N) stages during
the S-phase, both DNA and RNA content increases [151] and are associated with SYBR Green

| and Pyronin Y fluorescence, respectively.
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Figure 3.5: P. falciparum parasite cell cycle compartmentalisation.

P. falciparum parasite cultures (3% parasitaemia, 5% haematocrit) was stained with SYBR Green | and Pyronin Y
before analysis. SYBR Green | fluorescence was collected in the FL-1 channel (FITC signal) and Pyronin Y
fluorescence was collected in the FL-2 channel (PE signal) on a Becton Dickenson Accuri™ C6 Plus cytometer.
Parasites were compartmentalised into G and S-phase based on RNA fluorescence and DNA fluorescence as
described [151]. In all cases, total of 100 000 events were captured. Density plots were generated using FlowJo
version 10.1 software.

In all cases, the parasites’ DNA and RNA content were monitored as the parasites progressed
through its cell cycle (Fig. 3.5). The flow cytometric Gi-compartment gate associated with ring-
stage parasites, and the S-compartment gate with increased DNA and RNA content in
trophozoite and schizont stages of the parasite. Parasite life cycle progression was confirmed
with SYBR Green | fluorescence microscopy. Thus, flow cytometry was found to be accurate for
correlating life cycle stage to cell cycle phase and progression through DNA and RNA content
quantifying. Therefore, flow cytometry can be used to investigate cell cycle phases in P.

falciparum parasites.

3.1.2.3 Flow cytometry correlation of DFMO-treated parasites

Once the flow cytometry gating strategy was established and untreated parasites were
accurately classified into cell cycle phases, this strategy could be applied to evaluate DFMO-
arrested parasites for 1) parasite synchronicity and 2) the cell cycle phase. SYBR Green |
fluorescence was used to evaluate cell cycle progression over two life cycles (72 h) in untreated

parasites compared to DFMO-treated parasites (Fig. 3.6).
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Figure 3.6: P. falciparum parasite synchronization through DFMO treatment.

Intraerythrocytic P. falciparum 3D7 ring-stage (~10 hpi) parasites (3% parasitaemia, 5% haematocrit) were
synchronised by 2xICso DFMO treatment. Parasites sampled after 24 h DFMO treatment then every 6 h onwards
up to re-initiation of the following IDC (72 h). SYBR Green | fluorescence indicative of parasite DNA copy number
(N) was measured by flow cytometry: ring-stage parasites (1N), trophozoite-stage parasites (2N), schizont-stage
parasites (> 2N) as described [57, 151]. Fluorescence was collected in the FL-1 channel (FITC signal) on a Becton
Dickenson Accuri™ C6 Plus cytometer. A total of 100 000 events were captured and analysed using FlowJo version
10.1 software. Bar graphs were generated using GraphPad Prism version 6.01 software. Data are representative
of one biological replicate (n=1+ SD), performed in technical triplicates. Error bars represent standard deviation.
Morphology of representative parasite population was confirmed through SYBR Green | confocal fluorescence
microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM).

The experiment was initiated on 5% sorbitol synchronised early ring-stage P. falciparum 3D7
parasites (0 — 10 hpi). Untreated parasites developed from a majority 1N (60.4%) ring-stage
population (0 h after treatment; <10 hpi) to >2N schizont-stage population (36 h after treatment;
<46 hpi) with 1N parasites decreasing (36.7%). DFMO treatment (2xICso) arrested parasites in
early trophozoite-stage (18 — 22 hpi) of parasite development and >60% of the parasites
remained predominantly in a 1N nuclear state throughout DFMO exposure time (Fig. 3.6).
Approximately 20% of parasites were not affected by the DFMO block because they already
progressed to 2N (>12 hpi) and therefore already synthesised AdoMetDC/ODC together with
polyamines [142]. Flow cytometric quantification of nuclear content was confirmed through
fluorescent imaging in all cases. Collectively, normal cell cycle progression occurred in untreated
parasites and DFMO treatment arrested parasites at G+/S transition, as expected [142]. This
validated the requirement of polyamines for parasite life cycle progression and DFMO treatment

as an effective synchronisation tool, as previously indicated [142].
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3.1.2.4 Life cycle progression of DFMO-arrested parasite reversal through putrescine
supplementation

To validate life cycle arrest as cell cycle arrest, re-entry into the correct cell cycle phase from an
arrested state is required, without compromising cell viability and ensuring proper ploidy [58,
144, 154]. DFMO treatment of P. falciparum parasites produce metabolically and structurally
uncompromised arrested parasites [138, 155] and the arrested parasites are fully reversable
upon putrescine supplementation at non-toxic levels (2 mM) [145]. Arrested P. falciparum 3D7
parasites were reversed after 24 h of DFMO treatment through putrescine supplementation (in
the presence of DFMO), or through DFMO washout and cultivation in normal media (Fig. 3.7A).
Culture media normally contains high levels of polyamines [156], which are sufficient to restore

proliferation in the absence of continuous DFMO pressure.

A significant difference (P<0.05) in parasitaemia between untreated P. falciparum 3D7 parasites
and putrescine-rescued parasites was detected 36 h up to 48 h; however, no significant
difference (P>0.05) in parasitaemia between untreated P. falciparum 3D7 parasites and
putrescine-rescued parasites (9.97% and 9.31%, respectively) was detected at 72 h after
treatment (Fig. 3.7A). Significant differences were calculated using a paired two-tailed equal
variance students t-test. This suggest life cycle, and implied cell cycle, progression of reversed

parasites was not compromised during schizogony.

A constant parasitaemia (~2-3%) was maintained in DFMO-arrested parasites (Fig. 3.7A), as
DFMO induces cytostasis [112]. These parasites were arrested in early trophozoite-stages (Fig.
3.7B). However, a significant (P<0.05) increase in parasitaemia was detected 18 h after
putrescine supplementation (from 42 h onward) (Fig. 3.7A) or when DFMO was washed out with
no additional putrescine added. These parasites progressed to mature schizonts and
subsequently released merozoites that could re-invade erythrocytes, as confirmed through
SYBR Green | fluorescence microscopy (Fig. 3.7B) [102]. No difference was observed in the
DFMO-washout parasites compared to the putrescine-rescued parasites, confirming the

reversible nature of DFMO-treatment.
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Figure 3.7: DFMO arrest and reversal associated to G+/S cell cycle control in intraerythrocytic P. falciparum
parasites.

DFMO-synchronised intraerythrocytic P. falciparum 3D7 parasites (3% parasitaemia, 5% haematocrit) were
reversed after 24 h (~18 hpi) of DFMO treatment through 2 mM putrescine supplementation, or through DFMO-
washout (A) Proliferation of untreated (V) P. falciparum 3D7 parasites and parasites treated with DFMO (2xICso)
(e), reversal with putrescine supplementation (m) and without putrescine supplementation (A ) was evaluated using
flow cytometry. Fluorescence was collected in the FL-1 channel (FITC signal) on a Becton Dickenson Accuri™ C6
Plus cytometer. A total of 100 000 events were captured and analysed using FlowJo version 10.1 software. Line
graph was generated using GraphPad Prism version 6.01 software. Data are representative of one biological
replicate (n=1+ SD), performed in technical triplicates. Error bars represent standard deviation. (B) Parasite life
cycle progression monitored through SYBR Green | fluorescence microscopy using a Zeiss LSM 880 Confocal Laser
Scanning Microscope (LSM).

3.2 DFMO synchronisation system applicable to study M-phase of the cell cycle

In previous reports, 33-37 hpi has been marked as the commencement of the M-phase in P.
falciparum parasites [84]. For cell cycle studies, a minimal age range within parasites is required,
and parasites must be synchronised to a specific cell cycle phase [58]. Here, DFMO
synchronisation was assessed as an applicable system to synchronise parasites to study M-

phase events (Fig. 3.8).

3.2.1 Validate the developmental stage of putrescine-rescued parasites

Following DFMO arrest and putrescine rescue, the parasite DNA copy number was measured
to validate nuclear development during the M-phase of untreated and putrescine-rescued P.
falciparum 3D7 parasites. Untreated and putrescine-rescued parasites differed in nuclear
development at corresponding, time-matched hours after treatment (Appendix I: Fig. A1). The
most observable difference in nuclear development was seen at 72 h after treatment in untreated

>2N parasites (>56% of parasite population) and putrescine-rescued >2N parasites (<29% of
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parasite population). While dissonance between untreated and putrescine-rescued parasites
occurred, similar trends in nuclear development throughout parasite life cycle progression
suggest a delay in putrescine-rescued parasites. Therefore, untreated and putrescine-rescued
parasites were corrected regarding parasite age (Fig. 3.8A). Untreated and putrescine-rescued
parasites had an approximate 6 h age difference. By contrast, age corrected parasites showed

no observed differences in nuclear development between untreated and putrescine-rescued

parasites.
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Figure 3.8: P. falciparum parasite cell cycle progression to M-phase of putrescine-rescued parasites.
DFMO-synchronised intraerythrocytic P. falciparum 3D7 parasites (3% parasitaemia, 5% haematocrit, ~18 hpi)
were reversed with 2 mM putrescine supplementation and correlated to untreated parasites. Parasite samples were
stained with SYBR Green | for flow cytometry and fluorescence microscopy analysis. (A) Parasite DNA copy number
(N) was measured by flow cytometry as described [57, 151]. Untreated and putrescine-rescued parasites have
been corrected regarding to parasite age (hpi). Fluorescence was collected in the FL-1 channel (FITC signal) on a
Becton Dickenson Accuri™ C6 Plus cytometer. A total of 100 000 events were captured and analysed using FlowJo
version 10.1 software. Data are representative of one biological replicate (n=1+ SD), performed in technical
triplicates. Error bars represent standard deviation. Morphology of representative parasite population was confirmed
through SYBR Green | confocal fluorescence microscopy using a Zeiss LSM 880 Confocal Laser Scanning
Microscope (LSM). (B) Untreated and putrescine-rescued parasite nuclei development was quantitatively assessed
through SYBR Green | fluorescence microscopy. Significant differences were calculated using two-tailed equal
variance students t-test, ns=P>0.05. Error bars represent 95% CI of the mean (n=36). Al graphs were generated
using GraphPad Prism version 6.01 software.

To confirm that putrescine-rescued parasites progress normally through schizogony, nuclei were
microscopically evaluated. Previous microscopic reports indicate that P. falciparum nuclei
counts ranges from 16 to 32 distinct nuclei per schizont [34, 35]. These parasites completed
mitosis with sharply defined nuclei commencing cytodifferentiation prior to merozoite formation

[34, 35, 84]. Confocal fluorescence microscopy was used to compare nuclei counts of untreated
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and putrescine-rescued P. falciparum 3D7 parasites during late stage schizogony in M-phase
prior to cytodifferentiation (Fig. 3.8B). In both untreated and putrescine-rescued parasites, the
number of nuclei of a minimum of 30 mature schizonts (42-48 hpi) was counted (Appendix I: Fig.
A2-3).

An average of 21 and 20 nuclei per schizont was counted for untreated and putrescine-rescued
P. falciparum 3D7 parasites, respectively with no significant difference (P>0.05) indicated.
Significant difference was calculated using a paired two-tailed equal variance students t-test.
The M-phase progression to cytodifferentiation in mature schizonts was confirmed in putrescine-
rescued parasites. Therefore, DFMO synchronisation as can be used to study the cell cycle M-
phase, using control parasites that were synchronised by DFMO treatment followed by

putrescine rescue.
3.3 P. falciparum ARK function is required for cell cycle M-phase progression

Human Aurora kinase inhibition is known to lead to G»/M cell cycle arrest, abnormal mitotic
spindle formation and development of polyploid cells, without necessarily affecting cell viability
[157]. The role of P. falciparum ARK in cell cycle regulation is poorly understood. Here, P.
falciparum ARK inhibition through hesperadin drug treatment was monitored throughout the
parasite IDC. The control parasites that are used for PfARK inhibition are therefore cell cycle
compartmentalised parasites (DFMO-synchronised parasites reversed with putrescine
supplementation) and hesperadin treatment was initiated (0 h) on these cell cycle

compartmentalised parasites (Fig. 3.9).

G,/S
Synchronised Time after treatment (h)
. Oh 6h 12 h 18 h 24 h 30h 42 h
S M G, (next cycle)
Add | r 1 \
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Figure 3.9: Experimental setup for P. falciparum ARK interrogation in M-phase cell cycle regulation,

DFMO treatment was initiated on 0-12 hpi, ring-stage (G+) P. falciparum 3D7 parasites, resulting in G+/S (18-22 hpi)
cell cycle compartmentalised parasites, which was reversed upon 2 mM putrescine addition (control).
Subsequently, PfARK inhibition was assessed through 10xICso hesperadin treatment on putrescine-rescued
parasites (0 h) and sampled every 6 h onwards to the following cell cycle (42 h). Images were created using Blender
software (www.blender.org).
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3.3.1 Hesperadin have antiproliferative properties against P. falciparum parasites

Antiproliferative properties of hesperadin, an Aurora kinase specific indolinone (Fig. 3.10A), on
P. falciparum parasites in the low nanomolar range (10 — 50 nM) have been established in
previous reports [133, 158]. Here, the antiproliferative effects of hesperadin on P. falciparum
NF54FS16 parasites were confirmed through in vitro SYBR Green I-based fluorescence assay for
96 h (Fig. 3.10B). The ICs, of hesperidin treatment on P. falciparum NF547S16-GFF-Lue narasites was
determined to be 2.07 + 0.08 nM SD (n=1). Further PfARK inhibition studies were performed at
10%XICso (500 nM) hesperadin as previously reported [158]. To assess the effect of PfARK
inhibition on parasite life cycle progression and proliferation, cell cycle compartmentalised P.

falciparum 3D7 parasites were treated with 10xICso hesperadin.
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Figure 3.10: Dose-response evaluation of hesperadin inhibition of intraerythrocytic P. falciparum NF54P®16-GFP-Luc
parasites.

(A) Hesperadin chemical structure. (B) Hesperadin dose-response was determined using SYBR Green I-based
assay for 96 h drug pressure initiated on ring-stage P. falciparum NF54PS16-CFPLuc narasite culture (1%
parasitaemia, 1% haematocrit). Results are representative of one biological replicate (n=1+ SD), performed in
technical triplicate. Non-linear regression curves were generated using GraphPad Prism version 6.01 software.
Error bars represent standard deviation. For some points, error bars fall within the symbols.

3.3.2 Parasite life cycle progression and proliferation

The growth inhibitory effects of 500 nM hesperadin on synchronised P. falciparum 3D7 parasite
was assessed with regards to life cycle progression (Fig. 3.11). The parasitaemia of hesperadin-
treated parasites was significantly lower (P<0.05) compared to the control parasites (Fig. 3.11A).
Furthermore, to understand the ability of parasite cell cycle recovery during the M-phase, PfARK
inhibition was released through removal of hesperadin after 18 h (Fig. 3.11A). Parasites released
from hesperadin pressure through drug washout during schizogony progressed in a comparable

manner to hesperadin-treated parasites, with no significant difference (P>0.05) (Fig. 3.11A).
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SYBR Green | fluorescence microscopy was used to assess parasite life cycle progression and
showed morphologically normal trophozoites but abnormal schizont-stage parasites after
hesperadin treatment (Fig. 3.11B). This suggest that parasites cannot reverse PfARK inhibition

after 24 h hesperadin treatment, indicating the essential role of PfARK in cell cycle regulation.
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Figure 3.11: Life cycle progression and proliferation of PfARK-inhibited P. falciparum 3D7 parasites.
Intraerythrocytic P. falciparum 3D7 control parasites (3% parasitaemia, 5% haematocrit) were treated with 500 nM
hesperadin and sampled every 6 h after hesperadin treatment. Samples were stained with SYBR Green | for flow
cytometry and fluorescence microscopy analysis. (A) Proliferation of P. falciparum 3D7 control parasites (m),
hesperadin-treated parasites (A ) and hesperadin washed out parasites (e) was evaluated using flow cytometry.
Fluorescence was collected in the FL-1 channel (FITC signal) on a Becton Dickenson Accuri™ C6 Plus cytometer.
A total of 100 000 events were captured and analysed using FlowJo version 10.1 software. Line graph was
generated using GraphPad Prism version 6.01 software. Results are representative of one biological replicate (n=1+
SD), performed in triplicates. Error bars represent standard deviation. For some points, error bars fall within the
symbols. (B) Parasite life cycle progression monitored through SYBR Green | fluorescence microscopy using a Zeiss
LSM 880 Confocal Laser Scanning Microscope (LSM).

3.3.3 Parasites remain viable at nanomolar range PfARK inhibition

Hesperadin-treated parasite viability was assessed to eliminate the possibility of reduction in
parasitaemia and abnormal nuclear development due to non-viability (Fig. 3.12A). Hoechst
nuclear staining was used as a positive control for parasite nuclear content in both viable and
non-viable (methanol-fixed) parasites. Propidium iodide (PI) fluorochrome is a DNA intercalating
agent commonly used to detect non-viable cells as it does not readily permeate live cell walls.
Hesperadin-treated P. falciparum 3D7 parasites did not show significant Pl fluorescence intensity
(F1) (0.161 + 0.916) compared to viable parasite cells (0.275 + 0.887 SD). The FI of non-viable
parasites (4.529 + 10.226) (Fig. 3.12B), significantly differed from both viable and hesperadin-
treated parasites (P<0.0001, students’ using t-test). Therefore, the reduction in parasitaemia
and ambiguous nuclear development were not due to a decrease in viability following hesperadin

treatment.
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Figure 3.12: P. falciparum parasite life cycle progression of hesperadin parasites.

Intraerythrocytic P. falciparum 3D7 parasites were stained with Hoechst (blue) nuclear stain in combination with
Propidium iodide (red) to monitor parasite viability after 24 h hesperadin treatment. (A) Parasite viability was
monitored through fluorescence microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM).
(B) Histograms represent propidium iodide fluorescence intensity as a frequency of image grey level distance in
pixels, generated using ImageJ software. Significant differences were calculated using two-tailed equal variance
students t-test, ****= P<0.0001.

3.3.4 PfARK inhibition causes polyploidy in P. falciparum parasites

Previous reports concluded that in other protozoan organisms, hesperadin induced Aurora
kinase inhibition is associated with blocked nuclear division and cytokinesis, while remaining
viable [132]. Phenotypic differences in nuclei development of hesperadin-treated P. falciparum
3D7 parasites was studied using SYBR Green | staining in confocal fluorescence microscopy
(Fig. 3.13A, Appendix: Fig. A5).

Hesperadin-treated P. falciparum parasites showed compromised morphology and nuclei
development in vitro. Hesperadin-treated P. falciparum parasites had multi-lobed nuclear
morphology with no clear nuclei edges observed but rather diffuse nuclei present, especially
evident at 24 h after hesperadin treatment (Fig. 3.13B). Hesperadin-treated parasites displayed
abnormally large inter-nuclei distances (=500 nm) in schizonts compared to control parasites
with adjacent nuclei (Fig. 3.13B). A concentration dependent effect was seen with 500 nM
hesperadin treatment, which leads to more severe defects in parasite nuclei morphology
compared to 100 nM hesperadin treatment (Fig. 3.13B). A significant reduction (P<0.0001,
n=36, students’ t-test) in the number of nuclei per schizont was detected after hesperidin
treatment, with the latter on average having 10 nuclei per schizont compared to control parasites
(20 nuclei per schizont) (Fig. 3.13C, Appendix |, Fig. A3-4).
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Figure 3.13: PfARK inhibition causes polyploidy in P. falciparum parasites.

Intraerythrocytic P. falciparum 3D7 control parasites were treated with hesperadin and sampled every 6 h after
hesperadin treatment. (A) Parasite life cycle progression monitored through SYBR Green | fluorescence microscopy
using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). (B) Parasite morphology assessed through
SYBR Green | fluorescence microscopy after hesperidin treatment at 100 nM and 500 nM, respectively. Schematic
diagrams were drawn to illustrate morphological observations. (C) Control and hesperadin-treated parasite nuclei
development was quantitatively assessed through SYBR Green | fluorescence microscopy. Inter-nculei distances
were determined for a minimum of 10 nuclei. Significant difference was calculated using two-tailed equal variance
students t-test, ****= P<0.0001, n=36. Error bars represent 95% CI of the mean. Scatter plot were generated using
GraphPad Prism version 6.01 software.

Collectively with the data presented in Fig. 3.11A, the re-invasion rate of intraerythrocytic P.
falciparum ARK-inhibited parasites was determined by the number of nuclei formed per schizont
(Fig. 3.13C) after hesperadin treatment and correlating it to the number of merozoites that
successfully re-invaded erythrocytes in the following life cycle. Compared to control parasites,

hesperadin-treated parasites showed 25% lower merozoite re-invasion in the following life cycle.
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To calculate the number of merozoites that successfully re-invaded, the parasitaemia (%) ratio
(Xsecond cycle: Xirst cycle) OVEr two consecutive life cycles was determined. For the control parasites,
the parasitaemia ratio was 9.3%: 2.9% (3:1) and therefore, 3 merozoites re-invaded in the
following life cycle. The parasitaemia ratio of the hesperadin-treated parasites was 6.9%: 2.9%
(2:1) and therefore, 2 merozoites re-invaded in the following life cycle. This strongly suggest the
decrease in parasitaemia of hesperadin-treated parasites is associated with multi-lobed nuclei
formation and the significant reduction in the number of nuclei formed per schizont after

hesperadin treatment.
3.3.5 The coordination between DNA replication and nuclear division is lost in PfARK-inhibited
parasites

To determine cell cycle progression of P. falciparum ARK inhibited parasites, parasite DNA copy

number after hesperadin treatment was measured and correlated to control parasites (Fig. 3.14).
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Figure 3.14: The effect of hesperadin on parasite cell cycle progression.

Intraerythrocytic P. falciparum 3D7 control parasites (3% parasitaemia, 5% haematocrit, ~18 hpi) was treated with
hesperadin and samples were stained with SYBR Green | for flow cytometry and fluorescence microscopy analysis.
Control and hesperadin-treated parasite DNA copy number (N) was measured by flow cytometry as described [57,
151]. Fluorescence was collected in the FL-1 channel (FITC signal) on a Becton Dickenson Accuri™ C6 Plus
cytometer. A total of 100 000 events were captured and analysed using FlowJo version 10.1 software. Data are
representative of one biological replicate (n=1+ SD), performed in technical triplicates. Error bars represent
standard deviation. Morphology of representative parasite population was confirmed through SYBR Green | confocal
fluorescence microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). Bar graphs were
generated using GraphPad Prism version 6.01 software.

No difference in DNA copy number was observed during the initial phases of the life cycle (0 h

to 12 h) between control parasites and hesperadin-treated parasites (Fig. 3.14). However, a
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difference was detected in parasite population DNA copy number at 18 h onwards between
control parasites and hesperadin-treated parasites. A substantial (240%) percentage of the
population of hesperadin-treated parasites remained at 1IN DNA copy number up to 42 h after
hesperadin treatment (Fig. 3.14). Hesperadin-treated parasites showed no decrease in 1N

parasite population through life cycle progression as seen in control parasites.

To confirm the effect of hesperadin on parasite cell cycle progression, flow cytometry analysis
using both SYBR Green | and Pyronin Y fluorescence signal allowed for sorting of parasite

populations into specific cell cycle compartments: G, and S/M-phase parasites (Fig. 3.15).
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Figure 3.15: The effect of PfARK inhibition on P. falciparum parasite cell cycle profile.

Intraerythrocytic P. falciparum 3D7 control parasites (3% parasitaemia, 5% haematocrit, ~18 hpi) was treated with
hesperadin and sampled every 6 h up to 30 h after hesperadin treatment. Samples were stained with SYBR Green
I and Pyronin Y for flow cytometry analysis. SYBR Green | fluorescence against Pyronin Y fluorescence scatter plots
are representative of parasite cell cycle profiles at specific timepoints. Parasite population (%) in G1 (grey)and S-
phase (red) are indicated in scatter plots. Fluorescence was collected for SYBR Green | in the FL-1 channel (FITC
signal) and Pyronin Y in the FL-2 channel (PE signal) on a Becton Dickenson Accuri™ C6 Plus cytometer. A total of
100 000 events were captured and analysed using FlowJo version 10.1 software. Data are representative of one
biological replicate (n=1+ SD), performed in a single technical repeat.

Gs-phase parasites remain present at any given time of the parasite cell cycle, representative of
not only ring-stage parasites, but also non-dividing nuclei. S-phase parasites, however, increase
during parasite cell cycle progression and are representative of actively dividing schizonts.
Control parasites resumed parasite cell cycle progression to S-phase and subsequent Gi-phase

of the following IDC (Appendix: Fig. A7). However, hesperadin-treated parasites progressed to
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S-phase and remained in S-phase for an extended period (up to 42 h after treatment), compared

control parasites.

3.3.6 PfARK ensures correct spindle formation initiation during early mitosis

PfARK-1 is known to be associated with the SPB, in pairs, during mitosis in P. falciparum
parasites [119]. Also, previous reports have shown that the parasite microtubule spindles are
anchored to the nuclear face of the SPB during mitosis [14]. Therefore, to confirm whether the
multi-lobed nuclear morphology and extended S-phase of PfARK-inhibited parasites are due to
compromised nuclei segregation, a-tubulin formation was monitored after hesperadin treatment
(Fig 3.16).
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Figure 3.16: Spindle formation initiation during early mitosis in P. falciparum 3D7 parasites.

Fluorescence microscopy of spindle formation during mitosis of P. falciparum 3D7 parasites. SYBR Green | (green)
nuclear control staining was used in combination with anti-a-tubulin antibody (red) to monitor parasite spindle
formation using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). Panel A is representative of DFMO-
arrested parasites. Panel B represents uncompromised control parasites. Hesperadin-treated parasites are
represented in panel C. For each example, a schematic diagram illustrates; (i) nuclei (green structures), (ii) spindle
formation (red dots), (i) hemozoin crystal (grey structures). Images was prepared using ZEN Blue software. Gain
were set to 600 (gamma: 2) and 900 (gamma: 4) for SYBR Green | and anti-o-tubulin AlexaFluor 647, respectively.
Images are representative of 7 parasites evaluated per sample (Appendix: Fig. A8).

In both, DFMO-arrested and control parasites, anti-o-tubulin (red) were detected in close
proximity of nuclei (green) similar to what has been previously reported [57, 119]. However, no
distinct foci of anti-a-tubulin AlexaFluor 647 fluorescence was detected for hesperadin-treated
parasites (Fig. 3.16). Collectively, these data indicate no spindle formation in hesperadin-treated

parasites.
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4 Chapter 4: Discussion

The multistage P. falciparum parasite life cycle, and implied cell cycle, is strictly controlled and
rather unique compared to the classic eukaryotic cell cycle model. This allows the parasite to
rapidly develop during the IDC associated with pathogenicity. An unusual occurrence is seen of
alternating DNA synthesis and mitosis during parasite endocyclic schizogony [57], contrasting
to classic eukaryotic cell cycle progression, which is regulated by an interplay of protein kinases
and the degradation thereof. Aroura kinases have been previously identified as potential mitotic
cell cycle regulators in P. falciparum parasites [90, 98], however, the exact role of the PTARKs
during mitosis have not yet been clarified. This study aimed to define the role of PFARK during M-
phase cell cycle regulation in IDC of P. falciparum parasites. The study relied on the ability to
evaluate only the M-phase of the cell cycle due to prior tight cell cycle compartmentalisation

using mitogen depletion through DFMO treatment as a synchronisation tool.

The novelty of the dissertation is therefore embedded in using an innovative approach for cell
cycle phase-specific synchronisation of malaria parasites as a tool to provide an environment in
which specific molecular processes embedded in a single cell cycle compartment can be
investigated. In this project, this was used to gain extensive insights in the importance of PFARKs

in M-phase regulation during the intraerythrocytic stages of the parasite.

The regulation and control mechanisms of asynchronous nuclear division in P. falciparum
parasites is poorly understood mainly due to the difficulty of interrogating alternating S- and M-
phase parasites. To aid in cell cycle studies, a minimal age range within parasites is required
and achieved through parasite synchronisation to a specific cell cycle phase [58]. DFMO-
induced parasite cell cycle arrest revealed P. falciparum parasites enforce cell cycle control at
mitogen-dependent R-point prior to the Gi/S transition through quiescence-proliferating
decision-making abilities [142]. At 33-37 hpi, the M-phase of P. falciparum parasites commence
[84]. Through DFMO-induced cell cycle arrest highly synchronised G+/S-phase specific parasites
allowed subsequent M-phase cell cycle studies, overcoming a barrier in P. falciparum parasite

cell cycle studies [58].

The study strategy was based on drug-induced PfARK inhibition of highly synchronised parasites,
to interrogate the involvement of PfARKs in P. falciparum cell cycle. The PfARKSs are essential for
intraerythrocytic stages of the Plasmodium parasite of which some members, especially PFARK-

1, are highly conserved and associated with SPB during schizogony [119]. Human Aurora kinase
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inhibition is known to lead to G./M cell cycle arrest, abnormal mitotic spindle formation and
development of polyploid cells, without necessarily affecting cell viability [157]. Similar
phenotypes were previously observed in other protozoans [132]. Interestingly, drug-induced
PfARK inhibition, at nanomolar range, does not affect parasite viability despite being essential for
the IDC of the parasite. Using this strategy, rather than forward genetics, allowed interrogation
of a highly conserved kinase. Through strict evaluation, it was possible to determine key functions
of PTARK in P. falciparum parasite cell cycle regulation during a kinase control point during the

M-phase of the parasite cell cycle.

In P. falciparum parasites PfARK inhibition compromise parasite proliferation during schizogony,
despite normal parasite progression from ring to trophozoite-stages. P. falciparum parasites form
up to 32 distinct nuclei per schizont with sharply defined nuclei commencing cytodifferentiation
prior to merozoite formation [34, 35, 84]. However, PFARK inhibition reduces merozoite formation
significantly, releasing less merozoites for re-invasion in the following cell cycle. In attempt to
recover the compromised parasite state, the effect of PfARK inhibition was shown to be
irreversible after mature schizont formation. This supports the indispensable role of PfARKs in

parasite proliferation during mitosis [94, 98, 119] and the short active window of PfARKSs.

Furthermore, PfARK inhibition resulted in multi-lobed parasite nuclei with no discernible edges,
suggestive of incomplete nuclear segregation. Also, PfARK resulted in nuclei developing
abnormally far apart with what seems like extranuclear DNA content. Classic eukaryotic
chromosomal DNA segregation depends on correct attachment at kinetochores through
microtubules from both spindle poles during metaphase, reminiscent of P. falciparum parasites
[65]. The human Aurora B kinase revises kinetochore-microtubule attachment with implied
spindle assembly checkpoint maintenance as a response to unattached kinetochore signalling
[130]. Itis still unclear whether the timing of mitosis in P. falciparum parasites is controlled by a
spindle assembly checkpoint as in a classic eukaryotic cell cycle, however, improper
chromosomal segregation in PFARK-inhibited parasites suggests impaired spindle assembly and

the presence of a spindle assembly control or checkpoint.

A decrease in the number of distinct nuclei formed during parasite schizogony was associated
with PfARK inhibition. However, despite compromised nuclei formation, parasite DNA copy
number increased in abundance during parasite life cycle progression. This strongly suggest the
coordination between DNA replication and nuclear division is lost in PfARK-inhibited parasites,

emphasising the crucial role of PTARKs in nuclear division. This phenomenon is indicative of a
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control point during the M-phase. PfARK-inhibited parasites extend the S-phase confirming the
role of PfARK in nuclei division rather than DNA replication. However, nuclei segregation cannot
be inferred from nucleic acid staining only, but rather through detection of M-phase markers

such as a-tubulin assembly during spindle formation.

Impaired spindle formation is characteristic of Aurora kinase inhibition in other organisms [132],
however, for the first time, we show here that this is also true for P. falciparum parasites. An early
hallmark of cell division is SPB duplication as the S-phase of the parasite’s cell cycle commences
[67]. PTARK-1 has been previously shown to be associated with the SPB during mitosis [94] and
homologues of PfARK-1 have been described in various organisms with a close link to the
interplay of centrosomes and bipolar microtubules, chromosomal DNA segregation and ensuing
cytokinesis [130, 132].Through strict evaluation of a-tubulin assembly during schizogony, the
data suggest that PfARK is responsible for the initiation of correct spindle formation during early
onset of mitosis, corresponding to previous studies. In this study, PfARK-inhibited parasites had
impaired spindle initiation and formation, reminiscent to phenotypes previously reported in T.
brucei parasites [132]. The data are suggestive of nuclei division occurring without functional

spindle supports the phenomenon of extranuclear DNA during schizogony.

The Plasmodium parasite is highly complex and remains poorly understood. For future studies,
exploring mitotic kinases more in depth may advance our knowledge in the parasite cell cycle
regulation. Besides ARKs, NEK kinases have recently received much attention as centrosomal
cycle regulators [91, 92]. Previous reports have indicated that numerous cellular functions,
particularly involving MTOCs, are controlled by NEK kinases [159]. Also, the BUB1 and BUBR1
kinases in mammalian cells are mitotic checkpoint kinases responsible for kinetochore
attachment status signalling, which in turn directs other mitotic and centrosomal kinases [130].
However, the interplay of these centrosomal kinases in regulating the cell cycle of Plasmodium
parasites remain unclear. Understanding the dynamic network of kinase regulators will give
insights as to how these kinases regulate the parasite cell cycle and how it implicates the parasite
development. Furthermore, live cell fluorescence imaging could greatly advance our
understanding of the progression and the sequential order of events during parasite schizogony.
This strategy was recently used, with great success, for monitoring male gamete formation in P.
falciparum parasites [160]. Multi-immunofluorescence strategies are rapidly advancing, allowing
interrogation of multiple structures simultaneously. Whether spindle formation is directly or

indirectly controlled by PfARKSs in P. falciparum parasites, remains unclear. Therefore, it would
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be preferable to investigate SPB development and functioning in conjunction with hallmark
mitotic biomarkers, specifically in PfARK-inhibited parasites, to determine whether spindle

formation is a direct or indirect effect.

In conclusion, a comprehensive qualitative and quantitative evaluation of PIARK in P. falciparum
parasites revealed several central features of its importance in the parasite’s cell cycle regulation.
Firstly, the data suggest that S/M-phase transition is controlled by PfARK in P. falciparum
parasites. The data suggest S-phase re-initiation in PfARK-inhibited parasites, therefore,
continuing DNA synthesis in the absence of nuclei segregation. Furthermore, PfARK facilitates
proper chromosomal segregation during mitosis. PTARK inhibition result in multi-lobed polyploidy
nuclei with no discernible edges and extranuclear DNA content, suggestive of poorly segregated
nuclei. Also, PFARK ensures correct spindle formation initiation during early mitosis, either directly
or indirectly. In the absence of functional PfARK in P. falciparum parasites, spindle formation is

not initiated during mitosis.
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5 Chapter 5: Conclusion

The vector borne protozoan disease, malaria, remains responsible for nearly half a million deaths
annually and in many second and third world countries the serious health burden limits social
and economic progress [5]. The development of strains of the P. falciparum parasite resistant to
current antimalarial drugs, is responsible for the difficulty of controlling malaria. Protein
phosphorylation has been studied extensively as potential drug targets in several human
diseases, but to a lesser extend in Plasmodium parasites. P. falciparum parasites have a
relatively small kinome of <100 kinases, of which several kinases have been identified as
essential for the parasite’s life cycle progression. However, the Plasmodium kinome has not been

exploited fully with respect to its involvement in cell cycle regulation in P. falciparum.

The difficulty of cell cycle studies of the malaria parasite has been overcome through DFMO
mitogen depletion that can be used as a tool to compartmentalise parasites into a particular cell
cycle phase. In this study, drug-induced PfARK inhibition of cell cycle compartmentalised
parasites, was used to interrogate the involvement of ARKs in P. falciparum cell cycle, as it is
poorly understood. In P. falciparum parasites, PfARK inhibition irreversibly compromise parasite
proliferation during schizogony resulting in significant reduction of merozoite formation due to
the development of multi-lobed parasite nuclei with no discernible edges, suggestive of
incomplete nuclear segregation. However, despite compromised nuclei formation, parasite DNA
copy number increased in abundance during parasite life cycle progression through extending
the S-phase, confirming the role of PfARK in nuclei division rather than DNA replication. The data
suggest that PTARK is responsible for the initiation of correct spindle formation during early onset

of mitosis, reminiscent of other organisms [132].

In totality, a comprehensive qualitative and quantitative evaluation of PfARK in P. falciparum
parasites revealed several central features of its importance in the parasite cell cycle regulation;
1) S/M-phase transition is controlled by PfARKs, 2) PfARKs facilitates proper chromosomal
segregation during mitosis and 3) PfARK ensures correct spindle formation initiation during early
mitosis, either directly or indirectly. Therefore, the data revealed key functions of PfARKs in P.
falciparum parasite cell cycle regulation during a kinase control point present in the M-phase of

the parasite cell cycle.

The complexity of the Plasmodium parasite’s cell cycle regulation and the underlying

mechanisms remain poorly understood. Therefore, it is critical to functionally validate essential
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Plasmodium cell cycle regulators and understand their dynamic interplay. These essential cell
cycle regulators and their involved pathways serve as attractive targets for future antimalarial

drug discovery and development in Plasmodium parasites.
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Figure A.1: P. falciparum parasite cell cycle progression to M-phase of putrescine-rescued parasites.
DFMO-synchronised intraerythrocytic P. falciparum 3D7 parasites (3% parasitaemia, 5% haematocrit, ~18 hpi) was
reversed with 2 mM putrescine supplementation and correlated to untreated parasites. Parasites samples was
stained with SYBR Green | for flow cytometry and fluorescence microscopy analysis. Parasite DNA copy number
(N) was measured by flow cytometry as described [57, 151]. Fluorescence was collected in the FL-1 channel (FITC
signal) on a Becton Dickenson Accuri™ C6 Plus cytometer. A total of 100 000 events were captured and analysed
using FlowJo version 10.1 software. Data are representative of one biological replicate (n=1+ SD), performed in
technical triplicates. Error bars represent standard deviation. Morphology of representative parasite population was
confirmed through SYBR Green | confocal fluorescence microscopy using a Zeiss LSM 880 Confocal Laser
Scanning Microscope (LSM).
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Figure A.2: Untreated P. falciparum parasite nuclei counts
Untreated parasite nuclei development (~48 hpi) was quantitatively assessed through SYBR Green | fluorescence
microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). n = 36.
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Figure A.3: Putrescine-rescued P. falciparum parasite nuclei counts
Putrescine-rescued parasite nuclei development (48 hpi) was quantitatively assessed through SYBR Green |
fluorescence microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). n = 36.
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Figure A.4: Hesperadin-treated P. falciparum parasite nuclei counts
Hesperadin-treated parasite nuclei development (~48 hpi) was quantitatively assessed through SYBR Green |
fluorescence microscopy using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). n = 36.
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Figure A.5: Hesperadin causes polyploidy in P. falciparum parasites

Parasite life cycle progression monitored through SYBR Green | fluorescence microscopy. DFMO treatment was
initiated on early ring-stage P. falciparum 3D7 parasites (0 — 10 hpi, 3% parasitaemia, 5% haematocrit) at 2xICso.
Untreated, DFMO-arrested, putrescine-rescued and hesperadin-treated parasites were sampled after 24 h then
every 6 h onwards. Samples were staine with SYBR Green | and parasites were assessed using a Zeiss LSM 880
Confocal Laser Scanning Microscope (LSM).
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Figure A.6: Inter-nuclear distances measured in hesperadin-treated P. falciparum parasites.

Intraerythrocytic P. falciparum 3D7 control parasites (3% parasitaemia, 5% haematocrit, ~18 hpi) was treated with
hesperadin and sampled at ~48 hpi for fluorescence microscopy. SYBR Green | nuclear staining was used to monitor
parasite nuclei formation using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). Inter-nuclear
distances were measured in nm (red text and arrows). 10 representative images were prepared using ZEN Blue
software.
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Figure A.7: The effect of PARK inhibition on P. falciparum parasite cell cycle profile.
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PyroninY RNA fluorescence (RFU)

Intraerythrocytic P. falciparum 3D7 control parasites (3% parasitaemia, 5% haematocrit, ~18 hpi) was treated with
hesperadin and sampled every 6 h up to 30 h after hesperadin treatment. Samples were stained with SYBR Green
I and Pyronin Y for flow cytometry analysis. SYBR Green | fluorescence against Pyronin Y fluorescence scatter plots
are representative of parasite cell cycle profiles at specific timepoints. Parasite population (%) in G1 (grey)and S-
phase (red) are indicated in scatter plots. Fluorescence was collected for SYBR Green | in the FL-1 channel (FITC
signal) and Pyronin Y in the FL-2 channel (PE signal) on a Becton Dickenson Accuri™ C6 Plus cytometer. A total of
100 000 events were captured and analysed using FlowJo version 10.1 software. Data are representative of one

biological replicate (n=1+ SD), performed in a single technical repeat.
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Figure A.8: Spindle formation initiation during early mitosis in P. falciparum 3D7 parasites.

Fluorescence microscopy of spindle formation during mitosis of P. falciparum 3D7 parasites. SYBR Green | (green)
nuclear control staining was used in combination with anti-a-tubulin antibody (red) to monitor parasite spindle
formation using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). Images was prepared using ZEN

Blue software. Gain were set to 600 (gamma: 2) and 900 (gamma: 4) for SYBR Green | and Anti-a-tubulin AlexaFluor
647, respectively.

L 4

-

63

© University of Pretoria



