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Abstract

Malaria remains a major cause of morbidity and mortality around the world. The
emergence and spread of parasites resistant to all frontline antimalarials means that the
identification of novel targets is vital for the development of drugs with novel mechanisms
of action. The protozoan parasites of the Plasmodium genus cause malaria through the
continual infection of and egress from red blood cells (RBCs). Plasmodium spp. encode
uncharacterised orthologues to approved protease drug targets, namely HIV-1 protease
and DPP4, for the treatment of AIDS and diabetes, respectively. In this project, DiCre-
mediated conditional truncation of four putative proteases was performed in the malaria
parasite, P. falciparum. Truncation of two of four proteins resulted in growth defects in
the asexual blood stages. One putative serine protease, named S9C, was found to be
important, but not essential, for intraerythrocytic development. The delay in growth was
paired with stunted early parasite morphology and abnormal structure of the
parasitophorous vacuole, in which the parasite resides within the RBC. A putative
aspartyl protease that is conserved in eukaryotes, DNA-damage inducible protein 1
(Ddi1), is essential in the asexual blood stages, and its loss results in an almost complete
block of erythrocyte invasion. We found evidence that Ddi1 was implicated in cellular
proteostasis, potentially interacting with proteins involved in protein trafficking, sorting
and quality control. We also find a potentially conserved interaction between Ddi1 and a
subset of ubiquitinated proteins. For both S9C and Ddi1, a conditional allelic replacement
with wildtype and mutant alleles demonstrated the importance of the putative proteolytic
activity. The importance of the Ddi1 catalytic activity makes it a novel druggable
antimalarial target. Furthermore, studying these putative proteases for the first time has

uncovered new aspects of parasite biology in P. falciparum.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Introduction to malaria

1.1.1 Malaria continues to cause great mortality and morbidity worldwide

Malaria has, since ancient times, plagued humanity. It is a disease of the tropics, spread
by mosquitoes and endemic to 80 countries throughout the world (WHO, 2018a). In
2017, 219 million cases of malaria were reported, although this figure is likely an under-
estimation (WHO, 2018a; Hay et al., 2010a). The vast majority of malaria cases occurred
in Africa (92%), with Sub-Saharan Africa bearing the brunt of this disease, followed by
South-East Asia (5%), the Eastern Mediterranean Region (2%) and the Americas (<1%),
(WHO, 2018a). Malaria claims ~450,000 lives every year with the majority (68%) of
deaths occurring among children under the age of 5 (WHO, 2018a). These deaths are

almost entirely preventable.

Over the last 15 years, the implementation of global vector control programs and
artemisinin-combination therapies (ACTs) have led to a 37% and 60% reduction in
malaria incidence and mortality, respectively (Bhatt et al., 2015). However, these
impressive gains are under threat; progress in malaria control has stalled and even
reversed in some countries, including 10 of those with the highest malaria burden (WHO,
2018a). The major threats to malaria control include a lack of an effective vaccine, the
rise of mosquito resistance to insecticides and the emergence and spread of resistance
to all frontline antimalarial drugs, including novel artemisinin-based therapies. Malaria is
a vast socioeconomic burden, disproportionally impacting the disadvantaged (Malaney
et al., 2004; Sachs and Malaney, 2002). The lack of affordable and effective healthcare
in many malaria-endemic countries mean too many cases go untreated. In some regions,
treatment of malaria is complicated by conflict and the prevalence of other diseases,
such as the recent outbreaks of Ebola in western Africa. Furthermore, with increases in
migration and changes in climate, the situation is likely to worsen (Caminade et al.,
2014). Despite these difficulties, there is optimism that malaria can be controlled, and
one day eradicated. Such an achievement would require a committed global effort and

innovative ways to tackle this devastating disease.
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1.1.2 Members of the Plasmodium genus are the causative agents of human

malaria

The protozoan parasites that cause malaria belong to the phylum Apicomplexa,
comprised almost entirely of obligate intracellular parasites, including a number of
important human and animal parasites. These include the highly promiscuous causative
agent of toxoplasmosis, Toxoplasma gondii (Dubey, 2009), the tick-borne
intraerythrocytic parasite Babesia spp. (Westblade et al., 2017), and causative agents of
intestinal diseases; in chickens caused by Eimeria spp. (Macdonald et al., 2017), and in
humans and livestock by Crypstosporidium spp. (Abrahamsen et al., 2004). This phylum
is defined by the presence of an apical complex in invasive parasite forms that contain
secretory organelles (Morrison, 2009). In addition, many apicomplexans including
Plasmodium, the genus to which malaria parasites belong, contain an unusual organelle,
the apicoplast, the remnant of a previously photosynthetic endosymbiont (Kalanon and
McFadden, 2010).

More than 100 Plasmodium species have been identified, with different clades able to
infect reptiles, birds or mammals (Martinsen et al., 2008). All Plasmodium species are
transmitted by a mosquito vector, with the clade of Plasmodium species that infects
mammals specifically transmitted by Anopheles mosquitoes. The distribution of malaria
is therefore limited by conditions appropriate for these vectors. There are at least five
human-infective species of the Plasmodium genus. P. falciparum is the most virulent
species and accounts for ~90% of malaria incidence and mortality worldwide. This
species is spread throughout South-East Asia, the Eastern Mediterranean and the
Western Pacific, but is highly prevalent in sub-Saharan Africa. In the African region, P.
falciparum accounts for >99% of malaria cases (WHO, 2018a). P. vivax has a wide
geographic distribution and is particularly prevalent in the Americas (~74% cases) and
South East Asia (~37% cases) (WHO, 2018a). P. vivax infection is associated with
extensive morbidity and control is complicated by relapse from dormant liver stages
(Battle et al., 2014). P. malariae and P. ovale are considered to cause low-level
infections, but are commonly found in mixed infections (Mueller et al., 2007). It is now
known that two subspecies exist for the latter, Plasmodium ovale curtisi and Plasmodium
ovale wallikeri (Sutherland et al., 2010). P. ovale can also remain dormant in the liver
and cause relapse (Collins and Jeffery, 2005). A close relative of P. vivax, P. knowlesi,
predominantly infects macaques but may be passed on to humans, causing severe

disease (Cox-Singh et al., 2008; Singh et al., 2004). This species has, in the past, been
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frequently misdiagnosed as the less severe P. malariae (Singh et al., 2004) and has only
recently been considered the fifth human-infective species (Singh and Daneshvar,
2013). The contribution of P. knowlesi, P. ovale and P. malariae to disease burden is
unclear largely due to difficulties in detecting parasites combined with a poor
understanding of parasite biology. Therefore, the true significance of infections caused

by these species is likely under-appreciated.

1.1.3 The Plasmodium life cycle

Plasmodium spp. have a complex life cycle between a vertebrate host and mosquito
vector (Figure 1.1). Human-infective parasites are transmitted through the bite of an
infected female Anopheles mosquito. Invasive sporozoite forms that are present in the
salivary glands of a mosquito are injected into the dermis of the host whilst the mosquito
probes for a blood vessel. Approximately 10-100 sporozoites are deposited during a
mosquito bite (Frischknecht and Matuschewski, 2017). Sporozoites traverse, in a
random but active fashion, through cells in the dermis, and those that successfully
migrate to the blood vessel may then be transported to the liver (Amino et al., 2006,
2008). Upon reaching the slow blood flow of the liver sinusoids, sporozoites penetrate
the endothelium and traverse multiple liver cells (Baer et al., 2007b; Tavares et al., 2013)
before invading a host hepatocyte and simultaneously forming a parasitophorous
vacuole, which houses the parasite inside the hepatocyte (Mota et al., 2001; Risco-
Castillo et al., 2015). The switch from migratory to invasive behaviour is dependent on
high sulfation levels of heparan sulphate proteoglycans present on hepatocytes (Coppi
et al., 2007), which are bound by the circumsporozoite protein (CSP) present on the

surface of the parasite (Frevert, 1993).

The liver stage parasite, or exoerythrocytic form, undergoes massive nuclear division,
resulting in a multinucleated liver schizont containing 10,000 to 30,000 nuclei 60 hours
(h) after invasion (Graewe et al., 2012). Cell division leads to the release of thousands
of daughter merozoites into the host hepatocyte cytoplasm, allowing the release of
parasite-filled vesicles, known as merosomes, into the bloodstream (Sturm et al., 2006;
Tarun et al., 2006; Vaughan et al.,, 2012). The merosomes, comprised of 100-200
merozoites, lodge and disintegrate in the pulmonary microvasculature, discharging
invasive merozoites into the bloodstream (Baer et al., 2007a). The full maturation of the
liver stage parasite takes ~ 7 days and is entirely asymptomatic. In P. vivax and P. ovale

infections, a subset of sporozoites form hypnozoites. This dormant stage, when
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activated, can result in malaria relapses months, if not years later (White, 2011). These
poorly understood liver forms are undetectable and hard to treat, making the cure and

eradication of P. vivax challenging.

The invasive merozoite form attaches to the RBC plasma membrane and, through the
formation of a moving junction and the action of a motor beneath the surface of the
parasite, pushes itself into the RBC, forming a parasitophorous vacuole as it does so
(Cowman et al., 2017). For the first half of the intraerythrocytic cycle, the parasite is
referred to as “ring-stage”, since it resembles an engagement ring in Giemsa-stained
thin blood films. The trophozoite stage follows, which is characterised by the uptake of
host cytoplasm and the digestion of haemoglobin in the food vacuole, a specialised acidic
catabolic compartment (Goldberg et al., 1990; Elliott et al., 2008). Consumption of host
haemoglobin supports intracellular parasite growth via the release of amino acids that
can be recycled for protein synthesis. This pathway also liberates space within the RBC
to allow parasite growth and improves the osmotic stability of the increasingly permeable
host cell (Lew et al., 2003). The haem group released during haemoglobin digestion is
detoxified to haemozoin, a crystalline form that accumulates in the food vacuole (Egan
et al., 2002; Coronado et al., 2014). Throughout the intraerythrocytic cycle, the RBC is
heavily modified, with several hundred proteins exported into the RBC cytosol that are
important for parasite haemoglobin uptake, nutrient acquisition, virulence and immune
evasion (Spielmann and Gilberger, 2015). About 36 hours after invasion (in P.
falciparum), the intraerythrocytic parasite commences schizogony (White and Kilbey,
1996). This process begins with multiple rounds of asynchronous nuclear division, until
between 8 and 32 nuclei are formed. The parasite membrane then wraps around the
developing daughter merozoites and cytokinesis (segmentation) occurs. Following the
sequential rupture of the PV membrane (PVM) and the RBC membrane, merozoites are
dispersed into the bloodstream in a process known as egress (Hale et al., 2017;
Wickham et al., 2003) . The released merozoites invade new RBCs to continue the

asexual cycle.

The processes of blood-stage egress and invasion are tightly regulated and require the
timely and sequential release of secretory organelles - exonemes, micronemes and
rhoptries - located at the apex of the parasite. The trigger for blood-stage egress is
unknown, but key regulators of P. falciparum blood-stage egress include the cyclic-GMP
(cGMP) dependent protein kinase (PKG) (Collins et al., 2013b; Taylor et al., 2010) and
calcium-dependent protein kinase 5 (CDPK5) (Absalon et al., 2018; Dvorin et al., 2010).
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The mechanism through which CDPK5 promotes egress is unclear, but PKG is known
to be required for the release of exoneme and microneme contents (Collins et al., 2013b).
The secretion of exoneme proteins into the PV commences a protease cascade that
culminates in parasite egress from the RBC (Thomas et al., 2018). One exoneme protein,
the subtilisin-like serine protease SUBA1, is crucial for the breakdown of the PVM
(Thomas et al., 2018). PfSUB1 cleaves a number of substrates including a putative
cysteine protease named serine repeat antigen 6 (SERAG), which is necessary for the
rupture of the RBC membrane (Thomas et al., 2018). PfSUB1 also processes merozoite
surface protein 1 (MSP1) (Koussis et al., 2009), the most abundant protein on the
merozoite surface, and SERAS5, an abundant PV protein (Yeoh et al., 2007). Both MSP1
and SERAS are important for efficient egress of P. falciparum (Collins et al., 2017a; Das
et al., 2015). PKG is also required for secretion of microneme proteins onto the parasite
surface. Many of these proteins, like apical membrane antigen 1 (AMA1), are important
for RBC invasion (invasins). The rhoptries are the largest of the secretory organelles, the
contents of which are released during invasion, and are important for RBC entry, PVM
formation and, later, nutrient acquisition. Dense granules are considered to function in

post-invasion processes.

Invasion can be divided into distinct stages: pre-invasion, merozoite internalisation and
echinocytosis (Dvorak et al., 1975). Pre-invasion commences with reversible merozoite
attachment to the RBC surface, often followed by actomyosin motor-dependent
deformation of the RBC (Das et al., 2017; Dvorak et al., 1975; Perrin et al., 2018; Weiss
et al.,, 2015). Waves of deformation around the merozoite are thought to facilitate
merozoite reorientation, such that the apical end faces the RBC membrane. Strong RBC
attachment is mediated by redundant protein families, including micronemal erythrocyte
binding-like (EBL) proteins and rhoptry reticulocyte-binding homologue (Rh) proteins,
that are secreted onto the merozoite surface (Tham et al., 2012; Weiss et al., 2015). The
merozoite is then anchored to the RBC membrane via the interaction of the parasite Rh5
complex and RBC basigin (Chen et al., 2011, p. 5; Crosnier et al., 2011; Reddy et al.,
2015). This interaction is critical for P. falciparum invasion (Crosnier et al., 2011) and is
thought to stimulate the secretion of rhoptry contents required for merozoite
internalisation. The rhoptry neck protein (RON) complex, composed of RON2, RON4
and RONS5, is injected into the host membrane (Richard et al., 2010; Tonkin et al., 2011).
RON2 spans the RBC membrane and provides a binding partner for the secreted
micronemal protein AMA1 (Riglar et al., 2011), with this interaction forming a tight

junction between the merozoite and RBC. The tight junction is pulled around the
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merozoite through the action of an actomyosin motor. This motor, or glideosome, is
located between the parasite plasma membrane (PPM) and the inner-membrane
complex (IMC), a flattened vesicular structure that sits ~20- to 40-nm below the PPM
(Frénal et al., 2017). Substrate-dependent gliding motility drives the tight junction from
the anterior to the posterior of the parasite, accompanied by proteolytic shedding of
proteins from the merozoite surface (Baker et al., 2006; Howell et al., 2003). The tight
junction pinches off once the parasite is internalised with a PV and the RBC membranes
reseals. Binding and invasion of the RBC by P. falciparum usually occurs in less than a
minute (Cowman and Crabb, 2006; Dvorak et al., 1975). Shortly after invasion the RBC
may undergo echinocytosis, a reversible change that causes the development evenly

spaced RBC membrane projections (Weiss et al., 2015).

A subset of newly invaded parasites does not proceed through the intra-erythrocytic
cycle. Instead, they develop into either male or female gametocytes, the transmissible
forms of the parasite (Ngotho et al., 2019). The commitment to gametocytogenesis
occurs at low rates in response to environmental cues, with the progeny of a schizont
destined to develop into all female or all male gametocytes after successful invasion
(Bruce et al., 1990; Silvestrini et al., 2000; Smith et al., 2000). The triggers that promote
gametocytogenesis are not well understood, although it is known that parasite
conditioned media stimulates this process (Williams, 1999). Recent work has
demonstrated that lysophosphatidic choline is a repressor of sexual stage development
(Brancucci et al., 2017). In 2014, a master regulator of gametocytogenesis, the
transcription factor AP2-G, was identified in P. falciparum (Kafsack et al., 2014) and P.
berghei (Sinha et al., 2014). AP2-G upregulates the expression of gametocyte related
genes, initiating sexual commitment. It was subsequently found that gametocyte
development 1 (GDV1) removes the heterochromatin protein 1 (HP1)-dependent
silencing of the ap2-g locus to induce sexual differentiation in P. falciparum (Filarsky et
al., 2018).

Following the invasion of a sexually committed merozoite, a maturation phase follows,
which in P. falciparum takes between 9 and 12 days (Hawking et al., 1971).
Transmission-competent gametocytes are taken up by a feeding mosquito. In the
mosquito midgut, the drop in temperature, rise in pH and the presence of xanthurenic
acid induces the maturation of microgametes and macrogametes (Kawamoto et al.,
1991; Billker et al., 1997, 1998; Garcia et al., 1998). The male gametocyte undergoes 3

rapid rounds of replication to produce 8 flagellated microgametes that detach from the
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residual body in a process known as exflagellation (Janse et al., 1988, 1986). The motile
microgametes fertilise the macrogamete, forming a diploid zygote, which over the course
of 20 hours transforms into a tetraploid motile ookinete. The ookinete penetrates the gut
wall and once embedded in the basil lamina develops into an oocyst. Sporogony occurs
in the oocyst, resulting in the release of ~3000 sporozoites (Rosenberg and
Rungsiwongse, 1991) that migrate to the salivary glands, whereupon mosquito feeding,

they may be transmitted to the next human host.
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Figure 1.1 The life cycle of the malaria parasite. When an infected female Anopheles
mosquito takes a blood meal, sporozoites are injected into the human host and migrate
to the liver, where they invade hepatocytes. Within this host cell, schizogony occurs
resulting in the development of thousands of merozoites which are released into the
bloodstream and invade RBCs. The asexual cycle involves the continual invasion of,
development within, and egress from RBCs. The early stage intraerythrocytic parasite is
described as the ring stage, which first develops into the trophozoite form and then into
the multinucleated schizont that matures to release daughter merozoites parasites into
the bloodstream to continue this cycle. A subset of schizonts will release merozoites
destined to develop into female or male gametocytes upon RBC invasion. Mature
gametocytes taken up by the mosquito convert into gametes in the midgut. The gametes
fuse to form a diploid zygote and then transform into the motile ookinete that penetrates
the midgut wall and develops into an oocyst. The oocyst grows and ruptures releasing
thousands of sporozoites that migrate from the midgut to the salivary glands, whereupon
they may be injected into a human host. This figure is from (Cowman et al., 2012).
Image reproduced with permission of the rights holder, Rockefeller University Press.
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1.1.4 The clinical manifestations of malaria are caused by the asexual blood

stages

Symptoms of malaria infection occur at least one week after infection and are entirely as
a result of asexual blood stage proliferation (White et al., 2014a). Uncomplicated malaria
is characterised by fever, chills, nausea, vomiting, headache and diarrhoea. While these
symptoms can be debilitating in the short term, they often resolve naturally within weeks.
With prompt frontline treatment, the mortality rate from P. falciparum uncomplicated
malaria is <0.1% (WHO, 2014). In some individuals, however, severe disease will ensue.
Young children are particularly susceptible. Features of P. falciparum severe malaria can
include hyperparasitaemia (>10% of RBCs infected), metabolic acidosis,
hypoglycaemia, severe anaemia, and cerebral malaria. Cerebral malaria is characterised
by neurological impairment and coma, with survivors likely to have lasting brain injury

(John et al., 2008). Severe malaria can result in multiple organ failure and death.

Many symptoms of malaria infection are related to the presence of haemozoin and other
toxic parasite material released into the bloodstream from ruptured schizonts
(Kwiatkowski et al., 1989; Pichyangkul et al., 1994; Sharma et al., 2011). Anaemia results
not only from the infection and rupture of RBCs but primarily from the destruction of
uninfected RBCs (Jakeman et al., 1999) and also from compromised RBC production
(Pathak and Ghosh, 2016). Cerebral malaria is considered to occur as a result of
sequestration of infected RBCs in the brain microvasculature as well as the release of
pro-inflammatory factors that compromise the blood-brain barrier (Idro et al., 2010).
Sequestration of infected RBCs can harm the endothelium and impair the flow of blood
leading to acidosis and hypoxia. Furthermore, the binding of infected RBCs to vascular
endothelium also prevents them being destroyed by the spleen. This cytoadherence is
primarily mediated by a protein exported to the RBC surface, P. falciparum Erythrocyte
Membrane Protein 1 (PfEMP1), and its binding to endothelial receptors including cluster
of differentiation 36, intracellular adhesion molecule-1 and endothelial protein C receptor.
PfEMP1 is encoded by a single member of the var multigene family. Through monoallelic
expression and switching, antigenic variation of this family of proteins contributes to
immune evasion, thus prolonging infection (Wahlgren et al., 2017). Pregnant women are
also highly susceptible to P. falciparum infection, which can often lead to adverse
outcomes for mother and foetus, including miscarriage, stillbirth and premature delivery
(Phillips et al., 2017). This susceptibility to P. falciparum infection is due to a variant of

PfEMP1 (VAR2CSA) that binds a placenta-specific proteoglycan (Ayres Pereira et al.,
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2016). This binding leads to placental sequestration of infected RBCs and impaired

nutrient delivery to the foetus.

1.2 Malaria control strategies

Malaria remains a major disease on the agenda of the WHO, with aims not just to reduce
malaria burden but to move toward eradication. As part of the WHO Global Technical
Strategy for Malaria 2016-2030, the WHO is on target to attain one objective of the E-
2020 initiative; that is the goal of the elimination of malaria from 10 countries in which
the disease was present in 2015 (World Health Organization and Global Malaria
Programme, 2015). However, two other objectives of the E-2020 initiative are unlikely to
be met due to a plateau in progress; the reduction of both malaria incidence and deaths
by 40% compared to 2015 levels. As for the further goals of reducing malaria incidence
and mortality by 90% by 2030, it is looking increasingly doubtful without a renewed global
effort to reduce malaria burden. Challenges include a lack of consistent funding to tackle
malaria and the emergence and spread of parasite and mosquito resistance to
antimalarials and insecticides. This is in addition to poor healthcare infrastructure in
many malaria endemic countries, as well as inadequate surveillance and diagnostics
tools. Tackling malaria will require a combination of approaches that includes effective
and sustainable vector control, effective vaccines, and new combinations of

chemotherapeutics.

1.2.1 Vector control

Control of the mosquito population or prevention of mosquitoes biting are effective ways
of preventing malaria. Traditionally, destruction of mosquito breeding areas, e.g.
drainage of swampland, has played an important role in the removal of mosquito-borne
diseases, particularly in lower transmission areas. The current most widely used
methods for preventing transmission are insecticide treated bed nets (ITNs), including
long-lasting insecticidal nets (LLINs) that are impregnated with a synthetic pyrethroid,
and indoor residual spraying (IRS) of insecticides. The vast reductions in malaria and
deaths between 2000-2015 are largely attributed to these vector control strategies (Bhatt
et al., 2015). By 2017, an estimated 50% of the population of Africa were sleeping under
ITNs (WHO, 2018a). There are four insecticides recommended for use in these
intervention  strategies;  pyrethroids, carbamates, organophosphates and

organochlorines. However, mosquito resistance to all four classes has arisen (WHO,
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2018b). Furthermore, the intervention of ITNs and IRS has led to differences in mosquito
biting behaviour, such as biting at different times of the day, and selection of mosquito
species that more commonly feed on blood outdoors than indoors (Benelli and Beier,
2017). Improved monitoring is required to determine how much this resistance impacts
malaria control. Increasing urbanisation, deforestation and climate change are
anticipated to increase transmission in malaria-endemic countries and lead to the spread
of Plasmodium-carrying mosquitoes in previously malaria-free countries (Caminade et
al., 2014).

A broader range of interventions are required, tailored to each environment to tackle ~40
different species of Anopheles that transmit malaria (Hay et al., 2010b). A number of
innovative approaches to tackle mosquito populations have been suggested. One option
is sterile insect technique (SIT), which involves the release of huge number of sterile
insects, typically males, that compete for mates. SIT has been used with success on the
screwworm, Cochliomya hominvorax, an agricultural pest that was eliminated from North
America in 1968 (Macias et al., 2017). However, SIT represents many logistical
challenges, with repeated release of mosquitoes required. Gene drives are of interest to
disseminate genetically-modified mosquitoes that are resistant to Plasmodium infection
(Macias et al., 2017). The advent of new gene editing techniques facilitates these
studies. A recent article suggested that the use of antimalarials on bed nets in addition
to insecticides would be an effective way of targeting the parasite inside the mosquito
(Paton et al., 2019). Such an approach could repurpose compounds from industry that
were not safe to be used in humans but could be safe in the context of bed nets.

Ultimately, there will be no ‘one-size fits all’ approach to vector control.

1.2.2 Antimalarial vaccines

An effective antimalarial vaccine could be the most cost-effective way to prevent malaria
and would be a major asset in the goal of malaria elimination. It is known that continual
exposure of individuals to malaria parasite infection leads to the development of
protective immunity to severe malaria and clinical disease (Doolan et al., 2009).
Individuals with protective immunity may have asymptomatic infections and therefore
represent reservoirs for transmission. This protective immunity however requires

constant re-exposure and thus does not represent true sterile immunity.
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Protein vaccines have been explored for decades with a number of different surface
molecules studied including merozoite surface protein 1 (MSP1), apical membrane
antigen 1 (AMA1) and the sporozoite antigen CSP (Schwartz et al.,, 2012). The
polymorphic nature of many surface Plasmodium proteins and the limited windows of
time when these parasites are extracellular makes the goal of developing a successful
vaccine challenging. Vaccine efficacy in many clinical trials has been underwhelming
(Schwartz et al., 2012). Despite these challenges the first malaria vaccine, RTS,S/AS01
(Mosquirix), was licenced in 2015 and contains portions of the sporozoite protein CSP
(Casares et al., 2010) (Gosling and Seidlein, 2016). This vaccine was developed by GSK
and took 32 years and $700 million to develop (Maxmen, 2019). It will be trialled in
Malawi, Ghana and Kenya (Maxmen, 2019), despite having only partial efficacy. A phase
3 clinical trial in young children found a vaccine efficacy of only 27% when administered
3 times in 6-12 week ages babies, an effect that waned over time (RTS,S Clinical Trials
Partnership, 2015). Children vaccinated with three doses at ages 5-7 showed a more
encouraging vaccine efficacy of 45%. These vaccine efficacy values could clearly be

improved upon.

The WHO and partners aim to make a vaccine with >75% efficacy available by 2030
(World Health Organization, 2015). Future vaccines would ideally have greater efficacy
against both P. falciparum and P. vivax, and may be composed of multiple parasite
proteins or even live attenuated parasites (Beeson et al., 2019). It has been known since
1973 that live P. falciparum sporozoites injected by irradiated mosquitoes into humans
can be protective to later malaria challenge (Clyde et al., 1973). Attempts are underway
to develop radiation attenuated or genetically attenuated vaccines or, alternatively, to
administer live sporozoites with chemoprophylaxis (ltsara et al., 2018). However, the
difficulty in manufacturing sporozoites, which must be obtained from mosquito salivary
glands prior to injection into the recipient, precludes this approach for widespread
vaccination. Studies are ongoing to determine whether sporozoites can be developed in
vitro in a scalable way (ltsara et al., 2018). There is growing interest in using PfRH5 as
the basis for a blood-stage vaccine, since the PfRH5-basigin interaction is critical for
RBC invasion (Crosnier et al., 2011). Indeed, a PfRH5-based vaccine showed promising
results against in P. falciparum infection in Aotus monkeys (Douglas et al., 2015).
Alternatively, vaccines containing proteins of gametocytes or parasites stages in the
mosquito midgut could be employed to prevent transmission. For instance, vaccines

based on gametocyte Pfs230 and Pfs48/45 proteins are currently being tested in clinical
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trials (Beeson et al., 2019). The ultimate goal would be the development of a multi-stage

vaccine targeting the pre-erythrocytic, asexual and sexual stages.
1.2.3 Antimalarial chemotherapy and the challenge of resistance

There are currently 14 medicines for the treatment of malaria and 4 for its prophylaxis
that feature on the WHO Model List of Essential Medicines (Tse et al., 2019). Many of
these curative medicines are combination therapies and include the gold-standard ACTs
which, provided they are administered promptly, have cure rates of greater than 98%
(Phillips et al., 2017). The first malaria treatments were administered as monotherapies,
but the extraordinary ability of the parasites to develop resistance means that
combination therapies are critical. However, even resistance to the highly effective ACTs
has arisen (Dondorp et al., 2009; NoedI et al., 2008), meaning that resistance to every

frontline antimalarial has been documented.

The first antimalarial was derived from the bitter bark of the Peruvian Cinchona tree, a
traditional medicine for fever going back centuries. The active ingredient of this bark,
quinine, was isolated in 1820 and has been an effective antimalarial since, although
parasite resistance to quinine prevents the use of this drug as a frontline antimalarial.
The related compound chloroquine, a 4-aminoquinoline, was discovered in 1934, and
was used heavily as a safe and cost-effective alternative to quinine. However, resistance
arose to chloroquine only 15 years after its introduction (Eyles et al., 1963) with
devastating effect as it spread to over 40 countries (Payne, 1987) and led to more
treatment failures and deaths (Trape, 2001). Other related drugs that were developed in
the 20" century include mefloquine, amodiaquine and piperaquine. Again, it was a matter
of time before these drugs became less effective as monotherapies due to parasite
resistance. These quinoline-related drugs are thought to interfere with the digestion of
haemoglobin (Combrinck et al., 2013; Foley and Tilley, 1997). As such, resistance that
has occurred to many of these compounds is associated with increased copy number
and/or mutations in food vacuole resistance transporters, such as the chloroquine
resistance transporter, that are thought to promote efflux of compounds out of the food
vacuole (Blasco et al., 2017). Mefloquine was recently found to inhibit protein synthesis

through binding of the P. falciparum 80S ribosome (Wong et al., 2017).

Antifolates are another class of antimalarial with pyrimethamine and sulfadoxine

developed in the 1950s and 1960s, respectively. Both inhibit pyrimidine biosynthesis with
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pyrimethamine targeting the parasite dihydrofolate reductase (DHFR), and sulfadoxine
inhibiting dihydropteroate synthase. Both have been used as monotherapies, but have
also been used successfully as a synergistic combination since 1981. In the 1990s,
sulfadoxine-pyrimethamine was used as a first-line therapy in many malaria endemic
countries, but resistance arose extremely rapidly in South America and Southeast Asia
(Sibley et al., 2001). Point mutations in the targets of pyrimethamine (Peterson et al.,
1988) and sulfadoxine (Triglia et al., 1997) are associated with resistance to these drugs.
Nonetheless, due to its high safety, sulfadoxine-pyrimethamine treatment is still

recommended as a prophylaxis in pregnant women (Ngondi et al., 2017).

Primaquine and its analogue tafenoquine are 8-aminoquinolines that are gametocidal
and capable of targeting the hypnozoite-stage of P. vivax and therefore preventing
relapse. Importantly, the recently licensed tafenoquine can provide radical cure with only
one dose (Berman, 2019). However, these drugs cannot be used in individuals with
glucose-6 phosphate dehydrogenase (G6PD) deficiency for risk of acute haemolytic
anaemia. Unfortunately, G6DP deficiency has been selected for in malaria-endemic

populations as it protects against severe malaria.

The implementation of ACTs has been a major breakthrough. Artemisinin is derived from
the sweet wormwood plant Artemesia annua which has been used as a therapy for fever
in Chinese medicine for centuries (White et al., 2015). Its isolation in 1979 made Tu
YouYou a recipient of the Nobel prize in 2015. The poor bioavailability of artemisinin
resulted in the development of semi-synthetic derivates artemether, artesunate and
dihydroartemisinin (Paddon and Keasling, 2014). These compounds contain an
endoperoxide bridge which is believed to be cleaved through interaction with haem that
is released by haemoglobin degradation within the parasite (Klonis et al., 2013a;
Meshnick, 2002) . The disruption of the endoperoxide bridge results in the generation of
carbon-centred free radicals that cause oxidation stress and cell damage (Wang et al.,
2015). This unique mode of action (MoA) explains the exceptional specificity for the
malaria parasite. This MoA also explains how, unlike other antimalarials, artemisinin and
derivatives are active against early ring stages (Xie et al., 2016), when haemoglobin
catalysis commences, and the highest toxicity against the trophozoite, when
haemoglobin digestion reaches its peak (Klonis et al., 2013b). These compounds are
fast-acting but short-lived with a half-life in the range of 1-2 hours. As such, these

compounds are paired with longer-lived drugs such as mefloquine, amodiaquine,
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piperaquine and sulfadoxine-pyrimethamine for malaria clearance (White et al., 2014b).
Nonetheless, prolonged malaria clearance following artesunate treatment or ACT was
first reported in 2008 (Dondorp et al., 2009; Noedl et al., 2008). Resistance to ACTs has
since spread throughout the Greater Mekong subregion. Artemisinin resistance is
associated with mutations in the kelch-like K13 gene, which have emerged
independently on multiple occasions (Blasco et al., 2017). Consequently, parasites
bearing these mutations have spread across Southeast Asia. There are grave concerns
if this resistance takes hold in Africa (White et al., 2014b). Indeed, modelling of
widespread resistance to ACTs predicts over 100,000 more malaria deaths each year
(Lubell et al., 2014). While it is hoped that the utility of artemisinins can be extended
through triple combination therapies or prolonged treatment times, it is clear that new

drugs with novel MoA are required to counter the threat of parasite resistance.

1.2.4 The pipeline for antimalarials

In 2014, the non-profit organisation MMV set out goals for future antimalarials, described
as target product profiles (TPPs) (Burrows et al., 2013). Two major TPPs are a single
exposure radical cure and prophylaxis (SERCaP), and a separate single exposure
chemoprophylaxis with distinct modes of actions. Both TPPs should be extremely safe,
target all human-infective Plasmodium species and be affordable. In addition, the
SERCaP should provide radical cure of parasites, including the hard-to-treat hypnozoites
and gametocytes, and have a high barrier to resistance. Such a therapy would be
comprised of multiple components, one of which must have fast-acting capabilities to
alleviate symptoms. MMV and partners have made huge strides and there are now
multiple compounds in the pipeline, discovered in different ways and with diverse modes

of action. Some examples of compounds in clinical trials are described below.

There are different strategies for the development of new drugs. One is the reformulation
of existing drugs. A triple combination therapy is currently in clinical trials and uses a
repurposed anti-cancer drug, imatinib, alongside dihydroartemisinin-piperaquine (Tse et
al,, 2019). Key advantages of repurposing drugs are their favourable safety and
pharmacokinetic profiles and that they may already be approved by the relevant licensing
bodies e.g. the U.S. Food and Drug Administration (FDA) or the European Medicines
Agency (EMA). Another approach has focused on improving the stability of the
endoperoxide bond that is crucial for the MoA in artemisinin, resulting in the compound

Ozonide 0Z439 (also known as artefemenol) (Charman et al., 2011). This compound
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alone was extremely effective against P. falciparum and P. vivax in phase Il trials and its

use now being explored as part of a combination therapy (Phyo et al., 2016).

High throughput phenotypic screens of millions of compounds performed by the
pharmaceutical industry have yielded a number of promising antimalarial candidates
(Tse et al., 2019). The compound MMV048 contains an imidazopyrazine core and was
discovered in 2012 (Younis et al., 2012). It has exceptional activity as a single dose
treatment and is currently in phase lla trials (Tse et al., 2019). MMV048 was later found
to act through phosphatidylinositol 4-kinase (PI4K) in P. falciparum (McNamara et al.,
2013), a regulator of intracellular signalling and trafficking that appears to be required at
every stage of the parasite life cycle. KAE609 (Cipargamin) is a spiroindolone that is
active against both P. falciparum and P. vivax isolates as well as drug resistant strains
(White et al., 2014c). It has an excellent safety profile, good bioavailabilty and
pharmacokinetics, and it is currently in phase b trials (Tse et al., 2019). Subsequently,
the target of this compound was found to be P. falciparum P-type Na® ATPase
transporter (PfATP4), the inhibition of which results in the lethal accumulation of Na* ion
inside the parasite (Spillman and Kirk, 2015). Another high-throughput screen derived
compound, (+) SJ733, currently in first-in-human trials, shares PfATP4 as a target
(Guiguemde et al., 2010; Jiménez-Diaz et al., 2014).

Promising candidates have also come from target based rational drug design. Analogues
of pyrimethamine that were scrutinised in cocrystal structures with PfDHFR lead to the
development of P218 (Yuthavong et al., 2012). This compound is highly selective for
PfDHFR over the human homologue and is active against pyrimethamine resistant
strains. Phase | clinical trials have been completed (Tse et al., 2019). DSM265 was
identified in a high throughput inhibitor screen against P. falciparum dihydroorotate
dehydrogenase (PfDODH) (Coteron et al., 2011). It is active against blood and liver
stages in addition to drug-resistant strains. Phase lla trials have now been completed
and it is also being studied in combination with OZ429 (Tse et al., 2019).

There is optimism that new antimalarials can be obtained that do not compromise on
safety, are highly effective, and limit the emergence of resistance. These features are
critical for striving towards malaria eradication. Nonetheless, the potential for continual

emergences of resistance to antimalarials means that drug discovery must continue.
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1.3 Tools for the study of Plasmodium biology

1.3.1 In vitro and in vivo culture of Plasmodium spp.

Stable culturing of P. falciparum asexual blood stages in human RBCs was first
demonstrated in 1976 (Trager and Jensen, 1976). The ease of culturing paired with the
fact that this species causes the most severe disease in humans makes P. falciparum
the most studied Plasmodium species. Despite great efforts, the species that causes the
second highest burden of malaria, P. vivax, cannot yet be cultured continuously in vitro,
limiting studies on parasite cell biology (Bermudez et al., 2018). The primary reason for
this intractability is that P. vivax merozoites consistently lose the ability to invade
efficiently in culture. In addition, this species invades reticulocytes rather than
erythrocytes making procurement of host cells more challenging. Adaptation of the
zoonotic macaque malaria parasite P. knowlesi to in vitro proliferation in human RBCs is
a recent breakthrough (Moon et al., 2013). Being able to easily culture this organism is
not only important because it is a cause of severe disease in humans, but also as a proxy
for the closely related P. vivax (Gruring et al., 2014). Nonetheless, differences do exist
between the two species such as the preference for reticulocytes and the production of

hypnozoites in P. vivax infection.

The limited host range of human-infective Plasmodium species makes in vivo work
difficult. Non-human primates have been used for decades in propagating Plasmodium
species, such as P. cynomolgi (Aotus monkey), P. knowlesi (macaque) and P. vivax
(chimpanzee), with crucial discoveries found in this way. One example is the discovery
of hypnozoites in the liver of P. vivax infected chimpanzees (Krotoski et al., 1982).
However, the ethics and cost of using these models, as well as their relevance to human
disease, prompted scientists to use other animals models to study Plasmodium species
in vivo (Siu and Ploss, 2015). In recent decades, far more work has been performed
using rodent malaria models, namely P. berghei, P. chabaudi and P. yoelii, with different
pathogenicity between the models. Most rodent model research has involved P. berghei
infection in BALB/c mice, which results in severe disease. P. berghei has also been
studied in C57BL/6 mice as a model for cerebral malaria, although there has been
controversy over its relevance to human infection (Craig et al., 2012). Rodent models of
malaria have been vital to study host-pathogen interactions as well as vaccine and drug
development. Furthermore, all life cycle stages can be easily studied. It is clearly far

safer to work on the mosquito stages of rodent malaria parasites than with human-
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infective species. Naturally, differences exist between rodent malaria models and human
malaria. Development of humanised mouse models, including human liver and human
erythroid chimeric models in immunocompromised mice, means that P. falciparum can
be propagated in vivo (Siu and Ploss, 2015). Each of the approaches discussed have
limitations, therefore the continued use of different and complementary approaches is

the best way to further our understanding of Plasmodium biology.

1.3.2 Plasmodium Genomics

The publication of the P. falciparum genome in 2002 was a milestone (Gardner et al.,
2002) and is the reference genome for Plasmodium. This genome is comprised of 14
chromosomes, totalling 23 megabases and >5000 genes, with a number of genes
implicated in immune evasion and host-pathogen interactions. This genome was the
most AT-rich published at the time, averaging 80% AT. Upon the publication of the
genome, about 60% of genes encoded hypothetical proteins that could not be assigned
a function. Great effort has been made to maintain and improve this genome annotation,
and the number of predicted genes now stands at 5438 with 33% lacking a predicted
function (Bohme et al., 2019). Nonetheless, many of the predicted functions are inferred
from homology and have yet to be demonstrated experimentally. This genomic
information is paired with various transcriptomics and proteomics studies which are
collected together on the PlasmoDB public database, a huge facilitator for Plasmodium
research (Aurrecoechea et al., 2009). Now genomes are available for all human-infective
Plasmodium spp. (Carlton et al., 2008; Pain et al., 2008; Rutledge et al., 2017) and
various other animal-infecting Plasmodium spp. (Bohme et al., 2019). In addition,
thousands of P. falciparum genomes have been sequenced, including field isolates and
drug resistant strains (Amambua-Ngwa et al., 2019; Manske et al., 2012), allowing

thorough analyses of genetic diversity and mechanisms of resistance.

1.3.3 Transfection and genetic integration of DNA in blood stage P. falciparum

Transfection of P. falciparum was first demonstrated in 1995 (Wu et al., 1995) followed
by gene integration the following year (Crabb and Cowman, 1996; Wu et al., 1996). The
first gene knockout (KO) was performed in 1997 on the knob-associated histidine-rich
protein, which showed that this protein is necessary for cytoadherence (Crabb et al.,
1997). Numerous KOs of P. falciparum genes have since been generated for the study
of non-essential genes. However, targeted disruption of essential genes or of those that

confer fitness in the asexual blood stages is lethal and cannot be obtained in this way.
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Genetic manipulation of P. falciparum is challenging for a number of reasons. Firstly, the
AT rich nature of many P. falciparum DNA sequences makes molecular cloning difficult.
Furthermore, the introduction of foreign DNA is complicated due to very low transfection
efficiency in the region of 1x10° (O’'Donnell et al., 2002). In P. falciparum, random double
stranded break (DSB) repair is driven by homologous recombination since components
of the canonical non-end homologous joining pathway do not appear to be present in the
P. falciparum genome (Gardner et al., 2002). For this reason, DNA for integration must
contain a region homologous to that of the target locus to promote homology-mediated
repair following a DSB at the target locus. In P. falciparum, DSB repair is driven by
homologous recombination since members of the canonical non-end homologous joining
pathway do not appear to be present in P. falciparum (Gardner et al., 2002). Often,
promoting gene selection of integrated DNA was reliant on an episome encoded
selectable marker. Cycling parasites on and off drug was traditionally performed to
promote integration as well as the removal of episomal DNA, a process that could take

months and may not be successful at all.
1.3.4 Strategies to enhance integration of exogenous DNA

Approaches that facilitate the introduction of DNA into the P. falciparum genome are
invaluable for improving its tractability. The first implemented gene editing technique in
P. falciparum was a zinc-finger nuclease that generated a DSB in the chloroquine
resistance transporter gene, thus allowing the introduction of mutant alleles (Straimer et
al., 2012). The zinc finger nuclease must be engineered to recognise a specific DNA
sequence. Although zinc-finger nucleases act with high specificity, it requires time and
considerable funds to generate a nuclease that is specific to the DNA sequence of

interest. It is therefore not a scalable method.

An alternative site-specific recombinase approach is the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system, a technology that has revolutionised
many fields. This gene editing approach depends upon the Strepfococcus pyogenes
Cas9 enzyme, which protects the bacterium from foreign DNA. A guide RNA of at least
20 amino acids directs the endonuclease Cas9 to the sequence of interest, which must
be followed by protospacer-adjacent motif for the DSB cleavage to occur. A repair
template is required for homology-directed repair of the Cas9-mediated DSB. The
application of CRISPR-Cas9 to P. falciparum (Ghorbal et al., 2014), P. yoelii (Zhang et
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al., 2014) and P. knowlesi (Mohring et al., 2019) has been a huge step forward in rapid,

scalable and marker free genomic integration.

An alternative strategy for obtaining integrated populations rapidly that does not rely on
a site-specific recombinase is selection-linked integration (SLI) (Birnbaum et al., 2017).
SLI relies upon using a viral 2A ‘skip’ peptide to express both the modified GOl and a
selectable marker from the same mRNA, with expression driven by the GOI promoter.
The 2A peptide of Thosea asigna (T2A) is composed of 19 amino acids and functions
during translation; the ribosome skips the synthesis of a peptide bond before the final
amino acid of the T2A peptide (Figure 1.2). For this method to work, the GOI must not
have a stop codon, must be expressed at sufficiently high levels such that stochiometric
expression of the selectable marker will confer resistance to the selection drug, and the
encoded protein must be able to tolerate the 18 amino acids of the T2A peptide that
remain at the C-terminus. The advantage of this method is that it is easily scalable,
requiring little modification of the backbone episome to tailor it to a new GOI. A
disadvantage of this method, however, is that the entire episome is integrated by single
crossover homologous recombination using a single homologous targeting sequence.
This results in the displacement of the original homology region and the potential for
reversion to the wild type locus. However, with SLI the continued drug selection means
that any reversion events would be lethal. With Cas9, the construct may be integrated
by double crossover homologous recombination (using two homologous regions), so no
unnecessary sequences are integrated into the locus of interest. Regardless, both SLI
and CRISPR/Cas9 are having a huge impact on speeding up genetic manipulation in P.
falciparum so that it takes weeks, rather than months, to obtain genetically modified

parasites.
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Selection-linked integration (SLI)

GOl T2A sequence Selectable marker gene

GGA GAA GGA AGA GGA AGT TTA TTA ACA TGT GGA GAT GTA GAA GAA AAT CCA GGA CCA
G E G R G S L L T C G D v E E N P G P

)

Transcription, translation and
ribosome skipping

Protein of interest T2A peptide Selectable marker

Figure 1.2 Selection-linked integration (SLI) requires a 2A peptide to express both the
GOl and the selectable marker gene under the control of the GOl promoter. The T2A
peptide, which comprises 19 amino acids, must be situated between the GOl sequence,
minus the stop codon, and the selectable marker sequences with a stop codon (red
hexagon). During translation of the T2A peptide, the ribosome skips the synthesis of a
peptide bond between the 18" (glycine) and 19" (proline) amino acids. This ribosome
skipping results in the stoichiometric expression of the protein of interest with 18 amino
acids of the T2A peptide at its C-terminus and the resistance conferring protein with an
additional proline at its N-terminus.
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1.3.5 Conditional systems for depletion of gene products in P. falciparum

Directly targeting a gene that is essential in the blood stages of P. falciparum is lethal.
Therefore, the study of essential genes often requires conditional systems to
characterise the phenotype associated with the removal of the gene or gene product. In
many eukaryotes, gene silencing can be performed through RNA interference (RNAI)
which allows specific, potent and reversible knock-down of specific transcripts. However,
Plasmodium lacks components of the RNAi pathway, meaning that knock down using
this method is not possible (Baum et al., 2009). In the past decade a number of new
approaches acting at the protein, transcriptional and gene levels have been developed
(de Koning-Ward et al., 2015).

The first protein knockdown method performed in P. falciparum was the use of a
destabilisation domain (DD) at the C-terminus of the protein of interest (Armstrong and
Goldberg, 2007). The inherent instability of the DD can be overcome through the addition
of a synthetic ligand known as Shield-1. Maintaining the culture on Shield-1 allows the
protein of interest to be expressed in a stable form, and its degradation is induced after
the removal of Shield-1. This approach was successfully demonstrated by the knock
down of the haemoglobinase falcipain-2 (Armstrong and Goldberg, 2007). Another
method for protein knockdown in P. falciparum involves the fusion of an auxin inducible
degron (AID) to the protein of interest and the transgenic expression of a plant protein,
TIR1, that binds to a specific E3 ligase (Kreidenweiss et al., 2013). It is worth noting that
DD and AID based knock down both rely upon the proteasome for degradation and thus
these strategies are largely limited to cytosolic proteins. The plant hormone auxin
mediates the interaction between the AID and TIR1, leading to the ubiquitination of the
protein of interest and its degradation by the proteasome. An alternative approach that
has been implemented in P. falciparum is knock-sideways which results in the rapid mis-
localisation of the protein of interest (Birnbaum et al., 2017). The modified protein fused
to rapamycin binding protein (FKBP) must be expressed in addition to the mislocaliser;
a protein belonging to a different cellular compartment fused to a different rapamycin
binding protein (FRB). The addition of a rapamycin analogue results in the dimerization
of proteins fused to the rapamycin binding domains and the removal of the protein of
interest from the cellular localisation where it performs its functions. Knock-sideways has

proven extremely effective in studying certain proteins, for example in characterising
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PfVPS45, a protein essential for the uptake of RBC cytosol, by mislocalising it from the
cytosol to the nucleus (Jonscher et al., 2019). However, some proteins simply cannot be
mislocalised and proteins that can may cause a detrimental impact due to their new
cellular location. All of these conditional methods that operate at the protein level require
the addition of tags which may not be tolerated in essential proteins. The modulation of
protein levels or mis-localisation is also variable. Furthermore, exported proteins cannot

be targeted with these methods.

Conditional systems at the RNA level include RNA knockdown and inhibition of
translation. One method is based upon the glucosamine-6-phosphate riboswitch (gimS)
ribonucleic acid enzyme, or ribozyme, that cleaves itself in the presence of glucosamine
(Winkler et al., 2004). Incorporating the g/mS ribonucleic ribozyme into the 3°
untranslated region (UTR) results in wildtype expression in the absence of glucosamine
but self-cleavage and transcript degradation when the glucosamine inducer is added to
the culture (Prommana et al., 2013). In theory, it would be expected that any gene
transcript could be modified with the gimS ribozyme. One disadvantage to this approach
is that glucosamine is toxic to the blood stage parasites, so its use requires careful
titration. A system of translational control has also been implemented in P. falciparum.
The Tet repressor (TetR) RNA aptamer has the ability to bind the TetR. When this
aptamer is inserted into the 5'UTR of a transcript this aptamer binds TetR thus
preventing translation. The TetR protein preferentially binds anhydrotetracycline so upon
addition of this ligand, TetR is unable to bind the aptamer and the transcript of interest
can be translated (Goldfless et al., 2014, 2012). It is worth noting that there is a possibility

of interfering with the promoter region when using this technique.

These methods described have all been extremely valuable in elucidating gene
functions. However, a key limitation of them all is that they rely on knock down, which
can be variable depending on the sequence being investigated, rather than complete
ablation of expression. Residual levels of protein that remain following knock down may
be sufficient to perform its biological function, even if that protein is essential. Conversely,
a partial growth defect may be either due to insufficient knock down or to the fact that

the GOl is not essential.
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1.3.6 Use of the inducible dimerisable Cre recombinase for efficient DNA

excision

The dimerisable Cre (DiCre) system does permit complete inducible gene knockout and
has been used with great success in P. falciparum. The Cre recombinase was
discovered in 1981 as a bacteriophage P1 enzyme that catalyses the recombination of
DNA between specific 34-base pair (bp) stretches of DNA known as loxP sites
(Sternberg and Hamilton, 1981). When the loxP sites are arranged in tandem, Cre
excises the DNA between the two sites. The Cre-lox system has been used widely in
experimental animal genome engineering, such that one animal expressing the Cre
recombinase is crossed with an animal containing loxP-flanked DNA to produce offspring
where the recombination event has taken place, provided that the genetic modification

is not lethal.

A transcriptionally induced Cre was implemented in P. falciparum in 2011, but leaky
expression of the recombinase meant that the recombination event occurred prior to
induction (O’'Neill et al., 2011). In 2013, the inducible DiCre system was published in T.
gondii (Andenmatten et al., 2013) and shortly after in P. falciparum (Collins et al., 2013a).
This Cre recombinase is expressed in two inactive portions, both fused to different
rapamycin binding domains. Upon the addition of rapamycin, the two fragments
heterodimerise and become active (Jullien et al., 2007, 2003) leading to the excision of
loxP flanked DNA. In P. falciparum, rapamycin-induced heterodimerisation of DiCre
resulted in almost 100% excision within one intraerythrocytic cycle (Collins et al., 2013a).
The constitutive DiCre-expressing line generated in this study was called 1G5DiCre.
DiCre has been used successfully in P. falciparum with placement of loxP sites around
the GOI (Thomas et al., 2018).

The use of artificial loxP-containing introns (Jones et al., 2016) has aided DiCre
strategies and opened up elegant systems of allelic replacement. An issue with the use
of DiCre is that two loxP sites must be introduced in order to excise the DNA of interest.
To put these loxP sites on either side of the gene may require more than one transfection.
Furthermore, the high AT content of P. falciparum intergenic regions makes their use as
homologous targeting regions challenging. Placement of a loxP site within the coding
sequence of a gene would result in the translation of the loxP site, which may impact
gene function. Placement of loxP sites within natural introns has been used successfully.

However, about 45% of P .falciparum genes contain no introns (Gardner et al., 2002).
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Instead, artificial loxP-containing introns, or loxPint modules, may be introduced into the
GOl which, when paired with a loxP site downstream of the GOI, result in the conditional
truncation of the GOI following excision (Jones et al., 2016). The conditional truncation
technique described has been very fruitful allowing the investigation of a number of
essential genes (Boonyalai et al., 2018; Patel et al., 2019; Perrin et al., 2018; Sherling
et al., 2017; Thomas et al., 2018).

1.3.7 Screens of essentiality

Two recent genome-wide screens of essentiality were performed in P. berghei (Bushell
et al., 2017) and P. falciparum (Zhang et al., 2018). The former used targeted and
barcoded gene disruptions in P. berghei, a resource known as Plasmodium Genetic
Modification Project (PlasmoGEM) (Schwach et al., 2015), and measured the
competitive fitness of the KO mutants in mice over time. Since P. berghei and P.
falciparum share a core of ~4500 conserved genes (Hall et al., 2005), this study provides
insights into essential proteins and processes in Plasmodium. The screen in P.
falciparum instead utilised piggyBac transposon insertional mutagenesis to determine
which genes are and are not mutable. Saturating levels of mutagenesis were achieved
(>38000 mutations) aided by the high AT rich content of the P. falciparum genome since
piggyBac transposon preferentially integrates at TTAA. The results from both of these
screens are extremely useful for prioritising potential drug targets and investigating
uncharacterised proteins. However, it is worth noting that some genes that are fitness
conferring but not essential may be listed as essential in these screens as they are both

based on competitive measures of fitness.
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1.4 Proteases as drug targets

Proteases catalyse the hydrolysis of peptide bonds and have important regulatory and
effector roles in a wide-range of biological processes (Drag and Salvesen, 2010; Turk,
2006). In addition to the traditional concept of protein degradation, proteases are
important for regulating protein homeostasis, trafficking, cell signalling, catabolism and
cell death. Proteolysis requires an active site nucleophile or an activated water molecule
to hydrolyse a peptide bond. Proteases that use a nucleophilic residue for proteolysis
include cysteine, serine and threonine proteases, while those with residues that activate
a water molecule include aspartyl, glutamic and metallo- proteases (Klein et al., 2018).
Apart from glutamic and the unusual non-hydrolytic asparagine proteases, all other
classes have been identified in P. falciparum (Deu, 2017). There are 171 predicted
proteases in P. falciparum (Rawlings et al., 2018) with roles throughout the life cycle of
malaria parasites including haemoglobin digestion, trafficking, egress and invasion (Deu,
2017).

Defined active sites and known catalytic mechanisms make proteases appealing for
target-based drug development (Deu et al., 2012). Inhibitors against various protease
classes have been licenced for use in the treatment of several diseases including
acquired immune deficiency syndrome (AIDS) (Ghosh et al., 2016), cancer (Crawford et
al., 2011), diabetes (Deacon and Lebovitz, 2016) and Hepatitis C virus infection (Dhingra
et al., 2014). The protease inhibitors (PIs) in use for AIDS and diabetes are well tolerated
and their respective targets, human immunodeficiency virus 1 (HIV-1) protease and

dipeptidyl peptidase IV (DPP4), have uncharacterised homologues in P. falciparum.

1.5 The S9 family of serine proteases

1.5.1 Serine proteases

Serine proteases are a widespread and abundant family comprising almost a third of
proteolytic enzymes. Serine proteases use a catalytic triad, typically comprised of His,
Asp and Ser, to hydrolyse a peptide bond (Figure 1.3) (Klein et al., 2018). The
mechanism of catalysis proceeds via the nucleophilic attack of the peptide bond by the
serine side chain resulting in a covalent acyl-enzyme intermediate, which then relies
upon a water molecule for peptide bond cleavage. The histidine deprotonates the serine

residue while the aspartate stabilises the protonated histidine. The catalytic triad is found
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in serine proteases of entirely different structures, representing an example of

convergent evolution (Dodson and Wlodawer, 1998).
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Figure 1.3 Mechanism of action of serine proteases. The canonical catalytic triad of
serine proteases is composed of histidine, aspartate and serine. The serine residue is
primed to perform nucleophilic attack through hydrogen bonding with the histidine, which
is in turn stabilised by hydrogen bonding with the aspartate residue. The serine side
chain performs nucleophilic attack on the substrate carbonyl carbon, resulting in a
covalent tetrahedral intermediate while the histidine accepts the proton of the serine. The
transfer of this proton to the intermediate leads to release of the C-terminal portion of the
substrate. An activated water molecule then attacks the acyl-enzyme ester bond, forming
a second tetrahedral intermediate. The histidine is again protonated and the bond
connecting the serine and substrate carbon attacks this proton, releasing the N-terminal
portion of the substrate and restoring the serine side chain. This figure is from Deu et al,
2012. Image reproduced with permission of the rights holder, Springer Nature.

41



Chapter 1 Introduction

1.5.2 The S9 family of dipeptidyl peptidases and prolyl oligopeptidases

The SC clan of serine proteases consists of 7 families of proteases (S9, S10, S15, S28,
S33, S37, S82), all containing an a/B-hydrolase fold and a catalytic triad in the order of
Ser, Asp, His. The MEROPS database (https://www.ebi.ac.uk/merops/) of proteolytic
enzymes describes the S9 family as predominantly composed of serine peptidases that
cleave oligopeptides (<30 amino acids) after a proline residue (Venalainen et al., 2004).
Members of this family include prolyl oligopeptidase (POP), DPP4 and acylaminoacyl-
peptidase (AAP), each a holotype enzyme for distinct S9 subfamilies (Rawlings et al.,
2018).

Several members of the S9 family are of pharmaceutical interest. POP is a cytosolic
enzyme that is highly active in the brain where it is thought to be involved in the cleavage
of neuropeptides, including substance P, arginine-vasopressin and neurotensin
(Mydhanen et al.,, 2009). POP has been investigated as a therapeutic target in
neurodegenerative conditions, such as Parkinson’s and Alzheimer’s disease (Mydhanen
et al.,, 2009). DPP4 is an extracellular, membrane associated, serine protease that
cleaves Xaa-Pro/Ala from the N-terminus of small peptides including the insulinotropic
hormone glucagon-like peptide 1 (GLP-1) (Yu et al., 2010). A number of DPP4 inhibitors
have been licensed for use in type 2 diabetes in order to enhance the activity of GLP-1
(Deacon and Lebovitz, 2016). Oligopeptidase B, an atypical member of this family due
to its preference for cleavage following basic residues, is of interest as a target in animal

trypanosomiasis (Coetzer et al., 2008).

1.5.3 Structural features of the S9 family

All members of the S9 family contain the a/B-hydrolase fold consisting of a B-sheet core
surrounded by a helices (Holmquist, 2000). This fold is highly prevalent in nature and is
found in diverse enzymes including lipases, esterases and peptidases. The catalytic triad
in S9 proteins of Ser, Asp and His is present on connecting loops with the nucleophilic
serine part of a conserved tight turn motif, Gly-Xaa-Ser-Xaa-Gly, known as the
‘nucleophile elbow’, which presents the catalytic serine to the substrate within the active
site. Based on the sequence of the residues surrounding the catalytic serine, proteins
can be assigned to the well-defined S9 subfamilies characterised by the holotype
enzymes POP (GGSXGGLL), DPP4 (GWSYGGY), AAP (GGSYGG) and glutamyl
endopeptidase D (GGHSYGAFMT) (Rawlings et al., 2018).
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The crystal structures of DPP4 (Sutton et al., 2012) , POP (Polgar, 2002) and AAP
(Bartlam et al., 2004) share a common domain structure; an N-terminal B-propeller
situated above the active site of the a/3 hydrolase domain (Figure 1.4). This B-propeller
domain excludes large substrates from the active site and determines the oligopeptide
specificity of these proteases. The active forms of S9 proteases often form homodimers

or homotetramers.

Dipeptidyl peptidase IV Prolyl oligopeptidase Acyl amino peptidase

B-propeller

af-hydrolase

Figure 1.4 The structures of three S9 serine proteases DPP4, POP and AAP. All three
of these proteins contain an N-terminal B-propeller domain and an a/f hydrolase domain
that performs the proteolysis of peptides. The B-propeller blocks the entry of large
proteins into the active site, therefore defining the oligopeptide specificity of these
proteases. Below each structure is a schematic demonstrating the preference for
residues preceding the scissile bond (red dashed line). DPP4 preferentially cleaves
following proline (P) or alanine (A), POP hydrolyses after a proline while AAP removes
the acylated N-terminus (with blue semi-circle) of oligopeptides. PDB numbers for DPP4,
POP and AAP are 4A5S, 1H2W and 2HUS, respectively.
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1.5.4 Putative S9 proteases in P. falciparum

At the beginning of this study there were three annotated members of the S9 family that
are conserved in all Plasmodium species, which we have termed S9A
(PF3D7_0321500), S9B (PF3D7_0805000) and S9C (PF3D7_0403800) on
chromosomes 3, 8 and 4, respectively. S9A is the largest of the three P. falciparum S9
proteins with a C-terminal catalytic domain, while S9B and S9C both have N-terminal
catalytic domains (Figure 1.5A). By proteomics, S9A was detected in schizonts and
sporozoites (Florens et al., 2002; Oehring et al., 2012; Treeck et al., 2011), S9B in
gametocytes (Lasonder et al., 2016; Silvestrini et al., 2010), and S9C was identified in
both schizonts and merozoites (Lasonder et al., 2015; Pease et al., 2013; Solyakov et
al., 2011; Treeck et al., 2011). All three proteins lack predicted signal peptides or
transmembrane domains, although S9B and S9C have been reported to be N-
myristoylated in the asexual blood stages (Wright et al., 2014). This addition of myristate,
a 14-carbon fatty acid, to the N-terminal glycine of a protein promotes interactions with
membranes. The non-catalytic region of S9C is also heavily phosphorylated with 13
different sites detected in phosphoproteomics studies (Lasonder et al., 2015, 2012;
Pease et al., 2013; Treeck et al., 2011).

All three proteins have the Ser, Asp, His catalytic triad and the nucleophilic elbow motif
(Figure 1.5B). However, none of the P. falciparum can be assigned to an S9 subfamily
based the on motif surrounding the catalytic serine. Comparison of the catalytic regions
of the three proteins revealed a greater identity between S9B and S9C (38.94%) than
either of these proteins with S9A (21.67% with S9B and 26.37% with S9C) (Figure 1.5C).
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Figure 1.5 Features of the P. falciparum S9 family. A) The MEROPS database was used
to identify homologues of DPP4 predicted to contain a functional catalytic triad (Rawlings
et al., 2018). The Plasmodium database (PlasmoDB, https://plasmodb.org/plasmo/)
(Aurrecoechea et al., 2009) was used to determine whether they were conserved across
genome-sequenced Plasmodium species and to obtain their transcript expression
pattern (Otto et al., 2010), phosphorylation and peptide hits from proteomic studies
during blood stages (Florens et al., 2002; Lasonder et al., 2016, 2015; Lindner et al.,
2013; Oehring et al., 2012; Pease et al., 2013; Silvestrini et al., 2010; Solyakov et al.,
2011; Treeck et al., 2011). B) The predicted catalytic domains of S9A (811-1067), S9B
(17-237) and S9C (16-238) were aligned using Clustal Omega multiple alignment tool
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2014). The predicted catalytic
Ser, Asp and His residues are highlighted in red and the nucleophilic elbow motif is
underlined. C) The percentage identities between S9A, S9B or S9C catalytic domains
as determined from the Clustal Omega multiple alignment.
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Using the protein fold recognition server Protein Homology/analogY Recognition Engine
(PHYREZ2) (http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley et al., 2015), the a/B-hydrolase
fold of each protein could be modelled despite very low amino acid identities (Figure 1.6).
The top hits on which the catalytic domains were modelled are as follows: a cold adapted
AAP from Sporosarcina psychrophile (Brocca et al., 2016) for S9A, a thermophilic
Pyrococcus furiosus esterase for S9B (Varejao et al., 2018), and Aeropyrum pernix K1
AAP (ApAAP) for S9C (Kiss et al., 2007). It is worth noting that the next hit for S9B was
also ApAAP, which cleaves N-acetylated amino acids preferentially from small
acetylated peptides. Conversely, the next hit for SOC was P. furiosus esterase, the
template for the S9B model. None of the P. falciparum S9 proteins appear to have the
predicted N-terminal B-propeller structure that is present in POP, DPP4 and AAP,
suggesting different substrate size specificity. The matching of S9B to an esterase
highlights the possibility that these proteins, which have been assigned to the S9 family,

could have non-peptidic hydrolytic activity.

Genome-wide screens of essentiality performed in P. berghei (Bushell et al., 2017) and
P. falciparum (Zhang et al., 2018) indicate that SOA and S9B may be dispensable in the
asexual blood stages. In contrast, S9C was listed as non-mutable in the P. falciparum
piggyBac transposon screen (Zhang et al., 2018), and as having significantly slow growth

in the P. berghei knockout screen (Bushell et al., 2017).
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PHYRE2
MEROF.'S foldID / % Yo %
catalytic Name of structure . . )
. structure coverage identity confidence
domain D
S9A (811-1067) Cg'f;sm Amino acyl peptidase 89 19 100
c5a59A/ Pyrococcus furiosus
S9B (17-237) 5%59 esterase 99 22 100
S9C (16-238) cgrilg??f Acyl amn:;::;::éreleasmg 94 17 100

B-propeller

af-hydrolase

S9A oc-hydrolase
model

model

S59B otf-hydrolase

S9C oefB-hydrolase
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Figure 1.6 The catalytic domain of S9A, B and C can be modelled on aB-hydrolase
containing structures. A) The PHYREZ2 online tool (Kelley et al., 2015) was used to
identify the top hit for S9A, S9B and S9C. B) The top hit models of the ap-hydrolase fold
of S9A, S9B and S9C are shown in comparison to crystal structure of DPP4 (Sutton et
al., 2012) (PDB: 4A5S). The DPP4 N-terminal 3-propeller is shown in grey and the af-
hydrolase domain, as defined by InterPro (IPR029058: positions 495-765), of DPP4 is
coloured blue to red from N- to C-terminus, as are the P. falciparum S9 models. C.
Withers-Martinez performed the alignments using Crystallographic Object-Oriented
Toolkit software (Emsley et al., 2010).
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1.5.5 The S9 proteins are active in P. falciparum asexual blood stages

Some families of active enzymes in a proteome can be detected using activity-based
probes (ABPs). These chemical tools are comprised of three components: a tag, a
specificity-conferring linker and a reactive warhead that covalently binds the activated
residue in the active site of an enzyme (Berger et al., 2004). This covalent modification
of active enzymes permits the pull-down and detection of a family of enzymes via the
tag, usually biotin or a fluorophore. Alternatively, the tag can be added via Click chemistry
after labelling of the proteome with an ABP containing a clickable handle, usually an
alkyne or azide group. ABPs selectively label the active form of an enzyme. Some
enzymes, particularly proteases, are synthesised as inactive zymogen forms. The timing
and location of their activation can be important for determining their function. Broad
spectrum ABPs are able to label a full enzyme family with a conserved enzymatic
mechanism, thus allowing profiling the activities of all members of the family within the

cell.

Fluorophosphonate-based ABPs covalently modify reactive serine in metabolic serine
hydrolases, i.e. those activated as nucleophiles within a catalytic triad (Liu et al., 1999).
All members of the P. falciparum S9 family were detected in P. falciparum parasite lysate
by mass spectrometry following pulldown with a biotinylated probe (Dara Davison,
unpublished). Using this approach, asexual life cycle stage proteomics analysis has
revealed that S9A is most active in schizonts, S9B in trophozoite and schizont stages,
and S9C almost exclusively in merozoites. These ABPs can be employed to screen
inhibitors since inhibition or inactivation of an active enzyme will prevent probe labelling
(Bachovchin et al., 2010).
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1.6 The A2 and A28 family of aspartyl proteases

1.6.1 Features of aspartic proteases

Aspartyl proteases typically possess a dyad of aspartic acid residues that coordinate a
water molecule in order to perform proteolysis. Classical eukaryotic aspartic proteases
consist of a bilobed structure with each lobe contributing an aspartic acid to the active
site. The catalytic residue resides within an Asp-[Ser/Thr]-Gly motif. One Asp residue
acts as a base to activate a water molecule, which performs a nucleophilic attack on the
carbonyl carbon forming an intermediate that is stabilised by the second Asp, until
protonation of the amide bond results in peptide cleavage (Figure 1.7) (Klein et al., 2018).
They are often most active at acidic pH, such that one of the two catalytic aspartic acids
is protonated. Atypical aspartic proteases also exist that possess a glutamate or histidine
in place of the second aspartate, such as the haemoglobin-digesting histo-aspartic

protease (also known as plasmepsin lll) of P. falciparum (Banerjee et al., 2002; Bhaumik

etal, 2011).
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Figure 1.7 The acid-base catalysis mechanism of aspartyl proteases. Aspartyl proteases
typically require a dyad of aspartates and a water molecule to perform proteolysis. One
of the two aspartates is deprotonated and activates a water molecule which attacks the
carbonyl carbon. A tetrahedral oxyanion intermediate is formed, stabilised by the second
protonated aspartate. Protonation of the peptide bond results in breakdown of the
intermediate and regeneration of the protonated state of one of the two dyad aspartates.
This figure is from (Deu et al., 2012). Image reproduced with permission of the rights
holder, Springer Nature.

P. falciparum possesses 10 aspartic proteases, the plasmepsins, that belong to family
A1 (clan AA), to which the most studied aspartic protease, pepsin, also belongs
(Rawlings et al., 2018). These aspartic proteases have a range of functions.
Plasmepsins |-IV are present in the food vacuole where they assist in haemoglobin
digestion (Liu et al., 2005). Although these digestive vacuole plasmepsins were initially
considered potential antimalarial targets, when all four were disrupted parasites were

still able to proliferate, albeit with a severe growth defect (Bonilla et al., 2007).
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Plasmepsin V is an endoplasmic reticulum (ER)-resident protease that is required for
export of many proteins, through cleavage of a protein export element called PEXEL
(Boddey et al., 2010; Russo et al., 2010). Plasmepsins VI, VIl and VIII are not required
for the asexual blood stages but they may be important for P. berghei sporozoite
formation (Ecker et al., 2008), ookinete gut traversal (F. Li et al., 2016) and sporozoite
motility (Mastan et al., 2017), respectively. Plasmepsin IX is localised to the rhoptries
and is essential for invasion while plasmepsin X is an exonemal maturase that is
important for both egress and invasion (Nasamu et al., 2017; Pino et al., 2017).
Plasmepsin X may also have a role in midgut wall penetration by the ookinete (F. Li et
al., 2016). Given their essentiality in the asexual blood stages, there is particular interest
in plasmepsins V, IX and X as antimalarial drug targets. Inhibition of signal peptide
peptidase, which belongs to the A22 family of aspartic proteases, is also of interest as a
therapeutic target (Harbut et al., 2012).

This AA clan also contains the viral proteases, with HIV-1 protease being the holotype
for this family (family A2). However, in P. falciparum there is an additional, overlooked
predicted aspartic protease which contains an uncommon retroviral-like protease (RVP)
domain of the clan AA family A28. This RVP-domain containing protein therefore shares
more similarity with viral proteases, in particular HIV-1 protease, than typical eukaryotic

aspartyl proteases.

1.6.2 HIV-1 protease

HIV-1 protease cleaves the viral gag-pol polyprotein to release proteins required for virus
replication (Sundquist and Krausslich, 2012). It is homodimeric with each monomer
consisting of 99 amino acids. The enzyme has a preference for hydrophobic residues
around the cleavage sites, although a consensus sequence has not been determined
(Ghosh et al., 2016). HIV-1 protease shows the greatest activity at pH 4-6 (ldo et al.,
1991).

The development of HIV-1 protease inhibitors (PIs) for use in AIDS represents a major
success of structure-based drug design. It was first demonstrated that HIV-1 could be
inhibited by the general aspartyl protease inhibitor pepstatin in 1987 (Katoh et al., 1987),
and the first structure of HIV-1 protease was solved in 1989 (Navia et al., 1989), only a
few years after HIV-1 was associated with AIDS (Barré-Sinoussi et al., 1983; Gallo et al.,
1983). Since their introduction in 1995 (saquinivir), HIV-1 Pls have had a key role in

antiretroviral therapy (Ghosh et al., 2016). There now exists a wealth of licenced HIV-1
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Pls including largely peptidic first-generation inhibitors (ritonavir, nelfinavir, indinavir,
amprenavir) and second-generation inhibitors of more diverse structures (lopinavir,
atazanavir, darunavir, tipranavir) with new inhibitors being developed using a range of
scaffolds to improve safety and combat resistance (Ghosh et al., 2016). Inhibitors of HIV-
1 protease have garnered interest as potential drugs in other diseases, including cancer
(Koltai, 2015) and diseases caused by protozoan pathogens (Alfonso and Monzote,
2011; Andrews et al., 2014). In particular, nelfinavir has shown promise in clinical trials
for a range of malignancies such as glioblastoma, acute myeloid leukaemia and
liposarcoma (Koltai, 2015). These anti-cancer effects are largely thought to be mediated
through ER stress and Akt inhibition.

1.6.3 Antimalarial effects of HIV-1 Pls and their putative targets

A number of HIV Pls, including saquinavir, lopinavir and ritonavir, exhibit antimalarial
effects in vitro on P. falciparum liver stages, as well as sexual and asexual blood stages
(Hobbs et al., 2013; Nsanzabana and Rosenthal, 2011; Parikh et al., 2005; Peatey et al.,
2010; Skinner-Adams et al., 2004). In addition, some of these HIV-1 Pls enhance the
action of chloroquine, mefloquine and artemisinin against P. falciparum in vitro (Bhasin
et al., 2010; Li et al., 2011; Nsanzabana and Rosenthal, 2011; Skinner-Adams et al.,
2007). There is also clinical data suggesting that the malaria incidence in HIV-1 infected
populations is reduced when HIV-1 PI antiretroviral therapy (lopinavir/ ritonavir) is used

compared to non-PI antiretroviral therapy (Achan et al., 2012; Kasirye et al., 2017).

It was initially hypothesised that one or more of the food vacuole plasmepsins I-1V could
be the target of HIV-1 Pls (Skinner-Adams et al., 2004). Indeed recombinant plasmepsin
Il'is inhibited by lopinavir and ritonavir in vitro (Andrews et al., 2006; Parikh et al., 2005).
However, simultaneous knockout of all food vacuole plasmepsin results in viable
parasites (Bonilla et al., 2007), indicating that these are unlikely the critical targets of
HIV-1 Pls. Furthermore, the gametocytocidal effects of certain Pls cannot be explained

by inhibition of haemoglobin degradation.

One study demonstrated that lopinavir inhibits the uptake of radiolabelled 2-
deoxyglucose into saponin-isolated parasites (Kraft et al 2015) suggesting P. falciparum
hexose transporter as a possible target. Indeed, recombinant P. falciparum hexose
transporter was inhibited by lopinavir. However, there was no reduction of 2-

deoxyglucose uptake at drug concentrations that inhibit parasite growth. This result
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suggests that another target of HIV-1 Pls remain to be identified. Interestingly, recent
work in the related blood-borne parasite, Babesia microti, suggests that aspartyl
protease signal peptide peptidase is a target of these inhibitors in vitro although further
work is required to demonstrate this inhibition occurs within the parasite (Schwake et al.,
2019).

1.6.4 DNA-damage inducible protein 1 (Ddi1) contains an RVP domain

One potential target of HIV-1 Pls in Plasmodium is DNA-damage inducible protein-1
(Ddi1), a putative aspartyl protease that is conserved throughout Eukaryota (Krylov and
Koonin, 2001). The retroviral protease-like (RVP) domain of Ddi1 belongs to family A28
(clan AA), which shares similarities with the A2 family of retroviral proteases (Rawlings
et al., 2018). For instance, the RVP domains of Ddi1 proteins form homodimers with
each monomer contributing a catalytic aspartate at the interface of the dimer. The
structure of the RVP of Saccharomyces cerevisiae Ddi1 (ScDdi1) (Sirkis et al., 2006)
shares a similar 3-barrel fold with HIV-1 protease (Figure 1.8A,B), with the orientation of
the catalytic residues (DTGA) almost identical between the two structures (Figure 1.8B).
As in HIV-1 protease, hydrophobic residues line the substrate binding cavity of the RVP,
although the RVP cavity is larger than that of HIV-1 protease, suggesting that Ddi1 could
accommodate larger hydrophobic substrates. The flaps, which cover the active site and
are important for substrate binding of aspartyl proteases, are shown for HIV-1 protease
in a closed conformation but were not resolved in the ScDdi1 RVP. The same features
were found for the RVP of human Ddi2 (hDdi2) (Siva et al., 2016) and of Leishmania
major Ddi1 (LmDdi1) (Kumar and Suguna, 2018). Interestingly, in the latter structure
both flaps were resolved for the first time in a half open state. The difficulty in resolving
the flaps of RVP domains has been suggested to indicate higher mobility (Kumar and
Suguna, 2018). The RVP domain of P. falciparum Ddi1 (PfDdi1, PF3D7_1409300) can
be modelled onto the crystal structure of ScDdi1 RVP domain (46% identity) using
PHYRE 2 (Kelley et al., 2015) (Figure 1.8C).

LmDdi1 has been shown to hydrolyse a HIV-1 protease fluorogenic substrate in vitro and
to be inhibited by the HIV-1 PI nelfinavir (Perteguer et al., 2013). However, these
experiments could not be reproduced by two separate labs (personal communication, Dr
D. Powell, GSK and Dr J. Konvalinka, Institute of Organic Chemistry and Biochemistry
Prague). Furthermore, biolayer interferometry binding studies with saquinivir, nelfinavir,

amprenavir and lopinavir showed measurable binding to LmDdi1 only by saquinivir
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(Kumar and Suguna, 2018). Attempts to demonstrate proteolytic activity in vitro using
recombinant ScDdi1 or hDdi2 have thus far proved unsuccessful (Siva et al., 2016;
Trempe et al., 2016). The RVP domain is necessary for the formation of Ddi1
homodimers (Gabriely et al., 2008) but the role of its putative proteolytic activity in vivo
is unclear, with no endogenous substrates yet confirmed. It is possible that Ddi1 requires

an induced fit mechanism or cofactors for activity.

HIV-1 protease crystal Alignment of HIV-1 Alignment of PfDdi1,43.367
structure protease and ScDdi1450.325 model onto ScDdi15q.325
crystal structures crystal structure

Catalytic DTG residues Catalytic D[T/S]G residues
\ . ~
) | } | } — .
- €@ L 5 b
b | i
HIV-1P PfDdi1
ScDdi1 ScDdi1

Figure 1.8 Similar structural features between HIV-1 protease and Ddi1. A) The crystal
structure of ScDdi1 catalytic region (180-325) (PDB: c2I1AC) is shown in comparison
that of HIV-1 protease (PDB: 3PHV) shown in ribbon format (Sirkis et al., 2006). B)
Alignment of the HIV-1 protease and ScDdi1 crystal structures, with a close-up of the
catalytic Asp-Thr-Gly residues. C) PfDdi1 structural model built using PHYREZ2 online
search with ScDdi1,,, ,,- (PDB: c211AC) as a template. The model is shown aligned to
the ScDdi1 crystal structure with a close-up of the catalytic Asp-[Thr/Ser]-Gly residues.
Superimposition of structures performed by C. Withers-Martinez using Crystallographic
Object-Oriented Toolkit software (Emsley et al., 2010).
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1.6.5 Ubiquitin-like and ubiquitin-associated domains of Ddi1 implicate this

protein in the ubiquitin-proteasome system (UPS)

In addition to the RVP domain, all studied Ddi1 proteins contain at least one additional
domain that implicates this protein in the ubiquitin-proteasome system (UPS), a brief
description of which follows. Ubiquitin, a small protein of 76 amino acids may be
covalently added, via its C-terminus, to lysine residues on a substrate protein. Chains of
this modifier are formed through conjugation to one of seven ubiquitin lysine residues or
to the N-terminal methionine residue. A particular linkage, K48, is associated with
degradation by the ~2000 kDa proteasome complex. The proteasome is conserved in
eukaryotes and binds, unfolds, deubiquitinates and degrades substrates into smaller
polypeptide fragments (Finley, 2009). Through the rapid degradation of intracellular
proteins, the proteasome is not only important for degrading misfolded and surplus
proteins, but in regulating transcription, the cell cycle and immune responses. This
complex is comprised of a 20S core particle (CP), a cylindrical protease-containing
barrel, and is capped by one or two 19S regulatory particles (RPs) which control
substrate entry into the CP cavity (Budenholzer et al., 2017). The CP barrel is formed of
four stacked heptameric rings with the inner rings comprised of B subunits and the outer
rings of structural a subunits. Three of the distinct  subunits are proteolytic, with 1, 2
and B5 having caspase-like, trypsin-like and chymotrypsin-like activity, respectively. The
eukaryotic RP is a 19-protein complex that can be subdivided into the 10-protein base,
which is adjacent to the CP, and the 9-protein lid. The unfolding capability of the RP is
mediated by six AAA-type ATPase subunits present in the base. Recognition of ubiquitin
bound proteins or proteasomal shuttle factors also occurs at the RP. Proteasomal shuttle
factors are defined by the presence of ubiquitin-like (UBL) and ubiquitin-associated
(UBA) domains and are thought to escort polyubiquitinated proteins to the proteasome
(Figure 1.9) (Saeki, 2017). It is worth noting that ubiquitin modification does not solely
target a protein for degradation. For instance, homotypic chains of different linkages are
associated with DNA damage response, trafficking and signalling (Komander and Rape,
2012; Swatek and Komander, 2016). Furthermore, these chains can be homotypic or
mixed as well as linear or branched. The complexity of ubiquitin modifications, how they
influence the fate of the substrate and the wider processes with which they are involved

are still being elucidated.
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Figure 1.9 Delivery of ubiquitinated proteins to the proteasome for degradation. Proteins
tagged with chains of ubiquitin (yellow pentamers) may be recognised by the UBA
domain of proteasomal shuttle proteins that also contain a UBL domain capable of
binding to the proteasome. It is thought that proteasomal shuttle proteins escort
polyubiquitinated cargo to the proteasome, where unfolding and deubiquitination occurs
at the regulatory particle (RP), which is comprised of a base (blue circles) and lid (blue
oval), and degradation of substrates into smaller polypeptides occurs within the core
particle (CP). Four heptameric stacks of B subunits (green circles) and a subunits
(orange circles) make up the CP while the RP is formed from the CP adjacent base and
the attached lid complex.
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In S. cerevisiae and L. major, the Ddi1 RVP is flanked by an N-terminal ubiquitin-like
domain (UBL) and a C-terminal ubiquitin-associated domain (UBA) (Figure 1.10). This
domain organisation is thought to allow Ddi1 to function as an UBL-UBA proteasome
shuttle factor by binding to ubiquitinated proteins and delivering them to the proteasome
for degradation. Interactions between ScDdi1 and the proteasome (Gomez et al., 2011;
Saeki et al., 2002) as well as monoubiquitin (Bertolaet et al., 2001a) and polyubiquitin
(Kang et al., 2006) have been documented. Further support for this proteasomal shuttle
factor role of ScDdi1 comes from the specific Ddi1-dependent proteasomal degradation
of Ho endonuclease and the F-box protein Ufol (Ivantsiv et al., 2006; Kaplun et al., 2005;
Voloshin et al., 2012). This interaction requires binding of the proteasome via the UBL

and binding of the substrates by the UBA domain.

However, the two Ddi1-like proteins in mammals (Ddi1 and Ddi2) lack the C-terminal
UBA domain. Instead in human Ddi2 (hDdi2) there is an ubiquitin-interacting motif (UIM)
present (Figure 1.10), which weakly binds ubiquitin in vitro (Siva et al., 2016). PfDdi1
also lacks the C-terminal UBA domain and no UIM has been detected, raising the
question whether PfDdi1 could perform this proposed function of a proteasomal shuttle
factor. However, it was found in 2015 that the ScDdi1 UBL could bind also ubiquitin in
addition to the proteasome (Nowicka et al., 2015). The authors proposed that through
dimerization Ddi1 could perform a proteasomal shuttle role via the dual-specificity of the
UBL domain, with one UBL binding the proteasome and the other binding ubiquitin. It is
worth noting that the UBL domain is not always detectable by bioinformatic searches in
eukaryotes, although there appears to always be a distinct N-terminal region that
precedes the RVP. This is the case for instance in Caenorhabditis elegans (Lehrbach
and Ruvkun, 2016).
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Figure 1.10 Domain organisation of Ddi1 proteins from different organisms. A) Domain
organisation of ScDdi1, hDdi2, LmDdi1 and PfDdi1. Homology searches were used to
define the UBL (SCOP54326), RVP (PF09668) and UBA domains (SCOP46934). The
UIM of Ddi2 was identified in Siva et al. 2016. LmDdi1 has been previously shown as
having a UBL domain (Perteguer et al., 2013), but it could not be identified using InterPro,
Superfamily, or Prosite searches. B) Alignment of the amino acid sequences for ScDdi1,
hDdi2, LmDdi1 and PfDdi1, with the approximate regions of the UBL, RVP and UBA
shown. The catalytic D[S/T]GA motif is shown in red and the UIM in orange.
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No full-length crystal structure has yet been obtained for any Ddi1 protein. However, in
a pair of back-to-back publications nuclear magnetic resonance (NMR) and small angle
x-ray scattering (SAXS) approaches were used to study the structure of hDdi2 and
ScDdi1 (Siva et al., 2016; Trempe et al., 2016). In addition to the identification of the
UIM, Siva et al. found that compared to ScDdi1, the hDdi2 UBL NMR structure had
different positive surface electrostatic charges and was capable of binding to
monoubiquitin but not polyubiquitin in contrast to what had been shown for yeast
(Nowicka et al., 2015; Trempe et al., 2016). Analyses of the full-length ScDdi1 SAXS
structure suggest that domains do not interact with each other and are connected by
flexible linkers (Trempe et al., 2016), an assessment also supported by the NMR

structure (Nowicka et al., 2015).

Many aspects of the UPS are conserved in Plasmodium. For instance, all subunits of the
26S proteasome have been identified while Plasmodium ubiquitin differs from human
ubiquitin by a single amino acid (Pereira et al., 2018). However, differences in the UPS
of Plasmodium and higher eukaryotes do exist. This is illustrated by existence of a
minimal ER-associated degradation (ERAD) pathway in Plasmodium, which results in
an increased sensitivity to inhibition of ERAD components (Harbut et al., 2012). Multiple
members of the UPS have been found to be essential (Zhang et al., 2018) and the

proteasome is being explored as an antimalarial drug target (H. Li et al., 2016).

1.6.6 Response to stress

The DDI1 gene was originally identified as upregulated in S. cerevisiae following DNA
damage by methyl methanesulphonate (Liu and Xiao, 1997). Later, unpublished work
from the thesis of MD Muslim (University of Queensland, 2012) showed that hDdi2
stabilises the tumour suppressor factor p53 in response to DNA damage, resulting in the
upregulation of DNA repair genes (Muslim, 2012) . The UBL was required for this effect

but the putative proteolytic activity of hDdi2 was not investigated.

On a related note, Ddi1 has been identified as a player in the response to replication
stress in both human cells (Kottemann et al., 2018) and in yeast (Serbyn et al., 2019;
Svoboda et al., 2019). This type of cellular stress often arises when the progression of
replication forks is obstructed, for example by DNA-protein crosslinks, and is usually
characterised by the accumulation of single-stranded DNA from continued DNA

unwinding (Zeman and Cimprich, 2014). Kottemann and colleagues found that hDdi2 is
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required for elimination of replication terminal factor 2 (RTF2) from replication forks
although the importance of the different domains of Ddi1 was not investigated. RTF2 is
not conserved in yeast, but nonetheless, ScDdi1 was found to function redundantly with
the DNA-protein crosslink specific metalloprotease Wss1 in the response to replication
stress (Serbyn et al., 2019; Svoboda et al., 2019). The two yeast studies found that the
central RVP domain was required for this role but not the UBL nor UBA domain of Ddi1.
It was therefore concluded that Ddi1 proteolytically removes protein obstructions from
the replication fork and that this process was independent of the proteasome.
Interestingly, the human version of Ddi1 was able to partially compensate the replication

stress response defect in Ddi1-KO yeast cells (Svoboda et al., 2019).

Recent work has revealed another potentially conserved Ddi1 interaction in animals.
Nuclear Factor Erythroid-Derived 2-Related Factor 1 (Nrf1) is a transcription factor,
typically located in the ER, where it is continually translocated and targeted for
degradation by the ERAD pathway. In response to proteasome inhibition, the
translocated Nrf1 is deglycosylated and processed, in a proteasome independent
manner, and relocalises to the nucleus where it upregulates transcription of proteasomal
subunit genes (Radhakrishnan et al., 2014, 2010; Vangala et al., 2016). In both
HEK293A cells (Koizumi et al., 2016) and C. elegans (Lehrbach and Ruvkun, 2016),
Ddi2 is necessary for the cleavage and subsequent relocalisation of Nrf1 (called SKN-1
in C. elegans). Aspartate to asparagine mutation of Ddi2 prevented cleavage and
relocation of Nrf1, strongly implicating the putative proteolytic activity of Ddi2. However,
no cleavage of Nrf1 by recombinant hDdi2 was detected in vitro (Koizumi et al., 2016),
suggesting that accessory factors may be required for hDdi2 protease activity. In other
studies, it was shown that ubiquitin conjugation is required for human Nrf1 processing
(Sha and Goldberg, 2016, 2014), perhaps explaining the lack of activity in vitro.
Alternatively, a protease acting downstream of hDdi2 may cleave Nrf1. Regardless,
since inactivation of Ddi1 prevents the proteasome ‘bounce back’ response, there is now
interest in targeting Ddi1 to enhance the activity of proteasome inhibitors in cancer

therapy.

These examples of Ddi1 function are united by a response to different forms of cellular
stress. However, the ways in which Ddi1 is regulated to respond to these different forms
of stress have yet to be ascertained. It is worth noting that any transcriptional responses

to stress are unlikely to be conserved in Plasmodium. However, it may be possible for
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Ddi1 to have direct roles in the response to different certain forms of cellular stress in P.

falciparum.

1.6.7 Ddi1 as a regulator of secretion and protein sorting

Ddi1 is not essential in yeast, but knockout of DDI/1 results in elevated levels of
exocytosis, whereas overexpression leads to an accumulation of secretory vesicles
(Lustgarten and Gerst, 1999). Initially, this phenotype was explained due to the
interaction of Ddi1 with a number of different SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein [SNAP] receptor) proteins (Lustgarten and Gerst,
1999; Marash and Gerst, 2003). These membrane-associated receptors are
incorporated into vesicles (v-SNARES) or target membranes (t-SNAREs), and through
the formation of SNARE complexes mediate vesicle fusion and trafficking within the cell.
Ddi1 was found to bind with v-SNAREs Snc1 and Snc2 (Lustgarten and Gerst, 1999) as
well as the t-SNARE Sso1, all of which target vesicles for secretion (Marash and Gerst,
2003). The interaction between Sso1 and Ddi1 was particularly well characterised with
phosphorylation of the t-SNARE Sso1 found to promote Ddi1 binding (Marash and Gerst,
2003) via a binding site between the Ddi1 RVP and UBA (Gabriely et al., 2008). This
SNARE binding was found to occur in a manner that would prevent binding with
counterpart SNAREs and thus inhibit formation of SNARE assemblies, providing a

logical explanation for the negative regulation of secretion by Ddi1.

However, it was later shown that although the UBL domain and the RVP catalytic
aspartate were required for the lower levels of exocytosis, the Sso1 binding region was
not (White et al., 2011a). Thus, the molecular mechanism by which Ddi1 impacts protein
secretion remains unclear. However, it is worth noting that certain ubiquitin linkages (e.g.
K33, K63) are associated with trafficking (Erpapazoglou et al., 2014; Yuan et al., 2014),

which could explain the necessity of the UBL domain for this phenotype.

Interestingly, this ScDdi1-KO phenotype could be complemented by both hDdi1 and
LmDdi1, but not by their aspartate to alanine inactive mutants (White et al., 2011b). In
these complemented lines, the high protein secretion phenotype could be induced by the
addition of HIV-1 PlIs, notably nelfinivir. Furthermore, differences in the extent of
inhibition of this phenotype by HIV-1 Pls between Ddi1 KO yeast cells complemented
with Ddi1 from different organisms (yeast, L. major, human) indicate possible differences

in specificity and provides the best evidence so far that Ddi1 can be inhibited with small
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molecules. This assay could therefore be exploited for specific targeting of a particular
Ddi1.

ScDdi1 was further implicated in the selective anterograde sorting of a carboxypeptidase
to the yeast vacuole (Kama et al., 2018). ScDdi1 associates with Cdc48 to dismantle
insoluble assemblies of the carboxypeptidase to allow its entry into intralumenal vesicles.
This substrate required ubiquitination for recognition by Ddi1.The UBL and UBA domains
were required for this function as was the dimerization of the RVP, but it remains unclear

what contribution the putative proteolytic activity makes to this role.

Protein secretion is crucial to the malaria parasite in many ways. For instance, the
secretory pathway is necessary for secretory organelle formation and the export of
proteins into the RBC cytosol is crucial for nutrient acquisition and parasite virulence
(Spielmann and Gilberger, 2015). There are many core aspects of protein sorting that
are conserved in Plasmodium, although there are other features which are unique to
apicomplexans such as the signals that mediate trafficking to the apicoplast and export
to the RBC (Kats et al., 2008).

1.6.8 Ddi1 in Plasmodium spp.

Ddi1 has proven refractory to genetic deletion and tagging in P. berghei (personal
communication, Dr K. Koussis, Francis Crick Institute). These findings are consistent
with Ddi1 being listed as essential in the asexual blood stages of P. berghei and P.
falciparum, according to genome-wide screens for essentiality (Bushell et al., 2017;
Zhang et al., 2018). In P. falciparum, Ddi1 is expressed throughout the life cycle and
mass spectrometry has detected Ddi1 in sporozoite (Lasonder et al., 2008; Lindner et
al., 2013), gametocyte (Silvestrini et al., 2010) and schizont (Bowyer et al., 2011; Oehring
et al., 2012; Treeck et al., 2011) stages. We predicted that in P. falciparum Ddi1 is an

active aspartyl protease that is important for P. falciparum growth.
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1.7 Aims of this project

The four putative proteases selected for study in this project comprise three serine
hydrolases, S9A, S9B and S9C, and the RVP-containing Ddi1, all of which are conserved
throughout the Plasmodium genus. Advances in malaria experimental genetics means
that characterising proteins can be done with unprecedented speed and with elegant
systems to investigate essentiality and function. This project has made use of SLI to
facilitate rapid integration, and DiCre and loxPint for conditional truncation of proteins of
interest by removal of their protease encoding domain. The specific aims of this project

are:

1. Determine the essentiality of the four putative proteases, S9A, S9B, S9C and
Ddi1 using a DiCre-mediated truncation of their protease domains.

2. For proteins with a growth defect upon their disruption, elucidate the phenotype
and study their function.

3. Validate whether any of these putative proteases represent novel antimalarial

targets.
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ucleotides

Oligonucleotide name
96 Ddi1HR_cKO_F
97_DditHR_cKO_R
98_Ddi1_SynthDNA_cKO _F
99 T2A-3XHA _cKO_R
109 _S9C HR_cKOF
110_S9C_HR_cKO_R
111_S9C_synth_cKO_F
112_S8A HR cKO_F
113_S9A_HR_cKO_R

114 _S9A synth_cKO_F
115 SOB HR cKO_F
116_S9B_HR_cKO_R
117_S9B_synth_cKO_F
118_T2A_Ddi1_cKO_R
119 _PreHR_pT2A cKO _F
127_S9A int_seq2 R
131_59C _int_ seq1 R
142_cKO_NeoCDS_Ava_F
145 cKO_3'UTR_Ava_R
148 Ddi1_3'ORF_R
149_Ddi1_recod R
150_S9A 5'ORF_F
151_S9A_3'ORF_R
152_S9B_3'ORF_R

153 SOB 5'ORF_F

154 S9B recod R
160_Ddi1_UPS_New_F
183 Ddi1_UPS_3_F
191_S9C UPS_F2
192_S9C DNS_R
198_GFP_start_seq_R
202 T2A R
203_T2A-GFP_F
204_Ddi1-D262N_F
205_Ddi1-D262N_R

206_CompDdi1-loxPint_R
247_S9C_H217A_F
248_S9C_H217A_R

249 Ddilcomp_HA_add

250_Ddilcomp_myc_add
252 UTR_Aval_TAA_R
255 Ddi1_RR2 R

260 _pET11a_Ndel F
262_pET11_BamHI_R
264 PfDdi1_DN_F

Oligonucleotide sequence (5'-3")

IACAGACTTAGGAGGAGATCTAATATCAGACGATAATAATATAATAACTAGTCTTG
IAAAGCATTTTCATACATTTGTTGTTC
GTATGAAAATGCTTTAAAAAATCCTTTATCAG
CCTCTTCCTTCTCCGTCGACGCCGGCATAATC
IACAGACTTAGGAGGAGATCTGCATTGAACCAACTAATCTTCAGAC
CCATGATATGATAATAATTTATCCTTCTTCC
IATTATCATATCATGGTACTGAGGAGG
IACAGACTTAGGAGGAGATCTAAAGAAACAGTCTTACAAATAATTATGAGAACAC
GATGTTACCATTTCGTTTAGGAGC
CGAAATGGTAACATCACTATTTCAAGG
IACAGACTTAGGAGGAGATCTGAAATGCACCTTTGACCATTCTG
TAAAAGGGAACAATTTTATCATCCGT
IAATTGTTCCCTTTTATCATGGAATGG
CCTCTTCCTTCTCCGTCGACCAGATCGTTGTTCGCGTCA
IACAGCTATGACCATGATTACGC
CCGACAGAATGTTCAGTTTATTGC
GGATGTTATTCTTCAGCACAAACAG
CGAGTTCTTCTAACTCGAGGTAAAT
TGCCATATCCCTCGAGTTATTTGTAG
IATTGTGCTCCAGAATCTACGAATGC
GTTGATCTCGACGGGAATATACAG
GATGCACATACGAATAAGGTAGGAG
CATTTAATATTATACTATAGGGACCTCCATG
CAATATCGTTATGTTTTCCATCGACAACC
GAAACAGAGAATAATGAAAAGGTTGCAG
GTATGGATACGAGCCAGCATAGTC
GGTGCTAATTCCAATTTTGATGTTTTCG
IMMACACATTAACGCGCAGAAATATAAAGG
IATATATTTATTATGTATATATCATGGGGAATGC
TTTCATGCTCCTCCCTCCTTC

CCTCTC CAC TGACAG AAAATT TGT GCC
TGGTCCTGGATTTTCTTCTACATCTC
GAAAATCCAGGACCAATGAGTAAAGGAGAAGAACTTTTCACTG
IATTCGTGAATAGTGGTGCCCAATCATC
IACTATTCACGAATGCGTGCACAGTATTT

TGAACTTTTGAGAATCTAAAAGAATATAAAATATATAAATATATATATATATACATATA
TAATAACTTCG

GGTGGGGCCAACAACCTGGATTCGT
TTGTTGGCCCCACCTTCGTCAATGA

GCAAATAACGACCTGTACCCATATGATGTACCGGATTACGCATAACTCGAGGGATA
TGGC

GCAAATAACGACCTGGAGCAGAAACTGATCTCTGAAGAGGACTTATAACTCGAGG
GATATGGC

CTGCCATATCCCTCGAGTTA
CAGGTCGTTATTTGCATCTATGTCT
IAGGAGATATACATATGGGTAGCAG
CTTTGTTAGCAGCCGGATCC
TTTGTTAACAGCGGTGCGCA

2656 PfDdi1 DN R

ACCGCTGTTAACAAACGCAT
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Table 2.6 List of primary antibodies

Working
Reagent Type Animal Use concentration Source
Anti-HA 3F10 Monoclonal Rat WB/ IFA 1:1000, 1:100 Roche
Anti-2A Peptide Polyclonal Rabbit WB 1:2000 Merck Millipore
Anti-Myc Tag (clone 4A6) Monoclonal Mouse WB/ IFA 1:1000, 1:100 Merck Millipore
Anti-GFP (clones 7.1 and 13.1) | Monoclonal x2 | Mouse WB 1:1000 Roche
Anti-His Tag (His.H8) Monoclonal Mouse WB 1:2000 ThermoFisher Scientific
Anti-AMA1 Polyclonal Rabbit WB/ IFA 1:1000, 1:200 (Collins et al., 2009)
Anti-MSP1 (89.1) Monoclonal Mouse WB 1:1000 (Holder and Freeman, 1982)
Anti-MSP1 (X-509) Monoclonal Human IFA 1:1000 (Blackman et al., 1991)
Anti-SERA5 Polyclonal Rabbit WB/ IFA 1:2000, 1:500 (Collins et al., 2017b)
Anti-GAP45 Polyclonal Rabbit IFA 1:10000 (Rees-Channer et al., 2006)
Anti-ARO Polyclonal Rabbit IFA 1:500 A. Holder, The Francis Crick Institute
Anti-RON4 (mAb 24C6) Monoclonal Mouse IFA 1:500 (Roger et al., 1988)
Anti-EXP2 7.7 Monoclonal Mouse IFA 1:20 (Hall et al., 1983)
Anti-EBA-175 Monoclonal Rabbit WB/IFA 1:1000, 1:200 (Reed et al., 2000)
Anti-RhopH2 (mAb 61.3) Monoclonal Mouse IFA 1:5000 (Holder et al., 1985)
Table 2.7 List of secondary antibodies
Working

Name Type Animal Use concentration Source
Goat anti-rabbit HRP Polyclonal | Goat wB 1:10000 Bio-Rad
Goat anti-mouse HRP Polyclonal | Goat WB 1:10000 Bio-Rad
Goat anti-mouse biotin Polyclonal | Goat Yf\:li/ 1:8000, 1:250 ThermoFisher Scientific

WB

Goat anti-rat biotin Polyclonal | Goat IFA/ 1:8000. 1:1000 ThermoFisher Scientific
Goat anti-rabbit Alexa 594/ 488 | Polyclonal | Goat IFA 1:2500 Molecular Probes
Goat anti-human Alexa 594/
488 Polyclonal | Goat IFA 1:2500 Molecular Probes
Goat anti-mouse Alex 594/ 488 | Polyclonal | Goat IFA 1:2500 Molecular Probes
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2.2 Methods

2.2.1 Culture and transfection of P. falciparum

2.2.1.1 Growth conditions and synchronisation

The 3D7 laboratory line of P. falciparum and its derivatives, including the DiCre
recombinase expressing clones 1G5DiCre (Collins et al., 2013a) and B11 (Perrin et al.,

2018), were used in this study.

P. falciparum asexual blood stages were cultured in vitro in human erythrocytes at a
haematocrit of 1-4% (UK Blood and Transfusion Service) at 37°C in RPMI-1640 (Gibco)
based media supplemented with 5% (w/v) Albumax Il, and 0.292 g/L glutamine (Trager
and Jensen, 1976) and 25 ug/ml gentomycin. Parasitized erythrocytes were cultured
under an atmosphere of 90% N,, 5% CO,, 5% O, as described previously (Trager and
Jensen, 1976). Parasitaemia and parasite morphology were monitored by light
microscopy of methanol fixed and Giemsa (VWR International) stained thin-blood

smears.

Parasite cultures were routinely synchronised within a 2 h window by collecting mature
schizonts purified on a cushion of 63% (v/v) Percoll (GE Healthcare Life Sciences)
(Kramer et al., 1982), and allowing invasion of fresh erythrocytes at 37°C under shaking
conditions (100 rpm) for 2 h in complete media. A second Percoll purification step was
used to remove remaining schizonts, and the resulting parasite culture was subjected to
a treatment with 5% (w/v) D-sorbitol to lyse mature forms of the parasite (Lambros and

Vanderberg, 1979) resulting in a tightly synchronous culture of ring-stage parasites.
2.2.1.2 Cryopreservation and thawing of P. falciparum parasite lines

In order to cryopreserve P. falciparum lines, packed infected erythrocytes at 1-5%
parasitaemia was resuspended in an equal volume of freezing solution (28% glycerol,
3% sorbitol, and 111 mM NaCl), and 1ml dispensed into Nunc cryotube vials before

storage in liquid nitrogen.

Cryopreserved cultures were thawed at 37°C and then washed three times by adding an

equal volume of thawing solution (3.5% NaCl), centrifuged at 115 x g for 3 min, and the
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supernatant removed. The parasitized erythrocyte pellet was resuspended in 10 ml
complete media with 1% haematocrit and incubated overnight at 37°C. The media was

replaced after 24 h along with any required selective drug.

2.2.1.3 Transfection and cloning of P. falciparum

For transfection of P. falciparum 1G5DiCre or B11 parasites (Collins et al., 2013a), 10 ul
of at least 1 ug/ul plasmid DNA in sterile TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA)
was combined with 100 ul of Amaxa Primary cell solution P3 of the P3 primary cell 4-D
Nucleofector X kit (Lonza). This DNA and buffer P3 solution was used to resuspend
approximately 25 ul of packed Percoll-purified mature schizonts which were then
electroporated using the FP158 preset condition on an Amaxa 4-D electroporator
(Lonza). The electroporated schizonts were immediately placed in a 2 ml erythrocyte
solution of 20% haematocrit in complete media and incubated at 37°C with shaking (100
rom) for 30 min to allow for the invasion of erythrocytes by transfected merozoites.
Subsequently, 8 ml of complete media was added to the transfected culture, which was
incubated overnight at 37°C. The following day, the growth media was replaced with
complete media containing 2.5 nM WR99210 (Jacobus Pharmaceuticals) to select for
parasites possessing episome with the human dihydrofolate reductase (hdhfr) selectable
marker. Once WR99210 resistant cultures reached 1% parasitaemia, usually after 1-3
weeks, the cultures were subjected to treatment with 450 pug/ml Geneticin Selective
Antibiotic G418 Sulfate (Gibco) to select for integration of the episome into the genome
using selection-linked integration (SLI) (Birnbaum et al., 2017) (see section 1.3.6). Once
a WR99210 and G418 resistant culture reached more than 1% parasitaemia, an aliquot
of the culture was cryopreserved (see section 2.2.1.2), and the rest retained for gDNA
extraction to evaluate integration by polymerase-chain reaction (PCR) (see sections
2.2.1.6 and 2.2.3.1). These cultures were maintained on 2.5 nM WR99210 and 225 ug/ml
G418, and parasites were cloned by plaque assay (Thomas et al.,, 2016). Parasite
cultures were 5-fold serially-diluted across a flat-bottomed 96-well plate (Corning Costar)
at a haematocrit of 0.75% and incubated in a gassed chamber for 12 days before single
plague-containing wells were selected as clones. Clonal parasite lines were expanded

by increasing culture size and confirmed by PCR for integration.
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2.2.1.4 Rapamycin treatment for the DiCre mediated excision of loxP-flanked
DNA

Unless otherwise stated, synchronous P. falciparum cultures were treated with 100 nM
rapamycin (RAP, Sigma-Aldrich) or an equal volume of DMSO for 3 h at 37°C at ring
stage (Collins et al., 2013a). The parasitized erythrocytes were then centrifuged and
washed in RPMI media before the addition of drug-free complete media and culturing as

standard.

2.2.1.5 Parasite genomic DNA (gDNA) extraction for polymerase chain reaction
(PCR)

Aliquots of WR99210 and G418 resistant pre-clonal and clonal lines at more than 1%
parasitaemia were taken to evaluate the integration of episomes. Samples were pelleted
and lysed in 10 volumes 0.15% saponin (Sigma-Aldrich) in 1 x phosphate-buffered saline
(PBS) to remove the erythrocyte and parasitophorous vacuole (PV) membranes.
Following centrifugation at 17000 x g for 5 min, the resulting pellet was stored at -20°C.
Genomic DNA was extracted from the thawed pellet with DNeasy Blood and Tissue Kit
(Qiagen) according to manufacturer’s instructions. Extracted and purified gDNA was
stored at 4°C. Samples to test the excision event were collected at least 24 h following

RAP treatment and were processed in the same way.

2.2.1.6 PCR for the detection of episome integration and DiCre-mediated excision

PCRs using extracted gDNA (see section 2.2.1.5) were used to assess whether the
episome had integrated correctly and that excision had occurred as expected. GoTaq
Green Master Mix (Promega) or KAPA2G Fast HotStart ReadyMix (Kapa Biosystems)
were used to amplify sequences from gDNA (20ng per reaction) as indicated in Table
2.2. Oligonucleotides, which are listed in Table 2.1, were used at 400 or 500 nM for the
GoTaq or KAPA PCR reactions, respectively. A thermocycler (Eppendorf Mastercycler)
was used for the amplification of DNA sequences which were then analysed using

electrophoresis of 1% agarose gels stained with SYBR Safe (ThermoFisherScientific).
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2.2.1.7 Preparation of parasite protein lysates for sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and western blot

Unless otherwise stated, parasite samples were lysed for 5 min in 0.15% saponin to lyse
the erythrocyte and PV membranes at room temperature (RT) followed by centrifugation
at 17000 x g for 5 min. The resulting pellet was washed 2-3 times in PBS before snap
freezing in liquid nitrogen and storage at -80°C. Schizont samples were first Percoll-
purified prior to saponin-lysis. Where indicated, an inhibitor of PfPKG, 4-[7-
[(dimethylamino)methyl] 2-(4-fluorphenyl)imidazo[1,2-a]pyridine-3-yl]pyrimidin-2-amine
(MRC Technology), also known as Compound 2 or C2, was used at 1 uM to block egress
for 3-4 h, generating a highly synchronous and mature population of schizonts prior to

saponin-lysis (Collins et al., 2013b).

Frozen pellets were thawed directly into 10 volumes 1 x Laemmli buffer (10% glycerol,
2% SDS, 67.5 mM Tris-HCI, 0.005% bromophenol blue) with 100 mM dithiothreitol
(DTT), heated at 95°C for 5 min, centrifuged at 17000 x g for 5 min and the supernatant
used in SDS-PAGE (see section 2.2.5.1). Alternatively, frozen pellets were thawed into
10 pellet volumes of ice-cold hypotonic lysis buffer containing 0.1% SDS, 1% Triton X-
100, 1x cOmplete protease inhibitor cocktail (Roche), incubated on ice for 20 min, and
centrifuged at 17000 x g for 20 min at 4°C. The protein concentration of the resulting
supernatant was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific)
according to manufacturer’s instructions and a SpectraMax spectrophotometer
(SpectraMax M5, Molecular Devices). The supernatant was combined with 4x Laemmli
buffer containing 400 mM DTT, heated at 95°C for 5 min, and 10 pg of protein loaded
into a SDS-PAGE gel for western blotting analysis.

2.2.1.8 Labelling of parasite material with the fluorophosphonate-TAMRA (FP-
TAMRA) ABP

The S9C-HA_condH217A parasite line was DMSO or RAP treated as standard (section
2.2.1.4) and matured to schizont stage, and then purified and treated with C2 to stall
egress. The very mature schizonts were washed and permitted to egress for 90 min at
37°C in gassed media. To separate the egressed merozoites and remaining schizonts,
the culture was centrifuged slowly to pellet the schizonts (1000 rpm, 1 min) and the
supernatant was then centrifuged at high speed (15000 rpm, 5 min) to pellet the

merozoites. Merozoites were incubated with 1 uM FP-TAMRA probe (ThermoFisher
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Scientific) for 1 h at RT. Cells were then washed in AlbuMax-free RPMI before freezing
in liquid nitrogen and storage at -80°C. Subsequently samples were lysed by boiling in 1
x Laemmli buffer as described in section 2.2.1.7 and 100 ug of lysate subjected to SDS-
PAGE (see section 2.2.5.1). In gel fluorescence was visualised with Pharos FX
Molecular Imager (Bio-Rad) fluorescence scanner using a blue laser (488 nm) and a 605

nm emission band pass filter.

2.2.1.9 Fixation of parasite samples and determination of parasitaemia by flow

cytometry

Parasite samples to be analysed by flow cytometry were fixed in 4% paraformaldehyde
(Sigma) and 0.02% glutaraldehyde (Sigma) for 1 h at RT. Fixed samples were then
diluted 5-fold in PBS before storage at 4°C. When required, fixed samples were
incubated with 1 ug/ml of the DNA stain Hoechst-33342 (ThermoFisher Scientific) for 30
min at 37°C and flow cytometry performed using a Fortessa flow cytometer
(BDBiosciences). Analysis of flow cytometry data was carried out in FlowJo software
(version 10). Forward scatter (FSC) area versus side scatter (SSC) area plots were used
to gate erythrocytes, and single cells discriminated from doublets using FSC height
versus FSC width, and then by SSC height versus SSC width. Infected erythrocytes
could be distinguished from uninfected erythrocytes, which do not contain DNA, using
FSC-area and the Hoechst signal excited by the UV laser (355 nm) and detected with
the 450/50 filter. Parasitaemia was calculated by the number of infected erythrocytes as
a percentage of the total number of erythrocytes. It was also possible to distinguish
between different populations of infected erythrocytes, such as ring-stage and schizont
stage parasites based on DNA staining. In this way, populations could be split into those
schizonts belonging to the cycle of treatment (cycle 0) and rings from the subsequent
cycle (cycle 1). To study GFP signal, the blue laser (488 nm) was used with the 525/50
nm emission filter. For cells additionally stained with 132A RNA dye at 2 uM (kind gift of
Prof Young-Tae Chang, University of Singapore) (Cervantes et al., 2009), signal was

induced using the blue laser (488 nm) and detected with the 610/20 nm emission filter.
2.2.2 Parasite growth assays

2.2.2.1 Plaque assay

To determine long-term growth of DMSO or RAP treated cultures, plaque assays were

performed (Thomas et al., 2016). Trophozoite stage parasites were diluted to
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approximately 250 parasites/ml in 0.75% haematocrit, and 30 wells (200 ul) were plated
per condition in 96 flat-bottomed well plates. Plates were incubated within a gassed
chamber kept at 37°C for 12 days prior to scanning the plates with a Perfection V750
Pro scanner (Epson). Plaques were either counted manually or using an automatic
counting protocol. For automatic counting, wells were selected in PhotoShop (Adobe)
using the Magic Wand tool (tolerance of 75) to exclude the background of the 96-well
plate from further analysis. The following steps were performed using Fiji software
(Schindelin et al., 2012). The channels of the RGB image were split in order to obtain
the green channel, which provided the best contrast between the plaques and the RBC
layer. This green channel image was binarized (black on white) so that plaque number
and size could be counted with the Fiji ‘Analyse Particles’ function, using a size cut-off
of 20-750 pixels and a circularity of 0.5-1.00.

2.2.2.2 Replication assay

Parasite replication was monitored over 3 cycles. Trophozoite-stage cultures were
diluted to 0.1% parasitaemia in 0.5% haematocrit and 200 pl plated in triplicate in a
round-bottomed 96 well plate. These plates were incubated in a gassed chamber at 37°C
with media replaced 120 h following DMSO or RAP treatment at ring stage. Samples
were fixed at approximately 24, 72, 120 and 186h following DMSO or RAP treatment.
Fixed samples were then diluted 5-fold in PBS before storage at 4°C until parasitaemia

was determined by flow cytometry (see section 2.2.1.9).

2.2.2.3 Invasion assay

To evaluate the invasion ability of DMSO and RAP treated parasites, schizonts from the
cycle of treatment were Percoll purified and added to fresh erythrocyte suspensions at
1% haematocrit to a parasitaemia of 3%. Samples were plated in triplicate (200 ul) into
round-bottomed 96 well plates and incubated at 37°C overnight. Samples were fixed at
0 and 24 h and were then diluted 5-fold in PBS before storage at 4°C. The invasion rate

was determined by flow cytometry of DNA-stained cultures (see section 2.2.1.9).

2.2.2.4 Time-course of growth over 76 h

To closely monitor parasitaemia and intracellular growth of parasite lines, unless
otherwise stated, cultures were synchronised, treated with DMSO or RAP and

immediately diluted to 2% parasitaemia in 1% haematocrit and plated in triplicate (200
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ul) in 96 well round-bottomed plates. These plates were kept in a gassed chamber at
37°C and parasite samples were fixed every 2, 4 or 8 h (see section 2.2.1.9). Fixed
samples were diluted 5-fold in PBS before storage at 4°C. Fixed samples were incubated
for 30 min at 37°C with 1 ug/ml of the DNA stain Hoechst-33342 and 2 uM of the RNA
dye 132A. Flow cytometry analysis was performed as in section 2.2.1.9. In control
parasites, until 40 hours post-invasion (hpi) a single population of infected erythrocytes
can be detected in the FSC-A vs UV 450/50-A plots with DNA content increasing over
time. From 40-54 hpi, two distinct parasite populations can be detected on these plots
corresponding to multinucleated schizonts from cycle 0 (the cycle of DMSO or RAP
treatment) and newly invaded ring-stage parasites (cycle 1) From ~54 hpi onwards, only
cycle 1 parasites are present are detectable in normal growing cultures. Median Hoechst
and 132A signal of uninfected erythrocytes, cycle 0 infected erythrocytes and cycle 1
infected erythrocytes was calculated using FlowJo. The DNA content (median Hoechst
content of infected erythrocytes / median Hoechst content of uninfected erythrocytes)
and the RNA content (median 132A content of infected erythrocytes / median 132-A
content of uninfected erythrocytes) was plotted against time to give an indication of intra-

erythrocytic development of parasites.

2.2.2.5 Treatment of P. falciparum infected erythrocytes with small molecules

inhibitors and stress inducers

Ddi1_condD262N parasites were DMSO or RAP treated at trophozoite stage (30 hpi),
plated at 2% parasitaemia and 1.5% haematocrit in the 60 internal wells of 96 well round-
bottomed plates in the presence of 10 concentrations of artemisinin (Sigma), chloroquine
(Sigma), carfilzomib (kind gift of Proteolix, Inc) or hydroxyurea (Sigma). Each drug was
3-fold serially diluted across the 96 well plate (from column B to column G) starting at
500 nM for artemisinin, chloroquine and carfilzomib, and 3 mM for hydroxyurea. Each
dose response was performed in triplicate. Samples were fixed at 44 and 72 hpi. The
parasitaemia, DNA content and RNA content of each drug treatment was established

using flow cytometry (see section 2.2.1.9).

To explore the impact of heat shock on Ddi1_condD262N parasites were treated 24 h
following synchronisation so that a partial invasion effect could be observed. Heat shock
was performed at 40°C for 0, 1, 2, 3, 4 ,5 or 6 h before being returned to 37°C. Samples

were fixed prior to heat shock and at 50 and 72 hpi. The total parasitaemia and proportion
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of ring-stage parasites and schizonts were determined by flow cytometry (see section
2.2.1.9).

2.2.2.6 Live microscopy

Live infected erythrocytes were DNA stained using 1 ug/ml Hoechst-33342 for 10 min at
37°C. Two microliters of infected erythrocytes (~25% haematocrit) were mounted on a
slide, and a coverslip gently placed on top. Differential interference contrast (DIC) and
live GFP fluorescence was visualised using a Nikon Eclipse Ni-E widefield upright
microscope with a 100 x/ 1.45NA oil immersion objective or a 60 x / 1.40NA oil immersion

objective and a Hamamatsu C11440 digital camera.

2.2.2.7 Time-lapse video microscopy of P. falciparum infected erythrocytes

Parasite egress was monitored by time-lapse video microscopy as previously described
(Collins et al., 2013b; Das et al.,, 2015; Thomas et al., 2018). Highly synchronous
schizont samples were Percoll-purified and treated with 1 uM C2 for 6 h at 37°C to
reversibly block egress of mature schizonts. Samples were released from C2 by
washing twice in 1 ml of pre-warmed gassed Albumax-free RPMI before combining
DMSO or RAP treated parasites and insertion into a pre-warmed viewing chamber,
which was placed on a temperature-controlled microscope stage warmed to 37°C. The
video microscopy commenced 5 min after C2 removal. DIC and GFP images were taken
every 5 seconds over 30 min using a Nikon Eclipse Ni-E widefield upright microscope
with a 100 x oil immersion objective and a Hamamatsu C11440 digital camera. Fiji
software (Schindelin et al., 2012) was used to analyse the videos. Excised schizonts

were distinguished from non-excised schizonts based on GFP fluorescence.
2.2.3 Molecular cloning approaches

2231 PCR

Advantage 2 Polymerase Mix (ClonTech) or Phusion High-Fidelity DNA polymerase
(New England Biolabs) were used for the high-quality amplification of DNA sequences
for use in molecular cloning as indicated by the manufacturer. Oligonucleotide primers
were used at 200 nM and are listed in Table 2.2. Where necessary, amplicons were
purified with the QIAquick PCR Purification Kit (Qiagen).
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Bacterial clones were screened for the presence of plasmid using colony PCRs with
KAPA2G Fast HotStart ReadyMix (Kapa Biosystems) as recommended by the
manufacturer using oligonucleotide concentrations of 500 nM. A sample of a bacterial
colony obtained using a sterile pipette tip was added to the PCR reagents. A
thermocycler was used for the amplification of DNA sequences which were analysed
using electrophoresis of 1% agarose gels stained with SYBR Safe

(ThermoFisherScientific).

2.2.3.2 Site-directed mutagenesis by overlapping extension PCR

Overlapping extension PCR was utilised to introduce single or double nucleotide
mutations into DNA sequences. Three PCRs were required to obtain the desired altered
sequence. Two PCRs reactions, where either the forward or reverse primer contained a
single or double nucleotide difference to the template sequence, were prepared as
standard using Phusion polymerase (see section). Subsequently, the amplicons from
these two PCRs were used as template (diluted 100-fold, 1 ul) in a Phusion reaction
without primers and an annealing temperature of 30 or 35°C for 5 cycles only to allow
annealing and extension of the two templates. The two outermost primers that were used
in the first two PCR reactions were then added to the third reaction, and a standard PCR
run at 50°C and 30 cycles was performed. The resulting amplicon was purified and used

in downstream cloning steps.

2.2.3.3 DNA Restriction and gel extraction

Digestion of DNA was performed using restriction endonucleases from New England
Biolabs according to manufacturer protocols. Linearised vector was separated from
digested insert and purified using QIAquick Gel Extraction Kit (Qiagen) according to the

recommended protocol.

2.2.3.4 In-Fusion cloning

Single fragment or multi-fragment cloning was performed using the ligation-independent
In-Fusion HD Cloning Kit (ClonTech) according to manufacturer’s instructions. This
cloning strategy required primers for the amplification of the cloning insert to be designed
such that there was a 15 nucleotide overlap with the linearised vector or adjacent PCR

fragment.
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2.2.3.5 Transformation and growth of bacterial cultures

Transformation of DH5a, (ThermoFisherScientific) and XL10-Gold Ultracompetant cells
(Agilent) with plasmid was performed according to manufacturer’s instruction.
Transformed bacteria were grown in lysogeny broth at 37°C under shaking conditions
(225 rpm).

2.2.3.6 Extraction of plasmid DNA from bacterial cultures

QIAprep Spin Mini and Midi Kits (Qiagen) were employed for the purification of plasmid
DNA from bacterial cultures. DNA concentration was determined from the absorbance
at 260 nm and quantified using a Nanodrop spectrophotometer (ThermoFisher

Scientific).

2.2.3.7 Sequencing

DNA sequencing was used to confirm the correct sequence of generated constructs

using Source Biosciences.

2.2.4 Generation of constructs

Oligonucleotides used for the generation of constructs are listed in Table 2.1 and the
PCR reactions used are detailed in Table 2.2. Table 2.3 describes the constructs
generated for transfection into P. falciparum. The gene of interest (GOI) accession IDs
and the genomic regions used for homology regions (HR), which target the construct to
the GOl locus, and the recodonised regions (RR) used in each construct are listed in
Table 2.4. Plasmid maps of constructs generated for transfection are shown in Appendix

7.1, and those produced for recombinant protein expression in Appendix 7.2.

2.2.41 Design of conditional knockout constructs for transfection

All constructs for transfection were based on the pT2A_FIKK10_cKO construct (kind gift
of Dr Moritz Treeck, The Francis Crick Institute) and its derivatives. The general features
of these constructs for the conditional truncation, also described as conditional
knockouts (cKO), of a GOI are described in Figure 2.1 and the introduction of GOI
specific sequences are depicted in Figure 2.2. The pT2A_FIKK10_cKO construct was
digested with Bglll and Sall to remove the fikk 10 specific sequences from the vector. The

homology region for each GOl was amplified from P. falciparum 3D7 gDNA using forward
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primers that contained 15 extra nucleotides matching the Bgll and Sall linearised
pT2A_FIKK10_cKO. Synthetic DNA was ordered as plasmids from GeneArt containing
at least 40 nucleotides of endogenous sequence within the HR for each GOI, a loxPint
module, the RR of the GOI, polyglycine linker sequence, triple HA sequence and Sall
site. The RRs for each GOl were recodonised to E. coli and excluded the stop codon.
Each of the forward primers for the amplification of synthetic DNA contained a 15
nucleotide overlap with the HR and the reverse primers contained an additional 15
nucleotides of the Bglll and Sall linearised pT2A_FIKK10_cKO. The linearised vector,
homology region PCR product and synthetic DNA PCR product were combined in an In-
Fusion reaction to produce the plasmids pT2A_Ddi1-3HA cKO, pT2A_ S9A-3HA cKO,
pT2A_S9B-3HA_cKO and pT2A_S9C-3HA_cKO. For Ddi1, an additional construct,
pT2A_Ddi1_cKO, was prepared without the sequence encoding the polyglycine linker
and triple HA tag using an alternative reverse primer for the amplification of synthetic
DNA (PCR 3). The 4 constructs were used to transform XL10-Gold Ultracompetant cells
(Agilent). Colony PCR and sequencing was used to verify the constructs contained the
correct insert. Amplified and ethanol precipitated plasmid DNA was resuspended in TE
buffer for transfection of parasites. Correct integration of each construct by single
homologous crossover was confirmed by integration PCRs, and the excision event

validated by excision PCRs that are described in Table 2.2.

pT2A_GOI_cKO

hdhfr

loxPint loxPint

HR R RR npt gfp

2A

Figure 2.1 The architecture of constructs for the conditional truncation of P. falciparum
genes. An HR is used to target the vector to the GOI locus, and the rest of the GOl is
recodonised (recodonised region, RR) with an artificial /loxP-containing intron (loxPint)
separating the two. The sequence for a T2A peptide (2A) site between the RR and a
neomycin phosphotransferase (npt) gene. A second loxPint module separates the npt
gene and a gfp gene which is followed by a P. berghei dihydrofolate reductase
thymidylate synthase 3"UTR. An hdhfr cassette resides on the plasmid backbone. Note
that for S9A, S9B and S9OC additional sequences for a polyglycine linker and triple HA
tag sits between the RR and the sequence for T2A.
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Bglll and Sal | digested pT2A_FIKK10_cKO PCRs

hdhfr

PCR 1 PCR 2
_

Template: (genomic DNA)  (synthetic DNA)

HR RR
+ 1

Bglll Sall
15bp homology

l + In-Fusion enzyme

pT2A_GOI_cKO

hdhfr

loxPint loxPint
HR R RR npt gfo

2A

Figure 2.2 The generation of new GOl conditional truncation constructs from
pT2A_FIKK10_cKO. The pT2A_FIKK10_cKO construct was digested with Bglll and Sall,
to remove fikk10-specific sequences. Two PCRs were performed to amplify the GOl HR
from genomic DNA and to amplify the loxPint-RR from synthetic DNA. As indicated, 15
bp of homology with either the Bglll and Sall digested vector or the HR were included.
An In-Fusion reaction was performed to combine the Bglll and Sall digested plasmid and
the 2 PCR products producing a new construct for the conditional truncation of a gene
of interest (pT2A_GOI_cKO). For the S9A, S9B and S9C constructs, sequences for a
polyglycine linker and triple HA tag are located between the RR and the sequence for
T2A.
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2.2.4.2 Design of Ddi1 conditional allelic replacement constructs

The pT2A_Ddi1_cKO construct was modified to generate either a wildtype (WT) or
mutant (D262N) conditional allelic replacement construct. A second, alternatively
recodonised region (RR2) followed by a T2A-linked gfp gene was inserted into the Aval
digested pT2A_Ddi1_cKO construct, generating pT2A_Ddi1_condWT or
pT2A_Ddi1_condD262N. The strategy for generating Ddi1 conditional allelic

replacement constructs is depicted in Figure 2.3.

The RR2, which was recodonised to P. falciparum, was ordered as a gBlock gene
fragment (Integrated DNA Technologies) with a Sall site and the sequence for the T2A
peptide at the 3" end of the gBlock. Two PCRs were amplified from a Bgl Il and Sal |
linearised pT2A_GOI_cKO vector; the end of the npt gene with the loxPint module and
the gfp gene (Table 2.2 PCRs 10 and 11). The primers for these PCR reactions were
designed such that there was a 15bp overhang with either Aval linearised
pT2A_Ddi1_cKO vector or the Ddi1 RR2 gBlock. The npt-loxPint PCR product (Table
2.2 PCR 10) and the RR2 gBLOCK were combined in an overlapping extension PCR
reaction first without primers in a PCR reaction for 5 cycles at with an annealing
temperature of 30°C, then with primers added for 30 cycles at an annealing temperature
of 50°C (Table 2.2 PCR 12). The resulting PCR product and the amplified gfp gene
(Table 2.2 PCR 11) product were cloned into Aval linearised pT2A_Ddi1_cKO using In-
Fusion to generate pT2A_Ddi1_condWT.

To generate the mutant version D262N, site-directed mutagenesis using overlapping
extension PCR was employed using PCR product npt-loxPint-RR2 (Table 2.2, PCR 12)
as template (Table 2.2, PCRs 13, 14, 15) (see section 2.2.3.2). The resulting PCR
product was combined with the gfp product and Aval linearised pT2A_Ddi1_cKO using
In-Fusion to generate pT2A_Ddi1_condD262N. Integration and excision PCRs were the
same used for the Ddi1_cKO line but larger PCR products were generated in the excision
PCR (see Table 2.2).

For the conditional tagging of Ddi1, the pT2A_Ddi1_condWT construct was used as
template to amplify the RR2 region (Table 2.2, PCR 19). Long primers
249 Ddi1comp_HA_add or 250_Ddi1comp_myc_add were annealed to the end of the

RR2 region for 5 cycles with an annealing temperature of 35°C to add the sequence for
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a single HA or myc tag. Primers were then added to the reactions to amplify these new
sequences of DNA (Table 2.2, PCR 22 and 23) and the resulting amplicons were used
in an In-Fusion reaction with Aval digested pT2A_Ddi1_condWT to give
pT2A_Ddi1_condHA or pT2A_Ddi1_condmyc. The integration PCRs for these
conditional tagging constructs were the same as for Ddi1_cKO line but a different reverse
primer (Table 2.2, PCR 45) was used for the excision PCRs.

2.2.4.3 Design of S9C conditional allelic replacement constructs

To generate the S9C conditional allelic replacement constructs, the pT2A_S9C-
3HA_cKO construct was modified by the replacement of the gfp gene with a wildtype
(WT) or mutant (H217A) RR2 followed by a triple myc tag and a T2A-linked gfp gene,
generating pT2A_S9C-3HA_condWT-3myc or pT2A_S9C-3HA_condH217A-3myc. The
approach for generating S9C conditional allelic replacement constructs is shown in
Figure 2.3. A FragmentGENE (GeneWiz) was ordered containing the 13 final nucleotides
of the npt gene, Aval site, loxPint module, RR2 and sequences for polyglycine linker,
triple myc tag, Sal | site and T2A peptide. This synthetic DNA was combined with PCR
amplified gfp gene (Table 2.2, PCR product 11) and Aval digested pT2A_S9C-3HA_cKO
to generate pT2A_S9C-3HA_condWT-3myc. To perform site-directed mutagenesis of
the S9C RR2 gene fragment, the PCR products from two reactions (Table 2.2, PCRs 16
and 17) were combined and overlapping extension PCR performed (Table 2.2, PCR 18)
as described in section 2.2.3.2. An In-Fusion reaction of this amplicon and Aval digested
pT2A_S9C-3HA cKO gave pT2A_S9C-3HA condH217A-3myc. Integration and
excision PCRs were the same used for the S9C-3HA_cKO line except that larger PCR

products were generated in the excision PCR (see Table 2.2).
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Aval digested pT2A_GOI_cKO PCRs
PCR 1 PCR 2
hdhfr
. (overlapping PCR/ (vector)
L Template: T hthetic DNA)

loxPint

, -+ RR2 2A gfp
loxPint | I—

HR R RR npt
. i
2A Aval Aval

15bp homology

l + In-Fusion enzyme

pT2A_GOIl_condWT

hdhfr
.

loxPint loxPint

HR R RR npt R RR2 gfp

2A 2A

Figure 2.3 The generation of conditional allelic replacement constructs from GOI
conditional truncation constructs. The Ddi1 or S9C conditional truncation constructs
(here described as pT2A_GOI_cKO) were digested with the double cutter enzyme Aval
to remove the gfp gene. A PCR product comprising the final 13 bp of the npt gene, loxPint,
alternatively recodonised region (RR2) and sequence for the T2A peptide (2A) was
amplified from synthetic DNA (S9C) or from a PCR product generated by overlapping
PCR (Ddi1). A second PCR product consisting of the 15 bp of the 2A sequence and the
gfp gene was amplified from Bglll and Sall digested pT2A_GOI_cKO. These two PCRs
and Aval digested pT2A_GOI_cKO were combined in an In-Fusion reaction to yield a
wildtype conditional. In the case of S9C conditional allelic replacement constructs,
sequences for a polyglcyine linker and triple HA tag follow the RR and a polyglycine
linker and triple myc tag follows the RR2.
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2.2.4.4 Design of recombinant protein expression constructs

The constructs generated in this study for the expression of recombinant protein are

listed in Table 2.5. The construct maps are available in Appendix 7.2.

The entire Ddi1 expression construct was ordered from GenScript. This construct, based
on pET11a, contained the ddi1 gene recodonised to E. coli, alongside sequences
encoding an N-terminal hexahistidine tag, SUMO tag and FLAG. This insert was placed
between the Ndel and BamHlI restriction sites giving pET11a_6His-SUMO-FLAG-
PfDdi1.The mutant was generated by site-directed mutagenesis with overlapping
extension PCRs (Table 2.2, PCRs 24, 25, 26). The resulting amplicon was cloned into
Ndel and BamH]I digested pET11a_6His-SUMO-FLAG-PfDdi1 using In-Fusion cloning
to produce pET11a_6His-SUMO-FLAG-PfDdi1-D262N.

The region encoding the catalytic domain of S9C (2-285) was ordered as a gBlock along
with the sequence encoding an N-terminal hexahistidine tag flanked with 15 bp overlaps
that matched the Ndel and BamHI digested pET11a vector. The S9C sequence was
recodonised to E. coli. The gBlock was cloned into the Ndel and BamHI linearised
pET11a vector using In-Fusion giving pET11_6His-S9C. The H217A S9C mutant was
generated in the same way, with an S9C H217A encoding gBlock to produce
pET11_6His-S9C-H217A.

2.2.5 Immunochemistry techniques

A list of primary and secondary antibodies used in this study are listed in Table 2.6 and
Table 2.7.

2.2.5.1 SDS PAGE and western blot analysis

Proteins were separated by SDS-PAGE using 4-15% Mini-PROTEAN TGX precast
protein gels (Bio-Rad) in protein running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS)
for 40 min at 200 V using Bio-Rad protein gel electrophoresis apparatus. Protein gels
were either incubated with the protein stain Quick Blue Stain (triple red) or transferred
onto nitrocellulose membrane (ThermoFisher Scientific) overnight using Appleton Wood
Wet blotter apparatus in transfer buffer (25 mM Tris-HCI, 190 mM glycine, 20%
methanol). Ponceau S (Biotium) staining of the blot was used to determine transfer and

loading quality as per manufacturer’s instruction. The blots were blocked in 5% BSA
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(Sigma) in PBS with 0.1% Tween-20 (PBST) for at least 1 h at RT. All antibodies were
diluted in 2% BSA in PBST with the incubation step performed at RT. Blots were
incubated with primary antibodies for a minimum of 1 h with agitation, followed by 3 x 5
min washes in PBST. Incubation of the blot with secondary antibodies also occurred for
1 h with agitation and was followed by 3 x 5 min PBST washes. In some instances, a
biotinylated secondary antibody was used and, after incubation and washing, was
followed by a third one-hour incubation step with a streptavidin linked horseradish
peroxidase (HRP) (Sigma) followed by washing 3 x 5 min with PBST. Visualisation of
HRP signal was achieved using Immobilon Western Chemiluminescent HRP Substrate

(Millipore) and a ChemiDoc Imager (Bio-Rad).

Stripping antibodies from blots in order to probe with a different antibody was achieved
by 3 x 5 min incubations with 5% acetic acid, followed by extensive washing in PBST,

blocking and probing as described above.

To detect in-gel fluorescence of activity-based probe labelling (see section 2.2.1.8),
samples were electrophoresed on 12.5% or 15% Tris-glycine triple-wide gels using CBS
Scientific apparatus, before visualisation of fluorescence using a Pharos FX Molecular

Imager (Bio-Rad) fluorescence scanner.

2.2.5.2 Immunofluorescence analysis (IFA)

Thin smears of infected erythrocytes were air dried and frozen at -80°C in an anhydrous
environment. When required, smears were gradually warmed to RT and an Immunopen
(Millipore) used to define the area of the smear where probing would take place. The
smears were then fixed in 4% formaldehyde (ThermoFisher Scientific) for 30 min and
permeabilised in 0.1% Triton X-100 (Sigma). The slides were washed twice in PBS for 5
min and blocked in 3% BSA in PBS for at least 1 h. All antibodies used in IFA were
diluted with 3% BSA in PBS. Slides were probed with primary antibodies for 1 h and
washed twice in PBS for 5 min. The slides were then incubated for 1 h with anti-rabbit,
human or mouse Alexa Fluor 488 or 594 secondary antibodies (Invitrogen), followed by
two 5 min washes in PBS. For the detection of HA or myc tagged proteins a three-step
strategy was taken whereby biotinylated goat anti-rat or goat anti-mouse secondary
antibodies were used. In these instances, a third incubation step with a streptavidin-
linked AlexaFluor 488 or 594 (Invitrogen) for 1 h was used followed by washing in PBS.
Slides were inserted in a 1 pug/ml solution of 4'.6-diamidino-2- phenylindole (DAPI,
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Sigma) for 10 seconds and washed twice in PBS for 5 min. Samples were mounted with
Citifluor anti-fade mounting medium. Sealed slides were analysed on a Nikon Eclipse Ni-
E widefield upright microscope with a Hamamatsu C11440 digital camera and Nikon
100x oil immersion objective or a Leica TCS SP5 Confocal microscope using 100x oil
immersion objective. Images were processed using NIS Elements software (Nikon),

Leica Application Suite Advanced Fluorescence and Fiji software.

2.2.5.3 Pull-down of HA-tagged proteins

Ddi1_condHA parasites were DMSO or RAP treated and mature C2-treated schizonts
were saponin-lysed, washed, frozen in liquid nitrogen and stored at -80°C. The frozen
schizont pellet (~500 pl) was lysed in six volumes of ice-cold 20 mM Tris-HCI pH 7.6,
150 mM NaCl, 1% Triton X-100, 1 mM Ethylenediaminetetraacetic acid (EDTA) and 1 x
cOmplete protease inhibitor cocktail (Roche) with three rounds of freezing in liquid
nitrogen and rapid thawing to ensure as much lysis as possible. After 20 min on ice, the
lysate was centrifuged at 17000 x g for 20 min at 4°C. The resulting supernatant was
further clarified by passing through a SpinX filter column (Corning Costar, 0.22 pum) at
17000 x g for 1 min at 4°C. The flow through was added to 90 ul Anti-HA Magnetic Beads
(Pierce) pre-washed in wash buffer (50 mM Tris HCI pH 7.6, 150 mM NacCl, 0.05%
Tween-20) and incubated overnight at 4°C on a rotating mixer (VWR). A Dynabeads
MPC-S Magnetic Particle Concentrator was used to collect the magnetic beads and
extract the unbound material. The beads were washed in wash buffer (5 x 300 ul) prior
to boiling in 75 pl 1 x Laemmli buffer for 5 min. For monitoring the pull-down, samples
were taken throughout the process and were boiled in 1 x Laemmli buffer for 5 min.
These samples and the eluted material were subjected to SDS-PAGE, followed by Quick
Blue and Silver Staining (Bio-Rad) or anti-HA western blot as described in section 2.2.5.1

to monitor pull-down.

2.2.6 Mass spectrometry techniques

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was carried out in
collaboration with the Francis Crick Institute Proteomics Science Technology Platform
(STP) by Steven Howell.
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2.2.6.1 Pull-down interaction proteomics

For pull-down interaction proteomics 50 ul of eluted sample generated in section 2.2.5.3
was electrophoresed for 8 min at 200 V on a 10% Mini-PROTEAN TGX Precast Protein
Gel (Bio-Rad) and protein was stained using Quick Blue Stain. Samples were sliced into
gel pieces of 2 mm by 2 mm, trypsinised and proteins extracted. The peptides were dried
using an SPD SpeedVac (Thermo Scientific Savant) and resuspended in 0.1%
trifluoroacetic acid (TFA). In triplicate, peptides were separated on a 50 cm, 75 um inner
diameter Easyspray column over a 120 min gradient and eluted onto an Orbitrap mass
spectrometer (ThermoFisher Scientific). Xcalibur software (ThermoFisher Scientific) was
used during data acquisition. Data analysis was performed in MaxQuant software, using
P. falciparum PlasmoDB and H. sapiens Uniprot databases. Label-free quantification
results were transferred to Perseus (version 1.4.0.11) (Tyanova et al., 2016) for data

transformation.

2.2.6.2 N-Terminomics

N-Terminal Isotopic Labeling of Substrates (N-TAILS) is an N-terminomics method that
enriches for naturally occurring N-termini and can therefore be used to identify neo-N-
termini generated by proteolysis events (Kleifeld et al., 2011, 2010). Three biological
replicates of Ddi1_condD262N DMSO or RAP treated parasites were collected at
schizont stage (approximately 46 h post-synchronisation), lysed in 0.15% saponin in
PBS, washed twice in PBS, frozen in liquid nitrogen and stored at -80°C. Proteins were
extracted from pellets in 10 pellet volumes of ice-cold lysis buffer (0.1% SDS and 1%
Triton X-100, 1x Roche cOmplete protease inhibitors cocktail, 10 uM of the cysteine
protease inhibitor E64 (Sigma), 10 uM of the dipeptidyl aminopeptidase (DPAP) inhibitor
HN3019 (Deu et al., 2010) and 10 mM of EDTA) for 30 min at 4°C. The addition of
HN3019 and EDTA was required to prevent N-terminal trimming of proteins by DPAPs
and aminopeptidases (metalloproteases). The lysates were centrifuged at 17000 x g for
10 min at 4°C. The soluble protein fraction was then subjected to chloroform methanol
precipitation and the washed protein precipitate was resuspended in 6M guanidium
hydrochloride. The protein was quantified using Pierce BCA Protein Assay Kit (Thermo
Scientific) according to manufacturer’s instructions and 250 ug of each sample was
reduced with 10 mM TCEP (tris(2-carboxyethyl)phosphine) for 30 min at RT in the dark.
Alkylation of cysteines was performed with 25 mM iodoacetamide for 30 min at RT in the

dark. Isotopic Tandem Mass Tag (TMT, ThermoFisher Scientific) labels dissolved in
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DMSO were added to each of the 6 samples (6-plex TMT) and incubated for 1 h at RT
in the dark. Ethanolamine was added to 100 mM to react with excess TMT label at RT
for 30 min in the dark. At this point, the six samples were combined and subjected to
acetone/ methanol precipitation to remove ethanolamine and any other unreacted
reagents. The precipitated protein was resuspended in 150 ul of 100 mM NaOH with
sonication, followed by addition of 800 ul H20 and 50 ul HEPES pH 7.2. Proteins were
digested with 15 ug of trypsin or 30 ug of endoproteinase Asp-N (both from Promega)
overnight at 37°C with shaking. 10% of this digested mixture was retained to measure
general protein abundance by LC-MS/MS (Pre-TAILS sample). Approximately 50 ul of
hyperbranched polyglycerol-aldehyde Il polymer (flintbox) was combined with the
digested peptide mixture and the reducing agent sodium cyanoborohydride added to a
final concentration of 20 mM. Samples were incubated at 37°C overnight with shaking.
Peptides labelled with TMT were retrieved by passing the peptide-polymer mix through
a spin filter (Amicon, 10 MWCO) and retaining the flow through for enriched N-
terminomes. The trypsinised peptides were dried by acetone/methanol precipitation,
resuspended in 0.1% TFA and subjected to high pH fractionation using 0.1%
Triethylamine according to manufacturer's protocol (ThermoFisher Scientific). The
samples were dried and resuspended in 0.1% TFA. Peptides were separated on a 50
cm, 75um Inner Diameter Easyspray C18 STAGE-Tip column over a 30 min gradient
and eluted directly onto an Orbitrap mass spectrometer capable of fast scanning at
50,000 resolution (ThermoFisher Scientific). Xcalibur software (ThermoFisher Scientific)
was used during data acquisition. Data analysis was performed in MaxQuant software,
using P. falciparum PlasmoDB and H. sapiens Uniprot databases. For N-TAILS,
searches were performed for semi Arg-C or semi Asp-N peptides according to whether
samples were treated with trypsin or with Asp-N. Results were transferred to Perseus for

data analysis. Edgar Deu processed the samples for Asp-N digestion.

2.2.7 Electron microscopy (EM)

The EM in this study was performed by Anne Weston of the Francis Crick EM STP.

To prepare infected erythrocytes for EM, S9C-3xHA_cKO parasites were DMSO or RAP
treated at ring stage and cultured for ~40 h before purified schizonts were added to fresh
erythrocytes and incubated at 37°C for 4 h to maximise the number of invasions. Ddi1-
condD262N parasites were DMSO or RAP treated as standard, and ~40 h later schizonts

were purified, and treated with 1 uM of Compound 2 for 4 h prior to processing for EM.
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Synchronised infected erythrocytes were washed in RPMI, resuspended to 10%
haematocrit and fixed with 4% formaldehyde in 0.1 M phosphate buffer pH 7.4 (PB) for
15 min at RT followed by centrifugation (2400 x g, 1 min). A second fixative step was
performed on the pelleted material with 2.5% glutaraldehyde and 4% formaldehyde in
PB for 30 min at RT followed by centrifugation (2400 x g, 1 min). The pellet was
resuspended and stored in 1% formaldehyde in PB at 4°C. Infected erythrocytes were

embedded in 2% agarose, sliced into 1 mm? sections, and washed in PB.

Cells were incubated with 2% reduced osmium for 1 h at 4°C, washed twice in ddH-0,
incubated with 1% thiocarbohydrazide for 20 min at RT, washed twice in ddH-0,
incubated in 2% aqueous osmium tetroxide for 30 min at RT, washed twice in ddH»0 and
incubated in 1% uranyl acetate at 4°C overnight. Cells were washed twice in ddH-0,
incubated in lead aspartate for 30 min at 60°C and washed twice in ddH.0. Samples
were subjected to dehydration by a graded ethanol series (70%, 90%, 100%). Samples
were infiltrated with 50:50 propylene oxide: Durcupan for 1 h at RT, then with 100%
Durcupan twice for 2 h at RT. The samples were transferred to fresh 100% Durcupan
and baked at 60°C for 48 h. For SBF-SEM, a Sigma SEM (Zeiss) with integrated Gatan
3View was used to analyse resin blocks of infected erythrocytes, using 50 nm slices. For
TEM, 70 nm sections were cut using a diamond knife on a Leica UC6 Ultramicrotome,
and sections were analysed by a Tecnai G2 Spirit Biotwin (FEI) with Gatan Orius CCD

camera.

2.2.8 Recombinant protein expression and purification

Recombinant protein expression was performed in E. coli using the BL21 (DE3) strain
and the pET11a(-) vector (Novagen). In this system, the gene encoding the protein of
interest is inserted into the construct downstream of a T7 RNA polymerase promoter, the
expression of which is induced by the addition isopropyl B-D-1-thiogalactopyranoside
(IPTG). Purified protein concentrations were determined using Bradford reagent (Pierce)
and absorbance measured at 595 nm using a spectrophotometer (SpectraMax M5,

Molecular Devices).

2.2.8.1 Transformation and growth of bacterial cultures for protein expression

BL21 (DE3) (New England Biolabs) bacteria were transformed with plasmids for the
expression of recombinant protein using heat shock at 42°C according to the

recommended procedures. Single colonies were used to inoculate lysogeny broth with
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100 pg/ ml ampicillin, and were incubated overnight at 37°C with shaking (225 rpm). This
starter culture was used to inoculate 500ml of lysogeny broth with 100 ug/ml ampicillin,
and the culture was incubated at 37°C under shaking conditions (225 rpm) until an optical
density of 0.4-0.8 units at 600nm was achieved. At this point, 0.1 mM IPTG (Sigma) was
added, and cultures were incubated overnight at 16°C under shaking conditions (225

rpm). Bacteria were pelleted and frozen at -20°C.

2.2.8.2 Lysis of S9C-expressing bacteria

The frozen bacterial pellet was resuspended in 10 pellet volumes of lysis buffer (50 mM
Tris HCI pH 8, 20 mM imidazole, 150 mM NaCl, 5% glycerol, 0.4 mg/ml lysozyme and
0.1% Triton) and kept on ice for 30 min before sonication (15 seconds on and 15 seconds
off for 2 min at 20% amplitude) using a Branson Digital Sonifier. The lysate was
centrifuged at 18000 x g for 20 min at 4°C (Beckman Coulter Avanti J-26 XPO, rotor

25.50), and the clarified lysate supernatant was used immediately to purify S9C.

2.2.8.3 Purification of recombinant S9C

A pre-equilibrated 1 ml Histrap crude HP column (GE Healthcare) was used to bind the
filtered His-tagged S9C protein from the clarified soluble E. coli fraction. The column was
washed with 5 column volumes (CVs) of Buffer A (50 mM Tris HCI pH8, 150 mM NacCl,
5% glycerol) containing 20 mM Imidazole. A 20-500mM imidazole gradient in Buffer A
was used to elute recombinant S9C. Fractions containing the purest protein were pooled
and the buffer exchanged to Buffer A to remove imidazole, which can interfere with
downstream applications. Buffer exchange for His-S9C (2-285) was performed using a
large dilution step followed by 100-fold concentration. This process resulted in some loss
of protein for WT, therefore for the mutant His-S9C-H217A (2-285) buffer exchange was
instead performed using Slide-A-Lyzer Dialysis Cassettes (ThermoFisher Scientific)
according to manufacturer’s protocols. Further concentration was performed using a
VIVASPIN 500 (3.5K MWCO) spin column and protein was aliquoted and stored at -
80°C.

2.2.8.4 Lysis of Ddi1-expressing bacteria

The frozen bacterial pellet was resuspended in 10 pellet volumes of lysis buffer (1 x PBS
pH 7.4, 20 mM Imidazole, 0.5 mg/ml lysozyme, 1 x Protease Inhibitor Cocktail EDTA-
free Set V (CalbioChem)) for 30 min at RT. This lysate was sonicated for 2 min (15
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seconds on and 20 seconds off for 2 min at 20% amplitude) and centrifuged at 100,000
x g for 40 min at 4°C (Avanti J-301 Beckman Coulter centrifuge with rotor JA-30.50). The

filtered lysate was immediately used for purification of recombinant PfDdi1.

2.2.8.5 Purification of recombinant Ddi1

His-SUMO-FLAG-Ddi1 or His-SUMO-FLAG-Ddi1-D262N protein were bound using pre-
equilibrated 5ml HisTrap FF columns (GE Healthcare). Washing of the columns was
performed with 5 CVs of PBS pH 7.4, supplemented with 450 mM NaCl, and 70 mM
imidazole, and elution performed with 10 CVs of PBS pH 7.4, 150 mM NaCl, 500 mM
Imidazole, 150 mM NaCl. The fractions with the purest protein were pooled and
concentrated to <10 ml using a 3 Molecular Weight Cut Off (MWCO) centrifugal filter
device (Amicon). 1000 U of SUMO Protease 1 (EZCut) was added in a Pur-A-Lyze
dialysis tube (Sigma, 3.5 MWCO), which was incubated at 4°C overnight in 1L of SUMO
cleavage buffer (50 mM Tris HCI pH 8, 100 mM NaCl, 10 mM DTT) with gentle mixing.

At this point, size exclusion chromatography was performed to separate FLAG-Ddi1 from
the cleaved SUMO protein or the full-length His-SUMO-FLAG-Ddi1 using a HiLoad
26/600 Superdex 200 pg column (GE Healthcare) in a buffer of 20 mM Tris HCI pH 7.5,
100 mM NaCl. The resulting purified protein remained slightly impure, therefore an anion
exchange step was performed using a Resource Q 6 ml column (GE Healthcare).
Binding occurred in 50 mM Tris HCI pH 8, 150 mM NacCl buffer. Elution was performed
using a linear gradient (0-100%) with 25 CVs of 50 mM Tris HCI pH 8, 1 M NaCl.
Fractions with the purest protein were combined and diluted in protein storage buffer (20
mM Tris HCI pH 7.5, 100 mM NacCl, 5% glycerol). Protein was concentrated to 2.4 mg/ml
using a centrifugal device (Amicon, 3MWCO and frozen in liquid nitrogen and stored at
-80°C. Following SUMO cleavage, the mutant FLAG-Ddi1-D262N protein was purified
first with anion exchange then by size exclusion, before dilution in protein storage buffer.
The purified protein was-concentrated to 4.3 mg/ml, frozen in liquid nitrogen and stored
at -80°C.

2.2.8.6 Native mass spectrometry of FLAG-Ddi1 and FLAG-Ddi®?2N

Native mass spectrometry was performed by Zoja Nagurnaja at GSK. Protein samples
(120 picomoles) were buffer exchanged into 200 mM ammonium acetate and 15
picomoles of protein was injected onto a Zorbax Poroshell 300SB-C3 column, washed

with 0.1% formic acid in 5% acetonitrile, and elution was performed at a flow rate of 0.5
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ml/min with 0.1% formic acid in 90% acetonitrile. The eluted proteins were ionised by
electrospray ionisation in a Micromass Q-ToF API-US mass spectrometer. Mass

estimation was perfomed the MaxEnt1 algorithm of MassLynx (version 4.1) software.

2.2.8.7 Circular dichroism of recombinant protein

Purified FLAG-Ddi1 and FLAG-Ddi1-D262N proteins were diluted to 0.2 mg/ml in 20 mM
Tris-HCI pH 7.5, 1 mM NaCl, and 0.05% glycerol, and analysed by circular dichroism
spectroscopy. The far-UV spectra were obtained using a ChiraScan spectrophotometer
(Applied PhotoPhysics) over 200-260 nm with a scan speed of 30 nm/min and a path
length of 0.1 cm.

2.2.9 Enzyme activity assays

2.2.9.1 Activity-based probe labelling with a fluorophosphonate-TAMRA probe

Purified His-S9C (2-285) and His-S9C-H217A (2-285) at 2 uM were incubated with the
FP-TAMRA probe at 1 uM for 90 min at RT. Pre-incubation with 1 mM of the serine
hydrolase inhibitor phenylmethylsulfonyl fluoride (PMSF) was performed for 1 h at RT.
These samples were combined with 4 x Laemmli buffer with DTT to a final concentration
100 mM and boiled for 5 min. Samples were electrophoresed on a 4-15% Mini-
PROTEAN TGX precast protein gel before visualisation of fluorescence using a Pharos

FX Molecular Imager fluorescence scanner.

2.2.9.2 Processing of hyper-ubiquitinated proteins

These activity assays were performed by Barbara Dirac-Svejstrup of the Svejstrup lab
at the Francis Crick Institute. Parasite samples were treated with 0.15% saponin for 5
min, washed twice in PBS, frozen in liquid nitrogen, and stored at -80°C. Upon thawing,
samples were incubated for 20 min in 50 mM Tris-HCI pH 7.4, 2 mM EDTA, 150 mM
NaCl, 1% Triton X-100, 2 mM N-Ethylmaleimide, 2.2 mM PMSF, 2 mM benzamidine HCI,
2 uM Leupeptin and 1 pg/ml pepstatin A. The lysates were sonicated at 20% amplitude
for 15 seconds (Branson digital sonifer model 250) and centrifuged 17000 x g for 5 min.
The soluble material was retained, and 15 ug of each sample was fractionated by SDS
-PAGE on Criterion TGX 4-15% gels (BioRad). Western blot was performed using P4D1

anti-ubiquitin antibody (Santa Cruz Biotechnology). Pre-treatments with 6 ug of
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recombinant P. falciparum Ddi1 or L. major Ddi1 protein (kind gift of David Powell) were
carried out at 30°C for 30 min prior to SDS-PAGE.
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Chapter 3. Genetic interrogation of four putative

proteases in P. falciparum
3.1 Introduction

Since the publication of the P. falciparum genome sequence in 2002 (Gardner et al.,
2002) reverse genetics has been used to identify potential drug targets. "The druggable
genome' consists of genes encoding proteins, such as enzymes, which can bind drug-
like molecules and may therefore represent therapeutic targets (Hopkins and Groom,
2002). Proteases are attractive for target-based drug development, based on defined
active sites and known catalytic mechanisms (Deu et al., 2012). Inhibitors against
various protease classes have been licenced for use in the treatment of several diseases
including AIDS, cancer, diabetes and hypertension (Turk, 2006). The protease inhibitors
(Pls) in use for AIDS and type 2 diabetes are well tolerated and represent successes of
structure-based drug design against HIV-1 protease and dipeptidyl-peptidase 4 (DPP4),
respectively. Members of these two families are present in Plasmodium spp. but have

yet to be studied and may be targeted by small molecule inhibitors.

This study aimed to evaluate a small number of putative proteases in P. falciparum as
potential antimalarial targets. Three P. falciparum proteins were identified as members
of the DPP4-containing S9 family, named here as S9A, S9B and S9C. These proteins
all contain the ap-hydrolase domain required for enzyme function although they all lack
a key structural feature, an N-terminal B-propeller, present in characterised members of
this family (see section 1.5.4). All three S9 proteins are conserved across the
Plasmodium genus and can be labelled with an activity-based probe during the asexual
blood cycle of P. falciparum, providing evidence that they are active enzymes (Davison
et al, in preparation). A fourth protein, Ddi1, was selected based on the similarity of its
RVP domain to HIV-1 protease. Ddi1 proteins are conserved in eukaryotes with various
reported functions in the ubiquitin-proteasome system although the mechanistic function
of Ddi1 and its RVP domain, and the reason for its conservation in eukaryotes, are
unclear. At the start of this study, little was known about Ddi1 in Plasmodium although it
had proven refractory to genetic deletion and tagging in P. berghei (personal

communication, Dr K. Koussis, Francis Crick Institute).

95



Chapter 3 Results |

In order to assess the essentiality of these four putative proteases, a conditional
truncation strategy was employed to remove part, or all, of the catalytic domain. The new
parasite lines that were generated for this purpose were validated, and the effect on
growth following conditional truncation was assessed. To further probe the importance
of the putative proteolytic activity of S9C and Ddi1, conditional single amino acid mutants
were produced to render the protein of interest catalytically inactive. Finally, an initial

phenotypic characterisation of S9C and Ddi1 deficient lines was performed.

3.2 Strategy for the conditional truncation of s9a, s9b, s9c and

ddi1 genes

The conditional truncation approach used in this study makes use of selection-linked
integration (SLI, (Birnbaum et al., 2017)), DiCre (Collins et al., 2013a) and loxPint (Jones
et al., 2016) to allow for rapid selection of correctly modified parasites and the conditional
truncation of the GOI. The combination of these three recent techniques was first

implemented in the Treeck lab at the Francis Crick Institute.

The rapamycin (RAP) inducible DiCre has been used extremely effectively in the
conditional excision of loxP flanked DNA in P. falciparum since its introduction by the
Blackman lab in 2013. Use of artificial loxP-containing introns, or loxPint, have facilitated
gene studies using DiCre (Jones et al., 2016). LoxPint may be introduced into the GOI,
which, when paired with a loxP site downstream of the GOlI, results in the conditional
truncation of the GOl following excision. These artificial introns overcome difficulties in
placing loxP sites on either side of the gene, which may require two sequential
transfections and use of high AT rich and repetitive intergenic homology sequences for
targeting, which can be problematic. These loxPint modules can be introduced anywhere
into a gene where an AGAT occurs, which is very advantageous given that ~45% of P.
falciparum genes lack natural introns (Gardner et al., 2002). The complimentary pairing
of DiCre and loxPint has proven highly effective allowing conditional modification of a
gene with a single transfection step (Boonyalai et al., 2018; Perrin et al., 2018; Thomas
et al., 2018; Patel et al., 2019; Sherling et al., 2017, 2019). In SLI, the ribosome skipping
mechanism of Thosea asigna 2A peptide (T2A) (Kim et al., 2011) is used to produce
both the modified protein of interest and neomycin phosphotransferase (NPT) from one
mRNA (Birnbaum et al., 2017). Since the GOI and npt are transcribed only once the

episome has integrated into the target locus via single homologous crossover, integrants
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can be rapidly selected with the drug G418. The protein of interest retains 18 amino acids
of the 2A peptide at the C-terminus, while the selectable marker bears an additional

proline at the N-terminus.

The conditional truncation strategy is shown in Figure 3.1. In order to target the construct
to the correct locus by single homology crossover, a homology region (HR) within the
GOl of at least 500 nucleotides was used. A loxPint module separates the HR from the
recodonised sequence for the remainder of the gene, which encoded some or all of the
catalytic residues but excluded natural introns and the stop codon. This recodonised
region (RR) was followed by sequences coding for a polyglycine linker, a triple HA tag,
and a T2A-linked NPT. A second loxPint module sits between the npt gene and a gfp
gene which remains silent prior to RAP treatment as it is both out of frame and preceded
by the stop codon of the npt gene. A P. berghei dihydrofolate reductase thymidylate
synthase 3'UTR follows the gfp gene, and an hdhfr cassette resides on the plasmid
backbone. The addition of RAP to the culture results in the excision of the loxP-flanked
DNA which includes the recodonised portion of the gene and the selectable marker. The
HR is then followed by a loxPint module and a gfp gene which, following splicing of the
intron, is in frame with the HR. RAP-induced excision can therefore be monitored by the
depletion of HA-tagged modified protein and the production of a truncated protein fused
to GFP.

Previous attempts to add various tags at the C-terminus of the P. berghei Ddi1 proved
unsuccessful (personal communication, Dr K. Koussis, Francis Crick Institute), indicating
that C-terminal tags of a certain size may not be tolerated in the P. falciparum Ddi1
protein. As a result, an additional version of the Ddi1 cKO construct lacking the

polyglycine linker and triple HA tag was generated.
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Figure 3.1 Schematic for the conditional truncation of putative proteases in P. falciparum.
The conditional truncation construct is targeted to the gene of interest (GOI) locus by a
homologous region (HR) resulting in single homologous recombination. The rest of the
GOl, which contains part of or the entire catalytic domain, is included as a recodonised
region (RR) with the sequence for a C-terminal triple HA-tag (3xHA). This is followed by
the sequence for the T2A peptide (2A), a neomycin phosphotransferase (npt) gene and
a gfp gene. Two SERAZ artificial introns containing loxP sites (loxPint) flank a region
containing the RR, 3xHA, T2A and npt sequences. A human dihydrofolate reductase
cassette (hdhfr) allows selection of the presence of the construct using WR99210. Other
than the hdhfr cassette there is no mRNA produced from the cKO construct. The
modified pre-excision gene locus results in the production of two proteins, the tagged
protease of interest and neomycin phosphotransferase, both translated from a single
MRNA due to the presence of the ‘self-cleaving’ T2A peptide. There is no GFP produced
from the pre-excision locus because the gene is out of frame and is preceded by a stop
codon (red hexagons). Rapamycin added to the culture will activate the DiCre system
resulting in excision of the DNA between the two /oxP sites. This excision will lead to the
loss of the full-length HA-tagged putative protease and the production of truncated
protease-GFP fusion, as the gfp gene will move into frame with the truncated gene.
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3.3 DiCre-mediated excision of loxP flanked regions within the
s9a, s9b, s9c and ddi1 genes resulted in efficient

truncation of protease domains

The conditional truncation lines, also referred to as conditional knockout (cKO) lines,
were generated in the stably DiCre-expressing P. falciparum line, named 1G5DiCre
(Collins et al., 2013a), which permits extremely tight temporal control of excision.
Following transfection of these cKO constructs, parasites were initially selected on
WR99210 for presence of the episome, followed by G418 treatment to select for
integration. G418 resistant parasites were obtained for each of the S9 family cKO lines
and for the HA tag-free Ddi1 cKO line, but not for the Ddi1-HA cKO line. In SLI, the
expression of the selectable marker is reliant on the GOI promoter to drive expression
of npt. Therefore, a weak promoter may produce insufficient NPT. However, the Ddi1
promoter appears to be sufficiently strong since the HA tag-free Ddi1 cKO line was
obtained. It is likely therefore that the C-terminal addition of 62 amino acids (polyglycine
linker, triple HA tag, T2A peptide) was not tolerated, which is consistent with the fact that
tagging of Ddi1 in P. berghei was unsuccessful. Note that the nontagged Ddi1 cKO line
is resistant to G418 treatment despite having 20 additional amino acids at the C-terminus
of the modified protein (largely comprised of the T2A peptide), suggesting that Ddi1 can

tolerate small C-terminal tags.

G418 resistant parasites were cloned and the integration of pre-clonal and clonal lines
was confirmed by PCR (Figure 3.2). For each modified GOI, the absence of an
endogenous gene PCR product indicated disruption of the locus, and the presence of
the correct sized PCR products for 5° and 3" integration PCRs indicated integration of
the episome at the endogenous GOI locus (Figure 3.2A). In the case of the Ddi1
endogenous PCR, a doublet was observed with the upper band representing the band
of the predicted size for the gene locus. It is unclear why two bands were amplified,
although both bands were absent following integration. The endogenous PCR product
was either absent or extremely faint in the pre-clonal lines for each cKO line, compared
to the parental line, implying that a very high level of integration was achieved in the pre-
clonal lines, as would be expected for SLI (Figure 3.2B). However, faint PCR bands were
produced from the pre-clonal lines, particularly for the S9 family proteins. Therefore, for
absolute confidence in the parasite lines, cloning was performed by serial dilution.

Infected erythrocytes were plated in serial dilutions across flat-bottom 96 well plates.

99



Chapter 3 Results |

After 7-12 days incubation visible plaques were seen in a thin blood layer. Single plaque-
containing wells were selected as clones and expanded. The timeframe from transfection
of the construct to obtaining clones was typically between 6 and 8 weeks. Notably, every

clone obtained for all four of the lines was found to be integrant (Figure 3.2B).

Each GOl was conditionally truncated using the RAP inducible DiCre system. Unless
otherwise indicated, treatment with DMSO or RAP was performed on ring-stage
parasites immediately following synchronisation. Genomic DNA (gDNA) was collected at
least 24 h following treatment to confirm excision at the DNA level in 2 clones of each
line (Figure 3.3). Depletion of the 5" integration PCR product and a size difference in the

excision PCR product upon RAP treatment demonstrated efficient excision.
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Figure 3.2 Integration of cKO constructs in P. falciparum. A) Schematic showing the GOI
locus before (Gene locus) and after (Pre-excision) integration of the cKO episome. PCRs
to detect unmodified gene locus (Gene PCR), and the 5" and 3” integration (5'int PCR
and 3’int PCR) of the episome are indicated with blue, red and purple dashed lines,
respectively, with arrows denoting primer binding sites in corresponding colours. B)
Gene PCR, 5'int PCR and 3’int PCR for the S9A, S9B, S9C and Ddi1 cKO parasite lines
were performed using extracted genomic DNA as template. The parental 1G5DiCre
(1G5) line was included as well as two G418-resistant preclonal populations (1 and 2)
and three clones for each parasite line. The expected PCR products sizes are indicated
next to the arrowheads in bp, and the sizes of relevant markers in kilobases (kb).
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Figure 3.3 Rapamycin-inducible excision of s9a, s9b, s9c¢ and ddi1 genes. A) Schematic
depicting the modified GOI pre-excision locus and the post-excision locus as well as the
PCRs used to validate excision denoted by dashed lines. The PCR for 5" integration of
the episome (5'int PCR, red dashed line) amplified only from the pre-excision line
whereas the excision PCR (green dashed lines), amplifies different sized products from
the pre- and post-excision locus. B) 5’int and excision PCRs showed evidence of GOI
excision in two clones after RAP treatment. Ring-stage parasites from two clones of each
parasite line were treated for 3 h with RAP (+) or DMSO (-), and genomic DNA collected
at least 24 h following treatment. Following RAP treatment, the 5’int PCR product was
depleted, and the excision PCR product was reduced in size compared to the DMSO
treatment. The expected sizes of the PCR products are shown adjacent to the
arrowheads in bp, and the sizes of markers are indicated in kilobases (kb).
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To observe excision at the protein level, schizonts were purified 40 h following DMSO or
RAP treatment and washed schizont pellets were lysed in 1 x Laemmli buffer prior to
SDS-PAGE and western blot analysis (see section 2.2.5.1). For members of the S9C
family, truncation at the protein level was demonstrated by the loss of HA-tagged protein
40 h after RAP treatment in 2 clones for each line (Figure 3.4A). Since it was not possible
to obtain a triple HA-tagged Ddi1 line, a commercially available anti-2A peptide antibody
was used to monitor the modified Ddi1 protein, showing that this protein also was
depleted 40 h after RAP treatment in one clone (Figure 3.4B). S9B-HA, S9C-HA and
Ddi1-2A all migrated slightly slower than expected from their predicted molecular weights
of 35 and 90 and 48 kDa respectively, compared to the protein markers. This slower
migration may indicate post-translational modification or it may simply be a feature of
these gel running conditions. Regardless, this validation data demonstrates that excision
occurs efficiently in these cKO lines, and that all of the proteins are highly depleted within

the cycle of treatment.
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Figure 3.4 Depletion of full length S9A-HA, S9B-HA, SO9C-HA and Ddi1-2A following
DiCre mediated excision. Whole schizont pellets of DMSO (-) or RAP (+) treated lines
were lysed in SDS sample buffer prior to SDS-PAGE and western blot analysis. A) Anti-
HA western blot analysis of purified schizonts from two DMSO or RAP-treated clones for
S9A, S9B and S9C cKO lines. Schizonts were also collected from the parental 1G5DiCre
(1G5) line as a negative control. The positions of the HA-tagged proteins (predicted
sizes: S9A-HA: 132 kDa, S9B-HA: 35 kDa, S9C-HA: 90 kDa) are indicated as well as a
consistent cross-reactive band (*), which was used as a loading control. B) Anti-2A
analysis of purified schizonts from one DMSO or RAP treated clone for the Ddi1-cKO
line. The position of Ddi1-2A is indicated (48 kDa) and a cross-reaction band (*) is
indicated for loading. The protein marker sizes are shown in kDa.
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3.4 Truncation of S9C and Ddi1, but not S9A and S9B, reduced

the asexual replication rate of P. falciparum

The importance of S9A, S9B, S9C and Ddi1 on the asexual development of P. falciparum
was assessed using the recently developed plaque assay (Figure 3.5) (Thomas et al.,
2018). Parasites were plated at low parasitaemia in flat bottom 96 well plates. After 7-12
days incubation plaques were visible in the thin blood layer. Each plaque originates from
a single parasite, and plaque formation represents the ability of parasites to replicate.
Since the plaque assay measures replication over 4-6 cycles, it more likely captures

small changes in replication rates compared to a standard 2-3 cycle replication assay.

With this growth assay, no consistent change in plaque number was observed between
DMSO and RAP-treated S9A and S9B cKO cultures, although this experiment was
performed only once so strong conclusions on growth phenotype cannot be made
without further repeats. However, there was an 88% and 97% reduction in the number
of plaques in two clones of the RAP-treated S9C cultures compared to the DMSO
controls. For the Ddi1-cKO clones there was a 98.7% and 99.8% reduction in the number
of plagues when treated with RAP compared to DMSO. It is worth noting that DiCre is
not 100% efficient, therefore in each treatment a small percentage of parasites can be
considered as ‘nonexcised’. These nonexcised parasites may outgrow the excised
parasites in a competitive growth assay if the excised parasites have a growth defect.
However, the plaque assay is not a competitive growth assay so overcomes this

limitation of the DiCre excision.
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Figure 3.5 Truncation of S9C and Ddi1 protease domains, but not those of S9A and S9B,
reduced plaque-forming ability. Approximately 24 h following a 3 h treatment, DMSO or
RAP (- and +, respectively) treated clones were plated out in 96-well plates at 10
parasites per well at 0.75% haematocrit and incubated at 37°C for 11 days before the
numbers of plaques were counted. A) Representative image of a plaque assay plate with
both DMSO and RAP-treated populations on the same plate. A representative plaque-
containing well is also shown with arrows indicating position of plaques. B) The total
number of plaques counted in each condition with two clones per cKO parasite line (n=1).
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Replication assays were subsequently performed for S9C and Ddi1 parasite lines (Figure
3.6). DMSO and RAP-treated cultures were diluted to 0.1% parasitaemia and the
parasitaemia determined by flow cytometry for three cycles after treatment. As shown in
Figure 3.6 the loss of functional S9C results in a growth defect evident from cycle 2
onwards, with a ~3-fold reduction in parasitaemia by cycle 3. By contrast, the RAP-
treated Ddi1-cKO parasite lines had a profound growth defect such that the parasitaemia
increased only marginally after the 3 cycles, resulting in a 92-98% decrease in
parasitaemia by cycle 3 compared to the control. These experiments were performed
only but suggest that while S9C is important for parasite replication, Ddi1 may be

essential in the asexual blood stages of P. falciparum.
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Figure 3.6 S9C and Ddi1 KO cultures had striking growth defects within three cycles of
rapamycin treatment. Replication assay of DMSO/ RAP treated clones of A) S9C-cKO
line and B) Ddi1-cKO line. Parasite lines were synchronised, treated with DMSO or RAP
for 3 h and set up at 0.1% parasitaemia in 1% haematocrit. Parasites were fixed once
per cycle and the parasitaemia determined by flow cytometry after DNA staining. For
S9C, results shown are the mean and standard deviation of three technical replicates
(n=1), whereas for Ddi1 a single replicate is shown.
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3.5 DiCre-mediated allelic replacement strategy for the

conditional mutation of S9C and Ddi1 catalytic residues

Validation of a genetic KO is often performed by reintroducing a functional copy of the
protein to rescue the phenotype. This complementation has been traditionally performed
through expression of WT or mutant target gene from an episome, or by inserting a
second copy of the gene into a different locus within the genome. The first approach
suffers from inconsistent episome copy number per parasite, and therefore, variable
expression of the protein of interest. Insertion of a copy into the genome results in stable
expression but the timing and level of expression can be different to that of the
endogenous protein. An alternative approach is to use conditional allelic replacement of
a gene within its endogenous locus (Jones et al., 2016). In fact, the conditional cKO
constructs described in section 3.2 can be readily modified such that the gene truncation
step that occurs during excision would be paired with the swapping of a wildtype or
mutant allele. The key advantage of this domain swapping approach is that the timing
and levels of expression from the endogenous locus should result in near ‘perfect

complementation’.

The conditional truncations of S9C and Ddi1 cause dramatic changes to the protein,
disrupting the ap-hydrolase fold and the dimerization of these proteins, respectively. A
subtler approach to probing the proteolytic activity of these proteins is to generate single
amino acid mutants that render the protein catalytically inactive. To both validate the KO
of S9C and Ddi1 and to more meticulously probe the importance of their putative
proteolytic activities, a RAP-inducible conditional allelic replacement strategy was
devised using a WT and mutant allele. The pT2A_cKO construct was modified to include
a second differentially recodonised region (RR2) following the second loxPint module
(Figure 3.7). In both s9c and ddi7 allelic replacement strategies, a T2A-linked gfp gene
follows the complementing C-terminal region so that GFP is produced after excision. In
the case of S9C, the HA tagged protein produced prior to excision is replaced by a C-
terminally myc-tagged protein (as is depicted in Figure 3.7). In the wildtype allelic
replacement, the Ddi1 protein produced following excision is identical to that produced
prior to excision, both having only the T2A peptide at their C-terminus. For the S9C
mutant allelic replacement, the catalytic triad histidine was modified to alanine (H217A)

and for Ddi1, the catalytic aspartate was modified to asparagine (D262N).
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Figure 3.7 Domain-swapping strategy for the conditional replacement of s9¢ and ddi1
with wildtype or mutant alleles. The pT2A_cKO construct was modified such that a
second alternatively recodonised region (RR2) was inserted after the second loxPint
module. This RR2 is 2A-linked to a gfp gene that is not expressed in the pre-excision
locus because it is out of frame and proceeded by a stop codon (red hexagon) at the
end of the neomycin phosphotransferase (npt). Following DiCre mediated excision the
complementing RR2 comes into frame with the truncated wildtype gene, leading to
expression of the full-length protein and free GFP. The RR2 will encode a wildtype C-
terminal region of the protein or a catalytically dead version (D262N for Ddi1, H217A for
S9C). As depicted in this schematic, the sequences for a triple HA tag (HA) follows the
S9C RR and a triple myc tag (myc) follows the S9C RR2, resulting in HA-tagged S9C
prior to excision and myc-tagged S9C after excision. In contrast, Ddi1 is tagged with only
the T2A peptide before and after excision.
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These allelic replacement constructs, in addition to the original cKO constructs, were
electroporated into a derivative of the 1G5DiCre line, known as the B11 line (Perrin et
al., 2018). Since the DiCre expression cassette in 1G5DiCre was originally integrated
via single-homologous crossover, the potential for reversion often results in variable
excision rates over time. To overcome this, the 1G5DiCre line was further modified using
CRISPR-Cas9 to generate a non-revertible line, B11, that provides greater stability in
DiCre lines. Integration of G418-resistant clones was verified by PCR with endogenous
gene PCRs, and 5" and 3’ integration PCRs performed on extracted parasite gDNA
(Figure 3.8). These PCRs provided evidence for correct integration of the constructs in

their target locus by single homologous recombination.
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Figure 3.8 Integration of S9C and Ddi1 conditional allelic replacement and cKO
constructs into the B11 background. A) Schematic of the endogenous gene locus and
the integration of conditional allelic replacement construct, specific for S9C although the
same strategies for validation of integration apply in all lines. The primers used to
generate endogenous gene, 5° episome integration (5'int) and 3" episome integration
(3’int) PCRs are depicted with blue, red and purple arrows, respectively, with the PCRs
products shown by dashed lines in the corresponding colours. B) Integration PCRs for
cKO and allelic replacement lines generated in the B11 background. Two clones of each
line are shown in comparison to the parental B11 line. The expected sizes of the PCR
products are indicated in bp, and the size of the DNA markers are displayed adjacent to
the gels in kb.
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Evidence of excision was demonstrated at the DNA and protein level for S9C (Figure
3.9) and Ddi1 (Figure 3.10) parasite lines as described previously (see section 3.3). In
RAP-treated parasites the 5” integration PCR product was depleted, and the excision
PCR product was smaller. Note that the excision PCR products are expected to be larger
in the conditional allelic replacement lines compared to the cKO line because of the

additional sequences present in the constructs (Figure 3.9A,B and Figure 3.10A,B).

Western blot analysis was performed on saponin-lysed mature schizonts that were
collected immediately before egress. To obtain a tightly synchronous and mature
population of schizonts, a reversible inhibitor of PfPKG known as Compound 2 or C2,
was used to block egress for 3-4 h (Collins et al., 2013b). In the S9C conditional lines,
the signal of tagged S9C proteins and GFP was very weak by western blot, so triple step
probing was required to detect HA, myc and GFP (see section 2.2.5.1). For all S9C
parasite lines, S9C-HA was detectable only in DMSO treated samples (Figure 3.9C). In
the allelic replacement lines, S9C-myc and free GFP were both expressed exclusively in
the RAP samples. However, the truncated S9C GFP fusion (S9Ctrunc-GFP) could not
be detected by western blot, indicating that this fusion protein is likely unstable compared
to the full-length S9C protein. The GFP fluorescence of mature schizonts, as determined
by flow cytometry, of one clone of each S9C conditional line supports this assessment
(Figure 3.9D). The wildtype and H217A replacements show a distinct GFP positive
population compared to the DMSO control, allowing an approximation of the excision
rate (93.5 % for H217A and 95.4% for WT allelic replacement). However, the truncated
S9C parasite population largely overlapped with that of the matching DMSO control.

Since Ddi1 was not successfully tagged with triple HA, the anti-2A antibody was used to
validate these new lines (Figure 3.10C). For the new cKO clones, Ddi1-2A was depleted
following RAP treatment but in the allelic replacement line clones Ddi1-2A was present
in both the DMSO control and RAP treated samples as expected. Free GFP was
produced following RAP treatment in the allelic replacement lines and the truncated Ddi1
GFP fusion (Ddi1trunc-GFP) was clearly detectable following RAP treatment in the cKO
clones. Flow cytometry was used to measure GFP fluorescence of mature schizonts for
one clone of each conditional Ddi1 line (Figure 3.10D). These data show that for each
excised clone a GFP-positive population was distinct from that of the matching DMSO
control. Gating for these clear GFP positive populations indicated an approximate
excision rate of 96.7%, 97.1% and 96.6% for the Ddi1 cKO, D262N allelic replacement,
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and wildtype allelic replacement, respectively. Overall, these results suggest highly
efficient DiCre-mediated excision in all of the B11-based S9C and Ddi1 parasites lines.
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Figure 3.9 Rapamycin-inducible excision and allelic replacement of s9c. A) Schematic
of the S9C-cKO and S9C conditional allelic replacement pre- and post-excision loci. The
primers and PCR products that were used to validate the excision event are shown with
arrows and dashed lines. B) PCR was used to validate the excision event in S9C-cKO,
S9C-condWT and S9C-condH217A lines. Ring-stage parasites from two clones of each
parasite line were treated for 3 h with RAP (+) or DMSO (-) and genomic DNA collected
at least 24 h following treatment. The parental B11 line genomic DNA was used as a
control. Arrowheads indicate the PCR products (cKO pre-excision and post-excision:
2550 bp, 816; conditional allelic replacement pre-excision and post-excision: 5251 bp,
3517 bp) and the ladder markers are indicated in kilobases (kb). C) Western blot analysis
of schizonts from B11 background S9C-cKO, H217A and WT S9C allelic replacement
lines. DMSO or RAP treated cultures developed to schizont stage, where schizonts were
purified and treated with C2 to prevent egress. The very mature schizonts were saponin-
lysed to remove erythrocyte and PV membranes prior to processing for western blot. HA-
tagged proteins were depleted following RAP treatment, whereas myc-tagged proteins
were produced in the allelic replacement cultures. The truncated S9C-GFP fusion
(predicted size 49 kDa) was not detectable in the RAP treated S9C-cKO clones, but free
GFP was detected in the allelic replacement lines. S9C-HA (predicted size 90 kDa), S9C-
myc (predicted size 90 kDa) and GFP (predicted size 27 kDa) are marked. Ponceau S
staining was used to show equal protein loading. D) The GFP fluorescence of conditional
S9C lines as measured by flow cytometry. DMSO or RAP treated samples of one clone
of each conditional line were matured to schizont stage and C2 treated before fixation.
The samples were Hoechst stained to identify multinucleated schizonts the GFP
fluorescence of which was recorded. The gating strategy shown in the figure was used
to identify the proportion of parasites that were GFP positive in the DMSO (grey) or RAP
(green) treated samples. The values shown on the plots are the proportion of parasites
that are present in the GFP positive gate (right side of plot). DMSO treated parasites
should be GFP negative while the RAP parasites are expected to be largely GFP positive.
This is the case for the allelic replacement lines with 93.5% and 95.4 being GFP positive,
indicating the approximate excision rate. However, the S9C-cKO line largely overlapped
with the GFP negative DMSO control, presumably because the truncated S9C-GFP
fusion was unstable.
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Figure 3.10 Rapamycin-inducible excision and allelic replacement of ddi1. A) Schematic
of the Ddi1-cKO and Ddi1 allelic replacement pre- and post-excision loci. The primers
are PCR products that were used to validate the excision event are shown with arrows
and dashed lines. B) PCR was used to validate the excision event in Ddi1-cKO, Ddi1-
condWT and Ddi1-condD262N allelic replacement lines. Ring-stage parasites from two
clones of each parasite line were treated for 3 h with RAP or DMSO and genomic DNA
collected at least 24 h following treatment. The parental B11 genomic DNA was used as
a control. Arrowheads indicate the PCR products (cKO pre- and post-excision: 1573 and
978; conditional allelic replacement pre- and post-excision: 3055 bp and 2460 bp). C)
Anti-2A and anti-GFP western blot analysis of purified schizonts from two DMSO or RAP-
treated clones for each parasite line alongside the parental B11 line. Schizonts were
purified, incubated with C2 for 4 h and treated with saponin to remove erythrocyte and
the PV membranes before processing for western blot. The positions of the 2A- or GFP-
tagged proteins are indicated (predicted sizes Ddi1-2A: 48kDa, Ddi1trunc-GFP: 51kDa,
GFP: 27kDa) and the Ponceau S staining is included as a protein loading control. D) The
GFP fluorescence of schizonts was used as an indicator of excision in the Ddi1
conditional lines. A DMSO or RAP treated clone of each conditional Ddi1 line were
matured to schizont stage, C2-blocked and fixed. DNA was stained with Hoechst and
the GFP fluorescence of schizont samples analysed by flow cytometry. A GFP positive
population was present in each RAP treated sample distinct from the GFP negative
DMSO control. Gating of the GFP positive peak was used to determine the proportion of
GFP positive parasites in DMSO or RAP treated cultures (numbers at the upper right of
the flow cytometry plots). This gating showed that >96% of RAP treated parasites were
GFP positive, indicating an excision rate of >96%.
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3.6 The conditional allelic replacement strategy demonstrates
that S9C and Ddi1 have important enzymatic functions in P.

falciparum asexual stages

The growth of the B11-derived S9C cKO and conditional allelic replacement lines was
measured over 3 cycles after DMSO or RAP treatment (Figure 3.11). RAP treatment of
the S9C-cKO and mutant allelic replacement both displayed the same growth defect,
with 4-fold decreases in parasitaemia by cycle 3 for both lines (Figure 3.11A). This
growth defect is only evident from cycle 2 onwards. The wildtype allelic replacement did
not cause a change in parasite replication compared to the control. Plaque assay was
also performed on two clones from each line. For S9C-deficient cultures, there was
between a 50-90% decrease in the number of plaques recorded between DMSO and
RAP treated parasites (Figure 3.11B). The plaque sizes were also measured in pixels
for each condition (Figure 3.11C). These results revealed that parasites expressing
truncated S9C or the H217A S9C mutant developed smaller plaques compared to the
DMSO control. No change was found for the wildtype allelic replacement. This size
difference was statistically significant for the cKO clones C6 and F6 and mutant allelic
replacement clone B6. However, there was not a significant difference for mutant allelic
replacement clone F7. Only 11 plaques were counted in the RAP sample for this line and
it is possible that a proportion of those plaques represent non-excised clones which
would skew the results. Further replicates of this experiment are necessary.
Nonetheless, this decrease in plaque size is suggestive of a slower growth rate in S9C-
deficient parasites. Although the plaque assay was performed only once, these results
are consistent with the replication assays and previous cKO plaque assay (see section
3.4).

Replication and plaque assays were also performed for the B11-based Ddi1 conditional
lines (Figure 3.12). Neither the Ddi1 cKO and mutant allelic replacement showed an
increase in parasitaemia over three cycles (Figure 3.12A). Loss of functional Ddi1,
through truncation or mutation, results in an almost complete loss of plaque forming-

ability, with any plaques remaining likely to be non-excised parasites (Figure 3.11B).

These results provide evidence that both S9C and Ddi1 are active enzymes and that

their enzymatic activity is important for the asexual blood stages of P. falciparum. In the
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case of Ddi1, the proteolytic activity appears to be essential, indicating that this protein

is potentially a novel antimalarial target.
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Figure 3.11 Allelic replacement with a single catalytic residue mutant allele failed to
rescue the S9C truncation phenotype demonstrating an important enzymatic function.
A) Parasite growth measured by replication assay for S9C truncation and allelic
replacement lines. Following DMSO or RAP treatment, cultures were diluted to 0.1%
parasitaemia, plated in triplicate and samples fixed once per cycle for the determination
of parasitaemia by flow cytometry after DNA staining of the samples. The mean and
standard deviation of two independent replicates is shown. B) Plaque assay was
performed on two DMSO and RAP treated clones for each S9C parasite line (n=1).
The % of plaques present in the RAP treated population relative to the matching DMSO
control is shown. C) A consistent reduction in size occurred in the S9C-deficient lines.
Plaque sizes were measured in pixels using the Fiji Analyse Particle tool (see section
2.2.2.1) and represented as box plots of the quartiles with minimum and maximum
whiskers on a logz scale. The number of plaques counted is indicated in brackets.
Unpaired two-tailed student’s t-tests were performed for each conditional line pair
(DMSO versus RAP) (*** p <0.0001). A blood only control is included for comparison
where any particles identified as plaques reflect areas of random haemolysis.
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Figure 3.12 Allelic replacement with a single catalytic residue mutant allele failed to
rescue the Ddi1 truncation phenotype. A) Parasite growth measured by replication assay
for Ddi1 truncation and allelic replacement lines. Following DMSO or RAP treatment,
cultures were diluted to 0.1% parasitaemia and plated in triplicate, with fixation of
samples once per cycle for the determination of parasitaemia by flow cytometry of DNA
stained cultures. The mean and standard deviation of three independent replicates is
displayed. B) Plaque assay performed on two DMSO and RAP treated clones for each
Ddi1 parasite line showing the mean and standard deviation of two independent
experiments. The B11 parental line was included as a control.
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3.7 S9C-deficient parasites exhibited a delay in growth
whereas Ddi1-deficient parasites appeared to be defective
In Invasion
The on-going advances in Plasmodium genetics are rapidly increasing the number of
transgenic parasite lines that need to be phenotypically characterised in the lab.
However, characterising the phenotype following a genetic modification is often time-
consuming and laborious. As such, there is a need for phenotypic assays that easily
measure differences in parasite development throughout asexual development. A high
throughput, high content assay has been developed in the Deu lab to facilitate
phenotypic characterisation (Bell et al, paper in preparation). This assay combines
selective DNA and RNA dyes to determine the parasitaemia and parasite cell cycle

progression.

As erythrocytes are anucleated, DNA dyes can be used to identify infected erythrocytes
with the DNA content providing a measure of progress throughout schizogony. The DNA
content only increases after 30 hpi, and as such, it provides little information about
progress through the early stages of the intra-erythrocytic cycle. In contrast, the RNA
content increases from ring stages onward thus also providing information about the
early rings to trophozoite transitions. The 132A dye was identified in a screen for cell
permeable dyes with greater specificity for P. falciparum RNA over DNA (Cervantes et
al., 2009).

Highly synchronous parasites are required for this assay so that it is possible to
distinguish between parasites of the first cycle (cycle 0) and parasites of the following
cycle (cycle 1). This distinction between parasites of different cycles can be achieved by
comparing the DNA and/or RNA content of fixed, infected RBCs (iRBCs) using flow
cytometry. Figure 3.13 shows the development of a synchronous population of wildtype
P. falciparum parasites over 60 h according to the DNA and RNA content. In ring-stage
parasites, there is low DNA and RNA content, although these iRBC can be clearly
distinguished from the uninfected RBCs (URBCs) (Figure 13.3, see 0 h time point). As
parasites progress through the cycle the RNA and DNA content increase until schizont
stage (Figure 13.3, see 48 h time point). As egress occurs, the schizont stage population
decreases, while a new population of low DNA/RNA content ring stage parasites
becomes apparent (Figure 13.3, see 48 h time point). The differences in DNA and RNA

content makes it easy to distinguish between mature schizonts of cycle 0 and the new
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ring stage parasites of cycle 1. When comparing different lines, differences in DNA
and/or RNA content can indicate developmental delays of the parasite within the
erythrocyte and can pinpoint when such a defect commences. Differences in
parasitaemia compared to a control can indicate whether there may be an egress or

invasion defect.
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Figure 3.13 The progression of a synchronous wildtype population of P. falciparum
infected RBCs (iRBCs) over 60 h. Fixed P. falciparum blood-stage cultures were stained
with Hoechst DNA dye and 132-A RNA dye and analysed by flow cytometry. DNA
content versus RNA content flow cytometric plots of 5 time points after invasion of a
synchronous culture are shown. The uninfected RBC population is indicated in the 0 h
timepoint along with the cycle 0 iRBCs. This population increases in DNA and RNA
content throughout the cycle until it reaches schizont stage, indicated as ‘cycle 0 iRBCs’
in the 48 h timepoint. This population reduces as egress occurs and can be easily
distinguished from the new ring-stage parasites that are formed, which are indicated as
‘cycle 1 iRBCs’ in the 48 h time point. Note that the cycle 1 parasites become less
synchronous and may include RBCs infected with more than one parasite.
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In order to understand more about the phenotypes associated with the loss of S9C- and
Ddi1 function this high-resolution phenotypic assay was performed. Following
synchronisation and DMSO or RAP treatment of S9C and Ddi1 cKO lines, samples from
each culture were collected every 2, 4 or 8 h, fixed, and stored at 4°C until they were
analysed by flow cytometry. The Ddi1 cKO line was also treated at 24 hpi and samples
collected over the same timeframe. Subsequently, fixed samples were incubated with
Hoechst and the 132A RNA stain, which have high specificity for P. falciparum DNA and
RNA, respectively (Cervantes et al., 2009). Closely monitoring DMSO and RAP-treated
S9C cKO parasites over 76 h (Figure 3.14A) revealed that S9C-KO parasites appeared
to develop normally in the cycle of treatment (cycle 0) and invaded to the same extent
as the DMSO control. However, a decrease in RNA content by 76 h indicated a
developmental defect for the RAP treated culture. These results are consistent with the
S9C replication assay data, where there is no difference in parasitaemia on the cycle
following RAP treatment, and a change in parasitaemia is observable from cycle 2
onwards (Figure 3.11). For each time point, the parasitaemia was determined as well as
the DNA and RNA content of infected erythrocytes relative to the uninfected erythrocyte
population. The DNA and RNA content were calculated from the median DNA or RNA
content of infected erythrocytes divided by the median DNA or RNA content of uninfected

erythrocytes.

When treated immediately after synchronisation, the Ddi1-KO culture showed a 10-fold
decrease in parasitaemia in cycle 1 (Figure 3.13B), whereas treatment at 24 h resulted
in a 3-fold reduction in parasitaemia compared to the control line (Figure 3.13C). This
difference is presumably due to more Ddi1 being present prior to gene disruption at 24
h compared to 0 h. Although expression of Ddi1 appears to peak during schizogony,
some transcription occurs throughout the cycle (Otto et al., 2010). In both cases, no
change in DNA or RNA content was evident in cycle 0 or cycle 1, suggesting that
intracellular parasites developed as control parasites throughout the intra-erythrocytic
cycle. Furthermore, the gradual decrease in parasitaemia at the end of the cycle of
treatment is indicative of schizonts egressing and this occurs at the same rates in both
DMSO and RAP treated parasites. These results are highly suggestive of a very

pronounced invasion defect in the Ddi1-deficient cultures.

This experiment was also performed on a clone of the S9A cKO and S9B cKO and the

parental 1G5DiCre line (Appendix 7.3), but no phenotype was observed within the 76-
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hour timeframe, which is consistent with the plaque assay results described in section
3.4.

In summary, the conditional truncation strategy utilised in this study proved extremely
effective in determining the essentiality of four putative proteases. Truncation of the
catalytic domains of two of these proteins, S9C and Ddi1, was found to result in growth
defects which were validated and further characterised using conditional allelic
replacement lines. S9C appears to be an important protein for intra-erythrocytic

development whereas Ddi1 appears to be essential for erythrocyte invasion.
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Figure 3.14 The parasitaemia, DNA content and RNA content of Ddi1 and S9C deficient
parasites indicate distinct growth defects. A) Comparison of cell cycle progression
between DMSO and RAP treated S9C-cKO clone D7. Synchronous Ddi1-cKO clone E9
parasites were DMSO or RAP treated at 0 hpi (B) or 24 hpi (C). Samples were collected
and fixed every 2, 4 or 8 h for 76 h. These samples were stained with DNA and RNA
specific dyes before being analysed by flow cytometry. Based on the DNA content,
parasites were grouped into cycle 0, cycle 1 or cycle 2. The main defects are indicated
with arrows. The data shown is the mean and standard deviation of triplicates (n=1). E.

Deu and A. Patel assisted in

this experiment
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3.8 Conclusions

This study aimed to identify previously uncharacterised proteins with important roles in
the asexual blood stages of P. falciparum. These proteins were selected on the basis of
similarity with previously validated protease targets which are targeted clinically, namely
members of DPP4 and HIV-1 protease families. Only homologues which were conserved
throughout Plasmodium were taken forward since this may indicate an essential, core
parasite function. The four proteins selected for this study included three proteins of the
S9 family of serine proteases, named here as S9A, S9B and S9C, as well as a protein

of the A28 family of aspartyl proteases, Ddi1 (Rawlings et al., 2018).

This chapter describes the results to 1) assess the essentiality of these four genes in the
asexual blood stages, 2) probe the importance of the enzymatic activity of proteins
whose KO exhibited a phenotype, and 3) perform an initial characterisation of the KO

phenotype of selected candidates.

To investigate these proteins, a conditional truncation strategy was employed whereby
part of or all of the putative protease domain was disrupted. Recent developments in the
field of experimental malaria genetics were taken advantage of, namely DiCre, loxPint
and SLI. This study has made use of the recently developed SLI to speed up the process
of obtaining integrated parasites. For instance, once successfully transfected parasite
populations were selected using the hdhfr drug resistance maker, these were subjected
to G418 treatment to select for integration. G418 resistant populations were typically
obtained in less than two weeks. In order to have complete confidence in the parasite
lines, analyses were continued with 2 clones. However, since SLI results in such high
levels of integration, i.e. every clone obtained was an integrant, cloning may not have
been required, particularly for the initial screen of essentiality. This means that for
screening purposes, genetically modified populations can be routinely obtained within

one month using SLI.

The major alternative to SLI to obtain integrated parasites quickly is gene editing with
CRISPR-Cas9, where obtaining clones in our lab usually takes between 1 and 2 months.
This time-frame is similar to SLI, but an advantage of SLI is the typically superior

integration level, which permits preliminary screening on pre-clonal lines and aids
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cloning. For the purposes of screening genes for a particular phenotype, SLI also has
the advantage that it requires a single construct that can be readily modified for different
GOls. For CRISPR-Cas9 based editing, the repair construct and selection and
expression of guide RNAs is also necessary. However, there are caveats to the use of
SLI. The expression of the selectable marker is reliant upon the GOI promoter to drive
expression of npt, so a weak promoter may produce insufficient NPT. Secondly, the C-
terminal T2A peptide and any further tags may not be tolerated. If the protein of interest
tolerates a C-terminal tag, then pairing SLI with CRISPR-Cas9 would likely result in

obtaining parasite lines with an unprecedented rapidity.

It is important to be able to monitor the excised population compared to the non-excised
population when using DiCre. Tagging the protein provides a way of measuring protein
abundance and localisation by immunochemical approaches to confirm that excision has
occurred. For a more rapid measure of excision it is useful to have fluorescent reporters
that can be evaluated by live microscopy and flow cytometry in addition to
immunochemical techniques. In this study, GFP was used as a marker of excision either
as free GFP or as a truncated protein GFP fusion. A disadvantage of the latter is the
potential instability of the resulting proteins, which appears to be the case for S9Ctrunc-
GFP. Furthermore, fusion of GFP to a truncated protein could be the cause of a growth
defect. However, linking the expression of free GFP to that of the protein of interest by
the self-cleaving T2A peptide results in a typically more stable reporter. Future strategies
may benefit from employing sequential T2A-linked proteins, so that different reporters
are produced before or after excision. In this way, a pre-excision reporter could be used
in addition to, or instead of, the selectable marker used in SLI since fluorescent parasites
can be sorted by fluorescence activated cell sorting of live cells. Nonetheless, the gene
modification and excision strategy used in this study permitted validation of excision in

multiple ways, demonstrating very efficient excision in all lines generated.

There are three predicted members of the S9 family in P. falciparum, all conserved
throughout Plasmodium species and uncharacterised. The a/B-hydrolase domains of
each member (see section 1.5.4) can be modelled but their apparent lack of an N-
terminal B-propeller domain and the atypical motif surrounding the catalytic serine
residue make these proteins unusual members of the S9 family, and their enzymatic
function difficult to predict. In fact, modelling of the S9B a/B-hydrolase revealed greater

predicted structural similarity with an esterase, instead of a protease (see section 1.5.4).
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Each P. falciparum S9 protein can be labelled with a serine hydrolase-specific activity-
based probe in the asexual blood stages, suggesting that these proteins are catalytically

active (Davison et al., in preparation).

During this project, two Plasmodium genome-wide screens of essentiality were
published; the first in the rodent malaria model P. berghei and the second in P.
falciparum. The former screen made use of the superior transfection and integration
efficiency of P. berghei to knockout ~50% of the genes and assay the impact in vivo
(Bushell et al., 2017). The piggyBac transposon screen in P. falciparum instead used
transposon saturation mutagenesis to mutate the genome and after growth in vitro
assess which genes could be modified (Zhang et al., 2018). These screening methods
involve mixed KO populations, and therefore, are more reflective of fitness cost rather
than essentiality. Indeed, there are some examples of proteins that have been classified
as essential through these screens, but more rigorous analyses of individual genes
demonstrated that this is not the case. For instance, serine repeat antigen 5 (SERA5)
was not-mutable in the piggyBac screen, while cKO of SERAS showed this protein was
important, but not essential, for in vitro P. falciparum growth (Collins et al., 2017b). The
same is true of DPAP3, which was non-mutable in the screen but where cKO results in
a 50% decrease of RBC invasion which is sufficient for continued proliferation (Lehmann
et al., 2018). Despite the utility and importance of genome-wide screens, a more
thorough genetic validation is necessary to unambiguously assess essentiality and

further understand the role of a given protein.

Of the three PfS9 family members, only cKO of S9C showed a clear growth defect
phenotype in P. falciparum asexual stages by plaque assay. These results are generally
consistent with the piggyBac transposon screen where the s9¢ gene was non-mutable
whereas the s9a and s9b genes were mutable (Zhang et al., 2018). Similarly, the P.
berghei KO screen revealed that S9C-KO parasites had a significantly slow growth
phenotype whereas S9B was classed as “likely redundant” (Bushell et al., 2017). The

S9A gene KO was not successfully knocked out in P. berghei.

It is possible that S9A and S9B have important roles in other stages of the life cycle. For
instance, proteomics studies indicate that S9B is highly expressed in gametocytes
(Lasonder et al., 2016; Silvestrini et al., 2010), which may imply that this protein plays
an important role in sexual stages. There is also evidence that S9C is highly upregulated

in stage V gametocytes and ookinetes (Lépez-Barragan et al., 2011). Like S9C, S9B is
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N-myristoylated. Although their N-terminal hydrolase domains are only 38.8% identical
(see section 1.5.4), S9B may be able to partially compensate for the loss of S9C function.
A double knockout of S9B and S9C would be interesting to test whether these proteins

share any redundant functions.

The conserved eukaryotic protein Ddi1 contains an unusual homodimer-forming aspartyl
protease domain with more similarity to viral, than typical eukaryotic aspartyl proteases
(Sirkis et al., 2006). Whether Ddi1 functions as a protease in vivo is not yet known.
Conditional truncation of the entire RVP domain results in nonviable parasites,
suggesting that Ddi1 is essential in P. falciparum asexual blood stages. The piggyBac
transposon screen and data from PlasmoGEM are both consistent with this result
classifying Ddi1 as “likely essential” in P. falciparum and P. berghei, respectively (Bushell
et al., 2017; Schwach et al., 2015; Zhang et al., 2018).

It is important to note that the plaque assay was performed only once with two clones of
each line (Figure 3.5). To gauge which lines were important, the plaque assay analysis
was paired with detailed time course data which was performed on one clone of each
line on one occasion (Figures 5.13 and Appendix 7.3). Subsequent replication assays
on two clones of the original 1G5 derived S9C- and Ddi1-cKO lines (Figure 3.6)
supported a growth defect in these lines. While these experiments are complementary,
they were all performed only once and further replicates are required to draw firm

conclusions.

Since their loss appeared to result in growth phenotypes, S9C and Ddi1 were further
studied. The conditional truncation strategy likely results in a very dramatic alteration to
the protein structure, which might lead to a loss of stability, as is likely the case for S9C,
or a phenotype caused by the truncated protein. For a subtler approach that would be
expected to leave the S9C a/B-hydrolase domain and the Ddi1 dimer intact, a conditional
allelic replacement with WT or catalytically inactive alleles was used to assess the role
of the putative enzymatic activity of these targets. This approach was successful as
excision occurred as expected and the WT allelic replacement lines grew as well as
control parasites. Importantly, the single amino acid mutant versions of the S9C and Ddi1
proteins displayed the same growth defects as their KOs. This work provides evidence
that the enzymatic activities of S9C and Ddi1 are important for parasite growth during
the asexual blood stages of P. falciparum. This result means that these enzymes could

potentially be inhibited with small molecule inhibitors.
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This conditional allelic replacement strategy for the validation of the cKO phenotypes
and for testing mutant versions of the protein avoids confounding phenotypes due to
differences in the timing and level of expression that is often observed in episomal
complementation studies or integration of a second copy of the GOI elsewhere in the
Plasmodium genome. A shortcoming of this approach is the requirement for new
integrated parasite lines to be generated as opposed to complementation by episome
which can be generated within 2-3 weeks. This means that large scale screening of
mutants is more time-consuming. However, the clarity of the results obtained in this study

underscores the effectiveness of the conditional allelic replacement strategy.

Although the single amino acid mutation is a subtle modification, point mutations can
sometimes impact the overall structure of the protein, which could explain the observed
growth defect rather than the specific loss of activity. Modifying the catalytic aspartate
without disrupting the dimer formation has precedent for Ddi1 in yeast. In S. cerevisiae,
it was demonstrated that this modification still permits dimer formation (Gabriely et al.,
2008). Since Asp to Asn is a subtler modification than Asp to Ala, it is probable that this
modification does not impact dimer formation, although this could be further explored

through recombinant expression of WT and mutant proteins.

The detailed analysis of the S9C and Ddi1 cKO lines over 76 h revealed distinct
phenotypes when either of these proteins is disrupted. The phenotype associated with
the loss of SOC function does not become evident until the cycle following RAP
treatment. However, initial characterisation of this phenotype indicates a slow-growth
defect in early parasite development, which is consistent with the formation of smaller
plaques by S9C-deficient parasites. Loss of Ddi1 function, on the other hand, appears
to impact invasion of erythrocytes with no effects on the intra-erythrocytic development
of the parasite or a significant delay in parasite egress. This result was surprising, since
there was nothing to link Ddi1, a predicted cytoplasmic protein, with erythrocyte invasion.
Ddi1 appears to be expressed from trophozoite stage onwards, so such a specific issue
with erythrocyte invasion is surprising. It was expected that Ddi1 may have roles in
protein quality control based on research performed in other eukaryotic cells (see
sections 1.5.5 - 1.5.7). Furthermore, the lack of a developmental delay in Ddi1-null
parasites indicates that Ddi1 is not the lethal target of the HIV-1 Pls with antimalarial

effects. Lopinavir, the HIV-1 Pl with the most potent activity against P. falciparum, results
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in the block of parasite development with no evidence of an invasion defect (Parikh et
al., 2005).

In conclusion, the strategy for small scale screening for essentiality was successful. Two
of the four putative proteases investigated in this study have been identified as important
in the asexual blood stages of P. falciparum. Further experiments provided evidence of
the importance of the putative proteolytic activity of these proteins and an initial
understanding of the phenotypes associated with the loss of SOC and Ddi1 function. The
results from this Chapter provide the foundation for a more detailed interrogation of the
biological functions of S9C and Ddi1, which are described in Chapters 4 and 5,

respectively.
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Chapter 4. Characterisation of the serine hydrolase
S9C

4.1 Introduction

As described in the previous chapter, truncation of the S9C catalytic domain impaired
growth in the asexual stages of P. falciparum. A conditional mutant of the S9C catalytic
triad histidine also resulted in slowed intra-erythrocytic growth demonstrating the
importance of the S9C serine hydrolase activity. The activity of serine hydrolases can be
determined using specific fluorophosphonate activity based probes (ABPs) which modify
an activated serine (Liu et al., 1999). Davison and colleagues (manuscript in preparation)
profiled the activity of serine hydrolases throughout the asexual blood cycle of P.
falciparum using a chemical proteomics approach (Figure 4.1A). A clickable ABP, FP-
azide, was incubated with live parasites and, following lysis, the ABP-labelled proteins
were bound with an alkyne biotin using Click chemistry. Pull-down of the labelled proteins
was performed with streptavidin-linked beads, followed by trypsin digestion and
identification and quantification of peptides by LC-MS/MS. Active S9C could be identified
in schizonts but there was a 6-fold increase in active S9C in merozoites compared to
mature schizont stage (Figure 4.1B). This increase in activity at the invasive stage

suggests that S9C functions in merozoites or very soon after invasion.

Additional insights into this protein can be obtained from transcriptomics, proteomics and
genome information from the Plasmodium Genomics Resource, PlasmoDB
(Aurrecoechea et al., 2009). S9C appears to be expressed late in the asexual cycle with
greatest levels of mMRNA at schizont stage and early ring-stages (Otto et al., 2010). It has
been identified by proteomics at schizont and merozoite stages (Florens et al., 2002;
Lasonder et al., 2015; Treeck et al., 2011). There are an abundance of reported
phosphosites in the region that follows the S9C N-terminal of-hydrolase domain
(Lasonder et al., 2015; Pease et al., 2013; Treeck et al., 2011). S9C is conserved in
Plasmodia with additional orthologues of >40% identity present almost exclusively within
Apicomplexa (Appendix 7.4). Nonetheless, the ap-hydrolase fold of S9C could be
modelled on an Archaean S9 protein acyl amino peptidase despite a sequence identity
of only 17% (Kelley et al., 2015) (see section 1.5.4).
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Figure 4.1 Chemical proteomics to determine S9C activity throughout the P. falciparum
asexual life cycle. A) The strategy for the profiling of serine hydrolase activity in live
parasites using a clickable FP-azide ABP. Synchronous live parasites at different stages
were incubated with the FP-azide probe and, following parasite lysis, the probe was
conjugated to alkyne-biotin using click chemistry. The labelled proteins were purified,
digested with trypsin, identified and quantified by LC-MS/MS. B) Quantification of S9C
activity throughout the life cycle. The greatest difference compared to the control was in
the merozoite stage, indicating that S9C is most active at this stage. The values of three
replicates were normalised by median subtraction and the log. fold change of the pull-
down (N3) over the control (DMSO) is shown. Results are the mean and standard
deviation of three independent experiments. This work was performed by Dara Davison.
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To further characterise this protein, the conditional truncation (also known as cKO) and
conditional allelic replacements parasite lines that were described in Chapter 3 were
subjected to further analysis, commencing with a study on the localisation of this protein
followed by a more detailed dissection of the phenotype associated with the loss of S9C

function.

4.2 S9C is expressed in schizonts, merozoites and ring-stage

parasites

To find out more about the expression of S9C, the triple HA tagged S9C protein was
monitored by western blot throughout the asexual blood stage cycle (Figure 4.2). This
experiment showed the presence of S9C in mature schizonts, merozoites and ring-stage
parasites (0 h and 12 h). No protein was detected between 24 h and 42 h, suggesting
that S9C is produced very late and early in the cycle. A possible shift in size occurs
between mature schizonts (C2) and merozoites (M). This could reveal a potential form

of protein activation.

Anti-HA Ponceau
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Figure 4.2 S9C-HA is present in mature schizonts, merozoites and ring-stage parasites.
Anti-HA western blot analysis of S9C expression throughout the life cycle (S9C cKO
clone C6). Samples were collected at 0, 12, 24, 36 and 42 hpi in addition to C2 treated
schizonts (C2, 48 hpi) and merozoites (M). Samples were treated with 0.15 % saponin,
lysed in hypotonic buffer and soluble material electrophoresed before transferring to
nitrocellulose for western blot analysis using a triple step anti-HA approach (see section
2.2.5.1) and using ponceau S staining to indicate loading. A control line collected at 42
hpi was included (C). S9C-HA is predicted to be 90 kDa and is detected in mature
schizonts, merozoites and ring stages (0 h, 12 h). The markers sizes are indicated in
kDa.
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4.3 HA-tagged S9C associates with the rhoptries in mature

schizonts and merozoites

S9C is N-myristoylated (Wright et al., 2014), which may indicate a membrane
association. Since S9C lacks predicted signal peptide or transmembrane domains, it
would be expected to associate on the cytoplasmic face of a membrane. This is the case
for other N-myristoylated proteins in P. falciparum, including glideasome-association
protein 45 (GAP45) which anchors the IMC to the PM (Ridzuan et al., 2012) and for
Armadillo Repeats-Only (ARO), which is found on the cytoplasmic face of the rhoptries
(Cabrera et al., 2012). To explore the localisation of S9C-HA, immunofluorescence
studies were performed on thin blood smears of purified schizonts, merozoites and ring-
stage parasites (Figure 4.3). S9C-HA was found to have an apical appearance in mature
schizonts and merozoites, suggesting strongly that this protein is associated with a type
of secretory organelle such as the rhoptries, micronemes, exonemes or dense granules.
In ring-stage parasites, S9C was found to have a peripheral, likely membrane

localisation.
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Figure 4.3 S9C-HA has an apical localisation in mature schizonts and merozoites and a
membrane localisation in ring-stage parasites. IFA of S9C-HA (S9C cKO clone D7) in
mature schizonts, merozoites and ring-stage parasites. A three-step anti-HA approach
was used to visualise HA signal and an antibody against MSP1 (human antibody X-509)
was used to detect the parasite membrane in schizonts and merozoites. Parasite nuclei
were stained with DAPI. Confocal microscopy was used for schizonts and merozoites
(scale bar 10 um) whereas fluorescent light microscopy was used for ring stages (scale

bar 5 um).
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The coordinated and regulated secretion of secretory organelles is critical for successful
egress, invasion and subsequent growth within a new erythrocyte. Understanding with
which organelle S9C-HA associates would likely provide insight into its function. To this
end, confocal microscopy was used to assess whether S9C-HA co-localises with

markers of secretory organelles in mature schizonts (Figure 4.4).

AMA1 is a micronemal protein and a component of the protein complex that forms the
tight junction between the erythrocyte and invading merozoite (Richard et al., 2010;
Riglar et al., 2011). The apical localisation of S9C-HA in schizonts was found to be
distinct from that of AMA1 (Figure 4.4). AMA1 is secreted by the time merozoites have
egressed from the erythrocyte (Riglar et al., 2011), but S9C-HA retains an apical
localisation in merozoites. Therefore, it would not be expected that these proteins co-

localise in schizonts.

A more likely candidate organelle for the localisation of S9C are the rhoptries. These
large, pear-shaped secretory organelles comprise a neck region, which connects to the
apex of the merozoite and contains proteins key for invasion, and a bulb region packed
full of protein and lipid largely thought to be required post-invasion (Counihan et al., 2013;
Zuccala et al., 2012). Rhoptry proteins are secreted both onto the merozoite surface and
the erythrocyte surface at the time of invasion. Thus, prior to erythrocyte attachment they
retain an apical localisation. S9C was found to share a partial localisation with the rhoptry
bulb-protein RhopH2 and a highly similar localisation to the rhoptry neck protein RON4,
such that the RON4 signal is contained within the larger signal of SOC-HA (Figure 4.4).
These results are highly suggestive of an association with the rhoptry neck, possibly on

the cytoplasmic side of the rhoptries since there is no predicted signal sequence in S9C.

Finally, the localisation of ARO was compared to that of S9C-HA (Figure 4.4). ARO is
known to be N-myristoylated (Wright et al., 2014) and palmitoylated (Jones et al., 2012)
in P. falciparum, and has been shown to be present on the cytoplasmic face of the
rhoptries in T. gondii (Mueller et al., 2016) and P. falciparum (Cabrera et al., 2012). It
was expected that since S9C-HA shares some localisation with rhoptry proteins that it
would also co-localise with ARO, perhaps even occupying the same area. Surprisingly,
there is no overlap in S9C-HA and ARO signals. Within the rhoptries there is a
compartmentalisation of contents between the neck and the bulb. It is possible that a

strict segregation exists also on the outer face of the rhoptries.
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Based on these results, S9C-HA likely localises to the cytoplasmic side of the rhoptries,
particularly the rhoptry neck. This localisation may be consistent with the phenotype of
S9C-deficient parasites as the rhoptries have roles in invasion and post-invasion
processes. Since the rhoptry membrane fuses with that of the PPM during invasion, it is

likely that in ring stages S9C-HA localises to the parasite plasma membrane (PPM).

Figure 4.4 S9C-HA colocalisation studies with the micronemal marker AMA1 and the
rhoptry markers RhopH2, RON4 and ARO in mature schizonts. Confocal microscopy
was used to assess colocalisation of S9C-HA in C2-treated schizonts (S9C cKO clone
D7) with the micronemal protein AMA1 and rhoptry proteins RhopH2, RON4 and ARO.
A three-step anti-HA approach was used to visualise HA signal and antibodies against
AMA1, RhopH2, RON4 and ARO were used as markers of different apical organelles.
Nuclei were stained with DAPI. The zoomed images scale bar 1 um, the other scale bars
are 10 um.
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4.4 S9C-HA is active in merozoites

The activity of serine hydrolases has been profiled throughout the asexual blood stages
of P. falciparum using a clickable fluorophosphonate (FP) activity-based probe (ABP)
(Davison et al, in preparation). In this global profiling of serine hydrolase activity, S9C

was identified with having greatest activity in the merozoite stage (see section 4.1).

To confirm that S9C is active and that exchanging the catalytic triad histidine to alanine
renders the protein inactive, FP-TAMRA Ilabelling was performed in merozoites
expressing either active HA-tagged S9C or myc-tagged S9C-H217A (Figure 4.5). WT
and S9C mutant merozoites were purified and labelled with FP-TAMRA probe. These
lysates were subjected to SDS-PAGE and the in-gel fluorescence of FP-TAMRA labelled
proteins measured. Subsequently, the gel was transferred onto a nitrocellulose
membrane for anti-HA analysis. Anti-myc western blot analysis was performed on a

separate blot of the same samples.

This western blot analysis clearly displayed the presence of HA-tagged S9C only in the
DMSO treated sample and a myc-tagged S9C only in the RAP treated sample in the
same position between 76 and 100 kDa (predicted sizes 89513.11 and 89671.38 for
S9C-HA and S9C-myc). The in-gel fluorescence of FP-TAMRA labelled proteins showed
a region of protein present only in the DMSO sample at the same position as S9C-HA.
Interestingly, this FP-labelled protein presented as a slight smear of protein with a
dominant band of a smaller size, suggesting that multiple, large forms of S9C-HA were
present. These different forms may represent differentially phosphorylated forms of the
protein. The region of S9C that follows the catalytic domain is heavily phosphorylated,
with 13 different phosphosites detected in schizont and merozoite extracts (Lasonder et
al., 2015; Pease et al., 2013; Treeck et al., 2011). The migration of proteins in SDS-
PAGE is determined by molecular weight and the binding of the negatively-charged SDS,
which preferentially binds hydrophobic regions. Phosphorylation of a protein slows the
migration of a protein on an SDS-PAGE thought to be due to less SDS binding as a
result of the negative charge repulsion between the phosphate groups and SDS (Shirai
et al., 2008). This experiment demonstrates that SOC is active in merozoite stages and
that switching the catalytic triad histidine for alanine inactivates the serine hydrolase

activity without compromising the stability of the protein.
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Unexpectedly, the control line did not have an FP-labelled protein in the same position
as S9C-HA. Instead, a band of similar intensity present only in the control at
approximately 70kDa can be seen which may signify the wildtype S9C. However, the
addition of the HA tag and other sequences (an estimated 6137 Da addition) does not
appear to account for the size difference between the control line and the DMSO treated
line. Itis possible that the wildtype protein is subject to some processing but that addition
of a C-terminal tag might affect this processing. If this is the case, such processing of

S9C does not appear to be necessary for serine hydrolase activity.
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Figure 4.5 Active S9C-HA protein is detected in merozoite lysates. DMSO or RAP treated
S9C_condH217A merozoites were purified and labelled with the FP-TAMRA probe prior
to lysis and SDS-PAGE. The in-gel fluorescence of FP-TAMRA labelled proteins was
detected (FP-TAMRA) and the gel subsequently transferred to nitrocellulose for anti-HA
western blot (Anti-HA). The same samples were subjected to a second anti-myc western
blot analysis (Anti-myc). Merozoites from a control line (C) were included alongside the
DMSO or RAP treated merozoites. S9C-HA (predicted size was 89513.11 Da) was
detected only in the DMSO control and corresponding bands, indicated by brackets, was
only detected in the FP-TAMRA labelled DMSO control. S9C-myc (predicted size
89508.20 Da) was detected only in the RAP treatment, with no corresponding band in
the FP-TAMRA labelling. The unmodified S9C protein (predicted size 83376.66 Da)
could not be clearly detected in the FP-labelled proteins at the anticipated size, but a
band present in only the control could indicate the wildtype protein (shown with an
arrowhead). The protein ladder markers are indicated in kDa.
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4.5 Truncation or mutation of the catalytic triad histidine of
S9C resulted in slowed intra-erythrocytic growth of

parasites in the cycle following rapamycin treatment

Microscopy experiments revealed a likely association of S9C with the rhoptries (section
4.3). Rhoptry contents are implicated in three key functions; invasion, PVM formation
and nutrient acquisition for early parasite development. In Chapter 3, no difference in
invasion between the wildtype and S9C-KO parasites was observed (see section 3.7).
Instead, it was established that loss of S9C results in a growth delay commencing in the
cycle following RAP treatment. Since rhoptry contents are associated with post-invasion
processes within the newly infected erythrocyte, the growth delay in S9C-deficient

parasites would be consistent with a rhoptry association.

To better characterise the phenotype associated with the loss of functional S9C, parasite
development in the cycle following DMSO or RAP treatment was monitored in detail
using the DNA/RNA phenotypic assay described in section 3.7. This experiment was
performed using 2 clones of the cKO and conditional allelic replacement lines. These
lines were synchronised, treated with DMSO or RAP as standard, and after developing
to schizont stage, these cultures were synchronised a second time. Thin-blood smears
were collected and samples were fixed every 6 or 12 h, and the parasitaemia, DNA and

RNA content measured by flow cytometry at each time point.

The thin blood smears made throughout this experiment were stained with Giemsa,
which strongly binds to DNA, clearly distinguishing uninfected erythrocytes from infected
erythrocytes. Representative images of Giemsa-stained parasites are shown at 0, 12,
24, 36, 42, 48 and 60 hpi (Figure 4.6). These smears show delayed growth of the S9C-
KO parasites compared to their DMSO counterpart. Within these images of S9C-KO
parasites, there are examples of parasites progressing at different rates. What is
particularly interesting is that the newly formed ring-stage parasites at 0 h appear to have
a compacted morphology compared to the clear ring-shaped structure of the control
parasites. Furthermore, these condensed early parasites appear to persist throughout
many of the time-points, as evidenced by Giemsa smear at 36h, perhaps indicating that

some parasites are not able to proceed past this compacted stage.
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Cycle 1, hpi

Figure 4.6 Microscopy of S9C deficient ring stage parasites reveals a developmental
delay and an abnormal ring stage morphology. Representative Giemsa-stained thin
blood smears of synchronised S9C cKO clone C6 parasites were collected in the cycle
following DMSO or RAP treatment at 0, 12, 24, 36, 42, 48 and 60 hpi. Scale bar, 10 um.

141



Chapter 4 Results Il

The parasitaemia and median DNA and RNA content were quantified from this
experiment (Figure 4.7A). Both the S9C-KO and S9C-H217A mutant displayed a similar
growth defect in the cycle following treatment. By following total parasitaemia over time,
it was evident that there was a delay in egress since the increase in parasitaemia
occurred later and at a slower rate compared to the control lines. This data confirms that
S9C-deficient parasites are capable of erythrocyte invasion following cycle 1. However,
the total level of invasion appears to be reduced by approximately 25% across the
different S9C-deficient lines. The average DNA and RNA content is markedly reduced in
the S9C-deficient lines suggesting a profound delay in development within the
erythrocyte. The s9c wildtype allelic replacement experienced no differences in

parasitaemia, DNA or RNA content compared to the DMSO control.

A method to determine the average life cycle of S9C-deficient cultures and their DMSO
controls was devised (Figure 4.7B). By comparing the time taken for half of the total
invasion events to occur, an average life cycle length could be determined. A dose
response curve was applied to the data and the ECso taken as the average time taken
for half of invasion events to occur. The average length of the cycle in the DMSO controls
was 43.0 £ 0.4 h whereas the S9C-deficient lines was 51 + 1 h, a significant difference
(p= 0.0008, t=13.71, df=3). The dose response slopes were also compared which
demonstrated a significantly shallower gradient in the S9C-deficient lines (p= 0.0036,

t=8.364, df=3) indicating that egress took place over a longer period of time.
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Figure 4.7 S9C-deficient parasites are severely delayed in cycle 1 following RAP
treatment. A) The parasitaemia, DNA content and RNA content of S9C wildtype and
deficient parasites in the cycle following DMSO or RAP treatment. Fixed samples were
incubated with Hoechst and 132A to stain DNA and RNA and flow cytometry used to
determine the parasitaemia, DNA content and RNA content of infected erythrocytes. The
parasitaemia shows a delayed life cycle and a lower parasitaemia in cycle 2 (60 h
onwards) for S9C-deficient parasites. The DNA and RNA content show a profound
difference between DMSO and RAP at 36 h for S9C_cKO and S9C_condH217A but not
S9C_condWT. Results shown are the value of a single measurement at each time point.
B) S9C deficient parasites have an average 8 h delay in their life cycle and it takes longer
for all invasion events to occur. The ECso and hillslope of the dose response curves
applied to the parasitaemia data in GraphPad Prism (variable slope with four
parameters) were used to demonstrate the delayed average life cycle and the time taken
for all invasion events to happen, respectively. The S9C-deficient lines were grouped
together and a paired students t-test was performed (*** is p<0.001, ** is <0.01). The
paired samples are indicated by the colour and shape of their data point (cKO lines C6,
blue; cKO line F6, red; conditional mutant replacement lines B6, purple and F7, green).
The DMSO (-) and RAP (+) treated conditional WT allelic replacement line is shown in
comparison. Results shown are the mean and standard deviation of the replicates
displayed on the graphs.
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Looking more closely at the DNA and RNA content of infected erythrocytes reveals that
the S9C-deficiency phenotype is heterogenous on an individual parasite basis (Figure
4.8). When RNA content of DMSO or RAP treated S9C-cKO line was displayed as
overlaid histograms over 8 time points it revealed that not only was the excised
population delayed, but it was broader than the non-excised population, particularly
noticeable in the 36 h time point (Figure 4.8A). Similarly, flow cytometric plots of the DNA
content versus the RNA content in each condition showed variation between RAP
treated parasites (Figure 4.8B). In this representation of the flow cytometry data, the
uninfected erythrocytes can be easily distinguished from early stage infected
erythrocytes due to an increased DNA and RNA signal. In control cultures, parasite
populations can be tracked over time post-invasion since the RNA and DNA content
increases as the parasites mature. By 42 and 48 hpi, it is possible to identify a new
population of newly invaded erythrocytes. In the S9C-KO samples, it is evident that this
population of newly infected erythrocytes is smaller compared to the DMSO control at
42 hpi and 48 hpi. Furthermore, the cycle 1 S9C-KO parasites do not form a distinct
delayed population on these plots. Instead, there is a spread of parasites, from those
developing almost to the same degree as the control to those that appear to be stalled
at ring-stage. This result implies that the growth delay seen in S9C-deficient parasites

during cycle 1 is irregular, and that these parasites lose synchronicity.

These experiments demonstrate that loss of S9C results in a delay in parasite
development which commences in the cycle following DMSO or RAP treatment. The
extent of the delay is inconsistent between S9C-null parasites with a proportion of
parasites appearing not to proceed past ring stage, a stage at which the S9C-null

parasites have altered, compacted morphology.
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Figure 4.8 The S9C-deficiency growth defect is inconsistent between parasites. S9C
cKO clone C6 parasites were fixed in the cycle following DMSO or RAP treatment at 0,
12, 24, 36, 42, 48 and 60 hpi. Fixed samples were incubated with Hoechst and 132A to
stain DNA and RNA, respectively, and flow cytometry used to determine the
parasitaemia, DNA content and RNA content of infected erythrocytes. A) Overlaid
histograms of the RNA content for DMSO or RAP infected erythrocytes are shown for
each time point. B) DNA content versus RNA content flow cytometric plots for the DMSO
and RAP cultures are also shown for each time point along with a blood only control. As
parasites progress through the intraerythrocytic cycle, both the DNA and RNA content
increase until parasite egress and invasion of new erythrocytes. The S9C-KO parasites
have an overall delay and a greater variation in progression through the cycle.

147



Chapter 4 Results Il

4.6 TEM reveals a lack of the two distinct membranes

surrounding the S9C KO ring-stage parasite

To further understand the aberrant ring-stage morphology seen in Giemsa-stained
smears, transmission electron microscopy (TEM) was performed on control and S9C-
KO parasites in newly invaded erythrocytes (Figure 4.9). DMSO or RAP treated S9C
cKO schizonts were purified and used to invade fresh erythrocytes for 4 h to obtain a
high parasitaemia. After enrichment of ring-stage parasites, the cultures were fixed and
stained with heavy metals, embedded in resin, and sliced into ultra-thin sections for TEM

analysis.

Newly invaded ring-stage parasites are highly dynamic; switching frequently between
amoeboid and disc shapes (Griring et al., 2011). In sections of blood cultures, the
parasite can also be in a number of different orientations. Indeed, both control and S9C-
KO parasites displayed a variety of shapes in the TEM images and thus it was difficult
to draw conclusions about the overall shape of the S9C-KO parasites. In control ring-
stage parasites, the double membranes of the parasite plasma membrane (PPM) and
the parasitophorous vacuole membrane (PVM), which separates the parasite from the
erythrocyte cytosol, are often clear and distinct. However, in the S9C-KO parasites there
is a lack of this distinct double membrane surrounding the parasites. The aberrant S9C-
KO ring-stage morphology and the lack of two distinct membranes may point toward a
defect in PVM formation. The PV is thought to facilitate nutrient acquisition and
erythrocyte remodelling as well as protection from innate immunity (Spielmann et al.,
2012). If the PV was compromised in some way, the growth of the parasite would likely

be severely impacted.
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Figure 4.9 S9C deficient parasites did not display the two distinct membranes of the PPM
and the PVM by TEM. Cycle 1 DMSO or RAP treated S9C-3xHA_cKO ring stage
parasites (0-4 hpi) were fixed, stained with heavy metals and embedded in resin, before
sectioning (70 nm) for TEM. Representative micrographs of A) DMSO or B) RAP-treated
infected RBCs (scale bar, 500nm) with a close-up of a parasite (scale bar, 100 nm). The
nucleus (N) is labelled, the black arrow shows the PVM and the white arrow points to the
PPM. A 10 further examples of ring-stage parasites are shown in the C) DMSO sample
(from a total of 15) and D) the RAP sample (from a total of 23). Scale bar, 100 nm.
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4.7 A marker of the PVM is present surrounding the parasite in
S9C KO parasites

To investigate the structure of the PV, IFA was performed in S9C-deficient and control
cycle 1 ring-stage parasites (Figure 4.10). Exported Protein 2 (EXP2) was studied as it
is a resident of the PVM and the channel component of the Plasmodium translocon of
exported proteins (PTEX) (de Koning-Ward et al., 2009; Garten et al., 2018). By
fluorescence microscopy, this protein has a ring-shaped localisation in ring-stage
parasites, although this localisation is not entirely continuous around the parasite
owing to protein-rich sub regions within the PVM (Adisa et al., 2003; Spielmann et al.,
2006). Similar staining is apparent in both the DMSO and RAP treated parasites,

suggesting that the PVM is present in both instances.

EXP2 DAPI Merge Zoom

o -..-!

Figure 4.10 Localisation of PVM protein EXP2 in S9C deficient ring stage parasites. IFA
analysis was performed on cycle 1 DMSO or RAP treated ring-stage parasites thin blood
smears. Antibodies against the PVM protein EXP2 were used with parasite nuclei
stained with DAPI. Scale, 5 um.
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4.8 Recombinant S9C#28) js active

In section 4.4, wildtype S9C could be labelled with the FP-TAMRA probe in merozoites
whereas S9C-H217A could not. This protein has been annotated as being part of the S9
family of prolyl oligopeptidases and DPPs based on sequence homology of their af-
hydrolase domains (Rawlings et al., 2018). Although S9C contains an af-hydrolase
domain, the whole protein otherwise bears little resemblance to proteins outside of the
Apicomplexa (Appendix 7.4). In addition, all characterised members of the S9 family
possess an N-terminal B-propeller domain, a major determinant for the substrate
specificity of oligopeptidases. This pB-propeller domain is absent in S9C, raising the

possibility that S9C may not necessarily have the same specificity as an S9 peptidase.

To study the enzymatic function of S9C, its catalytic domain (residues 2-285) was
expressed recombinantly in E. coli. This region is reasonably conserved across
Plasmodium species, whereas the C-terminal region following the ap-hydrolase domain
is quite divergent, as exemplified by the protein sequence alignment of P. falciparum, P.
berghei and P. vivax (Figure 4.11). Moreover, the sequence of the protein in P.
falciparum includes a number of poly-asparagine stretches, a common feature of P.
falciparum proteins which complicates recombinant expression. Therefore, only the
catalytic region of P. falciparum S9C was expressed with an N-terminal hexahistidine tag
(His-S9C?%*?%%). Another version of S9C bearing the same mutation that was used in the
conditional allelic replacement was also generated (His-S9C?285H2174) These proteins
were purified using nickel-charged columns with their purity and quality evaluated by
protein staining and anti-His western blot (Figure 4.12). Curiously the mutant did not bind

to the column as well as the wildtype protein.
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Figure 4.11 Protein alignment of P. falciparum, P. vivax and P. berghei S9C proteins.
The full-length protein sequence for PfS9C, PVPO01_0303100 (PvS9C) and
PBANKA 1001500 (PbS9C) were aligned wusing Clustal Omega tool
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et al., 2019). The catalytic region is
shown with a red line above the protein sequence.
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Figure 4.12 Purification of wildtype and H217A His-tagged S9C®?%%. Monitoring the
purification of A) His-S9C??% and B) His S9C*#*>"2'"A  py Coomassie staining and
western analysis. The catalytic domain of S9C, with or without the H217A mutation, was
expressed with an N-terminal hexahistidine tag in E. coli by induction with IPTG overnight.
The bacteria were lysed (whole lysate), and then centrifuged and filtered to obtain the
soluble fraction (soluble lysate) which was passed through a HisTrap column (Unbound).
Bound protein eluted with increasing concentration of imidazole and fractions were
pooled and concentrated. The Coomassie stained gels showed the purification of a
single band at ~ 36 kDa which by western analysis was His-tagged. The mutant did not
purify as well as the wildtype sample, with most of this protein in the Unbound fraction.
The predicted size of His-S9C?%°is 33366.42 Da. Protein ladder markers are indicated
in kDa.
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To evaluate whether active protein had been produced, purified proteins were incubated
with the FP-TAMRA ABP for 1 h at RT and were then electrophoresed on a Tris-Glycine
gel before in-gel fluorescence was visualised (Figure 4.13). His-S9C*?° was clearly
labelled with this ABP, whereas the His-S9C?*285H217A was not labelled in this way. A third
sample which had been pre-incubated with the general serine hydrolase inhibitor PMSF
also showed a lack of labelling. This experiment demonstrates that the active catalytic
domain of S9C can be expressed and that it is inhibited by a general covalent inhibitor
of serine proteases. A collaboration with the Bogyo lab at Stanford is ongoing to establish
the enzymatic function of S9C using a variety of serine hydrolase fluorogenic substrates,

which may shed light on S9C molecular function inside the parasite.
Overall, the data shown in this chapter highlights S9C as a novel, rhoptry-associated

serine hydrolase that is active in merozoites and is important for the early development

of intra-erythrocytic parasites, possibly via the correct formation of the PV.

FP-TAMRA Coomassie
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S9C H217A
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Figure 4.13 Recombinant His-tagged S9C#2%) s active. Purified His-tagged wildtype
and H217A S9C?%2% were either labelled with FP-TAMRA ABP alone or pre-incubated
with the general serine protease inhibitor PMSF. The samples were subjected to SDS-
PAGE and the in-gel fluorescence visualised using a fluorescent imager.
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4.9 Discussion

4.9.1 Summary of Results

In Chapter 3, loss of S9C was found to result in a growth delay due to the loss of serine
hydrolase activity. This chapter sought to further characterise the biological function of
this protein by determining its localisation, analysing the S9C-deficiency phenotype, and

recombinantly expressing its catalytic domain for enzymatic characterisation.

S9C-HA can be detected in very mature, segmented schizonts and in merozoites with
an apical localisation. Co-localisation studies in schizonts revealed that this protein co-
localises strongly with the rhoptry neck protein RON4, and partially with the rhoptry bulb
RhopH2. These results suggest that S9C-HA is associated with the rhoptries, and
particularly with the rhoptry neck. S9C has not been previously identified as a rhoptry
protein (Kats et al., 2006) but as these organelles are difficult to isolate there are gaps
in the knowledge of rhoptry resident and associated proteins. Within the rhoptries, there
is evidence of sub compartmentalisation between the neck and the bulb (Bannister et
al., 2000). This segregation of rhoptry contents is thought to be linked to function i.e.
rhoptry neck proteins are secreted first and are involved in invasion or immediately after
invasion, whereas bulb proteins function later in parasite development (Zuccala et al.,
2012). In ring-stage parasites S9C-HA displays what is likely membrane localisation,
although further microscopy experiments are required to determine this with markers of
different compartments. The rhoptries fuse with the apex of the parasite during invasion
so it is possible that S9C ends up on the cytoplasmic face of the PPM once the parasite

has invaded.

S9C is N-myristoylated, a modification which likely plays an important role in the apical
localisation of this protein in schizonts and merozoites. N-myristoylation is an irreversible
co-translational modification that occurs on an N-terminal glycine that is exposed after
removal of methionine by methionylaminopeptidases (Wright et al., 2014). The myristate,
a 14-carbon fatty acid, is transferred to the N-terminal glycine by the cytosolic N-myristoyl
transferase enzyme. The hydrophobic nature of the mystoyl acid promotes a weak and
reversible interaction with membranes, which may act in concert with other features to
lead to membrane binding. Therefore, S9C may be present on the cytoplasmic face of

the rhoptries, although a Proteinase K protection assay will be needed to confirm this
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cytoplasmic membrane association as described in Cabrera et al., 2012. In addition,
treatment of parasites with an NMT inhibitor may be performed to determine whether
S9C-HA loses its apical localisation. Interestingly, for the currently available Plasmodium
reference genomes, the syntenic S9C homologues all possess a glycine as their second
residue (Appendix 7.5). This observation raises the possibility that the N-myristoylation

of S9C is a well conserved modification within the genus.

A curious finding is the lack of co-localisation with ARO, a protein associated with the
cytosolic rhoptry membrane in P. falciparum (Cabrera et al., 2012) that is thought to be
important for retaining the apical location of the rhoptries, based on work performed in
T. gondii (Mueller et al., 2016). It is possible that, as within the rhoptries, there is protein
segregation on the cytoplasmic face of the rhoptries. Super-resolution microscopy,
correlative-light EM or immunogold EM may be required to demonstrate beyond any
doubt the rhoptry (neck) localisation of S9C and provide insight into its differing
localisation with ARO. It would be interesting to compare the localisation of S9C to that
of the recently reported rhoptry apical surface protein 2 (RASP2) which caps the apical
tip of the rhoptries and is thought to bind charged lipids to mediate docking of the rhoptry
to the merozoite surface and is required for rhoptry secretion (Suarez et al., 2019).
Importantly, RASP2 colocalises with RON4 and partially colocalises with RhopH2 and

ARO in P. falciparum merozoites, bearing some similarity with S9C-HA localisation.

N-myristoylation alone is not sufficient to target a protein to a membrane (Peitzsch and
McLaughlin, 1993), requiring either additional acylation, interactions with membrane
anchored partners or a cluster of basic amino acids that interact with negatively charged
phospholipid head groups. Targeting of the ARO repeat protein has been well
characterised in P. falciparum requiring N-myristoylation, palmitoylation and two
positively charged residues close to the N-terminus (R9 and K14) (Cabrera et al., 2012).
Palmitoylation has not been detected in S9C (Jones et al., 2012), but several basic amino
acids are present in proximity to the N-terminus of the protein (R11, H13, K19, R21,
K22). Episomal complementation studies would be required to assess the importance of
N-myristoylation and amino acids for rhoptry targeting of S9C. It would be very interesting
to perform pull-down of the HA-tagged S9C to identify interacting partners important for

its localisation and/or function.
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The growth defect of S9C is evident only in the cycle following treatment. Previous
studies (Florens et al., 2002; Lasonder et al., 2015) suggested that S9C is produced late
in the asexual blood cycle. Western blot analysis of HA-tagged S9C protein throughout
the cycle demonstrated that SOC was expressed in mature schizonts, merozoites and
ring-stage parasites, but was absent in trophozoites and early schizonts. A small
difference in size was apparent between the mature schizont stage and merozoite stage,
possibly indicating a means of activation of this protein. Proteases are often expressed
as inactive zymogens that require an activation step often through processing or
changes in conformation (Deu et al., 2012). Proteolytic processing and phosphorylation
might be two mechanisms of activation of S9C. A number of studies show that the C-
terminal region of S9C is heavily phosphorylated. Different phosphorylated states of S9C
might explain the smeared bands of S9C-HA above the dominant band in the western
blot shown in Figure 4.3. The conditional allelic replacement construct could be readily

modified to explore these phosphorylation sites.

A study by Davison and colleagues (in preparation) has demonstrated that S9C is an
active serine hydrolase in P. falciparum asexual blood stages with the greatest activity
in the merozoite stage. This was confirmed by ABP labelling of active S9C but not of the
S9C-H217A. Further experiments comparing the ABP-labelling of schizonts and ring-
stage parasites would also be valuable to replicate the findings of Davison and
colleagues. Since western blot analysis demonstrated that S9C is present in ring stage
parasites, and that the S9C defect begins at this stage, it is surprising that no activity
was detected. However, the ring stage samples collected in the serine profiling study
were comprised of a mixture of rings-stage parasites of ~4 and ~12 hpi, so it is possible
that S9C remains active immediately following invasion but was not abundant enough in
these samples to be detected. Alternatively, S9C may perform its important enzymatic

function only at the merozoite stage.

A detailed analysis of S9C-deficient lines in the cycle following RAP treatment revealed
a severe overall delay in development, but with variation between the progression of
individual parasites. Why this heterogeneity occurs in response to the loss of S9OC is
unclear. Evidence provided in the last two chapters suggest that the excision and
resulting depletion of S9C is extremely efficient in the SO9C conditional parasite lines. It
is possible that undetectable quantities of S9C remain in those parasites that progress.

However, if this were the case, each cycle there would be a dilution of this protein
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between daughter merozoites, and consequently, an enhanced growth defect over time.
Based on replication assays explored in Chapter 3 (see section 3.7) this does not appear
to be the case since the S9C-KO population continues to grow over the three cycles,
albeit at a reduced rate compared to the control. Alternatively, a proportion of S9C-
deficient parasites may be able to recover from the loss of S9C through the action of

another protein performing an equivalent function.

Giemsa stained smears of S9C-KO ring-stage parasites displayed an altered
morphology with a more condensed structure compared to control parasites. By TEM,
there appeared to be a lack of two distinct membranes surrounding the parasite, although
it was difficult to compare overall shape of parasite by this method. Initial localisation
experiments in DMSO or RAP treated ring-stage parasites indicate that EXP2, a marker
of the PVM, suggests that the PVM is indeed present surrounding the parasite. Exploring
the structure and movement of the ring-stage parasite over time as in Griring et al.,
2011, perhaps with fluorescent markers of the PV and PVM, would likely be very
illuminating to understand the morphological differences of these S9C-deficient

parasites.

Further localisation and morphological studies are critical to understand the impact loss
of S9C has on early rings development. In addition, the ability to express and purify the
active catalytic hydrolase domain of S9C and determine the nature of the S9C enzymatic

activity will likely provide insight into the function of this protein in vivo.

4.9.2 S9C molecular function hypothesis

One objective of this project was to assess whether any of the putative proteases would
represent potential antimalarial targets. Although loss of S9C causes a growth defect, it
is not essential, and therefore, it is unlikely to be a viable drug target. However, it is
interesting to consider whether this protein shares any redundancy with other proteins.
Of particular interest is S9B, since this protein also possesses an N-terminal protease
domain and is N-myristoylated. An additional paralogue of SOC exists in P. falciparum
(PF3D7_1120400) that shares 31.28% identity with S9C (Sievers et al., 2014), but was
not assigned to the S9 family (Rawlings et al., 2018). This a/B-hydrolase protein appears
to be palmitoylated (Jones et al., 2012) and is predicted to be essential based on the
piggyBac transposon mutagenesis screen (Zhang et al., 2018). It is possible that this

protein might be able to partially compensate for the loss of S9C.

158



Chapter 4 Results Il

This study found that S9C is important for intracellular development, with its loss resulting
in a possible PVM defect. Furthermore, this work provided evidence that S9C localises
to the rhoptries, which are considered to be the source of parasite-derived lipids that
form the PVM (Sherling and van Ooij, 2016). The link between PVM formation and the
rhoptry localisation make it an appealing idea that S9C is a player in the process of
correct PVM formation. In what way might the PVM be compromised? It would be
interesting to see if rhoptry secretion, and therefore PVM formation, occurs in the same
manner in control and in S9C-deficient lines. Treatment of egressing merozoites with
cytochalasin, an inhibitor of actin flament formation (Cooper, 1987), allows erythrocyte
attachment and release of rhoptry contents but blocks invasion. Export of rhoptry
proteins, such as rhoptry association protein 2 (RAP2), into the erythrocyte can be
visualised by IFA on these cytochalasin-treated samples (Suarez et al., 2019).
Alternatively, electron microscopy of cytochalasin-treated merozoites can be used to
show the release of whorls of membranous material into the erythrocyte, indicating
rhoptry bulb release (Riglar et al., 2011). Certainly, the early stages of rhoptry secretion
would be expected to occur in S9C-deficient parasites since these parasites invade to
the same level as wildtype parasites. It is possible that following invasion, which appears
unaffected in S9C-deficient parasites, the PVM may disintegrate. This notion has
precedent in the Apicomplexans Theileria spp. and Babesia spp. which vacate their PV
soon after invasion of their host cell and develop within the host cell cytosol (Asada et
al., 2012; Fawcett et al., 1984; Rudzinska et al., 1976). If such a thing happened once
P. falciparum entered the erythrocyte, could the parasite survive? Knockout of proteins
P36 and P52 in P. falciparum sporozoites results in stalled parasites lacking a PV, with
EXP2 located throughout the membrane cytosol, in addition to an invasion defect
(Arredondo et al., 2018). In contrast, S9C-deficient parasites are capable of invasion and
progressing, albeit slowly, through the asexual replication cycle with EXP2 localised in
puncta around the parasite. It is therefore more likely that the PVM is present in S9C-KO

parasites but suffering from some kind of defect in structure or expansion.

How a predicted cytoplasmic serine hydrolase would be involved in PVM maintenance
is unclear. Ultimately, it is difficult to predict the catalytic activity of S9C. Although it has
been assigned to the S9 family, it lacks the characteristic B-propeller domain and does
not fit into any of the subfamilies defined by the sequences surrounding the active site.

It may therefore have an alternative specificity. Indeed, S9C may not even be a protease.
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Interestingly, the protein with the greatest similarity to S9B and SOC in T. gondii (ASH4,
TgME49 262490, 45% and 43% identity, respectively) (Gajria et al., 2008) displays
esterase activity in vitro (Foe et al., 2018). This T. gondii protein is also N-myristoylated

in the parasites, with roles in parasite division and effective egress.

What other non-peptidic enzymatic role might tie in with the S9C functions in intracellular
development and PVM maintenance? Perhaps S9C could be involved in metabolism of
membrane lipids, which is one of the main biochemical function of a/p serine hydrolases.
Changes in the structure of lipid stored within the rhoptry bulb may affect the release of
lipid into the RBC or the structure of the PVM. Alternatively, S9C might have
depalmitoylase activity. In this case, it could have a role in removing membrane anchors
protein from the cytoplasmic face of the rhoptry that are important for the regulation of
rhoptry function, or from the plasma membrane after invasion, which might impact early
ring development. A key further question is whether S9C functions as part of a complex,
particularly with an integral membrane protein, that might physically link S9C to the PV.
Elucidation of the function of this protein in vitro and in vivo, will likely provide insight into

early parasite processes as well as PV formation and/ or maintenance.
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Chapter 5. Characterisation of the putative aspartyl

protease Ddi1
5.1 Introduction

Ddi1 is conserved throughout eukaryotes, although a unifying function to explain this
conservation has not yet been identified. In yeast, Ddi1 has been described as a
proteasomal shuttle factor protein, which escorts ubiquitinated cargo to the proteasome
for degradation, mediated by Ddi1 UBL and UBA domains (lvantsiv et al., 2006; Kaplun
et al., 2005). Given the altered domain structure of this protein in other organisms, it is
not clear if this function is conserved. An alternative role of Ddi1 in yeast is in the negative
regulation of secretion, a role which requires the functional central RVP domain (White
et al., 2011a). Yeast Ddi1-KO results in elevated levels of secreted protein, a phenotype
which can be rescued by the human and L. major versions of this protein. Additionally, a
common theme for Ddi1 proteins in other organisms is in the response to different types
of cellular stresses including proteasome inhibition in mammals (Koizumi et al., 2016;
Lehrbach and Ruvkun, 2016) and replication stress in both human (Kottemann et al.,
2018) and yeast cells (Serbyn et al., 2019; Svoboda et al., 2019). Based on this work in
other organisms, it was anticipated that PfDdi1 would have a general function in protein
quality control and that the loss of Ddi1 function would result in an increase of intracellular
stress and impact intracellular parasite development. As shown in Chapter 3 with the
D262N conditional allelic replacement, the activity of Ddi1 is essential to the asexual
blood stages of P. falciparum. Unexpectedly, loss of functional Ddi1 appeared to result

in an erythrocyte invasion defect.

In this Chapter, the conditional truncation (also described as cKO) and allelic
replacement lines described in Chapter 3 were studied to characterise the phenotype of
Ddi1-deficient parasites. In addition, a conditional tagging strategy was devised to add
small tags to the C-terminus of Ddi1 for localisation and immunoprecipitation studies.
Pull-down of Ddi1 revealed a number of potential interacting partners implicated in
protein quality control and the ER-associated degradation (ERAD) pathway. Further
experiments revealed interactions with the UPS suggesting that Ddi1 has roles in
maintaining cellular proteostasis. How Ddi1 is implicated in invasion remains unclear.
We hypothesise that loss of functional Ddi1 could lead to mis-regulation of protein sorting

or heightened stress that reduces merozoite invasive capability and/or fitness.
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5.2 Loss of Ddi1 results in an almost complete block in

erythrocyte invasion

In Chapter 3, a detailed time course experiment implied that Ddi1-null parasites are not
hindered during intracellular development or egress but invade erythrocytes very
inefficiently. To confirm this, the invasion rate in Ddi1 conditional KO and allelic
replacement lines was assessed (Figure 5.1). Mature schizonts were purified, added to
fresh erythrocytes, and allowed to invade for 24 h at 37°C. Samples were fixed at 0 h
and 24 h, and the proportion of rings and schizonts determined by flow cytometry. By 24
h no cycle 0 schizonts were present. From three independent experiments, the invasion
rate (i.e. number of invasion events per schizont) of DMSO control parasites ranged from
3.4 and 4.1. The wildtype allelic replacement resulted in an invasion rate of 3.3 £ 0.9. In
contrast, knocking out Ddi1 or mutation of the catalytic aspartate led to invasion rates of
0.55+0.03 and 0.9 £ 0.2, respectively. These reductions of invasion rate were significant
for both the Ddi1 KO (p= 0.0237, t=6.83, df=2) and D262N mutation (p=0.0090, t=9.402,
df=4) as determined by paired Student’s t-tests of DMSO versus RAP treatment for each
line. These data demonstrate that loss of Ddi1 results in a dramatic, but not complete
block, in invasion. Interestingly, truncation of Ddi1 had a significant reduction in invasion
compared to the D262N mutation (two-tailed unpaired t-test, p= 0.0186, t= 10.45 df=2),
perhaps indicating protease-independent functions. Many of the subsequent
experiments in this Chapter focus on the inducible D262N mutant to determine protease-
dependent effects of Ddi1. For simplicity parasites dependent on Ddi1-D262N are

hereafter referred to as Ddi1-D262N parasites.
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Figure 5.1 The invasion rate of Ddi1-deficient parasites is dramatically reduced. One
clone of each Ddi1 conditional line (Ddi1_cKO D10, Ddi1_condWT B10,
Ddi1_condD262N F11) were DMSO (-) or RAP (+) treated as standard and matured for
40 h. Purified schizonts were added to fresh erythrocytes at 1% haematocrit to a
parasitaemia of ~3%, and cultures plated out in triplicate in a 96 well plate. A sample of
these cultures was fixed (0 h, cycle 0) before the rest of the culture was incubated at
37°C for 24 h in a gassed chamber. A second sample was fixed at 24 h (cycle 1) once
all invasion events had taken place. Flow cytometry was used to quantify the schizonts
in cycle 0 and the rings in cycle 1 and invasion rate determined by the cycle 1 rings
divided by cycle 0 schizonts. Results shown are the mean and standard deviation of
three independent experiments. Paired two-tailed t-tests for each line (DMSO treated
versus RAP treated) showed significant differences for the Ddi1_cKO (t=6.594, df=4,
p=0.027) and Ddi1_condD262N lines (t=9.402, df=4, p=0.0007). No statistical
significance was found between the DMSO and RAP treated versions of the
Dd1_condWT line (t=0.4282, df=4, p=0.6905). The RAP treated cKO and condD262N
parasites however did show a significant difference using an unpaired students t-test.
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Because the DiCre system is not 100% efficient, it was important to assess whether the
few parasites able to invade were excised or non-excised parasites. Monitoring the
excised parasites is possible since free GFP is produced in the conditional allelic
replacement lines and a truncated Ddi1-GFP fusion is expressed in the cKO line (see
section 3.5). At schizont stage, Ddi1-KO parasites are highly GFP fluorescent and can
be readily distinguished from non-excised, GFP negative parasites (see section 3.5) by

flow cytometry or live microscopy.

The GFP fluorescence of DMSO and RAP treated Ddi1 cKO cultures was monitored for
3 cycles following treatment by live microscopy (Figure 5.2A). Schizonts were enriched
each cycle and arrested prior to egress with the PfPKG inhibitor C2 to enhance the GFP
signal. At each cycle, GFP positive schizonts were detected demonstrating that a subset
of Ddi1-KO parasites was capable of invading and developing in the following cycle.
Even so, the 8% of wildtype parasites that were present in cycle 0 quickly outcompeted
the population of KO parasites in culture so that by cycles 1 and 2 the non-excised
parasites comprised 19% and 87% of the population, respectively (schizonts counted

per time point > 300).

Another experiment was performed to understand the progression of each Ddi1
conditional line excised population over 5 cycles, with the proportion of excised parasites
quantified by flow cytometry (Figure 5.2B). One clone of the Ddi1_cKO,
Ddi1_condD262N and Ddi1_condWT lines was RAP treated and each cycle a sample of
mature schizonts were fixed. The parasitaemia and GFP fluorescence were determined
for each RAP treated population. As previously described, the excision rate was
excellent, being above 96% for each line in this experiment. While the WT allelic
replacement line experienced a 3.3-fold increase in parasitaemia in the first cycle, both
the parasitaemia of Ddi1-KO and Ddi1-D262N cultures dropped by 58% and 50%,
respectively. Each cycle, there was a ~50% decrease in (excised) GFP positive parasites
accompanied by an increase in non-excised parasites. These experiments were
performed only once but indicate that Ddi1-deficient parasites experience a profound
and consistent invasion defect but a small proportion of merozoites are capable of
invasion. Importantly, despite the incomplete block in invasion the Ddi1-deficient
populations are not able to propagate in culture since only one merozoite for every two

schizonts is able to invade.
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Figure 5.2 A small number of Ddi1 deficient parasites are able to invade and develop in
subsequent cycles following DiCre-mediated excision. A) Live microscopy of control
(DMSO) and Ddi1-KO (RAP) schizonts over 3 cycles. Schizonts were purified, blocked
from rupture for 4 h and stained with Hoechst to visualise parasite nuclei. Representative
live microscopy images are shown demonstrating that a subset of Ddi1-KO parasites
was capable of invading and developing in cycles following RAP treatment. The
Ddi1_cKO clone E9 was used in this experiment. The scale bar represents 10 um. B)
The parasitaemia of GFP-positive, RAP-treated Ddi1_cKO, Ddi1cond_D262N and
Ddi1_condWT parasites over 5 cycles (clones B10, F11 and D10, respectively).
Following DMSO/RAP treatment, a sample of schizonts was purified each cycle and
treated with C2 prior to Hoechst staining to quantify parasitaemia and the proportion of
excised versus non-excised parasites by flow cytometry. The results shown are from a
single measurement at each timepoint.
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5.3 The localisation of merozoite markers appears unchanged

in wildtype and Ddi1-deficient mature schizonts

Previous experiments indicated that schizogony occurs normally in Ddi1-null parasites
based on their DNA content (see section 3.7). To confirm that Ddi1-deficient schizonts
formed correctly, IFA was performed on DMSO or RAP treated Ddi1-condD262N mature
schizonts (Figure 5.3). The PfPKG inhibitor C2 was used to provide a more synchronous
population of parasites, since many of the organelles investigated are most clearly

formed/ structured in mature, segmented schizonts.

A marker of the merozoite surface, MSP1, showed the typical ‘bunch of grapes’ staining
in both DMSO and RAP treated schizonts. GAP45, a protein that tethers the inner
membrane complex to the parasite membrane and is essential for invasion (Perrin et al.,
2018), was found in the expected location close to the PPM. The apical localisation of
invasion-related secretory organelles was also explored. Many proteins of the
micronemes are important for RBC invasion (Weiss et al., 2015) while rhoptry proteins
are important for RBC binding, tight junction formation and post-invasion processes. The
micronemal proteins, EBA-175 and AMA1, were studied as well as the rhoptry bulb
protein, RhopH2, which is important for nutrient acquisition following invasion (Counihan
et al., 2017). Importantly, proteins which reside within invasion-related secretory
organelles showed the same apical localisation between DMSO and RAP treated
parasites, demonstrating that these organelles can form correctly in Ddi1-D262N
parasites. In addition, an abundant resident of the PV, SERA5, was found to surround
the mature parasites in both conditions indicating that trafficking to the PV occurs in Ddi1-
D262N parasites.
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Figure 5.3 IFA of rhoptry, microneme, merozoite surface and PV proteins show the same
localisation between wildtype and Ddi1-D262N schizonts. IFA analysis was performed
on thin blood smears of DMSO or RAP treated Ddi1_condD262N clone F11 parasites
that had been tightly synchronised by treatment with C2. Slides were probed with
antibodies against MSP1, GAP45, SERA5, AMA1, EBA-175 and RhopH2. Infected
erythrocytes were stained with DAPI to visualise parasite nuclei. Representative images
are shown. Scale bar, 10 um.
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5.4 Ddi1-D262N early and mature schizonts bear no
morphological defects but may be delayed in the final

stages of schizogony

By fluorescence microscopy, no morphological defects were identified between control
parasites and those lacking a functional Ddi1 (see section 5.3). To explore this more
thoroughly, Ddi1_condD262N parasites were DMSO or RAP treated, and C2-blocked
schizonts were analysed by TEM for any major morphological differences (Figure 5.4).
Segmented schizonts exhibited no notable differences, with clearly delineated daughter
merozoites visible and rhoptries identifiable in both samples using this method (Figure
5.4A). One observation was the presence of large, circular, dark-staining structures that
were typically adjacent to the food vacuole in early non-segmented schizonts (Figure
5.4B). In the 30 images of RAP treated schizonts, 10 contained these structures (33%)
(Figure 5.4C). These large vesicles appeared to be naturally occurring as it was found
in one instance in the control line (4%) and they resemble unidentified structures found
in published serial block face scanning EM (SBF-SEM) on the asexual blood life cycle
(Sakaguchi et al., 2016). Based on their location proximal to the food vacuole and their
approximate size and shape, these structures are likely haemoglobin-containing vesicles
(Milani et al., 2015) although the dark staining of these vesicles could indicate high lipid
content. Surprisingly, there were more segmented schizonts, where the daughter
merozoites appeared fully formed, in the DMSO treated culture (71%) compared to the
RAP treated culture (38%), despite both having been blocked on C2 for 4 hours. This
finding may indicate, contrary to previous assessments, that there is a slight delay in
schizogony in the Ddi1-D262N parasites. Even so, based on these TEM micrographs
there appeared to be a greater accumulation of these vesicles in the RAP treated
samples. 3D imaging would provide a clearer answer as to whether these vesicles

accumulate in the Ddi1-deficient schizonts.
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Figure 5.4 Transmission electron micrographs of control and Ddi1-D262N schizonts.
Purified DMSO/RAP treated Ddi1_cond D262N clone F11 parasites were C2 treated for
4 h prior to fixation, heavy metal staining and embedding in resin. Representative
micrographs of A) segmented or B) non-segmented schizonts present in DMSO or RAP
treated cultures. The food vacuole (FV) is indicated in each image in addition to an
example of a merozoite nucleus (N) and rhoptries (R) in the segmented schizonts. A
number of micrographs of RAP non-segmented schizonts showed the presence of one
or more darkly staining structures adjacent to food vacuole, indicated in the example
micrograph with arrows. Scale, 0.5 um. C) The proportion of segmented and non-
segmented schizonts in addition to those containing the food vacuole proximal structures
(vesicles). In the RAP sample, schizonts containing these structures accounted for 35%
of the total parasites counted (n=29) compared to 4% of the DMSO treated parasites
(n=24). There was also a reduction in the proportion of segmented schizonts in the RAP
population (38%) compared to the DMSO population (71%).
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Next, SBF-SEM was used on the same samples (Figure 5.5). Within an SBF-SEM
microscope a diamond knife slices off layers of cells embedded in resin, scanning
between each slice (Denk and Horstmann, 2004). This technique provides 3D
information on a cell, which in this instance allows a quantification of the number of food
vacuole-adjacent structures per parasite. Slices showing representative images of
segmented and non-segmented schizonts with and without food vacuole adjacent
structures are shown in Figure 5.5A. Similar to the TEM results, the proportion of
segmented schizonts was greater in the DMSO control compared to the RAP treated
population (62% versus 38%) (Figure 5.5B). Although an occasional food vacuole
adjacent vesicle was identified in segmented schizonts, the vast majority occurred in
non-segmented schizonts. Counting only non-segmented schizonts, 94% and 90% had
the structures in DMSO (n= 18) and RAP (n= 29) treated samples, respectively. Finally,
the number of putative haemoglobin vesicles per non-segmented schizont was
determined for the DMSO and RAP treated samples (Figure 5.5C). In this analysis, no
significant difference was found between the two cultures (p=0.4270, t=0.8017, df=45).

These EM experiments show that between equivalent stages, e.g. early schizonts and
mature segmented schizonts, there is no notable difference in the morphology of control
and Ddi1-deficient cells. While initially it appeared by TEM that there was an increase of
putative haemoglobin-containing vesicles in Ddi1-D262N parasites, the SBF-SEM data
indicated that this was not the case. Instead, an increased proportion of early schizonts
in the RAP sample explained the TEM results, since the food vacuole adjacent vesicles
occur in almost every non-segmented schizont. These experiments revealed a
previously unappreciated difference in the development of late-stage schizonts, despite
using C2 to obtain a more synchronous and mature population. This finding means that
in addition to a predominant invasion defect, there may also be a slight delay in schizont

segmentation.

172



Chapter 5 Results I

1. Non-segmented 2. Non-segmented with vesicle

RAP DMSO

3. Segmented 4. Segmented with vesicle

DMSO

)

n=48 n=47 ns
100+ 6
<43
-‘%’ L ]
i | o
% Q4= ° eooe
2 2 il
£ 50+ o ° ™
o [ ! 8
ES 27
4
= 2 e
w
0= 0 T ) 4
DMSO RAP DMSO RAP

Figure 5.5 Serial-block face scanning electron microscopy (SBF-SEM) of control and
Ddi1-deficient schizonts. The samples used in Figure 5.4 were also analysed by SBF-
SEM. A) Representative central slices of non-segmented and segmented schizonts by
SBF-SEM with and without food vacuole adjacent vesicles. The food vacuoles (FV) are
labelled and putative haemoglobin-containing vesicles are shown with arrows. Scale bar,
1 um. B) The proportion of DMSO/RAP segmented and non-segmented schizonts with
and without the food vacuole adjacent structures. 1 = non-segmented, 2 = non-
segmented with vesicle(s), 3= segmented and 4= segmented with vesicle(s). Total
number of schizonts counted was 48 for DMSO and 47 for RAP populations. The RAP
treated population had more non-segmented schizonts than the DMSO treated
population, almost all of which contained at least one spherical structure next to the food
vacuole. C) Number of spherical structures per non-segmented schizont. There was no
significant difference between DMSO (n=18) or RAP (n=29) (p=0.4270, t=0.8017, df=45)
by unpaired students t-test. Results shown are the mean and standard deviation of the
schizonts counted for each condition.

173



Chapter 5 Results I

5.5 Ddi1-deficient parasites are capable of egress but

experience a delay in rupture

To understand more about a potential delay, egress of Ddi1-D262N parasites was
examined by time-lapse video microscopy. The conditional mutant allelic replacement
line was DMSO or RAP treated and 44 hpi the schizonts were purified and C2-blocked
for 4 h to obtain more synchronous cultures. Parasites were washed to remove C2 and
both DMSO and RAP schizonts were combined prior to collecting time-lapse videos for
45 min on a temperature-controlled microscope. The GFP fluorescence was used to
distinguish between excised and non-excised parasites. Mixing the conditions allows a
more accurate comparison of the number and timing of schizonts that rupture. Stills from
the start and end of this video are shown in Figure 5.6A. In this experiment (n=1), 44%
of the control schizonts ruptured, compared to 26% of the Ddi1-D262N schizonts (Figure
5.6B). The time taken for schizonts to egress following C2 removal was similar for each
condition with an average of 29 + 6 min for the control (n=25) and 27 + 8 min for excised
parasites (n=15) (Figure 5.6C). No notable differences in the dispersal of merozoites was

observed.

Although this experiment has been performed only once thus far, it supports the notion
that there is a developmental delay in Ddi1-deficient parasites even though these
parasites are capable of executing schizogony and egress. This difference in
development and egress occurs despite C2 treatment, which should result in highly
synchronous cultures. Further analysis of this defect is required using multiple

experimental setups with and without C2 and studied by microscopy and flow cytometry.
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Figure 5.6 Parasites with catalytically dead D262N Ddi1 are capable of egress but less
egress occurs within the same time frame as the DMSO control. A) Video stills from
DMSO or RAP Ddi1-condD262N cultures. Highly synchronous DMSO or RAP treated
Ddi1-D262Ncomp clone F11 cultures were matured to schizont stages, purified and
treated with C2 to reversibly block egress of mature schizonts. C2 was removed, the
purified DMSO and RAP schizonts were mixed, loaded into chambers for video
microscopy and the schizonts were monitored by time-lapse microscopy for 45 mi. The
images shown at the start of the video (0.00) and end of the video (45.00) are the DIC
channel overlaid with the GFP fluorescence. The GFP positive RAP parasites are distinct
from the GFP negative DMSO parasites. Scale, 10 um. B) The percentage of schizonts
that egressed in 45 min (39 schizonts counted for DMSO and 61 for RAP) (n=1). C) The
time taken for egress to occur in the DMSO sample and RAP sample after C2 removal.
The time taken for both conditions was similar and not significant by unpaired students
t-test (p= 0.4195, t= 0.8162 df= 38). Results shown are the mean and standard deviation
(n= 25 for DMSO and n=15 for RAP).
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5.6 Conditional tagging of Ddi1 with a single HA or myc tag
does not impair parasite growth and reveals that Ddi1
localises to puncta in the cytoplasm of P. falciparum

schizonts

The lack of a tag appropriate for localisation or pull-down of Ddi1 proved a barrier to
understanding more about this protein. Personal communication from Dr K. Koussis (The
Francis Crick Institute) found that a number of N-terminal and C-terminal additions to the
endogenous Ddi1 protein of P. berghei could not be obtained. When originally testing
cKO constructs for Ddi1 (see section 3.3) it was found that a C-terminal addition of 20
amino acids (largely the T2A peptide), but not 62 amino acids (polyglycine linker, triple
HA tag and T2A peptide), could be tolerated in P. falciparum. This outcome was

promising in terms of incorporating small tags to the C-terminus of Ddi1.

The conditional allelic replacement strategy described in Chapter 3 presented an
excellent and quick way to conditionally introduce a tag and test the functionality of the
tagged protein. Importantly, by using this approach the tagged protease is expressed in
the endogenous locus at the correct time and levels, avoiding artefacts relating to
overexpression of the protein of interest. Using the wildtype allelic replacement
constructs, the second recodonised region was modified to incorporate sequences at the
3" end of the gene encoding a single HA or a single myc tag, instead of a T2A-linked
GFP. These constructs were electroporated into the constitutively expressing DiCre line,
B11, and integrated via single homologous recombination with SLI. In the resultant
parasite lines, Ddi1_cond-HA and Ddi1_cond-myc, Ddi1-2A is produced prior to excision
whereas following excision, either Ddi1-HA or Ddi1-myc is expressed. The single HA
(YPYDVPDYA) and myc (EQKLISEEDL) tags add only 9 and 10 amino acids to the Ddi1
C-terminus, respectively. The architecture of the pre-excision locus and post-excision

locus with these lines is shown in Figure 5.7.
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Figure 5.7 Conditional introduction of sequences encoding small tags to ddif in P.
falciparum. The pDdi1_condWT construct was modified such that sequences coding for
a single HA or myc tag followed the second alternatively recodonised region (RR2)
instead of sequences for a T2A-linked GFP. The resulting constructs, pDdi1_condHA
and pDdi1_condmyc, were transfected into the B11 line via single-homologous
recombination. Selection of integrants expressing the T2A-linked neomycin
phosphotransferase (NPT) was performed with G418. Prior to excision, Ddi1-2A and
NPT is produced. Following DiCre-mediated excision, the RR2 comes into frame with
truncated ddi1, resulting in the production of Ddi1-HA or Ddi1-myc.
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Integration of the construct into the ddi7 genomic locus was confirmed by PCR for two
clones to show disruption of the endogenous locus and proper integration of the
construct at the 5" and 3" ends (Figure 5.8A,B). The excision event in the conditional
tagging lines was validated by PCR and Western blot (Figure 5.9). For the excision PCR
a forward primer upstream of the homology region was paired with a reverse primer
within the second recodonised region (Figure 5.9A). In the integrated, pre-excision line
this PCR gave a product of 2878 bp, while a smaller product of 1394 bp was amplified
following excision (Figure 5.9B). At the protein level, western blot was used to detect
tagged Ddi1 after 40 h following DMSO or RAP treatment (Figure 5.9C). Ddi1-2A
expression was detected only in the DMSO control whereas Ddi1-HA or Ddi1-myc were

produced only following RAP treatment.
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Figure 5.8 Integration of conditional tagging Ddi1 constructs in P. falciparum. A)
Schematic of the endogenous ddi1 gene locus and the integration of conditional tagging
constructs. The primers used to generate endogenous gene, 5" episome integration
(57int) and 3" episome integration (3'int) PCRs are depicted with blue, red and purple
arrows, respectively, with the regions amplified indicated with dashed lines in the
corresponding colours. B) Integration PCRs for the conditional tagging lines generated
in the B11 background. Two clones of each line are shown in comparison to the parental
B11 line. The anticipated sizes of the PCR products are indicated in bp and the size of
the DNA markers in kb are displayed next to the gel images.
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Figure 5.9 Efficient conditional tagging of Ddi1 with a single HA or myc tag. A) Schematic
of the pre-excision and post-excision loci with the excision PCR and primers shown as
blue dashed lines and arrows. B) Validation of the excision event in Ddi1_condHA and
Ddi1_condmyc lines by PCR. Ring-stage parasites from two clones of each line were
treated with DMSO (-) or RAP (+) for 3 h and samples collected for gDNA extraction ~20
h later. The parental B11 line was used as a control. Arrowheads indicate the size of the
PCR products and the sizes of the DNA markers are shown in kilobases (kb). C) Western
blot analyses of DMSO (-) and RAP (+) treated Ddi1_condHA and D) Ddi1_condmyc.
Treated cultures were matured for ~40 h and C2 treated to obtain a very mature
population of schizonts, which were saponin-lysed before hypotonic lysis and processing
for western blot. The blots were probed with anti-2A antibody as well as anti-myc or anti-
HA antibodies, the latter of which was probed using a 3-step approach (see section
2.2.5.1). Ddi1-2A (predicted size 45825.15 Da) was depleted after RAP treatment,
whereas Ddi1-HA (predicted size 44923.20 Da) and Ddi1-myc (predicted size 45024.35
Da) were only expressed following RAP treatment. Ponceau S staining was used to show
equal protein loading. The size of the protein markers is shown in kDa.
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To confirm that the HA- and myc-tagged proteins were functional and did not impact
parasite proliferation, replication assays were performed (Figure 5.10). The parasitaemia
of DMSO or RAP treated conditional lines was measured once per cycle. No difference
in growth was observed between parasites dependent on Ddi1-2A, Ddi1-HA or Ddi1-

myc, demonstrating that the tagged proteins do not impact the essential function(s) of
Ddi1.
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Figure 5.10 Conditional tagging of Ddi1 with a single HA or myc tag does not impact
parasite growth. Two clones of Ddi1_condHA and Ddi1_condmyc lines were DMSO (-)
and RAP (+) treated as standard and the parasitaemia determined once per cycle by
flow cytometry of fixed, Hoechst-stained samples. The results shown are the mean and
standard deviation of 3 technical triplicates.
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A key goal in the production of these lines was to determine the localisation of tagged
Ddi1 by immunofluorescence. Ddi1-HA and Ddi1-myc were both detectable by
immunofluorescence as shown in Figure 5.11, revealing a non-uniform cytoplasmic
signal contained within the parasite surface (MSP1 staining). To gain further insight into
the localisation of Ddi1-HA, confocal microscopy was used at 30 hpi, 42 hpi and in C2-
blocked parasites (Figure 5.12A). At each time point, Ddi1-HA presented as puncta
within the parasite. At the 30 h timepoint it was particularly clear that the Ddi1-HA puncta
was distributed throughout the cytoplasm of the parasite and is absent from the food
vacuole. In the later stages, Ddi1-HA appears largely excluded from the parasite nuclei.
The labelling of Ddi1-HA was compared to that of the surface protein MSP1 as well as
the rhoptry marker RhopH2 in mature schizonts (Figure 5.12B). These IFAs confirmed
that Ddi1-HA is present within the confines of MSP1 staining and also that the puncta do
not co-localise with the rhoptry protein RhopH2. In addition, there appears to be multiple

foci spread throughout each daughter merozoite suggesting a non-apical localisation.
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Figure 5.11 Ddi1-HA and Ddi1-myc are detectable by IFA in schizonts. Thin blood
smears of DMSO and RAP treated, C2-blocked Ddi1_condHA clone B8 and
Ddi1_condmyc clone G7 schizonts were fixed, permeabilised and probed with either anti-
HA or anti-myc antibodies, and visualised using a triple step approach (see section
2.2.5.2), in addition to anti-MSP1 antibody to mark the merozoite surface. The slides
were stained with DAPI. Both Ddi1-HA and Ddi1-myc were detectable following RAP-
induced excision. Scale bar, 10 um.
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Figure 5.12 Confocal microscopy shows presence of non-apical Ddi1-HA puncta in early
and late schizonts. A) Representative confocal micrographs of the Ddi1-HA localisation
in thin blood smears of 30 hpi, 42 hpi and C2-blocked RAP-treated Ddi1_condHA clone
B8 schizonts. B) Comparison of Ddi1-HA localisation with that of the surface protein
MSP1 or the rhoptry protein RhopH2. The Ddi1_condHA line was RAP treated to induce
expression of Ddi1-HA and thin blood smears produced of C2-blocked schizonts,
alongside a DMSO control. Triple-step anti-HA probing was used to visualise Ddi1-HA
(see section 2.2.5.2). Parasite DNA was detected with DAPI stain. Scale bar, 10 um.
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5.7 Immunoprecipitation of Ddi1-HA reveals potential binding

partners implicated in protein sorting and quality control

The tagging of Ddi1 permits purification of this protein from parasite material, together
with any interacting partners. Ddi1-HA was immunoprecipitated from the soluble lysate
of Ddi1_condHA excised schizonts using anti-HA beads, alongside the non-excised
DMSO control. Protein was eluted by boiling in SDS-containing buffer and the pull-down
validated by anti-HA western blot. This validation demonstrated a huge enrichment of
HA-tagged Ddi1 in the RAP eluate compared to the input fraction (Figure 5.13A, black
arrowhead) with no HA-tagged protein detectable in the unbound material (UM). The
eluted Ddi1-HA was detectable by Coomassie (Figure 5.13B). By Silver stain an
additional band below Ddi1 was visible only in the RAP sample, potentially representing

an interacting protein (Figure 5.13B, black outlined arrowhead).

The DMSO and RAP pull-down eluates were analysed by liquid chromatography tandem
mass spectrometry (LC-MS/MS). A volcano plot of the fold difference (log2(RAP/DMSOQ))
against the significance (-logz(p-value)) is shown in Figure 5.13C with the significantly
enriched proteins listed in Table 5.1. As expected, Ddi1 was the most enriched protein
with an enrichment of 4508-fold in the pull-down compared to the DMSO control. The
following most enriched protein in the pull-down was ubiquitin. Remarkably, 11 putative
subunits of the 19S regulatory particle of the proteasome were detected (Table 5.1, blue
text), including 5 of the 6 AAA ATPases present in the 19S base and 5 of the 9 proteins
that comprise the lid of 19S RP (Aminake et al., 2012). No subunits of the core 20S
proteasome were identified, which is consistent with binding of ubiquitin and ubiquitin
receptors being performed by the 19S RP. Another significantly enriched protein was
CDCA48 (also known as p97 and VCP), a highly conserved eukaryotic protein implicated
in many cellular processes, among them the translocation of misfolded proteins from the
ER, in concert with NPL4 and SEC61A both also identified in the pull-down. Three heat
shock proteins (HSPs), HSP90, HSP70-1 and an HSP40 (DnaJ) were also significantly
enriched in the pull-down as were several players in trafficking including V-type H(+)-
translocating pyrophosphatase (VP1), the GTP binding protein Sar1, myosin F (MyoF)
and dynamin-like protein 1 (DYN1). Several P. falciparum proteins of unknown function
also co-purified with Ddi1 as well as several human proteins, including an E3 ligase and

galectin proteins. It is probable that the co-purification of human proteins occurred during
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parasite lysis, although since these samples were saponin-lysed prior to the parasite

pellets being frozen, human protein contamination should have been kept to a minimum.
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Figure 5.13 Pull-down of Ddi1-HA from P. falciparum schizonts identifies proteins
involved in protein degradation and sorting. DMSO (-) or RAP (+) treated Ddi1_condHA
clone B8 C2-blocked soluble lysates (Input) were added to anti-HA magnetic beads and
bound at 4°C overnight. The unbound material (UM) was removed, the beads washed
and protein eluted by boiling the beads in SDS-containing buffer (Elution). A) Monitoring
the Ddi1-HA pull-down by anti-HA western blot. Samples taken throughout the pull-down
were fractionated by SDS-PAGE and transferred to nitrocellulose for anti-HA analysis
with Ponceau staining used to show protein loading on the blot. The anti-HA blot showed
the presence of a small band in the RAP Input sample and a huge enrichment of Ddi1-
HA in the RAP sample elution, with no detectable Ddi1-HA in the unbound material (Ddi1-
HA, expected 44923.20 Da, arrowhead) nor in any of the DMSO control samples. B)
SDS-PAGE with Coomassie and Silver staining of the pull-down Elution samples show
that Ddi1-HA is detectable only in the RAP sample (Ddi1-HA, arrowhead). A second
unknown band present in the eluted RAP sample is indicated (white arrowhead). Protein
markers in kDa are indicated. C) LC-MS/MS analysis of the Ddi1-HA pull-down. The
DMSO and RAP elution samples were electrophoresed on a short gel, excised,
trypsinised, proteins extracted and resuspended in 0.1% TFA prior to LC-MS/MS. The
volcano plot of the fold change versus the significance is shown. The bait protein, Ddi1,
was the most abundant protein by far (4508-fold enriched). Significantly enriched
proteins are shown with filled boxes and colour-coded according to their predicted
biological function or origin: protein sorting and trafficking (red), subunit of 19S RP
proteasome (blue), human protein (green), or other (grey).
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Table 5.1 List of proteins identified in the Ddi1-HA pull-down

Majority protein IDs Name Description Fold change
PF3D7_1409300 Ddi1 DNA damage-inducible protein 1, putative 4508.19
PF3D7_1365900;PF3D7_1211800 PfuB Ubiquitin 46.96
J3QS39;J3QTR3;F5H6Q2;F5GYUS;
F5H2Z3;F5H265;F5HT7Y5;B4DV12;F
5H388;F5H747;F5GXK7;J3QKNO; Q9 N
6C32:F5H7K6:F5H041:P62087-P629|  HSUP Ubiquatin .68
79;POCG47;POCG48;F5H4DS;J3QL
P7;J3QRK5;F5GZ39
PF3D7_1417600 conserved Plasmodium protein, unknown function 21.51
PF3D7_1231800 asparagine-rich protein, putative 10.84
Q8WYQ7;000182-
2;000182;J3Q592;C9JHNS; J3KSY2;| LGALSY9 Galectin-9 7.61
Q3B8N2-2;Q6DKI2;Q3B8N2
PF3D7_0823800 HSE:S f DnaJ protein, putative 6.16
PF3D7_1456800 VP1 V-type H(+)-translocating pyrophosphatase, putative 3.85
PF3D7_1129200 RPN7 265 proteasome regulatory subunit RPN7, putative 3.51
PF3D7_0805300 conserved Plasmodium protein, unknown function 2.92
PF3D7_0619400 CDC48 cell division cycle protein 48 homologue, putative 2.90
PF3D7_1248900 RPT6 26S protease regulatory subunit 8, putative 2.87
PF3D7_0507700 NPL4 nuclear protein localization protein 4, putative 2.84
PF3D7_0818900 HSP70 heat shock protein 70 2.77
PF3D7_1329100 MyoF myosin F, putative 2.63
PF3D7_1466300 RPN2 26S proteasome regulatory subunit RPN2, putative 2.52
PF3D7_1125800 kelch domain-containing protein, putative 2.39
PF3D7_1130400 RPT5 26S protease regulatory subunit 6A, putative 2.26
PF3D7_1239600 ThzK hydroxyethylthiazole kinase 2.24
goggggpggﬁgymﬁoﬁa{?ﬁz& RNF31 E3 ubiquitin-protein ligase RNF31 2.21
PF3D7_0708400 HSP90 heat shock protein 90 217
P47929 LGALS7 Galectin-7 217
PF3D7_1338100 RPN3 26S proteasome regulatory subunit RPN3, putative 2.15
PF3D7_1346100 SECB1A protein transport protein SEC61 subunit alpha 2.14
PF3D7_1017900 RPN5 26S proteasome regulatory subunit p55, putative 2.12
PF3D7_1027300 nPrx peroxiredoxin 2.04
PF3D7_0912900 RPN8 26S proteasome regulatory subunit RPN8, putative 2.03
PF3D7_1145400 DYN1 dynamin-like protein 1.97
PF3D7_1311500 RPT1 26S protease regulatory subunit 7, putative 1.92
PF3D7_1008400 RPT2 26S protease regulatory subunit 4, putative 1.88
PF3D7_0519400 RPS24 40S ribosomal protein S24 1.74
PF3D7_0413600 RPT3 26S protease regulatory subunit 6B, putative 1.72
PF3D7_0416800 SAR1 small GTP-binding protein sar 1.69
PF3D7_1105400 RPS4 40S ribosomal protein S4, putative 1.61
PF3D7 1368100 RPN11 26S proteasome regulatory subunit RPN11, putative 1.56

[l Protein sorting / trafficking

B 19S Proteasome
E Human proteins
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Although a number of significantly enriched proteins were identified in the Ddi1 pull-
down, few were highly enriched, except for ubiquitin. This suggests that Ddi1 likely forms
transient interactions with some of these potential interacting partners rather than
forming stable complexes. Determining which of these proteins directly bind Ddi1 and
the functional significance of these interactions will require more work. Many of the
proteins that co-purified with Ddi1 have putative roles in the UPS and protein quality
control in P. falciparum. If indeed Ddi1 directly binds both ubiquitin and the proteasome
in P. falciparum, then it may be capable of performing a canonical proteasome shuttle
function, as described for the yeast Ddi1 protein (Ilvantsiv et al., 2006; Kaplun et al.,
2005).

5.8 Treatment with a range of small molecules inhibitors

showed no synergistic effects with loss of functional Ddi1

In other organisms, a recurring role of Ddi1 appears to be in response to different cellular
stresses. For instance, following proteasome inhibition in animals there is the Ddi1-
dependent cleavage of a transcription factor leading to upregulation of proteasomal
subunits (Koizumi et al., 2016; Lehrbach and Ruvkun, 2016). In both yeast and human
cells, Ddi1 has been identified as a player in resolving replication stress (Kottemann et
al., 2018; Serbyn et al., 2019; Svoboda et al., 2019). Given the potential interactions of
PfDdi1 with the proteasome and with chaperones (see section 5.7), Ddi1 could also be
involved in certain cellular stress responses in P. falciparum. To determine whether the
loss of catalytically competent Ddi1 sensitises parasites to certain kinds of cellular stress,
control and Ddi1-D262N parasites were treated with small molecule inhibitors including
the proteasome inhibitor carfilzomib, the DNA replication stress inducer hydroxyurea and
the antimalarials chloroquine and artemisinin (Figure 5.14). Chloroquine inhibits haem
detoxification to haemozoin resulting in a build-up of toxic haem in the parasite (Foley
and Tilley, 1997). Artemisinin interaction with haem results in the generation of damaging
carbon-centred free radicals (Wang et al., 2015). Artemisinin has been shown to induce
the accumulation of ubiquitinated proteins, with artemisinin resistant parasites having an

improved stress response (Dogovski et al., 2015).
The inducible mutant line Ddi1_condD262N was DMSO or RAP treated at ring-stage and

treated with the molecules mentioned above at 30 hpi. A complicating factor in the

analysis of these results is that fact that the parasitaemia of the Ddi1-deficient line
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reduces in the cycle after standard RAP treatment. To overcome this issue, the DNA
and RNA content was measured at 44 h post-invasion so that impacts on the cell cycle
within the cycle of treatment could be observed. However, there was no evidence that
loss of Ddi1 sensitises P. falciparum to artemisinin, chloroquine, carfilzomib,

hydroxyurea treatment under these conditions.
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Figure 5.14 Treatment with artemisinin, chloroquine, carfilzomib and hydroxyurea did not
have synergistic effects with Ddi1-deficient parasites. The Ddi1_condD262N parasites
were DMSO or RAP treated at ring stage and treated with a range of concentrations of
the small molecular inhibitors at 30 hpi. Samples were fixed at 44 and 72 hpi and the
DNA and RNA content at 44 hpi and the parasitaemia at 72 hpi was determined. These
results show that no notable differences were found between control and Ddi1-deficient
parasites. Results shown are the mean and standard deviation of 3 technical triplicates.
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5.9 Ddi1-D262N parasites exhibit greater sensitivity to heat

shock

Within the bloodstream, parasites cause and experience febrile episodes with
temperatures beyond 40°C. HSPs are crucial in the response to elevated temperatures,
with roles in de novo folding of nascent polypeptides, refolding of misfolded proteins and
aggregates, as well as protein unfolding for degradation (Mayer, 2010). Based on the
presence of 3 HSPs in the Ddi1-HA pull-down (see section 5.7), a simple experiment
was devised to determine whether parasites expressing a catalytically inactive Ddi1 had

heightened sensitivity to heat shock.

To overcome the issue of low invasion phenotype, Ddi1_condD262N parasites were
DMSO or RAP treated at 24 hpi to give a partial invasion defect as defined in Chapter 3
(see section 3.7). At 30 hpi the cultures were split and incubated at 40°C between 0 and
6 h before being returned to 37°C. The schizont population was determined at 50 h post-
invasion, a time point at which egress would be ongoing. As shown in Figure 5.15, the
starting schizont population was between 2 and 2.5%. With no heat shock the population
of schizonts was reduced to less than 0.5% at 50 hpi. However, the longer parasites
were kept at 40°C, the greater the accumulation of schizonts in both DMSO and RAP
cultures, indicating a developmental/egress delay. However, the effect was far more
pronounced in the RAP treated culture with the schizont accumulation peaking after 5 h
of heat shock (1.6% compared to 0.75% for the control DMSO culture at the same time

point).

The total parasitaemia was also studied at 72 hpi. Here, the results are shown relative
to the parasitaemia that occurred with no heat shock for both DMSO and RAP treated
cultures. At all but the final timepoint, the RAP treated cultures showed a larger reduction
in parasitaemia compared to the DMSO control. The most pronounced difference
between the two cultures occurred following 3 h heat shock with a 33% reduction in
parasitaemia for RAP and a 3% reduction in parasitaemia for DMSO. Curiously, the
DMSO control appeared to benefit from up to 2 h heat shock, having greater
parasitaemia compared to the time 0 h and a lower accumulation of schizonts at 50 h.
No such benefit was seen in parasites dependent on Ddi1-D262N. It is worth noting in

this experiment that by 50 h, the same proportion of schizonts had ruptured between the
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DMSO and RAP cultures, suggesting that the possible segmentation or egress delay

described in sections 5.4 and 5.5 is not consistent between experiments.

This experiment supports the notion that the co-purification of Ddi1-HA with three HSPs
has functional significance. HSP70-1 and HSP90, both cytoplasmic, co-purified with
Ddi1, in addition to a transmembrane-containing type Il HSP40 protein. Whereas HSP70
proteins have wide-ranging functions in cellular proteostasis, HSP90 is not involved in
initial protein synthesis folding, rather it is involved in client protein maturity (Shahinas et
al., 2013). Due to time constraints this experiment has been performed only once.
Nonetheless, these data provide evidence that loss of catalytically active Ddi1 sensitises
parasites to temperatures that would be experienced during a febrile episode. Given the
proposed role of Ddi1 as a proteasome shuttle protein in other organisms, it is tempting
to conclude that parasites lacking Ddi1 have an impaired role in resolving misfolded
proteins.
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Figure 5.15 Ddi1-deficient parasites show reduced parasitaemia and delayed
development following heat shock at 40°C. The mutant Ddi1_condD262N clone F11 was
treated with DMSO or RAP at 24 h following synchronisation so that a partial invasion
effect could be observed. Parasites were subjected to heat shock at 40°C for 0, 1, 2, 3,
4 .5 or 6 h before being returned to 37°C. A) The schizont population at 50 h and B) the
total parasitaemia at 72 h were determined by flow cytometry of fixed, DNA-stained
cultures. The starting parasitaemia is shown with dotted lines in A. The results shown
are a single measurement at each time point.
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5.10Ddi1-dependent processing of hyper-ubiquitinated proteins

In S. cerevisiae loss of proteasome shuttle proteins, including Rad23 and Dsk2, results
in a general accumulation of ubiquitinated proteins (Saeki et al., 2002). Ddi1-null yeast
instead accumulated a subset of largely high molecular weight ubiquitinated proteins,
indicating that a different specificity exists between the three proteasomal shuttle
proteins in S. cerevisiae. The Svejstrup lab at the Francis Crick Institute has also found
that loss of human Ddi2 from MRC-5 cells resulted in a build-up of large ubiquitinated
proteins on an anti-ubiquitin blot (Svejstrup lab, unpublished). Furthermore, this effect
also occurred in MRC-5 cells expressing a catalytically inactive mutant. Crucially, this
lab has found that addition of recombinant Ddi2 caused the processing of these unknown

hyper-ubiquitinated proteins providing further evidence of Ddi2 proteolytic activity.

A collaboration with the Svejstrup group was initiated to explore whether Plasmodium
Ddi1 displays a similar activity. Mature schizont samples from the conditional Ddi1 lines
were subjected to anti-ubiquitin western blot (Figure 5.16A). In both Ddi1-KO and Ddi1-
D262N samples a smear at the top of the blot indicated the accumulation of high
molecular weight ubiquitinated proteins. In contrast, in the DMSO control and the
wildtype allelic replacement, this region of the blot was clear. This experiment implicates
the proteolytic activity of Ddi1 in preventing the build-up of these unknown ubiquitinated
proteins. This smear of ubiquitinated protein in PfDdi1-deficient lysates could be
removed by the addition of recombinant L. major Ddi1 (LmDdi1) (Figure 5.16B). In
addition, a time course throughout the asexual blood cycle was performed. Anti-ubiquitin
western blot of Ddi1-cKO lysates collected at 24, 36 and 46 hpi indicated that these large
ubiquitinated proteins are present naturally at 24 hpi rather than being only an artefact
of Ddi1-loss (Figure 5.16C). Although the loading of the final timepoint is not equal, the
earlier timepoints show a clear enrichment of high molecular weight species in the RAP
samples compared to the DMSO control. Analysis of Ddi1-2A expression shows that this
protein increases in abundance throughout the cycle at the same timepoints (Figure
5.16D). This result suggests that the presence of these large ubiquitinated proteins is
inversely correlated with Ddi1 protein levels throughout the cycle. These data suggest
that Ddi1 is important for the turnover of a subset of ubiquitinated proteins, that this
interaction is conserved in eukaryotes, and that it is dependent on its proteolytic activity.
This biochemical assay would therefore be an invaluable tool to test any recombinant
PfDdi1.
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Figure 5.16 Loss of Ddi1 results in an accumulation of hyper-ubiquitinated proteins. A)
DMSO or RAP treated Ddi1-cKO D10, Ddi1- D262Ncomp F11 and Ddi1-WTcomp B10
lysates were subjected to anti-ubiquitin western blot analysis. The Ddi1-deficient cultures
exhibit a smear of proteins at the top of the blot that is not present in the DMSO samples
or wildtype allelic replacement. Purified schizont samples were C2 treated prior to
collection. B) Processing of P. falciparum hyper-ubiquitinated proteins by L. major Ddi1
(LmDdi1). Ddi1-KO schizont lysate was preincubated with 3.2 pg recombinant LmDdi1
before anti-ubiquitin western blot analysis alongside untreated DMSO and RAP lysates.
C) Time course samples of Ddi1-cKO1 parasites DMSO/RAP treated at ring stage and
collected at 23, 36 and 46 hpi were probed with anti-ubiquitin antibody. D) Levels of Ddi1-
2A and truncated Ddi1 protein-GFP fusion (Ddi1trunc-GFP) at 24, 36 and 46 hpi in
DMSO/RAP treated Ddi1-cKO1 clone E9 treated parasites. Ponceau staining was
performed to show protein loading.
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5.11PfDdi1 can be recombinantly expressed and purified with
the secondary structure and dimerization unaffected by the
D262N mutation

Previous attempts at expressing PfDdi1 in E. coli proved unsuccessful due to
aggregation of the protein (personal communication, Dr D. Powell, GSK). P. falciparum
proteins can be difficult to express, often due to the presence of low complexity and
repetitive regions, which indeed are present between the UBL and RVP of PfDdi1. During
the course of this PhD, our collaborators in the Svejstrup lab working on human Ddi2
came upon a successful approach to generate large scale protein that appeared ‘active’

in the context of the biochemical assay described in the previous section.

This approach involved the use of a SUMO tag (Kuo et al., 2014). The SUMO tag aids
solubilisation of a protein and can be cleaved from the protein of interest using the Ulp1
SUMO protease. PfDdi1 was expressed in E. coli with an N-terminal hexahistidine tag,
SUMO and FLAG tag (Figure 5.17A,B) and purified using a 4-step approach (see section
2.2.8.5 and Appendix 7.6, 7.7) including a step to remove the N-terminal SUMO tag. A
catalytically inactive mutant version of the protein, PfDdi1°?®N, was also expressed in
this way. These proteins were predominantly dimeric by native mass spectrometry
(Figure 5.18) showing that the D262N mutation does not interfere with dimerization.
Furthermore, this native mass spectrometry showed a 1 Da difference in mass between
the two proteins, confirming that the mutation was present. Circular dichroism was used
to compare the far UV spectra of PfDdi1 and PfDdi1°%?N between 190 and 260nm (Figure
5.17C). The two proteins had near identical spectra, indicating that the D262N mutation
does not cause any changes in the secondary structure of this protein. These proteins
will be tested in the biochemical assay described in section 5.10 using P. falciparum
Ddi1-deficient lysates. However, an earlier batch of recombinant PfDdi1 prepared in the
same way was added to MRC-5 Ddi1-KO lysates and demonstrated processing of
human hyper-ubiquitinated proteins (Figure 5.17D). This finding firstly provides evidence
of PfDdi1 proteolytic activity. Secondly, it further strengthens the conclusion that binding
and processing of these hyper-ubiquitinated proteins is a conserved function of Ddi1

proteins.
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Figure 5.17 Soluble wildtype and catalytically inactive P. falciparum Ddi1 can be
expressed and purified using a SUMO-tag. A) Full-length PfDdi1 was expressed with N-
terminal hexahistidine, SUMO and FLAG tags. The SUMO tag improves solubility of the
protein and can be cleaved off by the Ulp1 SUMO protease. B) Protein-stained SDS-
PAGE of purified FLAG-Ddi1 and FLAG-Ddi1D262N following a 4-step purification
(Appendix 7.6 and 7.7). For each protein 0.75 pug/ml (1x) and 3.75 pug/ml (5x) was loaded.
The predicted size of FLAG-Ddi1 is 44891.07 Da. The sizes of protein markers are
indicated in kDa. C) Far-UV spectra of FLAG-Ddi1 and FLAG-Ddi1D262N between 190
and 260 nm. The near identical spectra between the two proteins indicates that the
D262N mutation does not impact the secondary structure of this protein. D) Processing
of MRC-5 hyper-ubiquitinated proteins by P. falciparum Ddi1 (PfDdi1). MRC-5 Ddi1-KO
lysate was preincubated with recombinant PfDdi1 before anti-ubiquitin western blot
analysis. Ponceau staining was used to indicate loading.
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Figure 5.18 Native mass spectrometry shows that purified FLAG-Ddi1 and FLAG-
Ddi1°%N gre predominantly dimeric. Native mass spectra of A) FLAG-Ddi1 and B)
FLAG-Ddi1°%2N_ Ddi1 dimer and monomer distributions are shown. A contaminant was
also identified in the purified FLAG-Ddi1 sample. The predicted sizes of FLAG-Ddi1 and
FLAG-Ddi1°%N are 44,891.16 Da (reduced) and 44,890.17 Da (reduced), respectively.
M/z, mass to charge ratio.
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5.12 N-terminomics for the detection of Ddi1-dependent

cleavage events and total proteomics

The identification of Ddi1 in vivo substrates would likely shed light on its function as well
as presenting an avenue for in vitro activity assay design. Proteomic methods have
emerged for the identification of endogenous protease substrates by enriching naturally
occurring N-termini, including those generated by proteolysis (Eckhard et al., 2016). One
of these methods, N-Terminal Amine Isotopic Labelling of Substrates (N-TAILS) involves
the capping of N-termini within a proteome e.g. with Tandem Mass Tags (TMT), digestion
of the proteome, e.g. with trypsin, and the negative enrichment of capped amines through
the use of an amine-reactive polymer, and the subsequent identification and
quantification of the N-terminal peptides by LC-MS/MS (Figure 5.19A) (Kleifeld et al.,
2011, 2010). Processing events that are depleted in a protease KO sample compared to

its control may represent its direct substrates.

The N-TAILS technique was used to identify any Ddi1-dependent cleavage events in
control and Ddi1-D262N P. falciparum proteomes. Three biological replicates of DMSO
or RAP treated Ddi1_condD262N schizont (~46 hpi) samples were processed for N-
TAILS using a six-plex TMT approach which is displayed in Figure 5.19B. A ‘Pre-TAILS’
sample was retained following trypsin digestion to measure general protein abundance.
Since the N-TAILS approach can rely on individual peptides to identify protease
substrates, using only one protease for digestion may miss the crucial peptide if, for
example, the peptide is too long or too short to be detected by mass spectrometry. To
overcome this limitation, the N-TAILS experiment was repeated using an alternative

protease, Asp-N, which digests proteins before aspartic acid residues.
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Figure 5.19 Using N-TAILS to identify Ddi1-dependent cleavage events in P. falciparum.
A) N-TAILS can be used to compare two proteomes; one where the protease of interest
is present and another where the protease is absent. The free amines of N-termini and
lysines present in both proteomes are capped by dimethylation or with isobaric tags and
the proteomes are subsequently digested. The peptides generated through digestion
with uncapped N-termini are captured by an amine reactive polymer allowing peptides
with a capped N-terminus to be negatively enriched. The N-terminomes are then
analysed by LC-MS/MS. Peptides enriched in the protease-present proteome may
represent endogenous substrates. B) The proteomes of three replicates of DMSO or
RAP treated Ddi1_condD262N saponin-lysed schizont samples were extracted and free
amines (i.e. N-termini and lysine residues) labelled with isobaric TMT labels. The six
TMT labelled samples were mixed and trypsinised. At this point a sample was taken for
the measurement of general protein abundance. This ‘Pre-TAILS’ sample was
composed of non-labelled peptides and peptides TMT labelled at the N-terminus and/or
at lysine residues. The remaining digested peptides were incubated with an amine-
reactive polymer which captures the free amines generated through digestion and
permits the negative enrichment of TMT labelled N-termini. Additional N-terminomes
were prepared using Asp-N for the digestion step. The N-TAILS samples and the pre-
TAILS sample were then analysed by LC-MS/MS.
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In the total proteome Pre-TAILS dataset 1182 P. falciparum-specific proteins were
identified. Ten proteins were significantly up or downregulated with a fold change of >
1.5 or <-1.5in the Pre-TAILS samples (Figure 5.20 and Table 5.2). Surprisingly, histone
H3 was the most depleted protein in the RAP treated samples while a protein that forms
part of a histone acetyltransferase complex, alteration/deficiency in activation 2 (ADA2),
was enriched (Fan et al., 2004a, 2004b). These hits imply that chromatin remodeling is
impacted in Ddi1-D262N parasites, which could have wide-ranging effects on gene

expression.

Two enzymes involved in aspartate-based reactions, adenylosuccinate synthetase
(ADSS) and aspartate transaminase (AspAT) were depleted and enriched in the RAP
samples, respectively. PADSS is a predicted essential protein (Zhang et al., 2018) that
catalyses the GTP-driven reaction of inosine monophosphate and aspartate into
adenylosuccinate, an intermediate in the generation of adenosine monophosphate
(AMP) and fumarate (Raman et al., 2004). PfAspAT is a likely dispensable (Zhang et al.,
2018) protein present in the parasite cytosol that converts aspartate and ketoglutarate
into oxaloacetate and glutamate and is potentially involved in methionine regeneration
and pyrimidine biosynthesis (Wrenger et al., 2011). Another protein upregulated in the
RAP samples was FIKK5, an exported member of an expanded family of kinases in P.
falciparum that have been proposed to be important for erythrocyte remodelling and
virulence (Nunes et al., 2007; Schneider and Mercereau-Puijalon, 2005). The rest of the
proteins significantly impacted by mutation of Ddi1 are poorly understood, although one

DnaJd domain containing protein, PF3D7_0917500, may be a chaperone.
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Figure 5.20 Total protein abundance of control and Ddi1-D262N parasites. The
Ddi1_condD262N parasites were labelled at the N-terminus and Pre-TAILS samples
were collected following TMT-labelling and trypsin digestion but prior to enrichment of N-
termini. Peptides TMT labelled at the N-terminus or at lysine residues were used to
measure total protein abundance. 1182 P. falciparum proteins were identified and their
fold change (log2(RAP/DMSO)) and significance (-logz(p-value)) plotted. Ten proteins
were significantly up- or downregulated (p<0.05) with a fold change of >1.5 or <-1.5. The
significance was determined by unpaired student’s t-test with equal variance.

Table 5.2 List of proteins with a >1.5-fold difference between DMSO and RAP and p-
value <0.05 in the Pre-TAILS LC-MS/MS

Protein ID Gene Name Description p-value r&iﬁ;ﬁgﬁ
PF3D7_0610400 H3 histone H3 0.0011 0.46
PF3D7_1354500 ADSS adenylosuccinate synthetase 0.0169 0.51
PF3D7_1204900 null conserved Plasmodium protein, unknown function 0.0121 0.61
PF3D7_0500900 FIKKS serine/threonine protein kinase, FIKK family 0.0126 1.56
PF3D7_1338700 null conserved protein, unknown function 0.0428 1.66
PF3D7_1141700 null OTU domain-containing protein, putative 0.0099 1.77
PF3D7_1014600 ADA2 transcriptional coactivator ADA2 0.0394 1.89
PF3D7_1117900 null conserved Plasmodium protein, unknown function 0.0275 1.91
PF3D7_0204500 AspAT aspartate transaminase 0.0140 2.07
PF3D7_0917500 null conserved protein, unknown function 0.0138 2.40
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In total, 3214 peptides were detected in the trypsin N-TAILS. The proportions of peptides
with unmodified, N-acetylated and TMT-labelled peptides N -termini were 18.4% (592),
21.2% (682) and 60.4% (1940), respectively. By comparison, 4102 peptides were
detected in the Asp-N N-TAILS, comprised of 53.9% peptides with an unmodified N-
terminus (2212), 6.9% with N-acetylated N-terminus (283) and 39.2% TMT-labelled N-
terminus (1607).

A total of 1919 P. falciparum specific peptides with a TMT-labelled N-terminus were
identified in the trypsin digested N-TAILS dataset corresponding to 779 proteins, while
the Asp-N digested N-TAILS dataset consisted of 1427 peptides of 620 proteins. The
fold change (log2(RAP/DMSQ)) and significance (-logz(p-value)) of these peptides is
shown in Figure 5.21. In the trypsin N-TAILS dataset, 15 proteins were 1.5-fold higher or
lower in the DMSO sample compared to the RAP sample with a significant p-value (Table
5.3). In the Asp-N dataset, 8 proteins were significantly enriched in the control samples
with a fold change of more than 1.5 compared to the protease-absent RAP samples
(Table 5.4).

Any potential Ddi1-dependent cleavage events would be identified as enriched in the
DMSO sample. A surprising feature of the DMSO enriched proteins are their diverse
locations throughout the parasite, including the apicoplast, PV, PVM, cytosol, surface,
PPM and food vacuole. A number of merozoite surface proteins were identified across
the two datasets such as AMA1, MSP1, RH4, EBA-175, MSP3, MSP11, which are all
implicated in invasion (Obando-Martinez et al., 2010; Rodriguez et al., 2005; Tohmoto
et al.,, 2019; Weiss et al., 2015). Proteins of the merozoite surface often undergo
processing events during trafficking to the surface, or in secretory organelles or following
secretion (Deu, 2017). Three of these surface proteins, AMA1, EBA-175 and RH4
possess TM domains with cytoplasmic tails, which in theory could be accessible to Ddi1.
However, in each of these proteins the cleavage site sits on the other side of the TM
domain, which would be located within secretory vesicles/organelles, or on the merozoite
surface. It is difficult therefore to envisage how the cytoplasmic Ddi1 protein might
interact with these proteins, unless they were not trafficked appropriately. However, IFA
analysis of Ddi1-D262N parasites in section 5.3 demonstrated that AMA1 and EBA-175
did have the apical localisation expected of the micronemes while a marker of the

rhoptries also indicated their apical localisation.
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Peptides of other proteins that are sorted to their location through the secretory pathway
were identified as depleted in the RAP sample. Such proteins include two PV proteins,
SERA9 (McCoubrie et al., 2007) and the lipid transporter PFA0210c (Hill et al., 2016;
van Ooij et al., 2013), PTP2 and PTP5, which are thought to be localised to the
erythrocyte cytosol and involved in erythrocyte remodelling (Maier et al., 2008), an
apicoplast thioredoxin-like protein (PF3D7_1351800) (Boucher et al., 2018) and the
chloroquine resistance transporter which is found in the food vacuole (Juge et al., 2015).
Again, it is not clear how Ddi1 might process these proteins if indeed they have their
expected localisation in Ddi1-D262N parasites. Any N-terminomics method for the
identification of protease substrates suffers from showing potential downstream effects
rather than direct cleavage caused by the protease of interest. Based on their distinct
cellular locations and the relatively small fold changes of significantly RAP depleted
proteins in the N-TAILs dataset, it is unlikely that these proteins represent actual Ddi1
substrates. Nonetheless, this experiment reveals that many proteins impacted from loss
of Ddi1 traffic through the secretory pathway.This finding could indicate a possible mis-
regulation of protein sorting, a role with which the yeast version of Ddi1 is implicated
(Kama et al., 2018; White et al., 2011a).

Some interesting peptides were increased in abundance in the Ddi1-D262N RAP
sample. A peptide of a protein more commonly detected in sporozoites was 2-fold
enriched in the Ddi1-D262N parasites (PF3D7_0209500) (Florens et al., 2002; Lindner
et al., 2013; Swearingen et al., 2016) although the function of this protein is unknown.
Likewise, a peptide of sexual stage specific male development gene 1 protein (MDV1)
was 1.55-fold enriched in Ddi1-D262N parasites. This protein, present in both male and
females gametocytes, localises to the PVM and parasite-derived membranous structures
of the erythrocyte and is important for gametocyte development and later sexual stages
(Furuya et al., 2005; Lanfrancotti et al., 2007; Ponzi et al., 2009). Finally, MSRP-1 was
enriched in RAP treated samples. This protein has been shown to interact with MSP1 in
a yeast two hybrid system in P. yoelii and have membrane localisation in P. falciparum

(Mello et al., 2002) with a possible role in invasion.
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Figure 5.21 N-TAILS analysis identifies surface proteins and other proteins trafficked
through the secretory pathway that are depleted in Ddi1-D262N parasites. The N-
terminomes of three biological replicates DMSO or RAP treated Ddi1_condD262N clone
F11 schizonts were obtained using N-TAILS. The six-plex TMT labelled proteomes were
either digested with trypsin (circles) or Asp-N (triangles) before N-terminomes were
purified. 1920 P. falciparum peptides were identified with trypsin and 1428 peptides were
identified with Asp-N. The individual peptides and their fold change (log2(RAP/DMSOQ))
and significance (-logz(p)) were plotted. A total of 23 peptides between the two datasets
were identified with a p-value of < 0.05 and >1.5 or <-1.5-fold change. These peptides
were colour-coded according to whether they were merozoite surface proteins (blue),
other proteins that were trafficked through the secretory pathway (red) or those not
trafficked through the secretory pathway or where their location is unknown (grey).
Unpaired student’s t-test with equal variance was used to determine significance.
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To summarise, the essential protein Ddi1 was confirmed to have a role in invasion
although a minor delay in segmentation may also exist. Ddi1 has a punctate, possibly
vesicular localisation and has a number of potential interacting partners implicated in the
UPS and protein quality control. Parasites reliant on the Ddi1-D262N showed increased
sensitivity to heat shock and an accumulation of hyper-ubiquitinated proteins, a
phenotype that also occurs in Ddi1-deficient yeast and human cells. The altered
abundance of proteins involved in chromatin remodelling as well as purine and
pyrimidine synthesis suggest that loss of Ddi1 has wide-ranging downstream effects and
that gene expression may be altered in the Ddi1-D262N parasites. N-terminomics
experiments likely have not identified Ddi1 substrates, but reveal subtle changes in
proteins that are trafficked in the secretory pathway. PfDdi1 can be expressed
recombinantly and a key experiment will involve testing the activity of this protein on
hyper-ubiquitinated proteins. Further work will be required to understand the functions of

Ddi1 and what links this protein so intimately with invasion.

5.13 Discussion

5.13.1 Summary of results

In Chapter 3, it was determined that catalytically competent Ddi1 was essential in P.
falciparum blood stages, with loss of functional Ddi1 associated with an invasion defect.
The work in this Chapter sought to more closely study the Ddi1-deficiency phenotype

and begin to functionally characterise this protein.

Further experiments were performed to confirm parasites lacking functional Ddi1 were
unable to invade. An assay to determine invasion rate showed a 90% reduction in
invasive capability of Ddi1-null parasites. Curiously, a preliminary experiment found that
loss of functional Ddi1 did not result in a complete invasion block. Rather, a small
proportion of excised parasites were able to invade and develop in subsequent cycles.
Monitoring parasitaemia of the excised population by flow cytometry showed a consistent
halving of parasitaemia each cycle although more replicates are required to confirm this
finding. These findings suggest firstly, that parasites were not able to compensate for the
loss of functional Ddi1 within the timeframe of this experiment. Second, that the Ddi1-

null population is not viable under in vitro culturing conditions.
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IFA of merozoite proteins was performed to identify any obvious morphological
aberrations in Ddi1-deficient parasites compared to control. However, no difference in
the localisation of markers for the merozoite surface, IMC, PV, micronemes and rhoptries
was found. Electron microscopy was then utilised to identify any differences at a superior
level of resolution. In segmented schizonts, there were no notable differences between
control and mutant Ddi1 parasites. Initially, an accumulation of putative haemoglobin-
containing vesicles was apparent in the RAP treated samples by TEM. However, using
3D microscopy, this finding was found to be due to an increase in the proportion of non-
segmented schizonts in the RAP treated sample. This work indicated that there was a
previously unappreciated defect in the final stages of schizont development. Egress
video microscopy supported the notion of a small delay since Ddi1-D262N parasites
were capable of egress, but a lower proportion of schizonts ruptured (26%) compared to
the DMSO control (44%) within the same timeframe. A possible egress defect is in
contrast to a detailed time course performed in Chapter 3, that showed the RNA and
DNA content of the Ddi1-KO culture matched that of the DMSO control throughout the
cycle, even surpassing the DMSO control slightly by the end of the cycle. It is possible
that any delay is subtle and potentially confined to the final stages of schizogony. The
DNA content provides information on DNA replication but not on the segmentation status
of parasites. That said, in the detailed time course, parasitaemia decreased at the same
rate in both cultures indicating that schizont rupture occurred roughly at the same time.
It is important to note that the egress experiment and detailed time course experiments
have been performed only once and as such any conclusions at this point are highly
speculative and more replicates of these experiments are required to draw firm
conclusions. Any delay in egress may be related to whether the parasites experience
any ‘stress’ throughout the cycle, which may vary depending on experimental setup. How
the use of the reversible PfPKG inhibitor, C2, impacts this potential defect must also be
determined. It would be expected that blocking egress with C2 would mask a subtle delay
by allowing Ddi1-deficient parasites to catch up with their DMSO counterpart. Other
experiments, including those where no C2 was used, showed no delay in the
development of schizonts or timing of egress, such as the time course in Chapter 3 and
the 0 h time point of the heat shock experiment (see section 5.9). It is a high priority to
characterise this subtle defect. Nonetheless, the predominant phenotype of Ddi1 loss

remains a defect in invasion.
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A DiCre-mediated conditional tagging strategy was taken to add either a single HA or
single myc tag to the C-terminus of the Ddi1 protein. This approach was successful, with
the addition of either tag detectable by western blot and IFA, and neither having a
deleterious effect. The generation of these lines confirmed that Ddi1 is present in the
cytoplasm of the parasite. Interestingly, Ddi1 presents with punctate localisation in
schizonts and multiple foci per merozoite. This localisation could represent an
association with vesicles, although a lack of antibodies to protein markers commonly
associated with vesicular trafficking in P. falciparum makes this hypothesis difficult to
investigate. Alternatively, it could represent an association with the proteasomes, which
have been found to have a largely punctate, cytoplasmic localisation (Aminake et al.,
2012).

The successful tagging of Ddi1 permitted the purification of the protein for the
identification of potential interacting partners, a key step in understanding more about
this protein. A number of proteins involved in the UPS, protein sorting and trafficking co-
purified with Ddi1-HA. For instance, a remarkable 11/19 proteins of the 19S RP, but none
of the core proteasomal subunits, were significantly enriched in the Ddi1-HA pull-down.
It is plausible that Ddi1 interacts with one member of the RP, but that the entire complex
is bought down by that interaction. It is likely such an interaction would be mediated by
the UBL domain of PfDdi1.

Three components involved in the ERAD translocation process, Cdc48, Sec61 and Npl4,
co-purified with Ddi1-HA. In yeast, UBL-UBA proteasomal shuttle proteins are proposed
to escort misfolded protein translocated from the ER to the proteasome. In contrast to
PfDdi1, ScDdi1 possesses a UBA which is thought to play a critical role in the shuttle
function. However, based on the pull-down results Ddi1 may be capable of interacting
with ubiquitin and the proteasome, although it cannot be excluded that Ddi1 itself is
ubiquitinated. Indeed, pull-down and proteomics of ubiquitinated proteins performed in
the Holder lab at the Francis Crick Institute demonstrate that Ddi1 is ubiquitinated in both
schizonts and merozoites (personal communication, Dr A. Holder, Francis Crick

Institute). This ubiquitination could have relevance for the stability or function of PfDdi1.
A number of proteins implicated in trafficking also co-purified with PfDdi1. Of particular

interest is the V-type H(+)-translocating pyrophosphatase (VP1) which in T. gondii was

found to be important for the maturation of micronemal and rhoptry proteins as well as
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the regulation of intracellular pH (Stasic et al., 2019). It is worth noting that many of these
proteins remain putative homologues and have not yet been investigated experimentally
in Plasmodium. A notable absentee from this pull-down experiment is the conserved
UBL-UBA protein Rad23. This protein has functions in nucleotide excision repair and as
a proteasomal shuttle factor in yeast (Dantuma et al., 2009) that dimerises with Ddi1
(Bertolaet et al., 2001b; Kang et al.,, 2006). It is worth noting that the pull-down
experiment was performed with a high concentration of detergent in the lysis buffer (1%
Triton X-100) to extract as much Ddi1 from the parasite pellet as possible, which may
have impacted certain interactions. This high level of detergent may have disrupted the
interactions of the proteasome CP and RP, possibly explaining why only RP proteins

were present in the pull-down.

For many proteins, further work is required to determine the functional significance of
these interactions. Based on the presence of three HSPs in the pull-down, a heat shock
experiment was performed on Ddi1-deficient parasites. This experiment revealed an
altered response to elevated temperatures in parasites dependent on Ddi1-D262N, with
delayed development and reduced parasitaemia resulting from 2-6 h incubation at 40°C.
Due to time constraints this experiment was performed once and more replicates are
required to draw firm conclusions. Nonetheless, this data supports a role for Ddi1 in the
response to elevated temperatures. Is the role of Ddi1 in the heat shock response the
activation of a transcriptional response or a more direct role i.e. escorting misfolded
proteins to the proteasome for degradation? Paired with the fact that three cytoplasmic
heat shock proteins, HSP40, HSP70 and HSP90, co-purified with Ddi1, these findings
suggest that Ddi1 may have a direct role in the response to raised temperatures
encountered in fever. Other stressors were investigated but loss of Ddi1 did not increase
the sensitivity of parasites to artemisinin, chloroquine, carfilzomib or hydroxyurea. It is
worth noting here that this experiment focuses on the sensitivity of parasites to the small
molecule inhibitors rather than the recovery from treatment. Treatment for a limited
amount of time may yet reveal stress recovery defects in Ddi1-deficient parasites.
However, the essentiality of Ddi1 makes stress recovery difficult to study. DMSO or RAP
treatment mid-way through the cycle to give a partial invasion defect and pulse-
treatments with inhibitors may reveal roles in the response to different forms of stress for
Ddi1. A wider range of stressors would also be interesting to investigate, including those
that lead to an unfolded protein response, altered pH and oxidative stress. If Ddi1 is

involved in responding to different forms of stress, Ddi1-KO or Ddi1 inhibition would be
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expected to have an even more enhanced growth defect in vivo compared to standard
in vitro culture conditions. The heightened sensitivity of Ddi1-deficient parasites to
temperatures experienced in febrile episodes is certainly relevant in the context of

malaria infection.

Evidence of involvement of PfDdi1 in the UPS comes from our collaboration with the
Svejstrup lab at the Francis Crick Institute. They have shown that truncation of PfDdi1
results in an accumulation of large ubiquitinated proteins, which is also the case for hDdi2
(Svejstrup lab, unpublished) and ScDdi1 (Saeki et al., 2002). Importantly, parasites that
are reliant on Ddi1-D262N also show an accumulation of these hyper-ubiquitinated
species. Furthermore, addition of recombinant PfDdi1 to human Ddi2-KO lysates
resulted in processing of these hyper-ubiquitinated proteins, while the same result
occurred with the addition of LmDdi1 to P. falciparum Ddi1-KO lysate. Overall, this work
demonstrates that both hDdi2 and PfDdi1 are important for the turnover of a subset of
ubiquitinated proteins and that the presence of the catalytic aspartate is necessary for
this function. Do these high molecular weight species represent large ubiquitinated
proteins or small proteins that are hyper-ubiquitinated? Is Ddi1 directly cleaving these
species and if so, does processing occur within ubiquitin or the ubiquitinated protein?
Does this finding relate to the invasion defect in Ddi1-null parasites? Pull-down and
identification of these hyper-ubiquitinated proteins may begin to provide answers to

these questions.

The successful expression of recombinant PfDdi1 showed that introduction of the D262N
mutation did not impact the secondary structure or dimerization of the protein. Other
experiments have been attempted with these proteins, including crystallisation and a
screen of fluorogenic peptides (Thomas et al., 2006) but neither proved successful (data
not shown). The inability to detect peptide cleavage is perhaps unsurprising since
numerous attempts to demonstrate activity of hDdi2 and ScDdi1 in vitro have not found
success (Siva et al., 2016; Trempe et al., 2016). It is possible that Ddi1 requires cofactors
or modification in order to be active. If so, the hyper-ubiquitination activity assay may
function because any required host factors are present. Large-scale purification of
tagged Ddi1 from parasites may be the best way to obtain the active form of the protein,

with any required cofactors.

In order to identify potential substrates of Ddi1 in P. falciparum, an N-terminomics

method was used. This approach identified peptides of invasins such as AMA1, EBA-
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175 and RH4 that were significantly more abundant in the DMSO control compared to
the Ddi1-D262N parasites. In addition, peptides of proteins that are trafficked through
the secretory pathway to the PV, PVM, erythrocyte cytosol, food vacuole and apicoplast
were significantly increased in the control sample, where the WT protease is present,
compared to parasites reliant on Ddi1-D262N. Based on the localisation of these
proteins, the cytoplasmic localisation of Ddi1 and the cleavage site location, it is unclear
whether any of these proteins represent direct Ddi1 substrates. Rather, they could
represent downstream effects of mutation of the Ddi1 catalytic residue. Until the potential
developmental delay of Ddi1-deficient parasites is characterised, it cannot be excluded
that a delay may have impacted these results. Alternative experimental approaches for
N-TAILS include using merozoite as opposed to schizont lysates or using recombinant
Ddi1 proteins on Ddi1-deficient lysates. The latter may prove effective since the putative

Ddi1 substrates would be more abundant.

The difference in abundance among proteins involved in chromatin remodelling, such as
histone H3 and ADA2, and the detection of peptides of proteins more commonly found
in other life cycle stages hint that there may be altered gene expression in Ddi1-D262N
parasites. It would therefore be interesting to study the transcripts of Ddi1-deficient

parasites alongside their DMSO counterpart.

To conclude, Ddi1 is a cytoplasmic protein with roles in invasion and cellular proteostasis
in P. falciparum. Its importance to the parasite and the possibility of targeting the putative
aspartyl protease activity of this protein make PfDdi1 a promising antimalarial target. The
results in this Chapter suggest that Ddi1 may have multiple functions and further
dissection of the Ddi1-deficiency phenotype and of Ddi1 binding partners and localisation

may reveal the functions of this protein and why it is so important for invasion.

5.13.2 Molecular function of Ddi1

Given the reported involvement of Ddi1 in the UPS, a general growth arrest was
anticipated when PfDdi1 was disrupted. Instead, Ddi1-deficient parasites exhibited a
very striking invasion defect but largely develop as control parasites throughout the
intraerythrocytic cycle. It is curious that loss of PfDdi1, which is cytosolic, leads to this

defect.

212



Chapter 5 Results I

How is Ddi1 so intimately involved in invasion? It is appealing to consider whether the
surprising diversity of peptides depleted in Ddi1-D262N parasites may be as a result of
mis-regulation of secretion. The high secretion phenotype that occurs in Ddi1-KO yeast
may be complemented with human and L. major Ddi1 protein (White et al., 2011b).
Furthermore, this negative regulation of secretion requires the catalytically intact Ddi1
protein (White et al., 2011a, 2011a). A different study highlighted the role of ScDdi1 in
the correct anterograde protein sorting of a vacuolar protease, in concert with Cdc48
(Kama et al., 2018). If indeed a mis-regulation of secretion existed, then not all of the
components required for invasion may be in their appropriate locations. However,
localisation studies of key merozoite markers were not notably changed by IFA. An
alternative explanation for the invasion defect may be based on the fithess of the
daughter merozoites. The invasive half-life of P. falciparum merozoites is a matter of
minutes (Boyle et al., 2010) therefore invasion must take place rapidly following egress.
If the Ddi1-deficient parasites were experiencing cellular stress, perhaps even
demonstrated by the accumulation of hyper-ubiquitinated proteins, then the fitness of

those merozoites may be compromised, leading to impaired invasion.

It is tempting based on the proteins that co-purified with Ddi1 to hypothesise a
proteasomal shuttle function role pathway for Ddi1. Perhaps the hyper-ubiquitinated
proteins that accumulate in the absence of Ddi1 are misfolded proteins that require Ddi1
to escort them to the proteasome. Furthermore, the heightened sensitivity of Ddi1-
deficient cells to heat shock may be as a result of a build-up of misfolded proteins.
However, given the lack of the C-terminal UBA domain it is not clear how a shuttle role
could be performed. It may be possible if the PfDdi1 UBL is capable of binding to both
the proteasome and ubiquitin as has been demonstrated for the UBL of ScDdi1 (Nowicka
et al., 2015). If Ddi1 was functioning as a proteasome shuttle it would be expected that
inhibition of the proteasome would have a synergistic effect with disruption of Ddi1, which
was not evident in dose responses with carfilzomib. It would also be worthwhile to
perform the heat shock experiments in the presence of proteasome inhibitors to identify

if there are additive effects.

In S. cerevisiae, Cdc48 and Ddi1 have a proteasome and ERAD-independent function
in the anterograde delivery of a protein (Cps1, carboxypeptidase), a role mediated
through the dismantling of insoluble assemblies of the protein (Kama et al., 2018). This

function requires ubiquitination of the substrate for Ddi1 binding. Perhaps the
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accumulation of hyper-ubiquitinated proteins occurs as a result of incorrect protein
sorting. It is interesting to consider how ubiquitin may play a role in potential secretion
and sorting functions. For instance, K33 and K63 linkages have been reported to act as
secretory or endocytic sorting signals for membrane proteins (Akutsu et al., 2016;
Komander and Rape, 2012; Swatek and Komander, 2016; Yuan et al., 2014).

This protein likely has multiple roles in P. falciparum, but the proteolytic activity is clearly
important. The RVP domain of Ddi1 proteins is reminiscent of HIV-1 protease. There is
evidence from this study and others indicating that Ddi1 functions as a protease in vivo
(Gabriely et al., 2008; Koizumi et al., 2016; Lehrbach and Ruvkun, 2016; Morawe et al.,
2011; Serbyn et al., 2019; Svoboda et al., 2019) and can thus be targeted by inhibitors,
although no endogenous substrates have been confirmed, and evidence of inhibition is

inconsistent.

Recombinant L. major Ddi1 was shown to have activity in an HIV-1 protease assay and
to be inhibited by nelfinavir. However, this assay was not found to be reproducible by
two independent laboratories (personal communication, Dr D. Powell, GSK and Dr J.
Konvalinka, Institute of Organic Chemistry and Biochemistry Prague). Weak binding of
saquinivir and nelfinavir by LmDdi1 was detected by interferometry (Kumar and Suguna,
2018). Recombinant ScDdi1 and hDdi2 were found to have no activity in proteome-
derived peptide libraries or with a number of HIV-1 protease substrates while isothermal
calorimetry experiments found no binding by HIV-1 Pls (Siva et al., 2016; Trempe et al.,
2016). Conversely, complementation of the high secretion phenotype of the ScDdi1-KO
with ScDdi1, LmDdi1 and hDdi1 was inhibited by certain HIV-1 Pls in the micromolar
range (White et al., 2011b).

Why have attempts to identify substrates and detect proteolytic activity or binding of
inhibitors largely failed? One possibility is that a cofactor or modification of the protein,
such a ubiquitination, is required for activity. Additionally, Ddi1 may operate through an
induced fit mechanism. In HIV-1 protease and other aspartic proteases, the flexible flaps
are important for substrate and inhibitor binding, which lead to wider conformational
changes in the protein (Mahanti et al., 2016) It is considered likely that the Ddi1 flaps
have even greater mobility than those of HIV-1 protease (Kumar and Suguna, 2018).
Modelling of LmDdi1 suggests that the flaps may close over the active site, reducing the

cavity size and locking the substrate into place (Kumar and Suguna, 2018). It has been
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suggested that Ddi1 may require its substrate to be ubiquitinated in order to cleave it
(Sha and Goldberg, 2016). If Ddi1 is indeed a ubiquitin-dependent protease, perhaps
ubiquitin-binding provides a change in conformation that allows access of the substrate
into the active site. Ddi1 also has a larger substrate binding cavity than HIV-1 protease
(Kumar and Suguna, 2018; Sirkis et al., 2006; Siva et al., 2016; Trempe et al., 2016), so

the substrate specificity may be quite different between the two enzymes.

How then to study Ddi1 mechanistically, if it possesses an unusual proteolytic activity?
It would further be informative to perform pull-down with different domains (e.g. UBL,
RVP) and test any hits with in vitro binding assays using the same recombinant domains.
It is possible that pull-down of Ddi1-D262N or RVP-D262N may purify substrates locked
into the active site. Proteomic identification of the hyper-ubiquitinated proteins may also
reveal substrates, although based on personal communication from the Svejstrup lab
(Francis Crick Institute), this is not straightforward due to the low overall abundance of
the hyper-ubiquitinated proteins and the high proportion of ubiquitin. Perhaps, Ddi1 is a
specialised deubiquitinating enzyme, in which case, detecting the cleavage product by
mass spectrometry may be technically difficult, possibly explaining the lack of likely
substrates for PfDdi1 by N-TAILS. It would further be interesting to identify whether the
hyper-ubiquitinated proteins are enriched for certain ubiquitin linkages through
immunohistochemistry or mass spectrometry approaches. More mechanistic information
on this protein may come from work in human cells. Thus far, the highest confidence
substrate candidate for any Ddi1 protein is the animal proteasome transcription factor
Nrf1 (Koizumi et al., 2016; Lehrbach and Ruvkun, 2016). Potentially, by pull-down of this
protein and pull-down of hDdi2 from human cell lysates, activity may be detectable in

vitro.

Ultimately, Ddi1 is likely an unusual protease with multiple functions in P. falciparum.
Determining more conclusively the functions of this protein requires a detailed dissection
of how the UBL and RVP operate and further characterisation of the hyper-ubiquitinated

proteins that accumulate in its absence.

5.13.3 Validation of Ddi1 as an antimalarial target

The essentiality of PfDdi1 and the importance of its proteolytic activity, as determined in
this thesis, provides an initial validation of PfDdi1 as an antimalarial target. According to
PlasmoGEM, Ddi1 is “likely essential” in P. berghei (Bushell et al., 2017; Schwach et al.,
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2015), which means this protein may be required for parasite propagation in other more
distantly related human infective species, such as P. vivax. It is possible that given a
potential role of PfDdi1 in cellular stress, its inhibition could have synergistic effects with
the inhibition of other antimalarial targets. Interestingly, there is also interest in targeting
hDdi2 in cancer. Ddi2 is important for the proteasome ‘bounce-back’ response (Koizumi
et al., 2016). Therefore, targeting Ddi2 may improve the efficacy of proteasome inhibitors
used in the treatment for certain cancers. Inhibition of Ddi2 would also lead to an
impaired response to replication stress (Kottemann et al., 2018), which is considered
more likely to occur in cancer cells. Furthermore, it has recently been found that a
microRNA, which inhibits the tumorigenesis of colorectal cancer (Saini et al., 2014),
downregulates ddi2 expression (Lei et al., 2019). Thus, overexpression of Ddi2 is

associated with prostate cancer.

The main challenge to protease drug discovery is achieving target specificity as
proteases of the same families have conserved mechanism of actions. The RVP domain
is rare and may mean that Ddi1 can be targeted over other aspartyl proteases. If indeed,
as discussed, Ddi1 has ubiquitin dependent activity then this novel mechanism may

make it possible to target Ddi1 in a highly specific manner.

Would it be possible to specifically target PfDdi1 over hDdi1/2? Complementation
experiments performed in the yeast Ddi1-KO with human, L. major and S. cerevisiae
Ddi1 suggest there may be room to target Ddi1 protein from different eukaryotes
specifically (White et al., 2011b). HIV-1 Pls appeared to cause different degrees of
inhibition against the different Ddi1 proteins, as determined by the level of protein
secreted into the media. Despite being conserved in eukaryotes, Ddi1 can be deleted in
yeast (Gabriely et al., 2008; White et al., 2011a) and human cell lines ((Koizumi et al.,
2016; Kottemann et al., 2018) or in C. elegans (Lehrbach and Ruvkun, 2016) but not in
Drosophila melanogaster (Morawe et al., 2011). Although it is not yet understood what
effect loss of Ddi1 has on a whole mammal level, given the fact that treatment of malaria
is performed in a short time frame, it may mean that PfDdi1 could be targeted without

significant toxicity even if PfDdi1 inhibitors did cross react with hDdi2.
It is desirable that future antimalarials are capable of targeting the liver stages and

gametocyte stages, in addition to the blood stages, for greater protection and to inhibit

transmission (Burrows et al., 2017). The importance of Ddi1 throughout the Plasmodium
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life cycle could be addressed in different ways. P. berghei is the traditional model of
choice for dissecting gene function throughout the entire life cycle, with conditional
systems, including DiCre, now implemented (de Koning-Ward et al., 2015). Ddi1 has
previously been studied in the sexual stages of P. berghei (personal communication, Dr
K. Koussis, Francis Crick Institute). These experiments were achieved by replacing the
endogenous Ddi1 promoter region with a blood stage specific promoter (Laurentino et
al.,, 2011). When these parasites were progressed through the cycle, Ddi1 was
downregulated which resulted in reduced exflagellation and oocyst numbers. An issue
with the P. falciparum 3D7 lab-strain and its derivatives is that parasites cannot undergo
gamete formation or infect mosquitoes. However, DiCre has now been implemented in
a line of P. falciparum, NF54, which is capable of progressing through gametocyte and
gamete development in vitro (Tiburcio et al., in press). Furthermore, following cKOs
generated in this line through Anopheles gambiae mosquitoes and in human
hepatocytes has successfully been trialled in a joint endeavour by the Treeck (The
Francis Crick Institute) and Sauerwein (Radboud University, Nijmegen) labs. In addition,
these DiCre-expressing NF54 parasites could further be studied in humanised mouse
models (Siu and Ploss, 2015).

Strong validation of PfDdi1 will require studies with selective inhibitors, but the lack of a
high throughput assay complicates identification of such compounds. One option is to
perform phenotypic screening in the Ddi1 cKO line, followed by validation in the hype-
ubiquitinated protein assay. Furthermore, an important future consideration will be
determining the specificity of any inhibitors with regards to other aspartyl proteases of P.
falciparum, the plasmepsins. For instance, plasmepsins IX and X are both important for

invasion (Nasamu et al., 2017; Pino et al., 2017).

Certainly, Ddi1 is worthy of further scrutiny as an antimalarial target. It is likely that only
through further study of the biology of Ddi1 in vivo can the mechanisms of activity and

inhibition be elucidated in order to progress Ddi1 as a drug target.

5.13.4 Does Ddi1 have a conserved function in eukaryotes?

What is the reason for the conservation of this protein? While the presence or absence
of UBL or UBA domains varies between different eukaryotes, the RVP domain remains
well conserved with a catalytically active D[S/T]G motif. A wealth of experimental data

supports the notion that Ddi1 is a protease in lower and higher eukaryotes, through
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impaired functions when the catalytic aspartate has been swapped for asparagine or
alanine. Over the years, Ddi1 has been proposed to have different roles as a shuttle
factor, shield of ubiquitin elongation, protein sorting and deubiquitinase. A particularly
interesting concept is that Ddi1 could be a ubiquitin directed protease. Despite the fact
that UBL and UBA domains are not always conserved, it appears interactions with
ubiquitin and the proteasome occur in divergent eukaryotes. In particular, the interaction
and putative processing of hyper-ubiquitinated proteins by Ddi1 proteins described in
this study represents an intriguing and apparently conserved biochemical function.
Another recurring partner for Ddi1 proteins is Cdc48 (known as p97/VCP), a conserved,
essential protein with wide-ranging functions (Baek et al., 2013, p. 48), such as protein
degradation, trafficking, apoptosis, cell cycle regulation, gene expression, DNA

replication and DNA damage response.

The work presented in this thesis provides the framework for further investigations into
the function of the Ddi1 protein in P. falciparum, which is crucial for further validation of
this potential antimalarial target. In addition, given the comparative simplicity of P.
falciparum compared to human cell systems, and the profound phenotype upon loss of
Ddi1, the cell lines produced for this work could be used to understand more about the
basic biology of Ddi1 proteins. Many questions remain for this understudied protein.
What are the substrates of Ddi1? How is Ddi1 activity regulated and how can this activity
be replicated in vitro? Therefore, future study of this protein in P. falciparum would not
only illuminate the function of this protein in Plasmodium spp., but would likely provide
insight into what the conserved functions of this protein are and why this protein is so

well conserved in eukaryotes.
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Chapter 6. Concluding remarks

Despite the publication of the P. falciparum genome in 2002, this genome remains poorly
understood with an estimated 33% of genes currently annotated as hypothetical proteins
(Bbhme et al.,, 2019). With the introduction of new tools for the conditional
characterisation of novel genes and pathways, there is optimism for the identification of
potential novel antimalarial targets by reverse genetics. This thesis focused on unstudied
Plasmodium putative proteases belonging to families of validated drug targets in other
pathologies. Three proteins of the S9 family (S9A, S9B, S9C), to which the diabetes
target DPP4 also belongs, and one protein (Ddi1), with similarity to HIV-1 protease, were
investigated. The goals of this project were threefold: 1, to determine essentiality of
putative proteases; 2, to investigate the phenotypes of any important proteins; and 3, to

validate their potential as antimalarial targets.

The core genetic strategies used in this thesis would simply not have been possible at
the start of this decade. This project has benefitted immeasurably from recent
contributions to malaria experimental genetics to generate cKO of genes in P.
falciparum. The combination of DiCre, loxPint and SLI worked to great effect to determine
the essentiality of four genes, with the two that bore a phenotype upon their loss selected
for further study. Subsequently, the cKO approaches were modified to demonstrate the
importance of S9C and Ddi1 putative proteolytic activities using an elegant allelic
replacement approach. This strategy represents an excellent way to ‘rescue’ KO of an
essential gene with WT or mutant alleles. The approaches used in this study may be
ideal for those seeking to perform screening studies in P. falciparum, and could form the

basis for implementing these approaches in different organisms.

Further interrogation of S9C and Ddi1 lines identified the phenotypes associated with
loss or mutation of these proteins. Loss of functional S9C resulted in a growth delay that
becomes evident in the cycle following treatment, likely due to its activity in merozoites.
Closer inspection of a ring-stage morphological defect revealed that the double
membranes of the PPM and PVM are not distinct. Little is known about PVM biogenesis,
but it is thought to comprise both RBC lipids and parasite-derived lipids, with the rhoptries
being the most likely source of the latter (Sherling and van Ooij, 2016). The apical, likely
rhoptry-specific, localisation of S9C-HA in late schizonts and merozoites paired with the

S9C-deficiency phenotype hints at a role in processing rhoptry/membrane-associated
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molecules during merozoite stage, or immediately after invasion, that are important in
early intracellular growth. S9C is an atypical member of the S9 family, with both an
unusual domain structure and catalytic motif. It may therefore represent a new subclass
of the S9 family. Alternatively, it might belong to a different class of protease or even a
different enzyme family. While S9C does not represent an antimalarial target,
understanding more on the biology of early intracellular stages and PV maintenance or

function is relevant for Plasmodium, and perhaps other apicomplexans.

In contrast to S9C, the homodimer forming aspartyl protease Ddi1 is essential in P.
falciparum. Additionally, Ddi1 is essential in the mouse model P. berghei (Bushell et al.,
2017), suggesting that Ddi1 may be essential across Plasmodium species. The
importance of the proteolytic activity and the possibility of targeting the putative aspartyl
protease activity of this protein make PfDdi1 a promising antimalarial target. However,
at this time there is no suitable in vitro activity assay to screen inhibitors, complicating
the further validation of Ddi1 as a chemically viable antimalarial target. Loss of Ddi1
results in a predominant invasion defect and there is also evidence of roles in cellular
proteostasis. Of particular interest is the accumulation of hyper-ubiquitinated proteins
that occurs upon loss of Ddi1. Based on the finding that adding recombinant Ddi1 to
these hyper-ubiquitinated proteins results in their processing, they could represent the
substrates of Ddi1. Furthermore, this unusual biochemical function appears to be
conserved in divergent eukaryotes, including P. falciparum, humans, Leishmania, and
S. cerevisiae (Saeki, 2017).

Studying this protein for the first time has uncovered entirely new aspects of parasite
biology. The relative simplicity of P. falciparum compared to human cells combined with
the conditional tools generated over the course of this study may make this system a
tractable model for dissecting the functions of this mysterious protein. The mechanistic
function of Ddi1 is not only of relevance in the pursuit of drug target validation, but may
uncover new pathways in Plasmodium and provide a model with which to understand

this protein in eukaryotes.

220



Chapter 7 Appendix

Chapter 7. Appendix

7.1 Constructs for transfection
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7.2 Constructs for recombinant protein expression
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7.3 The parasitaemia, DNA content and RNA content of the
parental 1G5 line, the S9A cKO and the S9B cKO
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No notable differences in parasitaemia, DNA content or RNA content was seen between
DMSO or RAP treated 1G5, S9C_cKO (clone D7) or S9B (clone D9). See section 2.2.2.4

for methods.
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7.4 Phylogeny of S9C

Protein bem46, putative [Perkinsus marinus ATCC 50983] XP_002787480.1
alpha/beta hydrolase, putative [Toxoplasma gondii ME49] XP_002365351.1
hypothetical protein NCLIV_025340 [Neospora caninum Liverpool] XP_003882778.1
putative alpha/beta hydrolase [Besnoitia besnoiti] XP_029221841.1
Alpha/beta hydrolase domain-containing protein 17B [Babesia microti strain RI] XP_012650025.1
=] conserved hypothetical protein [Theileria equi strain WA] XP_004832342.1
Abhydrolase domain-containing protein [Babesia bigemina] XP_012768233.1
alpha/beta hydrolase, putative [Plasmodium berghei ANKA] XP_673761.2
2 alpha/beta hydrolase, putative [Plasmodium yoelii] XP_730329.1
hypothetical protein YYE_03176 [Plasmodium vinckei vinckei] XP_008625049.1
alpha/beta hydrolase, putative [Plasmodium chabaudi chabaudi] XP_738803.2
2 alpha/beta hydrolase, putative [Plasmodium malariae] XP_028859358.1
alpha/beta hydrolase [Plasmodium gonderi] XP_028541806.1
hypothetical protein AK88_02005 [Plasmodium fragile] XP_012335063.1
C ] alpha/beta hydrolase, putative [Plasmodium knowlesi strain H] XP_002260997.1
Alpha/beta hydrolase [Plasmodium coatneyi] XP_019912925.1
hypothetical protein C922_04786 [Plasmodium inui San Antonio 1] XP_008818587.1
o alpha/beta hydrolase [Plasmodium cynomolgi strain B] XP_004220833.1
alpha/beta hydrolase, putative [Plasmodium relictum] XP_028531535.1
alpha/beta hydrolase, putative [Plasmodium gallinaceum] XP_028530906.1
L alpha/beta hydrolase, putative [Plasmodium sp. gorilla clade G2] XP_028536675.1
putative alpha/beta hydrolase [Plasmodium gaboni] XP_018643265.1
alpha/beta hydrolase, putative [Plasmodium reichenowi] XP_019970766.1

| 0.2 | o .:-.39C Query_138011

alpha/beta hydrolase, putative [Plasmodium falciparum 3D7] XP_024328885.1

S9C Basic Local Alignment Search Tool Tree View. BLASTp was performed on the full-
length S9C protein sequence using the reference protein database (Refseq_protein) and
the results with a maximum sequence difference of 0.6 were displayed in a phylogenetic
tree (Altschul et al.,, 1990) (https://blast.ncbi.nim.nih.gov/Blast.cgi, Accessed
19/08/2019). The green labels signify Apicomplexa, while the brown label indicates
Eukaryota. The yellow highlighted text is the query.
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7.5 Syntenic Plasmodium homologues of S9C have a glycine
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7.6 Purification of FLAG-Ddi1

The 4-step purification of FLAG-Ddi1 monitored by Coomassie stained SDS-PAGE gels.
A) Purification of His-SUMO-FLAG-Ddi1 using HisTrap columns and imidazole elution.
His-SUMO-FLAG Ddi1 was expressed in E.coli overnight at 18°C following induction with
IPTG. Bacteria were lysed, a sample taken (whole lysate) before centrifugation and
filtering to obtain the soluble fraction (flitered lysate) which was applied to 2 x HisTrap
columns. A sample of the lysate that passed through the column was retained (flow
through) as was a sample when the column was washed (wash). The bound protein was
eluted with an increasing gradient of imidazole and the fractions E4 to E8 are shown

232



Chapter 7 Appendix

which were pooled together. Black arrowheads indicate His-SUMO-FLAG-Ddi1. B)
Cleavage of the His-SUMO tags from FLAG-Ddi1 by the SUMO protease Ulp1. The
HisTrap pool was concentrated and incubated with Ulp1 protease overnight at 4°C to
release FLAG-Ddi1, which is indicated with white arrowheads. C) Size exclusion
chromatography (SEC) of FLAG-Ddi1. Fractions C10-D8 were pooled. D) Anion
exchange chromatography of FLAG-Ddi1. The SEC pool was concentrated (Input) and
applied to a Resource Q column samples of the unbound material (Flow through) and
wash (Wash) retained. Bound protein was eluted in increasing concentrations of NaCl.
The fractions A8 and A9 were pooled for use in activity assays. The protein markers are
indicated in kDa. The predicted molecular weights of (reduced) His-SUMO-FLAG-Ddi1
and FLAG-Ddi1 are 58289.05 and 44891.07, respectively. See section 2.2.8.4-2.2.85 for
methods.
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7.7 Purification of FLAG-Ddi1P22N

A B
‘59'@
88

&

i
A & g
R R R R

250

148

a8

64

36

°°i°f{ &

I° P AR R TR s

Fo e @ Sl P e @

kDa
250
148
98
64

4 50

36

The 4-step purification of FLAG-Ddi1°262N monitored by Coomassie stained SDS-PAGE
gels. A) Purification of His-SUMO-FLAG-Ddi1°?%?N using HisTrap columns and imidazole
elution. SUMO-FLAG-Ddi1P?*N was expressed in E.coli overnight at 18°C following
induction with IPTG. Bacteria were lysed, a sample taken (whole lysate) before
centrifugation and filtering to obtain the soluble fraction (flitered lysate) which was
applied to 2 x HisTrap columns. A sample of the lysate that passed through the column
was retained (flow through) as were samples when the column was washed (wash 1 and
wash 2). The bound protein was eluted with an increasing gradient of imidazole and
elution fractions are shown with C4-C11 pooled together. Black arrowheads indicate His-
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SUMO-FLAG-Ddi1°%2N B) Cleavage of the His-SUMO tags from FLAG-Ddi1°%%?N by the
SUMO protease Ulp1. The HisTrap pool was incubated with Ulp1 protease overnight at
4°C to release FLAG-Ddi1°%?N which is indicated with white arrowheads. C) Anion
exchange chromatography of FLAG-Ddi1°?*?N, Following SUMO cleavage of the HisTrap
pool (His pool cleaved), the protein was applied to a Resource Q column and samples
of the flow through (FT) and washes (Wash) were retained. The bound protein was eluted
with an increasing gradient of NaCl. Fractions C3-C5 were pooled. D) Size exclusion
chromatography of FLAG-Ddi1°?%?N, The anion exchange pool (Input) underwent size
exclusion chromatography with the elution fractions C8-D7 pooled. The protein markers
are indicated in kDa. The predicted molecular weights of (reduced) His-SUMO-FLAG-
Ddi1 and FLAG-Ddi is 58288.06 and 44890.09, respectively. See section 2.2.8.4-2.2.85
for methods.
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