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Abstract

Plasmodium, the causative agent of malaria, has a complex life cycle requiring a
mammalian host and a mosquito vector. Its cyclic infection of red blood cells
gives rise to the characteristic fevers and resulting anaemia associated with the
disease. Many drug intervention strategies target this, the asexual blood cycle.
Little is known about the underlying processes governing the differentiation from
this cycle to the sexual stage, the gametocyte, which is uniquely able to

transmit through the mosquito to new hosts.

In this work we have developed a novel conditional system to build on existing
knowledge about the trigger for sexual commitment ( ap2-g) to control and
expand commitment to gametocytogenesis in the rodent malaria model,
Plasmodium berghei. We have characterised the effect of controlling and
increasing expression of this initiating transcription factor on asexual and
gametocyte development in an effort to obtain an over representation of

biologically relevant gametocytes.

Using this novel system we initiated an untargeted transcriptomics study to
uncover novel factors involved in the process of commitment and other
gametocyte specific roles such as gender assignation, sex specific components
and overall gametocyte development. From the pilot data obtained fro m this
transcriptomics we identified and screened 40 candidates potentially specifically
involved in gametocyte biology. Five of these candidates have been investigated
further to uncover novel roles in the early stages of commitment or development
(2 gametocyte non -producers), male specific development (1 male non -producer
and 1 which seems to effect development) and potentially female specific

development (1 in vivo female non-producer).

Using the data generated in this study we hope further work can be completed
to characterise many aspects of commitment to gametocytogenesis and the

processes involved in downstream events required for successful transmission.
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Chapter 1 Introduction 1

Chapterl I ntroducti on

1.1 Mal ar i a

| t i s estimated that around half t he wor

risk of contracting human malaria ( Figure 1.1 (WHO, 2014). Reported cases of
malaria in 2015, caused by one of the five species known to infect humans, wa s

215 million resulting in almost half a million deaths (WHO, 2015.
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Figure 1.1 Global malaria distribution

Confirmed malaria cases per 1000 across the globe (WHO, 2014).

The majority of deaths in 2015 occurred in the WHO African Region (90%),
followed by the WHO South-East Asia Region (7%) and the WHO Eastern
Mediterranean Region (2%). Approximately 70% of all deaths were children under
the age of 5 years; however malaria was no longer the leading cause of death
among children in Sub-Saharan Africa, moving to the fourth biggest killer
accounting for around 10% of deaths. The leading cause of death in children
under 5 years old in Africa is acute respiratory tract infections such as
pneumonia (WHO, 2015 WHO, 201§.

The number of reported cases of malaria a nd therefore attributed deaths is
considered a vast underestimate due to reliance on passive detection and
national reporting for disease estimates (Snow et al. , 2005). Furthermore, the
actual burden of malaria is underappreciated w hen considering the vast swathes

of the globe exhibiting resistance to drug treatments. This includes both the
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economic cost to the elimination programs and public health (Talisuna et al. ,
2004). In Senegal the incidents of malaria -specific mortality increased 2 & 11-fold
in children under 5 years old in association with chloroquine (CQ) resistance. The
economic cost of resistance is further exacerbated as the most heavily affected
regions are also the poorest. An adult course of CQ treatment is around 20 cents
whereas alternatives, after emergence of resistance, range from more than $2
(10-fold increase) to $80 (400 -fold increase) per treatment. In terms of control
programs this shift ma kes the majority of strategies unfeasible (Talisuna et al.
2004).

Current front -line treatments utilise Artemesinin Combination Therapies (ACTS)
and treatments of malaria cases in Afri ca with these compounds has risen from
< 1% (2005) to up to 22% (2014). As a treatment ACTs are highly successful and
have been shown to reduce malaria mortality in children under 5 years by
97%- 99%. However, as of 2015 artemesinin resistance has beenreported in five
countries in the Greater Mekong subre gi on ( Ca mb o di agemotraio
Republic, Myanmar, Thailand and Vietnam). This resistance is attributed to a
delay in parasite clearance. Although this delay currently does not prevent
parasite clearance it increases the proportion of parasites killed by the partner
drug and may increase the likelihood of resistance developing. Furthermore, ACT
are the sole treatment for severe malaria, due to the fast action of the
artemisinin compounds, if this activity is no longer active then more severe
malaria cases will result in mortality (WHO, 2014 WHO, 2015



Figure 1.2 Distributions of Plasmodium falciparum (A) and Plasmodium vivax (B)

Global endemic distributions of Plasmodium falciparum (A) and Plasmodium vivax (B) mapped by
www.map.ox.ac.uk (Autino et al., 2012; Bhatt et al., 2015).

While Plasmodium falciparum is the most deadly human infective species,
Plasmodium vivax is now regarded as a contributor to disease burden and
mortality (Mendis et al. , 2001). The distribution of these two species overlaps

considerably (Figure 1.2).

12The LifekRlyasmoadifum spp.

The lifecycle of all Plasmodium spp. is complex, requiring a mammalian host and

an insect vector ( Figure 1.3 (MALWEST, 201g. During blood feeding by a female
Anopheles mosquito, sporozoites are depo
these sporozoites make their way to th
multiple hepatocytes before invading and replicating forming a hepatic schiz  ont.

The merozoites formed in the hepatic schizont emerge in merosomes and enter

the blood stream. In the blood stream merozoites invade red blood cells and

mature through the trophozoite and begin replicating in a schizont. After


http://www.map.ox.ac.uk/

maturation the schizont r uptures releasing merozoites that invade new red blood
cells. This forms the asexual cycle responsible for increasing parasitaemia and
the symptoms of malaria. A proportion of merozoites in each cycle however do
not go on to replicate but differentiate int o the sexual forms, gametocytes.
Mature gametocytes circulate in the blood and are taken up during the blood
meal of Anopheles mosquitoes. Once in the midgut of the mosquito the male
gametes exflagellate and the female gametes activate. Fertilisation of th e
female by the male forms a zygote which matures into an ookinete that can
traverse the midgut of the mosquito and form an oocyst in which thousands of
sporozoites develop and mature. After the oocyst ruptures the sporozoites
migrate to the salivary gland of the mosquito where they can be deposited into a
new host (Menard, 2005).

Vector Stages Host Stages
Hepatic cell

Sporozoites /1 ,
(to salivary gland) T e \\
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&3 schizont
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Oocyst Lo / M .
W ‘ I\ Merozoites —. %'
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Figure 1.3 Lifecycle of Plasmodium spp (adapted from (MALWEST, 2016)).



l121Parasite transmission to the

Initial deposition of Plasmodium into t he host occurs when a blood meal is taken
by a female anopheles mosquito. In experimental conditions it was estimated
around 100 sporozoites are deposited by one mosquito, however in nature bites
were estimated to deliver fewer than 50 P. falciparum sporozoites per bite
(Sidjanski & Vanderberg, 1997). Based on studied in P. berghei, the sporozoites
are deposited in the extracellular matrix of the skin where around 50% move, by
gliding motility, from the bite site to vessels in the skin ~ (Amino et al. , 2006).
When the sporozoites encounter a vessel they invaded the blood or lymphatic
vessel (Amino et al., 2006; Menard et al., 2013). Sporozoites that enter
lymphatic vessels are drained to the proximal lymph node where most are
degraded but some partially develop into pre -erythrocytic st ages (Amino et al. ,
2006). Approximately 70% of the sporozoites that left the bite site invaded blood

vessels and continued their journey to the liver (Amino et al. , 2006).

1.22Pr-eryt hrocytic devel opment

Sporozoites that successfully enter the blood stream reach the liver where they
cross the lining of the live r, the sinusoidal barrier, by traversing through Kuppfer
cells (in approximately 70% of cases) or endothelial cells (approximately 30% of
cases). Often the sporozoites interact with multiple cells of the two types before
traversal (Tavares et al. , 2013). Sporozoites, now in the liver often traverse
through multiple hepatocytes before invading and establishing themselves within
a parasitophorous vacuole in the final hepatocyte. Two mechanisms by which
cell traversal can occur have been demonstrated. First ly, parasites were shown
to breach the cell membrane of the hepatocyte and glide through the cytoplasm
emerging from the hepatocyte by breaching another membrane (Mota et al. ,
2001). Secondly, parasites invaded the hepatocyte by the formation of a
transient vacuole which does not require discharge of secretory organelles (for
details see section 1.3.1), called rhoptries, which are associated with the
formation of a moving junction. This invading parasite did not pass through a
moving junction formed between the parasite and t he host cell in this process
but relied upon vigorous motility (RiscoCastillo et al. , 2015). After hepatocyte
migration, the sporozoite invades a hepatocyte forming a parasitophorous

vacuole. Invasion in this way discharges the parasites secretory organelles and
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always forms a parasitophorous vacuole, in which the paras ite resides. This
vacuole is composed of parasite derived material and host cell membrane (Mota
et al. , 2001; Prudencio et al. , 2006). The sporozoite now undergoes rounds of
DNA replication and in P. berghei within 2 & 3 days begins the process of
merozoite release into the blood stream. This process is achieved by the delivery
of membrane bound vesicles, called merosomes, filled with merozoites. This
process is thought to improve parasite delivery and surviva | rates. Merozoites
directly released into the liver sinusoids would be recognised and potentially
phagocytosed by the Kuppfer cells. After replication, hepatocytes infected with
merozoite -filled schizonts were shown to give off signals pertaining to cell -death

which would ultimately lead to their clearance (Sturm et al. , 2006).

1.23The asexual <cycl e

Once in the bloodstream, merozoites rapidly invade erythrocytes. In infections
with the rodent malaria, P. berghei, merozoites show a strong preference for
the invasion of young erythrocytes called reticulocytes (Janseet al. , 1989a). The
invasion process in P. falciparum is made up of three distinct phases,
preinvasion, active invasion and echinocytosis and takes less than two minutes.
The first two of these phases are conserved across Plasmodium species. Initial
contact results in low -affinity interactions with the red blood cell and often
significant deformation of the surface to achieve reorientation of the apical end
of the merozoites (for details see section 1.3.1). lrreversible attachment marks
the beginning of active invasion and occurs by the formation of the tight
junction. This junction comprises parasite proteins that tightly interact with
blood cell proteins forming a ring through which the parasite invades. Invasion
through this tight junction, where the merozoites penetrates the red blood cell
membrane, results in the parasite encasing itself in a parasitophorous vacuole
where it resides and develops. After entering the red blood cell the volume of
the cell reduces and then recovers its usual biconcave shape (Gilson & Crabb,
2009). Inside the red blood cell the parasite begins to consume the haemoglobin
and grow within the vacuole maturing to a trophozoite. The digestion of the

cells haemoglobin and subsequent detoxification of haem results in the
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formation of h emozoin granules. This process of haemoglobin digest and

detoxification is the target for many anti -malarials (Bakar et al. , 2010).

In P. berghei approximately 16 hours post invasion (hpi) of the red blood cell,
the trophozoite is mature and schizogony begins. Firstly, the trophozoite begins
replicating its DNA and undergoes nuclear divisions. The last round of this
mitosis is synchronous and at the same time as this final replication is ongoing,
daughter cell buds begin to form at the periph ery of the parasite (Absalonetal.,
2016, Francia & Striepen, 2014). Schizogony is completed approximately 24
hours post merozoite invasion and results in the formation of 8 & 24 daughter
cells. It is uncommon for schizonts to be found in the peripheral blood as the
stage sequesters in the spleen, lungs and adipose tissue of the rodent host
(Franke-Fayard et al. , 2005). In all species of malaria, m ature budded daughter
merozoites egress from the red blood cell in a two -step process. Firstly, the
parasitophorous vacuole membrane, in which replication has occurred, ruptures
releasing the merozoites into the cytosol of the host cell. Then the red blood
cell membrane ruptures releasing the merozoites into the blood stream to go on
and invade new reticulocytes (Blackman & Carruthers, 2013; Daset al. , 2015).
This process of invasion, growth, replication and release continues in a cyclic

manner termed the asexual blood cycle and increases parasitaemia in the host.

1.24Sexual di fferentiation and gamet

While proliferation within the host is achieved by the asexual cycle, transmission
to new hosts requir es terminal differentiation to a sexually dimorphic cell.
Within each asexual cycle a proportion of the parasites differentiate into
gametocytes. In the rodent species P. berghei 5 8 15% of the parasites develop
into sexually distinct cells, gametocytes. P. berghei gametocytes have been
estimated to be mature from approximately 26 hours post merozoite invasion (25

0 33hpi) demonstrated by the onset of exflagellation of male gametocytes. In P.
falciparum gametocyte maturation is a lengthier process taking 10 6 12 days to
reach maturity (see section 1.3.2 and Figure 1.5 (Josling & Llinas, 2015)). In P.
berghei gametocytes are indistinguishable from asexual parasites until 20hpi
when they become recognisable from the schizont stages. However,
morphological gender identification is not reliable until gametocytes are

apparently mat ure at around 26hpi ( see section 1.3.2 and Figure 1.6 (Mons et



al., 1985)). Mature gametocytes are morphologically distinguishable from
asexual parasites by their encompassment of the entire red blood cell, the
presence of a single, large nucleus and pigmentation (Figure 1.6). It is notable
that not only do gametocytes develop from within the asexual proliferative cycle
but also directly from the pre -erythrocytic stages in the liver showing that
transmission is possible from the onset of blood stage infection (Suhrbier et al. ,
1987).

Two models of sexual differentiation have been proposed for P. falciparum . The
first proposes that immediately after invasion the early blood stage parasite is
uncommitted and retains the potential to become either a gametocyte or remain

in the asexual cycle. The second suggests that invading merozoites are pre-
committed to either the asexual cycle or commitment to differentiation into a
gametocyte. Work from several groups has led to the favouring of the second
model (Bruce et al., 1990; Carter & Miller, 1979). Bruce 1989, demonstrated
that after the seeding of single infected schizonts on monolayers of red blood
cells and the subsequent analysis of plagues generated from rupture and
invasion the majority of these plagues contained ei ther uniquely asexual
parasites or gametocytes. The presence of a few mixed plaques was attributed
to the presence of multiply infected red blood cells that had developed to
generate two schizonts, one producing only asexual parasites and the other
producing only gametocytes. This result led to the identification of late
schizogony as the stage of commitment where parasites make the decision to
commit to gametocytogenesis or to remain in the asexual proliferative stage.
Further study into this phenomenon wa s initially hampered by the inability to
fully mature P. falciparum gametocytes in monolayer culture which would allow
sexing of the individual cells. However, the ability to maintain ~ P. falciparum in
static culture to allow gametocyte maturation was devel oped and gender
identification in individual plaques of gametocytes became possible. In all
unique gametocyte plaques it was found that the gametocytes either stained
with a male specific or a female specific gametocyte markers, a cohort of
gametocytes that contained both male and female gametocytes was not
identified. This added to the previous assignation of schizogony as the point of
commitment to gametocytogenesis as also the point of gender determination

(Silvestrini et al. , 2000). While this model has been widely adopted, an alternate
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model was proposed in P. berghei suggesting invading merozoites are not pre -
committed . The initiati on of in vitro cultures from synchronous in vivo infections
at different times post invasion led to variability in the proportion of parasites
that commit to gametocytogenesis without reinvasion. This led to the
identification of early trophozoite (12 & 16hpi) as the stage at which gametocyte
commitment becomes fixed. From 12hpi when in vitro and in vivo infections are
compared for gametocyte commitment they are equal. Before this time the
removal of the infection from the in vivo setting reduced gametocyte conversion
rates (Mons, 1986k Monset al. , 1985).
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While these works aimed to identify the point at which commitment occurred,
they did not provide the molecular basis underlying the differentiation process.

In P. berghei and P. falciparum the transcription factor responsible for the onset
of gametocytaemia was identified as ap2-g (see 1.5.2 for full details) . Absence
of ap2-g expression results in no commitment to gametocytogenesis and all
parasites remain in the asexual proliferative cycle (Kafsacket al. , 2014; Sinhaet
al., 2014).

1.25Mosquito stages

During mosquito blood feeding all blood stage parasites are ingested. This
includes asexual stages, immature gametocytes and mature gametocytes. Only
mature gametocytes develop further in the mosquito midgut. Inside the midgut
of the mosquito conditions are very different to those in the mammalian host, in
particular the temperature and pH change (lower temperature a nd slightly
higher pH). In addition the gametocytes now encounter a multitude of new
mosquito derived stimuli. One key mosquito derived factor is xanthurenic acid
which was shown to provide key developmental cues (Billker et al. , 1998). Inside
the midgut, male gametes are stimulated to form 8 microgametes through three
rounds of nuclear division and female gametocytes activate forming one large
macrogamete. The developmental cues result in exit from the blood cells
encasing the gametocyte allowing fusion of the micro and macrogametes. This
fusion forms the diploid zygote which in P. berghei undergoes meiosis within
four hours of the infected blood meal (Billker et al. , 1997; Janse et al. , 1986).
Within 24 hours, the invasive and polarised ookinete is formed from this fusion.
To stimulate activation of gametocytes and ookinete formation in vitro the pH
increase from 7.4 in mouse blood must be increased from 7.5 7.6 in the midgut

of mosquitoes to 8 in the presence of xanthurenic acid (Billker et al. , 2000).

Migration of the ookinete through the mosquito midgut is a damaging process

often destroying multiple cells during the traversal process. The ookinete is
destined for the basal |l amina of the mos:
Inside this oocyst thousands of sporozoites are formed (Sinden & Billingsley,

2001). Mature sporozoites are released from the oocyst where they must migrate

to the salivary gland of the mosquito for successful delivery into the new host.

This process has been shown to be inefficient and sporozoites are effectively



11

cleared by the mosquito, however the migration of sporozoites has also been
shown to be facilitated by the flow of the haemolymph in the mosquito  (Hillyer
et al. , 2007). Once in the salivary glands of the mosquito sporozoites are ready

to be deposited in a new host, beginning the life cycle anew.
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1.3Mor phol ogy anafPkéasmomocdtiuum

The invasive stages of Plasmodium (sporozoites, merozoites and ookinete),
collectively known as the zoite stages, share overall structural similarities and
contain some key organelles that facilitate their motility and invasive ability.
Meanwhile, p lasmodium gametocytes have a very different morphology to the
asexual blood stages. As this work utilised the P. berghei rodent model these

stages will be briefly described.

1.31Mor phol ogy of the zoite

The invasive sages share a common set of organelles involved in invasion and an
overall structural organisation (Figure 1.4). These stages are all polar in
organisation with apical polar rings (APR) denoting the apical end of the
parasite. The zoites contain a collection of secretory organelles unique to the
apicomplexan; the rhoptries (merozoites and sporozoites), the micronemes (all)
and the dense granules (merozoites and sporozoites). Upon contact with the host
blood cell to be invaded the merozoites reorients to position the apical end of
the parasite in contac t with the host cell. From there is forms a tight junction
made up of host cell receptors and protein s secreted from the rhoptries. This
tight junction forms a ring through which the parasite actively penetrates
invaginating the host cell membrane forming the vacuole in which the
merozoites resides and develops. The ookinete and sporozoite are motile stages
that glide along and often traverse through host cells to reach the host cells they
invade. Their apical prominence leads this gliding ensuring it is t he primary

contact with the host cell to be invaded (Baumet al. , 2009).
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Figure 1.4 Structure of the plasmodium zoite

Invasive zoites of Plasmodium specied contain distinct secretory organelles that facilitate motility
and the invasion process. The Rhoptries, micronemes and dense granules contain distinct proteins
involved in the multiple steps of invasion. The merozoites invade red blood cells in the asexual
proliferative cycle and prior to gametocyte commitment. The ookinete traverses and ultimately
invades cells of the mosquito midgut. The sporozoite migrated from the oocyst in which it develops
in the mosquito midgut to the salivary glands until deposition into the mammalian host. From there
it migrates in the skin and goes on to traverse hepatic cells before invading the terminal hepatocyte
and replicating to form merozoites (Figure adapted from (Baum et al., 2008))
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1.32Mor phol ogy of Gametocytes

While P. falciparum gametocytes progress through five morphologically distinct
phases taking 10 d 12 days to mature (Figure 1.5) P. berghei development takes
only around 26 hours. In P. falciparum the shape of the parasite within the red

blood cell alters dramatically resulting in a crescent shaped gametocyte.
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Figure 1.5 Morphological maturation of gametocytes in P. falciparum

The morphology of developing P. falciparum gametocytes is shown in Giemsa smears (a) and
schematic representations (b). From stage | to stage V the parasite elongates until it encompasses
the entire cell (stage 1ll) and then induces changes that result in deformation of the host cell and
the resulting banana shape of the gametocytes (Figure reprinted with permission, license
3954850712331 (Josling & Llinas, 2015)).

P. berghei gametocytes do not alter in overall shape in the same manner as P.
falciparum gametocytes. Instead they grow in size until the y fill the entire host
red blood cell. They are granular in appearance than asexual parasites in giemsa
smears due to pigmentation within the staining. Female gametocytes have a
blue stained cytoplasm attributed to a more basic pH, while male gametocytes
have a pink colour which has been attributed to a less basic pH cytoplasm due to
a lower number of ribosymes. In mature gametocytes (20 0 26hpi) this
pigmentation difference can be used to differentiate gametocyte gender  (Mons,
1986a Monset al. , 1985).
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Figure 1.6 Morphology of P. berghei gametocytes

P. berghei gametocytes fill the entire red blood cell once mature. They commonly display dense
nuclei and a pigmented appearance. They contain osmophilic bodies throughout the cytoplasm.
Mature (26hpi) male and female gametocytes are distinguishable based on their cytoplasmic
colouration. Female gametocytes contain a blue stained cytoplasm while male gametocytes stain
with a pink cytoplasm attributed to differences in cytoplasmic pH (Mons, 1986b; Mons, 1986a).
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14Pl asmodi um Aergdhent model

Due to the complexity of malaria infections observational research is insufficient
for determining causal effects during an infection. While tissue samples and
autopsy samples can provide insight into disease progression manipulation of the
parasite is necessary to support these observations. In vitro study of the human
malaria parasite P. falciparum allows direct study of the human infective species
but cannot be utilised to examine the entire life cycle or analyse interac tions
between the parasite and the host immune system, furthermore adaptations to
culture will have accumulated within laboratory parasite strains (Trager &
Jensen, 1976 Wu et al., 1995). An alternative to In vitro study of the human
infective species is In vivo study of a representative model. There is a high
degree of conservation between P. falciparum and the rodent model P. berghei
with approximately 80% of genes containing orthologs. Some aspects of malaria
infection in the P. berghei rodent model are not well conserved, for example the
progression of cerebral malaria and parasite sequestration in the host brain;
other aspects have been shown to be well conserved, for example the
interleukin -10 (I1I-10) response to malaria in humans and rodents (Langhorne et
al., 2011, Li et al. , 2003; Peyron et al. , 1994; White et al. , 2010). Additionally,
the prefer ence of P. berghei to the invasion of reticulocytes makes it a
representative model for P. vivax infections. Though P. berghei and P. yoelii are
the most commonly used rodent models due to their tractability for genetic
manipulation P. chabaudi is considered the closest model for immune evasion

modelling (Janseet al. , 2011).

Other benefits to use of the rodent model include; its increased transfection
efficiency, calculated as in Janse et al 2006 is in the range of 1028 10° (Janse et
al., 2006) compared to 10° for P. falciparum (Janse et al., 2006; O'Donnell et
al., 2002); the availability of direct knockout vectors with high integration
efficiency (see section 1.6.4) in the form of recombineering vectors; its updated
annotation (2001 Aurrecoechea et al. , 2009; Bahl et al. , 2002) and the rodent
malaria genetically modified parasite database (Janseet al., 2011; Khan et al. ,
2013), which details genetic modifications that have been achieved or

attempted in rodent malaria parasites by labo ratories worldwide.
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15TranscriptionalP. rkegrud hadii on

Initial studies to identify transcription factors in the further branched
eukaryotes, such as apicomplexans, showed a distinct lack of conserved DNA
binding domains which are found in other eukaryotic transcription factors
(Gardner et al., 2002; Templeton et al., 2004). In P. falciparum, for each
proposed DNADbinding transcription factor, there are estim ated to be 800 other
gene targets. This is in contrast to yeast whose ratio of transcription factor to
target genes is 1:29. Analysis of DNA binding motifs in P. falciparum
corroborated the lack of conserved transcription factors but, in the search for
genuine transcription factors, a protein (PF14_0633) containing an AT -hook DNA
binding domain was studied further. This protein was structurally analysed and
the secondary structure was shown to be consistent with the apetela2 -integrase
(AP2) DNA binding domain in Arabidopsis. Further analysis of apicomplexan
genomes identified the ApiAP2 family consisting of 27 members (Balaji et al.
2005). This remains the only family of transcription factors identified in

Plasmodium.

151The -ApR family of TF

After the identification of the ApiAP2 transcription factor family their expression
patterns were analysed in datasets collected for transcriptional profiling in
asexual blood stages (Bozdech et al., 2003; Otto et al., 2010), gametocytes
(Silvestrini et al. , 2005; Yuda et al. , 2015), mosquito stages (Yuda et al. , 2009)
and liver stages (Tarun et al., 2008; Yuda et al., 2010b) as well as datasets
collected throughout the entire life cycle (Le Rochet al. , 2003) in P. falciparum
and P. berghei. In different Plasmodium species, ApiAP2 members are expressed
at all stages of the lifecycle and have been implicated in a number of different
processes (Painter et al. , 2011). In P. berghei 26 ApiAP2 family members have
been identifi ed. All contain between 1 and 3 AP2 domains and seem to show

stage specific expression which may be linked to their roles ( Figure 1.7).
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Figure 1.7 Structure and expression analysis of AP2 family members in P. berghei.

For each of the 26 AP2 family members in P. berghei their structure was analysed to determine the
presence of AP2 domains (pink arrowheads). All of the family members contain between 1 and 3 of
these domains. Expression of each AP2 was determined by RNAseq data at 5 life cycle stages;

Rings (R), Trophozoites (T), Schizonts (S), Gametocytes (G) and Ookinetes (O) to determine when

they

wer e

transcri

bed
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permission). All genes indicated $ have been characterised further.
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In P. falciparum the binding sequences and stage specific expression of several

ApiAP2 family members were analysed showing similar specificity of stage

specific expression based on mRNA abundance(Campbell et al. , 2010; De Silva

et al. , 2008).

Though this study is focussed on sexual commitment and will therefore focus on

the transcription factors identified as playing a role in sexual commitment,

several other AP2 transcriptio n factors have been characterised with roles at

different stages ( Figure 1.7). These AP2 factors, AP2-O, AP2Sp, AP2L and SIP2

will be discussed brie fly.

SCTI ¢
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The first studied AP2 family member was designated AP2-O. To investigate
AP20 expression, a GFRtagged protein was generated (AP2-O::GFP) and the
replacement with this recombinant tagged protein did not appear to affect
development and life cycle progression. Expression of the protein was not
detected in the blood stages and was only identifiable 8 hours post fertilisation

in ookinetes. As expected the signal was localised to the nucleus of the
ookinetes and intensity of the signal increased as de velopment and maturation
continued. While the AP2-O::GFP protein was not detected in any blood stages,
gPCR was performed to quantify the abundance of transcripts in ookinetes and
gametocytes (male and female). This analysis showed that though protein was
not translated in gametocytes there was a high abundance of mRNA for ap2-o.
This led to the suggestion that ap2-o mRNA was translationally repressed (Mair,
2006), which was confirmed with an immunoprecipitation (IP) of the repression
complex found in femal e gametocytes. Disruption of ap2-o had no effect on
asexual blood stages and gametocyte development seemed unaffected, however
successful infection of mosquitoes could not be observed. Subsequent crosses of
ap2-o deficient males and females with their wild type counterparts indicated
that the inability to generate normal, invasive ookinetes was inherited from the
female gametocytes. Direct regulation of known and hypothesised ookinete
specific transcripts was also shown for AP2O through chromatin
immunoprecipitation (ChlP) with the AP2 -O::GFP line (Kaneko et al. , 2015; Yuda
et al. , 2010b).

To elucidate its function, AP2 -Sp was initially tagged with GFP to determine its
protein expression (AP2-Sp::GFP). The GFP signal was detected from day 6 post
blood feeding in the midgut of mosquitoes and continued in the oocysts until
individual sporozoites with high GFP signal were released. Midgut and salivary
gland sporozoites exhibited a GFP signal indicating AP2-Sp played a role at the
sporozoite development stage. Ap2-Sp knockouts displayed no growth
impairment in the blood stages but f ailed to produce sporozoites in the midgut
of mosquitoes after blood feeding. In the midguts of these mosquitoes the size
and number of oocysts remained the same for the AP2 -Sp deficient line and wild
type. Further characterisation showed nuclear divisions occurred as normal in
the ap2-sp null oocysts but invagination of the plasma membrane and proper

segregation of the sporozoites did not occur. Interestingly, expression of an AP2 -
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Sp chimera with AP2-O, which contains the AP2-Sp AP2 domain in the AP20
transcription factor, retaining AP2 -O0 s expression profil e
ookinetes) resulted in expression of several known and hypothesised sporozoite
specific genes in ookinetes which corroborated its role in sporozoite

development (Yudaet al. , 2010a).

To analyse the point of action of AP2 -L a knockout was produced. In both the
blood and mosquito stages proliferation occurred normally and life cycle
progression was maintained. However in the liver stages development was
dramatically impeded. After inv asion of hepatocytes, replication occurred and
thousands of merozoites per hepatic schizont were generated. The AP2 -L was
also tagged with GFP (AP2L::GFP) and when examining the AP2L:GFP
parasites, the fluorescence intensity in the developing hepatic sc hizont rapidly
increased then depleted as the schizont became mature. This indicated a role
for the transcription factor in merozoite development in these hepatic schizonts.

In the knockout line, invasion of hepatocytes seemed unaffected with the
burden of parasites in each infected animal being the same at 24 hours post
infection with salivary gland sporozoites. However development ceased at
approximately 36h after infection. This correlates to hepatic schizogony, when
nuclei have divided but merozoite seg regation has not occurred. These data
indicate AP2-L plays a role in the development of hepatic merozoites (lwanaga
etal. , 2012).

The AP2 member SIP2 has a role in transcriptional regulation of sub -telomeric
tandem arrays found upstream of var genes. This transcription factor interacts
with the conserved sub-telomeric var promoter element, SPE2 (Vosset al.,
2003). In this work SIP2 binding to chromosome end clusters was demonstrated
by colocalisation with the known var gene interactor heterochromatin protein 1
(HP1 (Flueck et al. , 2010)). It was also shown that the entire SIP2 protein does
not bind to these SPE2 regions but an N-terminal portion of the transcription
factor. High affinity binding to the sub -telomeric regions was demonstrated with
this N-terminal portion and the SPE2 regions in vivo however binding to single
chromosome integral sites where SIP2 was predicted to bind could not be
demonstrated. While this binding indicated a role in regulation of expression of
these sub-telomeric genes a direct activation effect is unlikely. In support of this

hypothesis, overexpression of SIP2 resulted in limited dysregulation of genes and
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caused no defects in growth and development. The role of this transcription
factor is considered essential as attempts to disrupt the gene were unsuccessful
(Flueck et al. , 2010).

152ap2gandexual commitment

In independent studies the transcription factor responsible for initiation of
sexual commitment was elucidated in P. falciparum (Kafsacket al. , 2014) and P.
berghei (Sinha et al., 2014). Both studies utilised genome wide sequencing
(GWS) on gametocyte nonproducing (GNP) lines to identify genes consistently
mutated. Long term culture and serial passage in vivo without transmission
through mosquitoes has previously been shown to result in a loss of certain
traits, including cytoadherence and gametocyte commitment (Day et al. , 1993).
This has led to the identification of multiple historic GNP lines in  P. falciparum
and P. berghei. In the P. falciparum study to identify the transcription factor
involved in gametocyte commitment, two of these historic GNP lines were
sequenced and bah contained stop -codons before the DNA-binding domain in
ap2-g. Further to this, transcript levels of ap2-g were linked to gametocyte
production. Lines with higher abundance of ap2-g showed higher commitment to
gametocytogenesis (Kafsack et al. , 2014). In P. berghei ten lines were serially
passaged in mice for 52 weeks and their gametocyte conversion rates monitored
over time. Three of these serially passaged lines became GNPs within this time.
Several others appeared to reduce their c ommitment rates. These, along with a
historic GNP (line 2.33) were sequenced and the only gene that consistently
contained independent mutations disrupting the coding sequence was ap2-g
(Sinhaet al. , 2014). In both of these studies ap2-g null mutants were generated
to prove specificity and in both cases the lines were GNPs. Furthermore,
competitive growth assays revealed an advantage in P. falciparum and P.
berghei for the GNP (ap2-g null) lines who consistently outgrew their
gametocyte producing parental counterparts (Kafsack et al. , 2014; Sinhaet al. ,
2014).

In P. falciparum several early gametocyte specific genes have been identified
through comparisons between a GNP line and a line which consistently produces
10 6 20% gametocytes per cycle (Silvestrini et al. , 2005). To further validate the

ap2-g null mutant and to identify regulatory targets, several of these known
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gametocyte transcripts were compared over time in synchronous cultures.
Several known gametocyte transcripts were downregulated from as little as 3
hours post invasion in the ap2-g null line. Analysis of the upstream regions of
several of these rapidly downregulated genes revealed the presence of the
identified AP2-G binding motif (Kafsack et al., 2014). In P. berghei early
gametocyte markers are not known. In an attempt to elucidate downstream
proteins in the commitment cascade, the pro moters of several consistently
downregulated genes in the GNP lines that also contained an AP2-G binding
motif were analysed for gametocyte specific expression. In this assay
approximately 2kb of the promoter regions was inserted upstream of a cfp
expression cassette in a silent locus (P230p (van Dijk et al. , 2010)) in a parental
line (820) expressing GFP under the control of a male specific promoter
(PBANKA_041610) ash RFP under the control of a female specific promoter
(PBANKA _131950). Analysis of CFP expression indicated that 16 of the 18
promoters tested showed specific expression in male (2), female (6) or both
gender (8) gametocytes. Together these data indicated that the ap2-g
transcription factor acts as the trigger to begin a cascade of expression resulting
in gametocyte commitment in both P. falciparum and P. berghei and that key
gametocyte specific transcripts can be identified through binding with this

transcription factor.

Further to this in P. berghei it was noted that, ap2-g itself contained several
AP2G binding motifs in its promoter region. Two motifs were identified
approximately 1.5kb upstream of the transcription start site and a third was
identified 7kb upstream of the start site. To identify if these binding motifs
played a role as a positive feedback loop for expression of AP2 -G disruptions to
the promoter region and mutations to the binding domains were made. If the
promoter was disrupted 2kb or 3 kb upstream of the transcription start site a
reduction in gametocytes was observed when compared to the 820 parental
control ( Figure 1.8). If the AP2G binding domains at -1.5kb were also mutated
the reduction in gametocytes intensified . This combined data suggests that
expression of AP2G results in its self -promotion through a feedback loop
allowing for in -cell levels of AP2-G to increase rapidly and that this loop is

necessary for maximal gametocyte commitment .
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Figure 1.8 ap2-g self-regulation

To determine if the AP2-G binding motifs upstream of ap2-g were involved in a positive feedback
loop the promoter region was disrupted by inserting a selectable marker cassette. This was
completed in combination with DNA binding domain mutations. Any interruption of the promoter
region (up to -3kb) resulted in a reduction in gametocytes. This reduction was further exacerbated
by mutations of the DNA binding domain.

The identified transcription factor in  P. berghei encodes a protein of 2,339
amino acids. It contains a 60 amino acid AP2 domain at its N -terminus. This

domain has been identified in multiple tran scription factor proteins.
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Figure 1.9 AP2-G domain architecture

The identified transcription factor ap2-g contains a 60 amino acid DNA binding domain of the AP2
class at its N-terminus (Marchler-Bauer et al., 2014; Marchler-Bauer et al., 2011).
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1.53apB2and sexual devel opment

A second gametocyte specific transcription factor was identified as important in
commitment in P. berghei gametocytes, ap2-g2. While disruption of ap2-g
resulted in complete loss of gametocytes disruption of ap2-g2 still allowed the
generation of some morphologically identifiable mature female gametocytes
(<5% of WT). However, these female gametocytes were not transmissible
through mosquitoes. In contrast to the ap2-g null lines the ap2-g2 mutant
displayed WT growth rates indicating that although mature gametocytes were
not detectable commitment had occurred and non -viable gametocytes
developed. In addition, known gender specific promoters became active
(determined by the onset of GFP and RFP fluorescence under the control of
known male and female gametocyte specific promoters, PBANKA 041610 and
PBANKA _13195(n the 820 line respectively) . Combined these data indicate the
role of AP2G2 is post gametocyte commitment and once committed these
parasites cannot return to the asexual development pathway (Sinhaet al. , 2014,
Yuda et al., 2015). Further work has identified ap2-g2 as a transcriptional
repressor. In ap2-g2 null parasites initial sexual differentiation from asexual
parasites occurs but transcripts abundant in both gametocytes and asexual
stages are prevalent. This disarrayed expression of genes seems to prevent
successful commitment and maturation forming identifiable gametocytes. ChIP -
seq analysis of AP2G2 binding identified a large amount of genes downregul ated
in gametocytes, thereby indicating its role as a repressor. Several of the genes
identified are involved in sexual proliferation which would need to be halted to
allow for gametocyte maturation. It has been hypothesised that the repressive
role of ap2-g2 is required for correct differentiation of committed gametocytes
into mature male or female gametocytes. They hypothesise that the forms of
gametocytes generated in the ap2-g2 null mutant line are aberrant and while
they differentiate into males or fem ales they do not express gender specific
proxies (GFP for male gametocytes and RFP for female gametocytes) to the same
degree as (the 820) parental line gametocytes potentially indicating a reduction

in expression of all gender specific transcripts (Sinha et al. , 2014; Yuda et al.
2015).
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16 Geneti c maniP.ulbaetrigohneio f

The ability to manipulate P. berghei with high efficiency has allowed the
functional knockout of a plethora of genes of interest both on a gene by gene
basis and in a high throughput manner (Schwachet al. , 2015). The existence of
databases that document genetic manipulations and growth and development
phenotypes of the genes targeted by laboratories around the world (Janseet al. ,
2011, Khanet al. , 2013; Schwachet al. , 2015) allows vast data sharing in the P.
berghei research community. One of the limitations to the study of gene
function is the limited n umber of selectable markers available in P. berghei. For
each mutation to the genome a marker is required to allow selection of the
integrants. Currently, only three drug selection techniques exist for the positive
selection of integrants whereby drug pres sure selects for the integrated
population. The first selectable marker developed for use in  P. berghei was the
mutated Plasmodium or Toxoplasma dhfr-ts (dihydrofolate reductase -
thymidylate synthase) gene which conferred resistance to the drug
pyrimethamine which can be readily administered in drinking water. Second,
shown to be effective in conjunction with pyrimethamine selection was the
introduction of the hdhfr (human dihydrofolate reductase ) gene. This gene
confers resistance to the drug WR99210 in background lines with and without
resistance to pyrimethamine (via the mutated dhfr-ts gene) allowing for
additional genetic manipulations (de Koning-Ward et al. , 2000). Most recently,
the mutate d dhps (dihydropteroate synthase ) gene of P. falciparum was shown
to confer resistance to sulphadiazine administered through drinking water to
asexual P. berghei parasites (Kobayashi., 2016, Lumb & Sharma, 2011, Triglia et
al., 1997; Wanget al. , 1997). The limitation for drug selection of P. berghei is
the efficacy of drugs in vivo, their effective dosing and their toxicity to the
rodent host. Methods have been developed to allow recycling of the selectable

marker or to allow the generation of marker free lines after a mutation.
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161Sel ectabl e mamdker recycl

To allow multiple manipulations to the parasite genome one of the first
techniques developed was that of marker recycling (Brakset al. , 2006; Maier et
al., 2006). To achieve this, the negative selectable marker yfcu that confers
sensitivity to the drug 5 -FC was used in conjunction with a positive selectable
marker (often dhfr-ts which confers resistance to pyrimethamine). In vectors
that allowed for this kind of recycling, the positive and negative selection
cassettes were flanked by homol ogous
regions act not only to regulate the expression of the resistan ce gene but as a
means to recycle the marker ( Figure 1.10). Initially the genome manipulation
(for example gene knockout by replacement with the sele ctable marker, as
shown in Figure 1.10) was selected for with the positive selectable marker which
confers drug resistance through pyrimethamine. Prov ided these mutant parasites
were viable at the blood stage they were then cloned. This cloning ensured that

only parasites who had integrated the mutation were present in the population.

The clonal integrated line was then selected with the negative selec tion drug 5-
FC by administering the drug in the drinking water (Orr et al. , 2012). As all of
the parasites in the clonal line had integrated the mutation and the dhfr -ts
resistance cassette they had all also inherited the yfcu cassette. This cassette
conferred sensitivity to the negative selection drug 5 -FC. Selection, by

administering 5-FC in the drinking water, forced the recombination of the two

30UTRs that flank the entire selection

not only the yfcu cassette that was causing the sensitivity to 5 -FC but also the
dhfr -ts cassette that was initially used for positive selection. In the negatively

selected line, the alteration initially achieved via integration remained, along

r

wi t h a single 30UTR used to Figuren 10).a b o u

Although highly efficient this negative selection left a mixed population of
parasites with and without the selection cassettes, and therefore the lines had
to be cloned again to ensure a population was made up of only integrants that

had lost the selec table markers.
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Figure 1.10 Schematic representation of selectable marker recycling

Schematic representation of the process to generate a marker free gene knockout line. In this
representation the gene of interest is replaces with the selectable markers hdhfr-ts and yfcu that
confer resistance to pyrimethamine and sensitivity to 5-FC respectively. Selection with
pyrimethamine and subsequent cloning resulted in a population exclusively made up of integrants.
Selection with 5-FC forces the recombination of the two homologous UTRs (blue) leaving a
population of knockout without a selectable marker. Subsequent cloning ensured the whole
population had lost the selectable marker.

This selectable marker recycli ng method allows for subsequent manipulations to

be achieved using the same selection drug. While this is of great advantage it

does have limitations. Firstly, this process involves two selection steps which can

be lengthy and also requires two cloning ste ps which would increase animal
usage. Secondly, the process of negative selection, while removing the
selectable marker, | eaves behind a footp
manipulations were required in nearby regions of the genome this footprin t

could lead to complications and unexpected recombination events.
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16.2Mar ker free mani pul ations

Another method used to generate mutated lines that do not contain selectable
markers is the gene in marker out (GIMO) approach (Figure 1.11). In this method
the initial manipulation to the genome integrated a positive/negative selection
cassette (often dhfr-ts with yfcu) conferring resistance to a drug (positive) and
sensitivity to a second drug (negative) in the locus of interest. Once this line was
selected with the positive selection drug and cloned, generating what is known
as a GIMO line, the second mutation was completed. This integrated the D NA
that is actually required for the manipulation in the same region (using the same
homology arms as integration of the positive/negative cassette, in the example a
fluorescent reporter Figure 1.11). After transfection integrants were selected for
using the negative selection drug. Only integrants that had replaced the
positive/negative selection cassette with the DNA of interest were not sensitive
to the negative selection drug. Those that had retained the positive/negative
selection cassette were sensitive to the drug. After selection, cloning is

completed to ensure a population was only integrants (Lin, 2011).

This method has both advantages over selectable marker recycling and
disadvantages. The major advantage to this app roach is that a single GIMO line
can be used to integrate multiple differ
This reduces the time and animal requirements for line generation and is of use

for complementation and transgene expression in, for example, overexpressio n
systems. The major disadvantage is that this approach is only really useable for

the integration of additional DNA into the genome (transgenes) in regions known

to be undisruptive to life cycle progression.
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Figure 1.11 Schematic representation of the GIMO (gene in marker out) method

Schematic shows the steps involved in first, generation of a GIMO line and then integration of a

reporter into the GIMO line. In the first transfection the region of the genome permissive to

manipulation is replaces with the positive/negative selectable cassette. Pyrimethamine selection

and subsequent cloning results in a GIMO parent line that is resistant to pyrimethamine and
sensitive to 5-FCU. Upon the second transfection, in this case integration of a fluorescent reporter,
5-FC is used to select for parasites that had replaced the selection cassette with the fluorescence

reporter. Cloning of this would give rise to a line universally GFP expressing with no trace of the

selectable marker.



30

163Functional anast gentsi asft abgoen ogde n e s

Genes that are not essential for the asexual blood stages of the P. berghei
infection are the most amenable to study. To study the function of genes that
cause little to no impediment to asexual proliferation the gene of interest can
be directly knocked out. This can be achieved by disruption or replacement of
the gene of interest with a selection cassette allowing for the detection and
selection of mutants. Wide scale genome disruptio n has been achieved using a
high-throughput knockout technique whereby pools of barcoded knockouts are
attempted in vivo and the proportion of the barcodes detected post -selection
gives insight into the essentiality or dispensability of the gene of interes t (for
full details see section 1.6.4). In this work, approximately 50% of the P. berghei
genome was targeted for direct knockout in a screen by th e PlasmoGEM project.
Relative growth rates for the genes targeted show that only 36% of gene s could
be knocked out at the asexual blood -stage without impact on the growth rate.
46% of the geres had been identified as likely essential at this stage, and
therefore not targetable by direct knockout, and a further 17% ¢ ould be targeted
but the resulting parasites show growth deficiencies in the asexual blood stages
(Gomes et al., 2015; Schwach et al., 2015). If we extrapolate this data as
representative for the entire genome, this means only 36% of the genome would
be amenable to study in other stages as only genes that cause no p henotype or
defect in the asexual blood stages can be studied for their role at different life

cycle stages.

164Hi gh t hroughput vectors for gene

One of the major challenges in Plasmodium research is the difficulty in
manipulating A-T rich genomes in E. coli. Long stretches of A-T rich sequence
are unstable in E. coli vectors and prevent the use of long homology regions to
target genes of interest. In many systems bacterial artificial chromosomes form
the basis of large scale genome targeting however these are not permissive to
the A-T rich genome segments in P. berghei or P. falciparum . A method was

developed to overcome this (Gomeset al. , 2015).
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Initially, the P. berghei genome was fragmented and combined with the
bacteriophage N15 derived vector (pJazz) which can tolerate A -T rich and
repetitive stretc hes of DNA because of its low copy humber and hairpin structure
for propagation in E. coli. This allowed the generation of a library that contained
approximately 76% of all genes in the P. berghei genome in their entirety . Many
genes also contained multipl e different library clones. While the library clones
can range in length from 4kb to 20kb the average library clone is approximately
8.7kb. If a gene is not entirely covered in a library clone it can still be targeted

for knockout. A gene can be targeted if > 50% of its coding seque nce can be
disrupted by the vector resulting in a gene disruption. If we consider these
library clones approximately 91% of the P. berghei genome can be targeted for
disruption. Selection of library clones was achieved by kanamycin selection of
the E. coli containing the libraries ( Figure 1.12 A). To genetically manipulate
these library clones, generation of knockout vectors, in a high th roughput way
gateway technology® (Invitrogen) was combined with the developed
recombinase mediated genetic engineering (recombineering (Wanget al. , 2006;
Zhanget al. , 1998)).

The library clones in the linear pJazz vector were first made recombineering
competent by electroporation with a recombinase plasmid (pSC101gbdA -tet).
Selection of recombinase positive cells was achieved by retaining kanamycin
pressure (library selection) and adding tetracycline (recombinase selection).
Expression of the recombinase was prevented by culture at 30 °C and by
withholding | -arabinose (Figure 1.12 B). Induction of the recombinase was
stimulated by the addition of | -arabinose to the culture and replication of the
plasmid was restricted by increasing culture temperature to 37 °C. At this time
bacteria were again electroporated to integrate a gene specific zeo/pheS
selection cassette. This cassette was provided as a PCR product containing two
50bp homology sequences to a specific target locus surrounding the selection
cassette that is flank ed by attR1 and attR2 sequences and in some cases a
unique barcode (Figure 1.12 C). Now selection of bacterial clones occurred with
zeomycin. To generate gene knockout vectors for selection in P. berghei the
zeo/pheS cassette was replaced with the appropriate selection cassettes. To do
this gateway technology was used. A generic gateway selection cassette was
generated containing the hdhfr and the yfcu selection cassettes with a
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promoter, all flanked by attL1l and attL2 sequences. In vitro, in a gateway
reaction the attL1 and attL2 sequences recognise and recombine with the attR1
and attR2 sequences in the specific vectors. This resulted in the exchange of the

zeo/phesS resistance cassette with the hdhfr/yfcu cassette ( Figure 1.12 D).

After the gateway reaction E. coli were electroporated to take up the vector and
screened with chloro -phenylalanine (Figure 1.12 E). Screening of clones
generated using this method have provided a large number of kn ockout vectors
that simply require release from the pJazz vector for transfection into P.
berghei lines (Figure 1.12 F). This recombineering strategy has also been
adapted and modified for the C -terminal tagging of genes of interest with a
variety of different tags (Gomeset al., 2015; Pfander et al. , 2011; Schwach et
al., 2015).



33

A) Genome N
fragmentation )(/}J_t#‘]\f" )
goi
l Kanamycin
B) goi kan

s Kanamycin & Tetracycline
Tet + L-arabinose
C) goi kan D

pSC101 \ |
ghaA \ \/
Tet l

". } ;
|\ Ju \
--l-m zeo/phes ¢ LA ,
pSC101

ghad l Zeomycin

Tet

D) zeo/pheS kan

\ Gateway ®

l Chloro-phenylalanine

E) hdhfr/yfcu kan

l Not | Digest

F) hdhfr/yfcu

l Pyrimethamine

e hdhfr/yfcu ——

E.coli

In vitro

E.coli

P. berghei

Figure 1.12 Schemtic representation of the generation of recombineering vectors
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Figure 1.12 Schematic representation of the generation of recombineering vectors

A) Initially the genome was fragmented and made into a library with a N15 derived vector (PJazz).
Library clones were selected with kanamycin whose resistance is conferred by the Pjazz vector.

B) The library is made recombineering competent by transfection with the pSC101-gbaA-tet vector.
Selection for cells containing both the library clone and the recombineering competent plasmid was
achieved with a combination of tetracycline (plasmid) and kanamycin (library) selection pressure.

C) L-arabinose was added to the cultures before electroporation to uptake a gene specific selection
product. This specific selection product was made up of two 50bp homology arms (grey striped
boxes) flanking attR1 and attR2 sequences (pink boxes) that in turn surround the zeo/pheS
selection cassette. Selection with zeomycin resulted in vectors containing the zeo.pheS cassette.

D) The in vitro gateway ® reaction was then completed. Vectors were provided with a generic vector
in which the hdhfr/yfcu selectable marker was flanked by attL1 and attL2 sequences. This replaced

the zeo/pheS cassette in the vector leaving attB1 and attB2 sequences (from the combination or R

and L sequences).

E) To allow selection after the gateway ® reaction E. coli were transformed and selected with
chloro-phenylalanine.

F) To prepare the specific recombineering vector for transfection in P. berghei the vector is
digested with Not I, releasing the PJazz arms required for bacterial propagation. After transfection
selection occurs with pyrimethamine.
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1.7l nduci bl e technologies in api

A technique that has, until recently, been lacking in reverse genetics in
Plasmodium berghei research is the ability to conditionally regulate gene
expression. The asexual blood stage is the only life cycle stage amenable to
transfection and manipulation, therefore only genes that are non -essential at
this stage can be analysed at other stages when the gene is directly disrupted or
knocked out. The high proportion of genes having an essential or important
roles in the asexual blood stage mean conditional systems are vital for the study
of genes at key points during the asexual blood cycle and for any functional
analysis at other stages. One of the key advantages of study with P. berghei is
that the entire life cycle is accessible for in vivo study. By overcoming the
limitation derived from only being able to manipulate the asexual blood stages
with a conditional system to study function , the entire life cycle becomes
accessible for in vivo study of all genes.

In recent years many technologies have been adapted for conditional regulation
or optimised for apicomplexans. This section compares several different

technologies available before the beginning of this study.

1.71Condi ti onal regul ation of protei

Conditional regulation of proteins post -translation is an ideal target for rapid
characterisation of function throughout the life cycle and multiple te  chniques
have been developed or adapted for use in apicomplexan. The biggest limitation
of protein degradation systems is that to target them for degradation they must
be tagged with a targeting sequence or additional proteins. Many proteins
cannot tolerat e the addition of a tag at all. Its presence either results in
mislocalisation of the protein or impedes its function. Some proteins can
tolerate a small tag, can still function and are correctly localised, but the
presence of larger tags impedes their rol e. The universal benefit of protein
targeting conditional systems is their rapidity. Another general disadvantage is
that to maintain a phenotype the protein must continually be dysregulated;

however the upside to this is that the processes are generally r eversible.
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1.7.1.1 Destabilisation domains

The most widely utilised protein degradation method in apicomplexans was
established by utilising a mutated domain of the human protein FKBP12 (a
destabilisation domain, DD) that confers ligand -dependant stability to pro teins
that it is fused to. When not stabilised by the appropriate ligand the fusion
protein is identified by the proteasome as unstable and subsequently degraded.
When the ligand, Shield, is present the protein is stabilised and therefore
correctly expressed (Banaszynski et al., 2006). This method has been
successfully demonstrated in Toxoplasma gondii and Plasmodium falciparum
(Armstrong & Goldberg, 2007; Herm-Gotz et al. , 2007)

Mo
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|_> goi dd
Endogenous + 5”‘“ POI [g-

Figure 1.13 Protein knockdown using destabilisation domains

The endogenous gene of interest (goi) is tagged with the Destabilisation Domain (DD) and the
expressed protein of interest (POI) is stabilised by the ligand Shield during selection and
cloning. Removal of the ligand results in polyubiquitination of the protein of interest and
subsequent degradation by the proteasome resulting in a protein knockdown

In T. gondii, it was shown that endogenous protein s can be replaced with a DD-
tagged version and selected and cloned in the presence of Shield. Upon removal

of Shield, parasites are knockdown for the protein of interest (  Figure 1.13).

This technology has been widely utilised in apicomplexan research due to its
many benefits. Firstly, as a protein degradation technique it rapidly removes the
protein and allows functional analysis. Secondly, the technique is reversible,
after removal of Shield the protein of interest is degraded but re -application of
Shield restores protein stability and prevents degradation. However, it does have
some limitations. Firstly, as this is a drug -on approach, meaning that Shield must
continually be used in culture when selecting and cloning lines of interest, it is
not only costly but continued drug application can have implications on parasite
biology which may complicate phenotypic analysis. Secondly, though rapid, the
technique generates only a knockdown of proteins, meaning the essential

function of genes cannot always be truly identified as there is the likelihood that
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there will be some residual expression. Third, to determine the extent of protein
knockdown an antibody to the protein of interest must be available or the
protein must be further tagged which may influence function or expression prior
to Shield-induced knockdown. Detection of the protein of in terest and
quantification of its knockdown requires its expression to be high enough to be
detected by Western blot or similar methods. Finally, a fundamental limitation
to this technology is the expense and accessibility of the ligand, Shield. It shows
poor pharmacokinetics in vivo and is not accessible to many cell types and
organelles. This has widespread implications to its use as many proteins will not

be targetable (Banaszynskiet al. , 2006).

In an extension of the DD-system, additional copies of the DD -tagged protein can
be inserted in the genome or expressed from an episome. Upon addition of
Shield protein overexpression occurs. This overexpression alone can give key
insights into protein fun ction. With this method the phenomenon of dominant
negative phenotypes may also be exploited (Herm-Gotz et al. , 2007; Herskowitz,
1987). This phenomenon has been predominantly utilised in T. gondii to uncover
protein function. There are two ways in which a dominant negative phenotype
can be observed. The classical way describes the overexpression of a mutated
version of the gene of interest ( goi) known to inhibit the WT -Protein of interest
(POI) (Herskowitz, 1987). The second method describes the overexpression of
the additional WT -Protein which gives rise to a dominant -negative phenotype
(Figure 1.14). In both cases, before stabilisation the endogenous protein is fully
functional however upon shield stabilisation the mutated DD -fusion protein or
the overexpressed wt-goi inhibits the natively expressed protein resulting in a

knockdown.
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Figure 1.14 Overexpression and dominant negative phenotypes using the DD-system

An additional WT or mutated goi can be randomly integrated into the genome or episomally
maintained and expressed by the parasite. The overexpressed protein of interest (POI) is stabilised
in the presence of the ligand shield and this overexpression can have multiple outcomes.

A) Overexpression of a DN mutant-POI (protein of interest) can impede the WT-POI function giving
a dominant negative phenotype.

B) Overexpression of the WT-POI can give rise to a dominant negative phenotype.

C) Overexpression of the WT-POI can have no dominant negative effect.

The benefits and limitations of this technique are similar to the endogenous
degradation method described above. However, overexpression and dominant
negative protein disruption being drug -off approaches that are reversible is a
unique benefit. However, phenotypes identified using a dominant negative
strategy often requires direct conditional manipulation to confirm the specificity

of the phenotype.

Additional destabilisation domains have been developed in attempts to optimise
the techniqu e and reduce the cost associated with the shield stabilisation ligand.
The Escherichia coli DHFR protein was engineered to be degraded along with
proteins it is fused to, a technique called DDD. This system shows more rapid
degradation kinetics than the FK BP12 based destabilisation domain, and its
ligand trimethoprim is commercially available and much less costly than Shield
(lwamoto et al. , 2010). This method has been adapted and shown to be effective
in P. falciparum with good protein knockdown (<10% maximum remaining after
degradation) exhibited within ~7 hours for pfRpn6 (Muralidharan et al. , 2011).
While this overcomes the high cost of the originally reported destabilisation

technique its widespread use has not been reported as yet.
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1.7.1.2 Auxin inducible degradation

In apicomplexans the sole role of the Skp, Cullin, F-Box containing complex (SCF
complex) is the catalysis of ubiquitination of proteins to be targeted for
proteasomal degradation. Plants have evolved an additional conditional role for
this complex whereby the plant hormone auxin induces the degradation of a target
protein containing a degron sequence This is mediated by an interaction of the
SCF complex with TIR1 (transport inhibitor response 1) which is the F-box
component of the complex. In plants, the naturally occurring, highly conserved
degron sequences (Aux/IAAs) involved in auxin mediated degradation are
recognised by the SCF-TIR1 complex. It is the TIR1 F-box component that
recognises the degron and the binding between the two is facilitated by auxin (Tan
et al., 2007). To utilise this system in other organisms the natural degron
sequence was adapted for insertion after a goi generating the auxin inducible
degron (AID) used as a tag. In the presence of auxin, this degron will bind the
whole SCF-TIR1 complex resulting in polyubiquitination of the protein of interest
and proteasomal degradation (Nishimura et al., 2009).

To use this system in P. berghei it was necessary to generate parental lines which
express the plant specific F-box protein TIR1 which directly interacts with the SCF
complex and the degron as this protein is not naturally present in the genome. In
these parasites, a goi is then fused to the AID and HA-tags. In successful
conditional regulation, a functional protein of interest tagged with the AID and
multiple HA-tags (to allow for immunodetection) replaces the endogenous protein
in parasite lines expressing the oryza sativa TIR1. Upon incubation with auxin, the
protein is engaged by a complex of proteins, comprising pbCUL1, pbSKP1,
pbRBX, pbE2 and the osTIR1 that recognises the AID tag and results in
ubiquitination (Figure 1.15). This modification of the POI causes recognition and
rapid (within 15 minutes) degradation by the proteasome resulting in a rapid
knockdown (Philip & Waters, 2015).

As with other proteasome degradation methods one of the major advantages of
this system is the rapid depletion of the protein of interest. A protein knockdown
using the auxin system holds advantages over the more established DD-method in
that it is a drug-off method so selection and parasite growth takes place under no
drug pressure. However, it also has its own disadvantages. As yet the hormone
auxin has not been tested for in vivo knockdowns. Like with other protein

degradation systems that the protein of interest must be tagged with the degron
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and HA-tags, for many proteins this could alter and impede function before the
knockdown has even been attempted. Furthermore, degradation is reliant on the
ubiquitination complex which marks the protein for degradation and the
proteasome for the actual degradation. Many proteins may be expressed in parts
of the cell where one of both of these components is not present and therefore
degradation would not occur. A limited number of proteins have been successfully
degraded with this system and therefore the proportion accessible for this type of
degradation is not known. Finally, the analysis of a knockdown requires the protein
levels to be detectable by western blot at endogenous levels, for some proteins

this may not be possible.
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Figure 1.15 Protein knockdown using the auxin degron system

In a parental line expressing a plant F-box protein TIR1, proteins of interest are targeted for
ubiquitination and degradation by an AID tag in the presence of the hormone auxin. The protein of
interest (POI) is tagged with an auxin inducible degron (AID) and an HA tag. In the presence of the
plant hormone auxin the protein is targeted for ubiquitination by the plant TIR1 and the other
endogenous components of the SCF complex (Cull, Skpl, RBX and E2 ligase). This
polyubiquitination targets the protein for degradation by the proteasome resulting in a knockdown.

1.7.1.3 Knocksideways

A final method of conditional protein regulation , termed knocksideways (KS)
renders already expressed proteins non-functional by rerouting and sequestering
them to a membrane or structures, often the mitochondria, within the or  ganism
removing them from their site of function (Belshawet al. , 1996; Robinsonet al. ,
2010). Initially, this technique requires a parental parasite line with a specific
protein (anchor fragment) highly expressed only in a structure or membrane
labelled with a fluorescent protein and the rapamycin bin ding protein domain
FRB. In this line, endogenous proteins are C-terminally tagged with a different

fluorescent protein or tag and the rapamycin binding protein domain FKBP12.
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When rapamycin is administered in vivo or added to culture, the FKBP12::POI
fusion is rerouted and heterodimerises with the anchor. This removes the protein
from its active locale and putatively inhibits or prevents it functioning
(Figure 1.16).
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Figure 1.16 Protein sequestration and phenotypic knockdown with knocksideways

In a parental parasite line highly expressing an anchored fluorescent protein with an FRB domain,
the endogenous gene of interest (goi) is tagged with fkbp::gfp. In the absence of rapamycin,
proteins are expressed and carry out their function. Upon the addition of rapamycin, proteins are
rerouted and incapacitated. This results from the dimerization of FKBP with the membrane bound
FRB. This relocalisation of the protein of interest (POI) can impede protein function resulting from a
knockdown in targeted proteins.

One of the key advantages to the knocksideways approach is that the
translocation of proteins from their site of activity to a membrane bound
structure in the cell, where they cannot perform their function is a very rapid
process (< 10 s), even more so than degradation where knock down is typically of
the order of 1006s of nshawn greatspromise withdighlys )
stable proteins (Robinson et al. , 2010). A second advantage is rapamycin has
been shown to be efficacious both in vivo and in vitro therefore this technique
would be applicable in a rodent model as well as in culture. However, the
disadvantages are that only proteins known to be unaffected by a tag are
targetable by this method, the localisation of the protein must be known to
effectively reroute it and disrupt function and ideally the protein should be
expressed to levels that are detectable by immunofluorescence to determine
that relocalisation has occurred. This system has been adapted for application to

P. berghei in my host laboratory (K. Hughes, unpublished data).
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1.72Transl ation regulation systems

Regulation of gene expression by controlling when expression occurs has been
successfully utilised in eukaryotes and was first adapted for T. gondii. Since its
first adaptation to apicomplexa it has been optimised for use in multiple

organisms, in several ways.

1.7.2.1 Tet-repressor system

The first system to be adapted to T. gondii regulated gene expression by
introducing Tet operator (TetO) sequences upstream of the goi transcriptional
start site in a parasite lin e which constitutively expressed a Tet repressor
(TetR). TetR binds the TetO operator sequences adjacent to the goi resulting in
reduced expression of the gene. In the presence of the tetracycline derivative

anhydrotetracycline (ATc) TetR interacts preferentially with ATc resulting in a
conformational change that inhibits its binding with the TetO sequences and

therefore maintains gene expression (Meissneret al. , 2001), Figure 1.17).

There are several limitations with this technique . One of the key issues is that
insertion of the TetO sequences can alter endogenous gene expression levels.
Another is that the system will never completely silence expression, residual
protein expression occurs even in the absence of ATc. Finally, the technique is a
drug-on method meaning selection has to occur in the presence of ATc which can
impact on parasites long term, potentially leading to the variability in expression

control seen in populations and with long term culture.
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Figure 1.17 Expression regulation using an inducible tetracycline repressor

In a line which expresses the tet repressor (tetR) protein constitutively, the promoter of the gene of
interest (goi) is altered to contain the tet operator (tetO) sequences upstream of the goi. In the
presence of ATc the TetR protein is quenched and the protein of interest is expressed. All selection
and cloning must take place in the presence of ATc to maintain this expression. In the absence of
ATc, tetR binds to the TetO sequences and the endogenous promoter is silenced resulting in
protein of Interest (POI) knockdown.

1.7.2.2 Tet-transactivator systems

This system is based on using a Tetresponsive minimal promoter upstream of a
goi with a Tet -transactivator. In most eukaryotes the Tet -transactivator was
generated by fusing TetR with the C -terminal domain of Herpes simplex protein
HSVVP16 known to be essential for transactivator activity. The Tet -responsive
promoter was constructed by inserting TetO sequences upstream of a minimal
promoter and replacing the endogenous promoter. In this circumstance the goi is
expressed by the minimal promoter until the addition of ATc, whereby the  goi is
knocked down (Gossen & Bujard, 1992.

In T. gondii, direct adaptation of this extension of the Tet -system was not
successful (Meissneret al. , 2001). To generate a functional system, a sequence
from T. gondii that when fused with TetR has transactivator activity was

identified. This is the transactivator TATi -1 (trans-activator trap ide ntified) and
is used instead of the non-functional HSV-VP16based eukaryotic Tet-
transactivator (Meissner et al., 2002). To use this system, the endogenous

promoter is replaced with a minimal promoter with T  etO sequence upstream in a
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line expressing TATI-1. The goi is then expressed by the minimal promoter. Upon
addition of ATc, TATI-1 interacts with ATc preferentially and expression of the

goi is reduced (Figure 1.18).

O
Trans-activator
|_> [ ran ] 0© trap
<
&

Teto | | goi

Endogenous locus

® ® AT/\
] _@T-_

Figure 1.18 Expression regulation using an inducible tetracycline trans-activator

In a line which expresses the transactivator (TATi) protein constitutively the promoter of the gene
of interest (goi) is replaced with a minimal promoter with tet operator (tetO) sequences. In the
absence of ATc the TATi protein binds the minimal promoter resulting in goi expression. In the
presence of ATc, TATI binding is reduced as a proportion binds to the ATc in place of the TetO
sequences and gene expression is reduced. This results in knockdown of the protein of interest
(POI).

Direct adaptation of this trans -activator system from Toxoplasma gondii to
Plasmodium spp. was successful in regulation of episomal transgenes (Meissner
et al. , 2005) but not for generating conditional knockdowns (Pino et al. , 2012).
In this case a more targeted approach to identify transactivators was taken,
focussing on ApiAP2 protein fragments to identify ones with transact ivator
activity. This screen identified four activating domains (ADs) that when fused
with the Tet -repressor had transactivator activity, called TRADs. These
Plasmodium specific transactivators are used in the same way as TATi for T.
gondii (Figure 1.19). These Plasmodium specific TRADs recognise and are used in

conjunction with the Tet -responsive promoter TetO7 (Pino et al. , 2012).
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Figure 1.19 Expression regulation using an inducible tetracycline rans-activator

In a line which constitutively expresses one of the Plasmodium transactivator activating domain
(TRAD) proteins the promoter of the gene of interest (goi) is replaced with a minimal promoter with
the tet operator sequences recognised by this domain (TetO7). In the absence of ATc the TRAD
protein binds the minimal promoter resulting in goi expression. In the presence of ATc TRAD
binding is reduced as a proportion binds to the ATc in place of the TetO7 sequences and gene
expression is reduced. This results in knockdown of the protein of interest (POI).

Although these systems have been extensively used for functional analysis of
essential genes, especially in T. gondii, they have several limitations. Firstly, as
a drug-off technique resulting in gene knockdown the effect of the loss of gene
expression requires the natural degradation of the existing protein which can be
a slow (many hours) process. Secondly, there will always be residual expression
of the goi in the presence of ATc therefore conditional gene silencing is not
complete with potential phenotypic consequences. Finally, because the
endogenous promoter is replaced with a m inimal promoter, the goié semporal
expression and level of expression may differ from the WT even before the
addition of ATc.

1.73Posttranscriptional systems

One of the most widely utilised systems for the conditional control of protein
level is small inter fering RNA (SiRNA). This system operates when small double
stranded RNA species are expressed complementary to agoi. The siRNA binds to
a protein complex called Dicer which fragments the siRNA for loading into
another complex called the RISC complex (RNAInduced Silencing Complex). The
loaded siRNA then directs the complex to the mRNA produced by the specific goi
to be targeted and the mRNA is cleaved preventing protein translation (Sen &

Blau, 2006). However, this technique does not work in any apicomplexan
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parasites due to the divergence of RNAIi related proteins like Dicer and
Argonaute, key members of the RISC complex, necessary for the pathway (Baum
et al. , 2009). Therefore, alternative systems have been modified for use in

apicomplexa in an attempt to control protein expression post -transcription.

1.7.3.1 TetR-aptamer translation blocking

An adaptation of the TetR system has been established to use the TetR as an
RNAbinding protein that will, in an inducible way, inhibit protein translation
(Belmont & Niles, 2010; Goldfless et al. , 2014). Aptamer sequences integrated
immediately upstream of the goi are transcribed with the mRNA. The aptamer
sequences bind with high affinity to the TetR and block s ribosome binding and
therefore translation ( Figure 1.20). To make this system compatible with P.
falciparum a singl e i ntegration method was
UTRs of the goi were used as homology arms for recombination. The goi was
replaced with a copy containing the upstream aptamer sequence and a suitable,
alternative 306 UTRis arDappvaprsate rp@raoter wa s used to
drive the selectable marker and the tetR expression cassette separated by 2a-
like peptides to yield indi vidual proteins. This integrated the required aptamer
and the tetR expression cassettes in a single step (Goldfless et al., 2014). In the
absence of ATc the expressed TetR bound the aptamer on the goi mRNA
preventing rib osome binding and translation. T he presence of ATc inhibit ed
binding of TetR to the aptamer and therefore ribosome binding occurs , thereby

allowing tra nslation (Figure 1.20).

req
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Figure 1.20 Translation blocking by TetR aptamer binding

In P. falciparum the goi is replaced with a version containing a TetR aptamer sequence
immediately upstream. In this same integration a selectable marker, the TetR expression sequence
and a luciferase cassette are integrated, separated by 2a-like peptides and driven by a constitutive
promoter. The mRNA transcribed will always contain the TetR aptamer and the TetR will be
expressed. In the presence of ATc the TetR cannot bind the TetR aptamer and therefore a
ribosome can bind the mRNA and translation can occur. In the absence of ATc the TetR binds the
aptamer sequence and blocks ribosome binding. This prevents translation of the protein of interest
(POI).

This system has several benefits over other systems. The single integration for
the TetR expression sequence and insertion of the TetR -aptamer alleviates the
need for TetR expressing parental lines. The integration of the TetR -aptamer
upstream of the goi limits the effect of insertion of additional sequences on the
endogenous promoter s o baentshownitd have atpdieotialg h
effect of endogenous gene expression (Goldfless et al., 2014). However, like
many other systems this is a potentially leaky knockdown system where the POI
may be reduced in expression even in the presence of ATc and expression can

never be completely abolished even in the absence of ATc.

1.7.3.2 U1 snRNP gene silencing

Though its primary function is within the spliceosome, an ad ditional and unusual
function of the Ul snRNP in eukaryotic systems is the regulation of
polyadenylation (Matera & Wang, 2014). Previous work showed that the
recruitment of the Ul snRNP to the 36
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This system is hypothesised to have developed as a protection mechanism to
prevent the premature polyadenylation of immature mRNAs. It has however
been manipulated to specifically block polyadenylation of transcripts resulting in
their subsequent degradation (Matera & Wang, 2014). In the adaptation of this
system to T. gondii multiple U1 recognition sequences were positioned directly
downstream of a reporter (2 tandem repeats) or a goi (4 tandem repeats). To
make the system conditional it wa s combined with the dimerisable Cre system
(DiCre), described fully in section 1.7.4.3.

The U1 recognition sequences are inserted immediately dow nstream of the goi

but are separated by a cassette containi
(itn a line expressing DiCre) or a 30UTR
expressing DiCre. The U1l recognition sequences are dormant in the absence of
rapamycin. Upon addition of rapamycin the DNA between the goi and the Ul
recognition sequences is removed by the recombinase resulting in the Ul
recognition sequences being adjacent to the goi. This prevents the
polyadenylation of the mRNA and results in its degradation (Figure 1.21). This
method has some advantages; significantly it is possible to knockdown a goi with

a single manipulation of a haploid genome when integrating the DiCre cassette

along with the U1 recognition sequences. However, the method does have some
limitations. Firstly, attempts to adapt this method to P. falciparum have been
unsuccessful even though the U1l recognition sequences are highly conserved
between the species (Pieperhoff et al., 2015 ). Secondly, it appears that even
before addition of rapamycin and the repositioning of the U1l recognition
sequences some knockdown of the protein of interest (PO occurs and this may

be problematic for recovery of knocked down goi. Finally, while the single step
integration is of great benefit, the expression levels of DiCre are variable
because of locus variability therefore the excision efficiency will also be v ariable

and as will the knockdown levels (Pieperhoff et al., 2015 ).
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Figure 1.21 Expression regulation using the snRNP, Ul

In a line that expresses the two DiCre moieties Cre59 and Cre60 fused to the rapamycin binding
proteins Fkbp and FRB respect i v egoiyisinterripted wtlhadJ TR o f
LoxP flanked (floxed) selectable marker cassette and multiple U1 recognition sequences. Protein
expression is maintained thrsgeneis mbtedetrim@nialkdthe parasiser upt i c
Upon the addition of rapamycin the selectable marker is excised and the U1 recognition sequences

are moved immediately downstream of the goi. These sequences prevent polyadenylation and

target the mRNA to the exosome resulting in degradation and in a knockdown of protein

translation. This in turn results in a knockdown of the protein of interest (POI). An addition to this

system makes it a single step conditional alteration whereby Cre50:fkbp and Cre60:frb are

expressed with the selectable marker downstream of the goi within the floxed cassette. This allows

for a single integration to insert the conditional recombinase and the U1 sequences.

1.74Condi ti osnmécisite recombinase sys

With all of the previousl y discussed conditional regulation systems there is
always one fundamental limitation. All of these systems are knockdown systems
not complete knockouts. There is no way, currently, to completely abolish

protein expression with degradation of the protein o r the mRNA. To this end
site-specific recombinase systems were explored to completely silence

expression in a conditional way.

Site specific recombination (SSR) occurs when a recombinase recognises and
binds specific segments of DNA with sequence homology. The recombinase
protein brings together the homologous segments of DNA and, depending on
their position and orientation in the genome, can insert a sequence, excise the
encased DNA, invert it or translocate it (Kolb, 2002). Two systems that have
been adapted for multiple organisms are the flp/FRT system and the Cre/LoxP

system.

The flp/FRT system uses the flp recombinase which recognises the short flippase
recognition target (FRT) sequence (GAAGTTCCTAT tCtagaaaGtATAGGAACTTC).
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Insertions of DNA can be achieved by positioning an FRT sequence in the desired
loci and by providing a v ector with the insertion flanked by FRT sequences. Upon
flp activity, the locus takes up the FRT flanked insert leaving the vector with its
backbone and a single FRT sequence Figure 1.22 A). Excision of endogenous DNA
is achieved by flanking the region of interest with FRT sites in the same
orientation. Upon flp activity, the encased DNA region is removed and only one
FRT remains Figure 1.22 B). An inversion of the DNA occurs when the FRT sites
are in reversed and complementary orientations (head -to-head) surrounding a
region of interest. Upon flp activity, the FRT sites recombine and invert the
encased DNA region and both sites remain (Figure 1.22 C). A translocation occur s
when two nearby regions of DNA both contain one FRT site. The flp activity then
brings the sites together and translocates the regions onto the same loci
(Figure 1.22 D).
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Figure 1.22 General uses for the FRT/flp recombinase system.

The flp recombinase recognises the FRT sequence (purple arrowheads) within the genome and
can be used to insert, excise, invert or translocate regions within the genome.

A) Insertions occur where one FRT site is within the genome and a vector is provided with a DNA
sequence that is flanked by FRT sites. Upon flp activity, the encased DNA is integrated between
the FRT sites at the original FRT location.

B) To excise a gene of interest (goi) or a region of DNA it is flanked by FRT sites. Upon flp activity
the region between the FRT sites is lost due to recombination of the two sites.

C) Inversion of enclosed DNA can be achieved when two FRT sites, arranged flanking a region of
DNA or a gene in a head-to-head orientation, invert in the presence of flp.

D) Translocations occur when FRT sites on nearby loci recombine in the presence of flp
translocating entire regions of the genome.

One of the disadvantages of the flp/FRT system was its initial incompatibility in
mammalian systems as it denatures at elevated temperatures. This issue has
been solved with the identification of a mutated version of the FLP recombinase,
FLPe (named as it was the eighth generation mutation) which was stable at the

higher temperatures in mammalian systems (Buchholz et al. , 1998).
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Another recombinase system that needed no adaptation for use in mammalian
systems was the Cre/LoxP system. This system operatesin the same way as the
flo/FRT system. The Cre recombinase recognises the palindromic LoxP sites in

the genome acting the same ways as described above for flp/FRT ( Figure 1.22).

Additional adaptations to the Cre recombinase system have allowed it to be used
conditionally and to fix inversions within the genome. The Cre recombinase has

been successfully split into two fragments that alone are inactive, but when they
reconstitute regain their recombinase activity (Jullien et al. , 2003). These two
fragments Cre59 and Cre60, named due to the position of the split at amino acid

position 59/60, can be fused to the rapamycin bin ding protein domains FRB and
FKBP whose reconstitution is controlled by the addition of rapamycin (Jullien et
al., 2003). The LoxP recognition sequences have also been adapted to contain
mutations that allow an inversion to be fixed in the genome. This occurs when
two compatible LoxP sites recombine resulting in an inversion and leave behind

two incompatible LoxP sites flanking the genome region (Albert et al. , 1995).

1.7.4.1 Adaptation of FLP recombinase systems for use in apicomplexan
parasites

The first apicomplexan the flp/FRT system was adapted for was P. berghei. SSR
in this organism has been focussed on genome editing by excision of regions
between two FRT sites upon expression of the flp recombinase. Three methods
of excision have been developed and shown efficacy. Firstly, the entire  goi can
be flanked by FRT sites and upon recognition and activity of the flp recombinase

is entirely excised ( Figure 1.23 A). Secondly, an intron of the goi can be flanked
with the FRT sites. Upon recombinase activity, the intron will be excised leaving
behind a truncated gene and potentially resulting in no protein expression or the
expression of a truncated and non -functional protein ( Figure 1.23 B). Finally the
30 UTRgwmt¢am be flanked by FRT sites, i n m
after excision by the recombinase results in loss of protein expression
(Figure 1.23 C).
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Figure 1.23 Different gene regulation models using the flp/FRT recombinase

A) The gene of interest (goi) can be flanked by FRT sequences and the entire gene excised upon
flp recombinase expression.

B) An intron of the goi can be flanked by FRT sites and this portion of the gene excised upon flp
recombinase expression.

C) The 30 \gdaiéanlmeflankedthby FRT sites and removed upon flp expression.

For simplicity, all methods of using the flp/FRT system will be described only
with a gene flanked by FRT sites, though in theory it is possible for all described
approaches to be used with any of the gene modifying methods described above
(Figure 1.23).

The system can be used to investigate protein function after sexual development
by exploiting genetic crosses (Figure 1.24). In this method, 2 parental lines, a
parental line expressing the flp recombinase with a fluorescent protein and a
parental line expressing the FRT flanked goi with a different fluorescent protein,
are crossed in mosquitoes. After the cross, the progeny are a mix of homozygous
(either parent 1 expressing the recombinase plus fluorescent protein, or parent 2
expressing the mutated goi with a single colour fluorescence) and heterozygous
(both non-fluorescent and negative for the recombinase and the mutated goi, or
expressing both the recombinase and the mutated goi and both fluorescent
proteins). Only the progeny contain ing both the recombinase and the mutated
goi will have the differentially expressed goi in the mosquito stages and
sporozoites, when the cells are haploid again, and will also be bi -fluorescent
(Figure 1.24 B). Genes can also be targeted for depletion by flanking an intron or
the 30UTR wiFRgdgueER)T sites (
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Figure 1.24 Conditional gene expression using genetic crosses and the flp/FRT
recombinase system.

As an example of the genetic cross system, the gene of interest (goi) has been flanked by FRT
sites. One parental line in the cross expresses the recombinase constitutively; the other an FRT
flanked goi. After sexual reproduction in the mosquito the progeny can be either homozygous
replicating one of the parents (C or D) or heterozygous, expressing a wild type goi and no
recombinase (A) or expressing the recombinase and the FRT flanked goi (B). The combination of
the FRT flanked goi and the constitutive recombinase expression will result in excision of the goi.
The protein of interest (POI) is only not present in the heterozygous progeny (B).

This system allows effective dissection of gene function in the ookinete, oocyst
and sporozoite stages. However it offers no further analysis of function for blood
stage essential genes immediately after the asexual cycle (Carvalho et al.,
2004). Another issue is that crosses can be variable in their efficiency at
producing the different progeny and only a percentage of the offspring will be
lacking the POI.

Another way to use the flp/FRT system requires the goi to be targeted in one of
the three ways described above (Figure 1.23) in a parasite line expressing FLP

driven by a stage specific promoter (Figure 1.6.13).

Until the stage specific promoter driving the FLP expression becomes active the
goi is correctly expressed from its native promoter. However, upon stage
specific expression of FLP, the gene is excised and the protein is no longer

translated (Lacroix et al. , 2011). The limitation with this techn ology is that each
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stage investigated requires a different parental line expressing FLP at the
specific stage of interest, which can be labour and animal intensive to generate.
Furthermore, the identification of promoters which can drive stage specific

expression to a high enough level for activity and unique stage specificity is

limited.
Stage
specific
promoter
|—> flp recombinase r> goi
Not specific Specific stage
stage flp expressed

O w1, r,
|

POI

Figure 1.25 Conditional gene expression using stage specific flp expression

A parental line expressing the flp recombinase under a stage specific promoter is transfected with a
gene of interest (goi) flanked by FRT sites. Until the promoter driving flp expression becomes
active the recombinase is not expressed and therefore the protein of interest (POI) is expressed.
Upon expression of the recombinase the entire goi is excised and expression is depleted allowing
analysis of the knockout. Genes can also be targeted for depletion by flanking an intron or the
36UTR instead ofiguelig3d).entire gene (

This system has also been adapted and shown to be functional in P. falciparum
whereby it utilises conditional FLP expression from an episome (Figure 1.26).
Parasite lines containing an FRT flanked copy of the goi are transfected to
uptake an episome expressing FLP from an ATceregulatable promoter (Meissner
et al. , 2005). When cultured in the presence of ATc, FLP expression is repressed
and the goi remains intact. However, when ATc is removed, FLP is rapidly
expressed and the goi is excised (O'Neill et al. , 2011). While this technique is
attractive for adaptation, tetracycline inducible systems display some
fundamental limitations. Firstly, there is some leaky activity of expression under
the ATc repressed promoter resulting in gene excision and therefore gene
knockout to occur in some parasites before the removal of ATc. Secondly,
protein loss after gene excision has been shown in some cases to take multiple

cycles.








































































































































































































































































































































































































































































































































































































































































