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IMPERIAL COLLEGE LONDON

Abstract
Functional dissection of myosin motors from the malaria parasite Plasmodium
falciparum
by Thomas B LAKE

The symptoms of malaria arise from cycles of red blood cell (RBC) invasion by
Plasmodium spp. merozoites. This process has been studied by video microscopy for
50 years and the ordered stages of invasion have been well established for much
longer. Merozoite entry is rapid and actively powered by a parasite acto-myosin
motor. The canonical model for force production depends on arrays of a myosin
motor (MyoA) working against short actin filaments connected to the external substrate. However, the molecular processes that underlie these well-described events,
and the energetic barriers that the merozoite must overcome, remain unclear.
Though MyoA has been shown to be critical for invasion of other parasite stages
and species, the importance of MyoA has not been shown for Plasmodium falciparum
merozoites. Work on other parasites has uncovered retrograde flow of plasma membrane and host cell activity as other sources of force production, casting doubt on the
mechanical role of MyoA. Answering these questions has been hampered by limited
structural understanding of the acto-myosin system in merozoites.
In this study, conditional genetic modification of P. falciparum MyoA (PfMyoA)
showed it is critical for invasion. The transgenic platform was then adapted for other
motor proteins, showing that PfMyoA light chain PfELC is also critical but auxiliary
motor PfMyoB is not. The range of defects in these mutants uncovered three distinct
energetic barriers during merozoite invasion. Finally, probing the arrangement of
the motor by electron microscopy revealed a multi-member complex of PfMyoA.
Together, this study re-affirms the importance of PfMyoA for merozoite invasion
and illuminates the energetic barriers that the motor is required to overcome.
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Introduction
1.1
1.1.1

Malaria is a global parasitic disease
Malaria remains a sizeable challenge

Single–celled parasites from the phylum apicomplexa are responsible for some of
the most important global human and animal diseases, including toxoplasmosis
and malaria, caused respectively by Toxoplasma gondii and Plasmodium spp.. Malaria
caused over 400,000 deaths in 2018, mostly of children under five in Africa due to
the most virulent species, P. falciparum. Remarkable progress has been made since
the beginning of the century when "reversing the incidence of malaria" was made
one of the UN Millennium Development Goals. Since 2000, global spending on
malaria almost tripled, almost 20% of countries where malaria is endemic reached
zero cases (Feachem et al., 2019) and by 2015 six million malaria deaths were prevented (“United Nations Millennium Development Goals” 2015).
Despite this progress, in the last few years there has been a plateau both in the
decline in malaria deaths and in the increase in global funding (World Health Organization, 2019). As a result, from 2016-2018 there was no improvement in malaria
deaths (Fig 1.1) and the gap between actual and required global funding for malaria
control and eradication reached $2.3 billion. Worryingly, resistance to many of the
frontline anti-malarial drugs has spread throughout south-east Asia in the past 15
years. Therefore, the need for understanding the molecular mechanisms of malaria
pathogenesis and identifying new therapeutic targets remain as important as ever.
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F IGURE 1.1: Malaria deaths have decreased, but slowly. A Since 2010, the number of
under 5s dying of malaria each year has fallen steadily, to 67% of the 2010 value, while
the number of over 5s dying has remained unchanged. B The relative change in deaths
from malaria broken down by region (2010 deaths = 100, 2018 deaths in brackets, other:
Americas, Eastern Mediterranean, Western Pacific). Africa has the vast majority (2018:
94%) of deaths from malaria and has steadily decreased since 2010, but progress has
stalled in recent years. While deaths from malaria in SE Asia only made up 3% of the
total in 2018, this region is the focus for concerns about the development of resistance
to ACTs. Encouragingly, in SE Asia, the number of deaths from malaria has fallen by
more than 50% over the last three years. Source: Data - World Health Organization, 2019.
Figure - own work.

1.1.2

Malaria control, past and present

Malaria is undoubtedly one of the oldest diseases of humanity and shows many
adaptations to propagating in the human host and evading a strong immune response. Near the end of the 19th century, the cause of malaria as a parasitic disease
of red blood cells was discovered (Laveran, 1881). It was then established by Ross,
1898 in sparrows that female mosquitoes carry Plasmodium parasites in their salivary
glands from one infected animal and pass them on to another when taking a blood
meal. This was confirmed for human malaria by Grassi et al., 1899 who showed that
Plasmodium falciparum is transmitted by mosquitoes of the genus Anopheles, and conducted early experiments to show the potential of mosquito avoidance in controlling
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malaria disease. The life cycle of P. falciparum was completed when a hepatocyteresident pre-erythrocytic stage was identified (Shortt et al., 1949) and for relapsing
human malaria caused by P. vivax, when dormant hypnozoites were identified (Krotoski et al., 1982).
Since the early breakthroughs, scientific understanding and control strategies
have led to a fall in countries endemic for malaria from every country in the world
to 86 countries (Feachem et al., 2019), helped by ongoing economic development
and urbanisation and two particular periods of global action. From 1955 to 1969, the
WHO led a campaign (the Global Malaria Eradication Programme) of IRS (indoor
residual spraying) of the long-lasting and powerful insecticide, DDT (despite vector
resistance to DDT having already been reported) (Nájera et al., 2011). Though massive reductions in malaria transmission in many areas were seen and local health systems were developed, a combination of growing insecticide resistance, limited understanding of vector biology and population movements and limited funds meant
progress stalled. In the face of challenges to elimination that exceeded the tools
available, the programme was halted, and some areas that had seen interruption of
transmission experienced large scale epidemics (Nájera et al., 2011).
The second global effort towards malaria eradication began around 2000, when
multiple funding bodies including the Gates Foundation and the Global Fund
helped launch the UN Millennium Development Goals, with new enthusiasm for
malaria control and eventual eradication (Feachem et al., 2019). The period from
2000 to 2015 was marked by rapid success in reducing malaria incidence globally following the effective introduction of new tools. The development of rapid diagnostic
tests meant that malaria incidence could be tracked even in resource-poor or low
transmission areas. Massive distribution of long-lasting insecticidal nets (LLINs)
was the most significant factor, estimated to be responsible for 68% of the decline in
malaria cases (Bhatt et al., 2015). Finally, the development of drugs combining extremely potent but quickly metabolised artemisinin (ART) derivatives with sloweracting partner drugs (forming Artemisinin Combination Therapy, ACT), has been
recommended as the frontline malaria treatment since 2001.
Like the global effort 50 years before, the initiative of this century has achieved
strong reductions in malaria incidence (50% reduction in prevalence of children 2-10
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years old in Africa, (Bhatt et al., 2015)) but after 15 years progress has slowed (Fig
1.1). Nevertheless, in 2019 the Lancet Commission on Malaria Eradication launched
a call for "Malaria eradication within a generation" (Feachem et al., 2019). With
the current control measures and trends in social and economic development, by
2050 there is predicted to be a steady decline in global P. falciparum prevalence, with
pockets of high prevalence remaining in parts of sub-Saharan Africa and Venezuela.
Enhanced coverage of current interventions could by 2050 eliminate P. falciparum almost everywhere outside Africa, leaving only scattered pockets of endemic malaria
(Feachem et al., 2019). Importantly, this increased implementation of current control
measures will still leave a significant level of malaria transmission intact, necessitating continued expensive control measures to maintain suppression. As long as some
countries retain transmission, national elimination of malaria is fragile, for example
Costa Rica had three consecutive years of zero indigenous malaria cases, but since
2016 endemic malaria has been partially re-established (World Health Organization,
2019). Therefore, there will be great long term social and economic benefit from
turning suppression into global eradication.
Towards eradication by 2050, multiple areas will need to be improved. Global
funding will need to increase to over $6 billion per year, management and operation
of existing technologies will need to improve, and new technologies will need to be
developed, including new tools for vector control, more powerful diagnostics and
new drugs and vaccines (Feachem et al., 2019).

1.1.3

Malaria parasites and their life cycle

Although there is great variety amongst even the well-described fraction of the estimated million or more species of apicomplexans in morphology, life cycle and host
tropism, they share many features. They are obligate intracellular, single-celled parasites, with a distinctive triple membrane pellicle formed from the flattened alveoli of the inner membrane complex (IMC), a non-photosynthetic plastid termed the
apicoplast, a collection of apical organelles and distinctive strategies for regulation
of gene expression (Woo et al., 2015). Understanding of the biology and evolutionary development of apicomplexans has been helped by the early sequencing of
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the genome of P. falciparum (Gardner et al., 2002) and by investigation into closelyrelated coral symbionts, chromerids (Fuchsova et al., 2015; Woo et al., 2015).
Of the hundreds of species of Plasmodium parasites, infecting a wide range of animals, six cause significant human disease: P. falciparum, the most virulent, P. vivax,
P. malariae, P. ovale wallikeri, P. ovale curtisi and the more recently discovered zoonotic
P. knowlesi. Of these, P. falciparum has been adapted to cell culture for almost 50 years
(Trager and Jensen, 1976), with P. knowlesi following much more recently (Moon et
al., 2013). Murine malaria species including P. berghei are commonly studied experimentally, especially for investigating the host response to infection. Although P. falciparum is less genetically tractable than model apicomplexan T. gondii, in recent years
conditional genetic modification tools and CRISPR/Cas9 technology have been developed for P. falciparum and other Plasmodium spp. (Collins et al., 2013; Ghorbal et
al., 2014; Mohring et al., 2019).
The P. falciparum parasite alternates between two hosts, replicating in both
the human and the Anopheles mosquito (Fig 1.2). The mosquito is the definitive
host, where sexual reproduction takes place after the parasite is ingested during
a mosquito feed, while the human is the intermediate host, the venue for asexual
reproduction and the food for one or more mosquitoes. The parasite goes through
multiple stages in each host, with a wide variety of conformations and behaviours,
including three motile "zoite" stages: the merozoite, ookinete and sporozoite (Cowman et al., 2016). Though the appearance and outline of the life cycle have long
been described, the molecular basis of many important processes are still being elucidated, and new technologies are giving new layers of understanding of the life
cycle (Howick et al., 2019).

1.1.3.1

From the sporozoite to the blood stages

Human infection begins with a mosquito blood feed, where the motile, elongated
sporozoite form, stored in large numbers in the mosquito salivary glands, is injected
into the dermis with mosquito saliva (Fig 1.2). Thousands of sporozoites are formed
in an oocyst, a replicative stage in the mosquito midgut. From the midgut they travel
through the haemolymph and accumulate in the salivary cavities and salivary ducts
(Frischknecht and Matuschewski, 2017). After injection into the dermis, over a few
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hours the sporozoite has to locate and enter a blood vessel and invade a hepatocyte
in the liver, using active motility, where it replicates. The barriers to entry and relatively small number of parasites involved make this stage a population bottleneck
and an obvious target for therapeutic intervention (Frischknecht and Matuschewski,
2017).
Like the other invasive stages, the sporozoite is a polarised cell with a series of
apical organelles arranged for secretion during motility. The surface of the sporozoite is covered by the low complexity circumsporozoite protein (CSP) which supports hepatocyte interaction and undergoes proteolytic processing (Herrera et al.,
2015). CSP is a strongly immunodominant epitope, suggested to act as an immune
"smokescreen", shielding other antigens that could better induce protective immunity (Schofield, 1990). CSP is a GPI-anchored protein, steadily shed from the surface
of the parasite apex and deposited as a trail behind the motile sporozoite (Stewart
and Vanderberg, 1991).
The sporozoite moves on a substrate using an acto-myosin motor coupled to
the substrate by parasite plasma membrane proteins, adhesins, including TRAP
(thrombospondin-related anonymous protein). The sporozoite migrates through the
dermis and into the blood using a distinctive and rapid form of substrate-dependent
motility known as gliding. Upon reaching the liver, the sporozoites "traverses" the
endothelial lining, passing through endothelial cells and possibly some hepatocytes
in a transient vacuole, in a process dependent on the sporozoite micronemal protein essential for cell traversal (SPECT). Either upon recognising a hepatocyte signal, or upon depletion of molecules required for traversal, the sporozoite ultimately
switches from migration to invasion (Amino et al., 2008), forming a tight junction
(TJ) with the host cell and actively penetrating it (Frischknecht and Matuschewski,
2017).
Inside the hepatocyte the parasite resides in a parasitophorus vacuole and dedifferentiates to a rounded-up form. A replication programme is initiated, with
multiple rounds of division to form a liver stage schizont. When the schizont ruptures, thousands of merozoites are released into the blood, marking the start of the
erythrocytic stage of the life cycle (Cowman et al., 2016). In P. vivax and P. ovale
spp. schizonts can convert into latent hypnozoites, which can persist for years in the
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hepatocyte.

1.1.3.2

From the merozoite to the sexual stages

The symptoms of malaria are caused by cycles of asexual replication in the blood
(Fig 1.2). After invading and replicating in a red blood cell (RBC), merozoites egress
from infected RBCs resulting in the release of parasite and cytosolic material, which
stimulates the immune system and causes the malaria paroxysm. This cycle takes
48 h in P. falciparum and results in exponential increase in parasitaemia, with up to
10% of all RBCs being infected.
Each cycle of RBC replication begins with merozoite invasion (Fig 1.4). The merozoite is a small polarised cell which shares the apical organelles and acto-myosin
motor seen in the sporozoite, but does not exhibit the same rapid gliding motility
(Fig 1.3). Instead, the merozoite is specialised for host cell invasion and was not
thought to actively migrate to find its target cell, like the sporozoite. Very recently
merozoites were shown to glide on a substrate, at relatively low speeds (Yahata et
al., 2020), though the significance of this motility in vivo is unclear. Before egress,
merozoites are primed for invasion by a signalling cascade resulting in phosphorylation of members of the myosin motor complex (Alam et al., 2015). After egress, the
merozoite has a short window of viability, a few minutes, to find a new RBC and invade. Once attached to a RBC, the process of invasion takes just 20-30 s (Gilson and
Crabb, 2009), in which the merozoite actively deforms the RBC, reorientates to the
apex, attaches irreversibly by forming a tight junction (TJ) (Srinivasan et al., 2011)
and then actively penetrates the RBC (Weiss et al., 2015).
The invagination formed during internalisation of the merozoite develops into
a membrane bound compartment, the parasitophorus vacuole (PV). Once internalised, the merozoite develops into an amoeboid ring stage, and then matures into
a feeding stage, the trophozoite, which ingests haemoglobin and other nutrients by
endocytosis from the RBC cytosol. Towards the end of the cycle, the parasite genome
is replicated by schizogony to form 16-32 copies, which are segregated to daughter
merozoites along with their portion of organelles, some assembled de novo, some
from replication of existing organelles (Francia and Striepen, 2014). After segmentation into daughter merozoites soon before egress, a signalling cascade is activated
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F IGURE 1.2: The Plasmodium life cycle includes three motile or invasive stages. Plasmodium spp. parasites alternate between the mosquito and the human. Life cycle stages differ in morphology and behaviour, including three motile or invasive stages, the sporozoite, merozoite and ookinete. After being injected into the dermis by a mosquito bite,
the sporozoite uses gliding motility to migrate to the blood, from where it is carried to
the liver. Typically, the sporozoite does not invade the first hepatocyte it encounters, but
traverses several cells in a transient vacuole before switching to invasive mode to penetrate a hepatocyte. The sporozoite develops into a schizont, producing a large number
of merozoites which are released into the blood. Since merozoites replicate in the circulation, they have been thought not to use gliding motility but are optimised for RBC
invasion. Most merozoites develop into a schizont, to produce more merozoites, but
a subset develop into gametocytes which can be taken up by another mosquito feed.
In the mosquito midgut the gametocytes are activated to form gametes, which fuse to
form a zygote. This develops into the final motile stage, the ookinete, which is able to
traverse the epithelial wall. In this niche the ookinete develops into an oocyst, which
produces thousands of sporozoites. Once the immature sporozoites have migrated to
the salivary gland, they are ready to be transferred to a human by another mosquito
bite. Source: Figure - adapted from Cowman et al., 2012.

involving cGMP and Ca2+ signalling, leading to the activation of parasite proteases
including SUB1. Multiple targets are cleaved, resulting in the permeabilisation and
rupture of the PV membrane, the RBC cytoskeleton and the RBC plasma membrane
(Hale et al., 2017), and release of merozoites.
A subset of merozoites deviate from the asexual cycle and, following RBC invasion, develop into male and female gametocytes, the only stage of the sexual cycle
present in the vertebrate host and the stage that is infectious to mosquitoes. The
molecular basis and timing of the developmental switch to gametocytogenesis are
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still being elucidated, but it centres on the parasite transcription factor AP2-G which
is essential for sexual commitment (Kafsack et al., 2014). Depending on the timing
of AP2-G expression, conversion to sexual stages can occur in the same cycle, or
sexually-committed merozoites can be produced, which go on to form gametocytes
(Bancells et al., 2019). Gametocytogenesis occurs stochastically at low levels, but
can be regulated by environmental factors, with lysophosphatidylcholines shown to
repress gametocyte commitment (Brancucci et al., 2017).
In P. falciparum only mature gametocytes can be observed in peripheral circulation, while the early stages of gametocyte development occur in the bone marrow.
In this niche, where young RBCs are produced by haematopoesis, there is reduced
exposure to antimalarial drugs which has implications for antimalarial resistance
development (Lee et al., 2018b). During maturation, gametocytes develop from biconcave to crescent shapes, and possess an IMC, a structure otherwise found only
in the motile stages. Though the IMC likely plays a structural role, there is some
evidence that gametocytes actively migrate to and from the haematopoetic compartment (De Niz et al., 2018), and gametocytes are one of the few stages that express
both isoforms of parasite actin (Wesseling et al., 1989). After 9-12 days in P. falciparum the mature gametocytes appear in the peripheral circulation, ready to be
taken up in a subsequent mosquito feed. This is much longer than other Plasmodium
species, where gametocyte development lasts 1-3 days (Ngotho et al., 2019).

1.1.3.3

From the gamete to sporogony

Within two minutes of mature gametocytes being ingested by a mosquito, they begin
to egress from the RBC and develop into male and female gametes (Fig 1.2). This process of gametogenesis is triggered by the environmental differences in the mosquito
midgut, including temperature drop, pH increase and the presence of mosquito
metabolite xanthurenic acid (Billker et al., 1998). The PV membrane is first ruptured, then the gametocyte IMC disintegrates and the RBC membrane opens up. The
male gametocyte additionally undergoes exflagellation, replicating its genome three
times and generating flagella from mitotic centrioles to form eight motile gametes
(Bennink et al., 2016). The male flagellated gamete then fertilises the female gamete,
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forming a diploid zygote which soon undergoes meiosis to become tetraploid, permitting chromosomal recombination and increased population diversity (Ngotho et
al., 2019).
Within 24 h of the blood meal, the zygote develops into the motile ookinete,
which is able to traverse the midgut wall, finding a niche at the basal epithelium.
There it can develop into an oocyst, the replicative stage responsible for producing thousands of new sporozoites. These multiple extracellular transitions in the
mosquito digestive system represent a vulnerable stage in the parasite life cycle, exposed to both human (in the blood meal) and insect immunity factors, so that from
gametocyte to oocyst only around 1 in 30,000 parasites survive (Vaughan et al., 1994).
Ookinete motility is regulated by cGMP and depends on the presence of a
myosin motor (Sidén-Kiamos et al., 2011). A protein essential for invasion of the
epithelium is CSP- and TRAP-related protein (CTRP), which, like TRAP in sporozoites, plays the role of linking the acto-myosin motor to the substrate (Dessens et
al., 1999). Ookinetes also utilise several perforins to breach the epithelium and a
chitinase enzyme to breach the chitinous protective membrane around the epithelium (Bennink et al., 2016). Having formed an oocyst, final replication into mature
sporozoites takes around two weeks, which is a significant fraction of the lifetime of
a mosquito. Sporozoites then escape the oocyst and travel through the haemolymph
to the salivary glands, ready to be injected into another human.

1.1.4 Toxoplasma gondii is a related parasite and model apicomplexan
Toxoplasma gondii is another extremely successful apicomplexan parasite from a different branch of the apicomplexan tree, the coccidian sub-class and these parasites
share many morphological and functional properties with Plasmodium spp.. T. gondii
parasites are marked by the ability to invade almost any nucleated cell across the
whole range of birds and warm blooded animals, the formation of tissue cysts important for transmission to the definitive host, transmission based on carnivory and
faecal-oral routes (rather than vector transmission) and the distinctive apical organelle, the conoid (Dubey, 2008).
T. gondii parasites can only undergo sexual replication in the definitive host, the
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cat (or other felids), after the slow-growing bradyzoites contained in a cyst are ingested. These parasites reproduce sexually in the gut, leading to shedding of up to
millions of oocysts which are in turn spread through the environment via carnivory,
faecal-oral and congenital transmission to intermediate hosts including mice, sheep
and humans. In the intermediate host, sporozoites from the oocyst infect gut epithelial cells and produce tachyzoites, the rapidly dividing and rapidly gliding stage
(Blader et al., 2015). Tachyzoites invade nucleated cells all around the body, causing clinical manifestations depending on the site of infection, including in the brain,
eye, heart and developing foetus, until the immune system controls the active infection and triggers commitment to the bradyzoite cyst form, which can be transmitted onwards. Infection in the brain affects mouse aversion to cat urine, thought
to lead to increased predation (Ingram et al., 2013), while T. gondii has a significant
agricultural impact due to the prevalence of spontaneous abortion in infected sheep
(Dubey, 2008). Up to a third of humans are thought to be infected with T. gondii and
while most are asymptomatic, infection can cause life threatening consequences in
the immuno-compromised and for the foetus (Hill et al., 2005).
The life cycle in the intermediate host comprises a lytic stage and a dormant
stage. The lytic stage, caused by tachyzoites, is the most commonly studied in the
context of motility and invasion. The broad outline of motility and invasion is similar to P. falciparum (see section 1.2), though important differences have emerged in
the exact importance of individual motor proteins (see section 1.6.1). The tachyzoite
is a highly polarised cell that shares with other apicomplexans the range of apical
organelles secreted during or after invasion and a static microtubule cytoskeleton
underlying the multiple membrane layers of the pellicle. Unlike P. falciparum merozoites which are restricted to three to four microtubules, tachyzoites have 22 microtubules spaced around the circumference of the parasite, extending from the apex to
enclose around two-thirds of the cell, including the nucleus (Morrissette and Sibley,
2002). While microtubules in all apicomplexans radiate spirally from a microtubuleorganising centre termed the apical polar ring (APR), coccidian parasites such as T.
gondii possess another tubulin-based structure anterior to the APR, the conoid (Morrissette, 2015). This structure is formed of 10-14 sheets of tubulin and can be either
withdrawn beneath the APR or extended beyond it, a Ca2+ -dependent process that
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occurs at egress (Blader et al., 2015).
During invasion, like P. falciparum merozoites, tachyzoites first attach to the host
cell, then reorient to contact the host cell with its apex before committing to invasion
by forming a TJ with the host cell. In the PV, the tachyzoite divides by a unique
process, endodyogeny, forming two daughter cells within the parent cell cytosol by
cycles of DNA replication, closed mitosis and budding. After multiple rounds of
doubling, the daughter parasites actively egress from the host cell and begin a new
cycle (Blader et al., 2015). As well as the medical and veterinary importance of T.
gondii, tachyzoites are useful as a model organism for Plasmodium spp. apicomplexans because of their relatively large size, well developed and rapid tools for genetic
modification and broad host cell specificity.

1.1.5

Malaria disease and aetiology

Human malaria is caused by six species of Plasmodium spp. parasites, with the most
virulent species, P. falciparum, responsible for 99.7% of cases in Africa and the majority of cases in each region except the Americas, where Plasmodium vivax is predominant (World Health Organization, 2019). Around 40% of the global population is at
risk from malaria, and the incidence in high transmission countries reaches over 300
cases per 1000 population per year, rising to 506 per 1000 in Rwanda (Feachem et al.,
2019).
P. vivax and P. ovale spp., unlike other human malaria parasites, are able to form
long term latent forms in the liver. These hypnozoites are able to remain quiescent
for years then reactivate and cause clinically apparent disease (Milner, 2018). P. vivax
has a unique preference for invading immature RBCs, reticulocytes, and utilises the
Duffy RBC antigen during invasion.
The zoonotic parasite P. knowlesi infects humans across large parts of SE Asia,
but has only been recognised as a significant human pathogen since 2004, when previously misdiagnosed cases of P. malariae were recognised as P. knowlesi infection
(Singh et al., 2004). Possibly due to a shorter history of adaptation to human infection, a higher proportion of P. knowlesi cases result in serious complications than
other species (Singh and Daneshvar, 2013).
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There are over 200 million recorded cases of malaria each year, most of which
are uncomplicated and only 0.2% are fatal (World Health Organization, 2019). There
are also likely to be many more cases of asymptomatic malaria, occurring in hosts
with stronger immune responses. The symptoms of malaria result from synchronised cycles of parasite replication in the blood, with distinctive malaria paroxysms
occurring alongside various non-specific symptoms every 24 h (P. knowlesi), 48 h (P.
ovale spp., P. vivax, P. falciparum) or 72 h (P. malariae). The paroxysm, comprising
rigor then fever, can last for several hours, or persist throughout the cycle, especially
in P. falciparum infection.
At the end of each life cycle, parasitised RBCs rupture leading to the simultaneous release of parasite and RBC intracellular contents. The immune response to
these stimuli, characterised by release of TNF-α, produces fever and usually clears
the infection, though TNF is also linked to the development of severe malaria syndromes (Randall and Engwerda, 2010). In severe malaria, most commonly seen in
P. falciparum infection, a range of further symptoms are caused by disrupted immune
response, parasite activity and particularly by the unique ability of P. falciparum to
adhere to endothelium of the microcirculation (Milner, 2018). This derives from the
highly variable var-encoded PfEMP1 protein which localises to knobs on the RBC
surface and interacts with various endothelial receptors in different tissues, including CSA in the placenta. This sequestration limits clearance of parasites in the spleen
and causes severe disease in the form of placental malaria or cerebral malaria, while
the host immune response and parasite metabolism are respectively thought to cause
severe anaemia and respiratory distress (Milner, 2018).
In areas of high transmission, malaria parasites have imposed a strong selective
pressure on the human genome, leading to high levels of protective alleles. Disorders of haemoglobin such as sickle cell trait and thalassaemia can be geographically
correlated to malaria abundance. Though homozygous sickle cell (HbSS) is a debilitating disease, heterozygous sickle cell trait (HbAS) can provide 70% protection from
severe malaria (Verra et al., 2009). Protective alleles are also seen in other disorders
of RBC enzymes (pyruvate kinase) or mutations affecting RBC membrane tension
(ovalocytosis, Dantu blood group (Kariuki et al., 2018)), or with certain polymorphisms in HLA and cytokine genes (Verra et al., 2009).
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1.1.6

Malaria treatment and drug resistance

Despite many deaths each year, malaria is a treatable disease, and current ACTbased treatment for P. falciparum is highly effective at clearing parasites in a standard
three day course (Talman et al., 2019). ART derivatives are converted to the active
form, dihydroartemisinin (DHA) in asexual parasites by interaction with the breakdown products of haemoglobin, after it is endocytosed from the host RBC cytosol
(Klonis et al., 2011). DHA then causes alkylation of a large number of parasite proteins, leading to a broad disruption of metabolism and protein stress (Wang et al.,
2015). DHA has a short half-life so is not generally used for monotherapy, but is
combined with a partner drug with a longer half-life (Talman et al., 2019).
Worryingly, in low-transmission areas of SE Asia, delayed parasite clearance
after ACT treatment was observed in 2007 (Noedl et al., 2008), raising the spectre of resistance to ACTs, following the pattern of emergence of resistance to
earlier generations of frontline anti-malarials such as chloroquine and sulfadoxine/pyrimethamine (Mita et al., 2009). In vitro evidence suggested the observed
reduction in susceptibility was caused by a tolerance or latency mechanism, not resistance per se (Witkowski et al., 2013), somewhat similar to hypnozoite latency seen
in P. vivax and P. ovale (Talman et al., 2019).
Various cellular responses have been linked to delayed clearance, including the
unfolded protein response and impaired DNA replication and protein synthesis, and
resistance is strongly associated with mutations in a protein of unknown function,
Kelch13 (Birnbaum et al., 2020). Recently, Kelch13 was localised to a ring-shaped
structure at the cell periphery, likely the cytostome, a structure that supports invagination of the parasite membrane in endocytosis (Yang et al., 2019). Then, by
identifying interaction partners of Kelch13, its function was narrowed down to an
endocytosis pathway where it may have a role in regulation of the pathway by
ubiquitination of components (Xie et al., 2020; Birnbaum et al., 2020; Gnädig et al.,
2020). A mechanism for ART resistance was proposed based on partial inactivation of Kelch13 leading to inhibition of haemoglobin uptake and reduced activation
of ART in the parasite (Birnbaum et al., 2020). Other models have been suggested
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based on Kelch13 mutations moderating the downstream effects of ART after conversion to DHA, such as a combination of inhibited ubiquitin system and overall
reduced metabolism leading to greater tolerance of unfolded protein stress (Talman
et al., 2019).
Reduced ART susceptibility is a particular concern because it exposes the partner drug to greater development of resistance, and in some areas coincides with
existing resistance to partner drugs. One solution is the introduction of triple ACTs,
where a third, slowly eliminated drug is added to an existing ACT. One study has
recently shown this approach to be effective and safe (Pluijm et al., 2020). However,
in the longer term, the continued development of antimalarial resistance means that
new therapeutics are critical to driving towards malaria eradication (Feachem et al.,
2019).

1.1.7

Malaria vaccine development

In areas of high malaria transmission, repeated exposure to parasites during the
early years leads to partial immunity, especially protective against severe disease,
which can wane after a period without exposure. The limited immunity is partly due
to parasite immune evasion, with asexual parasites somewhat shielded from the immune system in the relatively inert RBC and the vast combinations of variant surface
antigens (including PfEMP1) encoded in the parasite genome (Lyke, 2017). Despite
the warning that natural immunity is only limited, immense effort has been put
into developing a vaccine since the demonstration of protective immunity induced
in mice by the injection of X-ray inactivated sporozoites (Nussenzweig et al., 1967).
This protection was also observed in multiple studies of humans immunised with
irradiated sporozoites of P. falciparum or P. vivax in the 1970s (Hoffman et al., 2002),
but only recently have the logistical challenges associated with large scale production, purification and cryo-preservation of P. falciparum sporozoites been overcome.
Sporozoites attenuated by irradiation, co-delivery with antimalarial drugs or genetic
modification are in clinical development (Richie et al., 2015).
The most advanced malaria vaccine is a recombinant subunit vaccine RTS,S
based on a fragment of the major sporozoite surface protein, CSP, fused to part of
the hepatitis B surface antigen. With the appropriate adjuvant, this vaccine induces
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moderate protection in young children (up to 50%) though four immunisations were
required to induce protection for four years (RTSS Clinical Trials Partnership, 2015;
Keating, 2020). Many other subunit vaccines are under development, targeting erythrocytic or pre-erythrocytic stage antigens, but issues of antigen diversity across
strains remain (Rappuoli and Aderem, 2011). Both whole parasite and subunit vaccines present significant ongoing challenges, so a long lasting, effective malaria vaccine is "not likely to become available before 2035, if ever" (Feachem et al., 2019),
meaning that other interventions, including new antimalarial drugs are high priority.

1.1.8

Vector control and diagnostics

As well as the development of ACTs, several other control measures have been
highly important in the decline in malaria incidence since 2000, and others will become crucial in short and long term progress towards eradication.
Insecticide-treated bed nets are now widespread in malaria endemic regions and
accounted for the largest contribution towards reducing malaria incidence between
2000-2015 (Bhatt et al., 2015). In combination with indoor residual spraying (IRS) of
insecticide, vector control is an important part of limiting malaria spread. However,
following the pattern seen in the previous century after widespread use of DDT for
vector control, vector resistance to insecticides is increasingly common. By 2018, 26
out of 81 countries reported at least one Anopheles species with resistance to all four
current insecticide classes (World Health Organization, 2019). Careful monitoring
and management of insecticide classes that remain effective in each region will be
required (Van Bortel et al., 2008) as well as the development of new and longerlasting classes of insecticide. Innovative approaches to vector control are promising,
such as exposing mosquitoes to anti-malarials to prevent them harbouring parasites
(Paton et al., 2019). Further ahead, using gene drive technology to propagate genetic
changes that confer sterility or immunity throughout a vector population could be
transformative (Hammond et al., 2016), though ethical and practical obstacles must
be overcome (Feachem et al., 2019).
Due to the often non-specific symptoms of uncomplicated malaria, rapid and
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simple diagnostic tools are crucial for guiding treatment and for broader surveillance of parasites in asymptomatic patients. This becomes more important approaching local elimination, as smaller numbers of cases are targeted for treatment.
Microscopy-based identification requires training and relatively expensive equipment. Rapid Diagnostic Tests (RDTs) can be used for rapid, cheap and portable
diagnosis with existing technologies typically targeting parasite antigens HRP2/-3. However, across the world parasite strains that have lost the hrp2/3 loci
have emerged that cannot be detected by these tests and the prevalence of dual
hrp2/3 deletion reaches 80% in some countries (World Health Organization, 2019).
New RDTs are being developed using different technologies such as loop-mediated
isothermal amplification (LAMP) to detect different targets with greater sensitivity
and to distinguish different species and even different genotypes, such as drug resistance markers (Malpartida-Cardenas et al., 2019).
The development of resistance to anti-malarials in the context of a slow-down in
progress toward malaria eradication demands better understanding of the molecular mechanisms of P. falciparum pathogenesis. Plasmodium spp. are highly divergent
eukaryotes that undergo multiple population bottlenecks during their life cycles, so
the machinery that powers motility and invasion is an attractive target for the identification of new therapeutic targets.

1.2

P. falciparum invasion of host cells

Both T. gondii and P. falciparum are obligate intracellular parasites that use actomyosin motors for motility and host cell invasion. The invasive stages in these parasites are referred to as zoites, and they share a conserved, polarised cell structure
with several apical organelles secreted during invasion, a static microtubule-based
cytoskeleton and an acto-myosin motor that drives motility and invasion (Tardieux
and Baum, 2016). However, the varying contexts and host cell properties lead to
distinct parasite behaviours in the different zoites.
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1.2.1 Plasmodium zoite cell structure and cytoskeleton
1.2.1.1

The cytoskeleton controls cell shape and motility

Below the parasite plasma membrane (PPM) of Plasmodium spp. zoites sit the distinctive flattened, membranous vesicles of the inner membrane complex (IMC) which
give the Alveolata (the superphylum containing apicomplexans) their name (Fig
1.3). The IMC runs from near the parasite apex to the posterior and is formed of
two phospholipid bilayers studded with single and double rows of intramembranous particles, together forming the three-layered pellicle (Morrissette and Sibley,
2002). The narrow, 20-30 nm space between the plasma membrane and the outer
IMC membrane is termed the cortical space, and this is home to the parasite actomyosin system central to cell motility. Actin filaments appear to be short and unstable, so have yet to be directly visualised by electron microscopy and likely function
in cell motility rather than having a structural role (Keeley and Soldati, 2004). Various integral membrane proteins of the IMC contribute to anchoring of the myosin
motor and formation or stability of the IMC, including gliding-associated proteins
(GAPs)-40 and -50 in the outer IMC, and GAPM proteins in the inner IMC (Bullen
et al., 2009; Harding et al., 2016).
Plasmodium spp. zoites owe their various cell shapes to a static and highly stable
cytoskeleton situated beneath the IMC, consisting of microtubules closely associated with a network of intermediate filament-like proteins, the sub-pellicular network (SPN). While merozoites have just three to four microtubules arranged in a
band at one side of the cell, sporozoites and ookinetes have many more (up to 60 in
ookinetes) more or less evenly distributed around the cell circumference and extending two-thirds of the cell length from the apex to the nuclear region (Morrissette and
Sibley, 2002). The microtubules are highly stable and relatively resistant to disruption by conventional microtubule inhibitors, but genetic disruption of the α-tubulin
genes in P. berghei sporozoites revealed that falling from 16 microtubules to below 10
completely blocked invasion and disrupted cell shape (Spreng et al., 2019). Several
kinesin motors in Plasmodium spp. move along microtubules to regulate cell division in oocysts and flagellum formation in male gametocytes (Zeeshan et al., 2019a;
Zeeshan et al., 2019b).
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F IGURE 1.3: Plasmodium merozoite structure A P. falciparum merozoites are small, polarised cells (2.0 x 1.4 µm) optimised for rapid invasion of RBCs. Upon locating a RBC
the merozoite attaches at its apex and forms an annular tight junction (TJ) which acts
as a traction point for active penetration. Attachment and invasion rely on secretion of
parasite effectors from the apical organelles (panel i), the micronemes (Mn) and rhoptries (Rh), which are anchored near the apical polar ring (Ap), and dense granules (DG).
Secretion of the rhoptries is thought to introduce membranous material (vesicles, Ve)
into the RBC, reducing the resistance to penetration. In other zoites, cell shape is provided by a series of microtubules around the circumference (panel ii, in cross section) sat
beneath the pellicle (Pe), though merozoites only have three or four microtubules. The
pellicle (panel iii) comprises the parasite plasma membrane (PPM) and the membrane
bound sacs of the inner membrane complex (IMC, outer (o) and inner (i) membranes).
After invasion, the cytoskeleton breaks down to form the ring stage parasite which begins to feed on the RBC cytosol by endocytosis through a "cell mouth" or cytostome (Cy,
panel iv, not active in the merozoite). The nucleus (Nu) sits towards the rear and the
merozoite also carries two endosymbiont-derived organelles, the mitochondrion and
apicoplast. Centre panel is a P. knowlesi merozoite, which are larger (scale bar 250 nm),
panels i-iv are from P. falciparum merozoites (scale bars 50 nm). B Schematic of a P. falciparum merozoite, showing indicative locations for panels i-iv. Source: Data - own work,
except P. knowlesi merozoite prepared in our lab by Oliver Lyth. Figure - own work.

The SPN skeleton is closely apposed to the inner (cytoplasmic) face of the IMC, in
and around the microtubules. A major part of the SPN is made up of proteins from
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the alveolin family, a different subset of which is expressed in each zoite. Several
alveolins (IMC1a, IMC1b and IMC1h) have been shown to be important for ookinete
or sporozoite motility and the mechanical strength of the cell (Volkmann et al., 2012).
The SPN may affect zoite motility by direct interaction with the acto-myosin motor
localised to the outer face of the IMC, or indirectly, by tuning the physical strength
of the cell (Coghlan et al., 2019).

1.2.1.2

Zoite organelles support growth and motility

Apicomplexan zoites secrete a wide range of membrane-bound and soluble effectors
for motility, invasion and establishment of the PV from a series of organelles, the
micronemes, rhoptries and dense granules (Fig 1.3). These are thought to be synthesised de novo each parasite generation, though recent evidence suggests micronemes
can be recycled from parent to daughter cells in an actin-dependent process (Periz
et al., 2019).
Micronemes are small vesicles formed from Golgi budding and stored at the
parasite apex. They contain multiple important ligands for motility and invasion,
possibly in different subsets of merozoites, including TRAP-family adhesins, AMA1
which forms part of the TJ and Duffy binding-like adhesins (DBL) including EBA175 which binds to RBC membrane protein glycophorin A. Micronemes are secreted
as part of a signalling cascade triggered by external K+ ion concentration (Singh et
al., 2010) involving phosphoinositides, Ca2+ ions and the membrane lipid phosphatidic acid which is sensed by microneme-anchored protein APH (Bullen et al., 2016;
Darvill et al., 2018).
The rhoptry is a large club-shaped organelle formed of a bulb region and a neck
region which narrows towards the parasite apex. The two regions contain different collections of proteins, despite no obvious barrier between them, with the neck
region contents typically secreted earlier (Sherling et al., 2019). Positioning of the
rhoptries in T. gondii is critically dependent on an armadillo-repeat containing protein TgARO which is functionally conserved in P. falciparum and interacts with actin
and TgMyoF (Mueller et al., 2013; Mueller et al., 2016). Three important functions of
the rhoptries during invasion are secretion of rhoptry neck proteins (RONs) including RON2 which form part of the TJ, secretion of reticulocyte-binding-like protein
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homologue (Rh) proteins which adhere to the RBC during merozoite invasion, and
secretion of membranous material into the RBC membrane which may contribute
to formation of the PV and reducing the RBC membrane tension during merozoite
internalisation.
Once the parasite has entered the host cell and has formed the PV, dense granules
are secreted from the plasma membrane to the PV and PV membrane in an actomyosin dependent process involving TgMyoF (Heaslip et al., 2016). The proteins
released from dense granules contribute to maturation of the PV (Travier et al., 2008)
and can affect host cell gene expression and the response of host immune system
(Braun et al., 2013).
Plasmodium spp. have two endosymbiont-derived organelles with their own
genomes and ribosomes, the mitochondrion and a non-photosynthetic plastid
termed the apicoplast, which are both the targets of antimalarial drugs. The mitochondrion encodes just three genes and some rRNA fragments, but both the mitochondrial DNA and mitochondrial ribosomal subunits are essential for parasite survival (Ke et al., 2018). The mitochondrion is relatively inactive for energy generation
in the blood stages, which rely mostly on glycolysis. However, a functional electron
transport chain is still required for generation of metabolic precursors (Painter et al.,
2007). The apicoplast also plays a limited role in gene expression, retaining around
50 genes. Because of its prokaryotic origin, the apicoplast has been a drug target of
interest and can be critically disrupted by the action of antibiotics such as doxycycline, which lead to a distinctive "delayed death" phenotype. This phenotype has no
visible effects in the first cycle, but failed apicoplast segregation leads to arrest in the
following cycle. The only essential metabolic role of the apicoplast is in isoprenoid
precursor biosynthesis, so with media supplemented with isopentenyl pyrophosphate (IPP), asexual parasites can be maintained indefinitely without an apicoplast
(Yeh and DeRisi, 2011). Apicoplast segregation depends on actin, and the apicoplast
appears to be a hub for actin organisation in the cytosol (Das et al., 2017; Stortz et al.,
2019).
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1.2.2

Merozoite invasion of red blood cells

All the symptoms of malaria result from cycles of RBC invasion by asexual P. falciparum merozoites (Cowman et al., 2016). Invasion proceeds via several well-defined
steps, using an acto-myosin motor to power internalisation through a parasitederived annular protein complex, the TJ (Fig 1.4). Though the phases of invasion
have been clearly described, many of the molecular mediators are yet to be elucidated (Cowman et al., 2017).

1.2.2.1

History of studies on invasion

While the general sequence of events in the asexual cycle had already "long been
known" by the 1960s and 1970s (Dvorak et al., 1975), it was then that the events
of merozoite invasion were systematically described. Though earlier work had described the ultrastructure of other parasite stages, merozoite invasion began to be
described in detail, first by electron microscopy (EM) examination of blood samples
from P. berghei and P. gallinaceum-infected animals (Ladda et al., 1969). Then an in
vitro system for isolating P. knowlesi merozoites from infected rhesus macaques was
developed (Dennis et al., 1975), which produced large numbers of viable merozoites
for EM (Bannister et al., 1975; Aikawa et al., 1978) and video microscopy studies
(Dvorak et al., 1975). This led to the description of the different phases of invasion
and the identification of the TJ as an electron-dense region of thickened and closely
apposed parasite and host membranes that moves around the merozoite during internalisation (Dvorak et al., 1975; Aikawa et al., 1978).
Later, models proposing the involvement of an acto-myosin motor to drive invasion were presented (King, 1988) and isoforms of actin and myosin were cloned
in T. gondii and P. falciparum (Dobrowolski et al., 1997b; Dobrowolski et al., 1997a;
Pinder et al., 1998). Despite many more recent studies investigating the importance
of individual IMC proteins and parasite ligands for invasion, the overall picture of
the sequence of events in merozoite invasion (Gilson and Crabb, 2009; Weiss et al.,
2015) remain similar to what was originally described (Dvorak et al., 1975; Aikawa
et al., 1978).
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F IGURE 1.4: Merozoite invasion involves distinct phases mediated by distinct ligands.
The merozoite first weakly attaches using surface protein MSP1 before a gradient of secreted microneme and rhoptry ligands drives passive reorientation to the apex. Strong
attachment is mediated by DBL/Rh ligands including EBA-175 and Rh4, and this coincides with acto-myosin driven deformation of the RBC membrane. Intra-cellular signalling that follows DBL/Rh ligand binding stimulates further secretion of microneme
and rhoptry ligands including the essential Rh5. The RON complex is a parasite complex embedded into the RBC membrane which acts as a receptor for micronemal protein AMA1. Together, AMA1 and the RON complex form the TJ, which acts as a point
of traction for acto-myosin force. The merozoite steadily translocates the TJ towards
its posterior, so penetrating the RBC. Once the invasion pore has been resealed behind
the merozoite, it resides in a parasitophorus vacuole, and develops into feeding stages.
Average duration for each phase of invasion shown below. Source: Data - Gilson and
Crabb, 2009. Figure - adapted from Weiss et al., 2015.

1.2.2.2

Invasion consists of several well defined phases

Merozoites are primed for their short extracellular lifetime by signalling events in
the schizonts shortly before egress including the phosphorylation of many members
of the acto-myosin machinery (Alam et al., 2015; Baker et al., 2017a). Individual
merozoites are released into the blood by a sudden "explosive" egress (Dvorak et al.,
1975) and remain viable for several minutes (Boyle et al., 2010) after which time the
merozoite may have exhausted its supply of energy or invasion ligands. Invasion
then proceeds by weak attachment to a target RBC, followed by strong attachment
and reorientation of the merozoite to have the apex facing the RBC. The merozoite
then deforms the RBC, forms the TJ and is actively internalised using its acto-myosin
motor (Cowman et al., 2017) (Fig 1.4).
Initial RBC contact is made via non-specific interactions with merozoite surface
proteins (MSPs) including MSP1, which also act to protect the merozoite from immune recognition. This weak interaction is followed by a strong interaction upon
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the binding of parasite ligands (adhesins) to RBC surface proteins, leading to the
reorientation of the merozoite so that its apex is closely apposed to the RBC membrane. These adhesins are secreted from the micronemes and rhoptries and gradually translocated to the rear of the parasite, likely forming a gradient of adhesion
strength from the apex to passively drive reorientation (Dasgupta et al., 2014). The
process of reorientation coincides with, but is mechanistically distinct from, the RBC
being deformed by the parasite. This buckling or deformation can be mild or strong,
and the strength of deformation was found to correlate with success of invasion,
leading to the suggestions that deformation either helps embed the merozoite into
the RBC membrane to support formation of the TJ, or helps to select a host cell with
suitable biophysical properties for invasion (Weiss et al., 2015). While reorientation
and strong attachment are likely passive processes, deformation of the RBC does not
occur if the acto-myosin system has been chemically or genetically disrupted (Miller
et al., 1979; Weiss et al., 2015; Das et al., 2017; Perrin et al., 2018).
The combined effect of strong attachment and deformation is secretion of the
rhoptries and formation of the TJ, based on engagement of parasite adhesin AMA1
with parasite effector RON2, which is embedded in the RBC membrane as part of
the RON complex (Riglar et al., 2011) (Fig 1.4). Formation of the TJ marks commitment to invasion (Srinivasan et al., 2011), while before TJ formation merozoites can
detach from one RBC and re-attach to another. Blocking TJ formation prevents invasion, but rhoptry secretion and the associated perturbation of the host cell can still
occur (Weiss et al., 2015). Once the TJ is formed it is thought to act as a traction point
for the acto-myosin system, which drives the process of internalisation. Shortly after
internalisation, following resealing of the RBC membrane behind the merozoite, the
RBC undergoes echinocytosis, a temporary shrinking of the cell with the formation
of spicule projections. This process still occurs if the merozoite is prevented from invading, suggesting it results from rhoptry secretion and the associated perturbation
to RBC osmotic balance (Weiss et al., 2015).

1.2.2.3

Each phase of invasion depends on parasite ligands

The extracellular merozoite is covered in a fuzzy coat of which the most abundant
component is MSP1, a GPI-anchored protein that undergoes proteolytic processing
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before and during invasion (Aikawa et al., 1978; Boyle et al., 2010). Because MSP1
is refractory to complete KO, and because it has a prominent surface position and
can interact with RBC surface proteins, MSP1 has been assumed to play a role in
initial, weak attachment to the RBC. However, more recently MSP1 was shown to
have a specific role in egress, in which, after cleavage, MSP1 can interact with the
RBC cytoskeleton to promote breakdown (Das et al., 2015). Therefore, more work is
needed to establish the ligands responsible for initial attachment.
Strong attachment, deformation and reorientation are driven by engagement of
merozoite ligands of the DBL and Rh families, secreted from the micronemes and
rhoptries, respectively. Though individually dispensable, their combined function is
important for tight attachment before TJ formation suggesting an adaptable, redundant approach to RBC adhesion (Lopaticki et al., 2011). DBL-family protein EBA-175
and Rh4 are required for strong deformation of the RBC (Weiss et al., 2015) and stimulate further rhoptry secretion (Singh et al., 2010).
PfRh5 is an atypical member of the Rh family, since it is essential for P. falciparum invasion (Baum et al., 2009) and is not itself a transmembrane protein, but
forms a complex with RIPR, CyRPA and P113 (Wong et al., 2019). Unlike other DBL
or Rh proteins, PfRh5 acts downstream of deformation (Weiss et al., 2015), perhaps
in mediating rhoptry secretion by binding its RBC receptor, basigin (Crosnier et al.,
2011; Wright et al., 2014). In other species, basigin is not essential for invasion and
Rh5 is absent, while RIPR and CyRPA are involved in different protein complexes
(Knuepfer et al., 2019). Because of its essential role in P. falciparum merozoite invasion PfRh5 is a vaccine candidate in development (Payne et al., 2017).
Finally, TJ formation depends on AMA1 and RON2, secreted from the micronemes and rhoptry neck respectively. Like TRAP-family adhesins (see section
1.4.4.3), AMA1 has an ectodomain and a short cytoplasmic tail but it does not have a
direct role in linking acto-myosin to the external substrate. Instead, the cytoplasmic
tail is thought to be involved in signalling during invasion and it is phosphorylated by protein kinase A (PKA) (Patel et al., 2019). The critical role of the AMA1
ectodomain is for binding to RON2, which is embedded into the RBC membrane as
part of the RON complex, including RON4, -5 and -8, which together form the core
of the TJ (Lamarque et al., 2011). Multiple lines of evidence, including conditional
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KO in P. falciparum (Yap et al., 2014), the effect of blocking antibodies (Srinivasan
et al., 2011) and tracking its precise localisation during merozoite invasion (Riglar
et al., 2016) confirm the critical importance of AMA1 in TJ formation during merozoite invasion. However, in T. gondii the presence of AMA1 homologues has made it
difficult to assess the importance of AMA1 by KO (Bargieri et al., 2013; Lamarque et
al., 2014). Even so, AMA1 remains a priority candidate for therapeutic intervention
since the formation of the TJ is an essential step in the P. falciparum life cycle (Burns
et al., 2019).
The functions of these merozoite ligands are interwoven with intracellular signalling. Numerous invasion ligands are linked to phosphorylation events, such as
AMA1 being phosphorylated by PKA (Patel et al., 2019) and multiple DBL/Rh proteins by casein kinase 2 (Tham et al., 2015), while rhoptry secretion is stimulated by
signalling downstream of DBL/Rh protein binding to the RBC (Singh et al., 2010).
Calcium ion signalling is implicated at multiple levels in attachment and internalisation including in microneme secretion (Singh et al., 2010). Calcium-dependent
protein kinases (CDPKs) have been shown to interact with components of the actomyosin system (Fang et al., 2018), and a calcium-dependent phosphatase complex,
calcineurin, is important for promoting merozoite attachment to RBCs via DBL/Rh
proteins, distinct from the effect of Ca2+ signalling on secretion of adhesins (Paul
et al., 2015). The requirement for calcineurin activity was stronger when parasites
were cultured in shaking conditions thought to more closely resemble physiological
conditions, a reminder that the physical conditions are an important parameter in
the outcome of invasion experiments (Paul et al., 2015).

1.2.2.4

Merozoites modulate host cell biophysical properties

Though many other obligate intracellular pathogens rely on host cell-mediated uptake, models of invasion by apicomplexan zoites have considered the parasite as the
active party, following early work showing that actin inhibitors block invasion by
targeting parasite, not host cell, actin (Dobrowolski and Sibley, 1996). However, recent work has established that host cells targeted by T. gondii tachyzoites can make a
contribution to invasion even in the absence of parasite acto-myosin activity (Bichet
et al., 2016) (see section 1.5.2). Even in merozoite invasion, completely dependent
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F IGURE 1.5: Merozoite effectors facilitate invasion. Merozoite invasion is a balance of
forces produced directly by the parasite (acto-myosin) and by modulation of RBC membrane properties (line tension, membrane wrapping) (Dasgupta et al., 2014). Left The
RBC plasma membrane and underlying cytoskeleton provide (1) a membrane tension
(force required to stretch membrane, large black arrows) and (2) a bending modulus
(force to bend membrane, large orange ball). Parasite effectors modulate both properties to favour invasion, by inserting membrane material (lowering membrane tension,
small black arrows) and ligand binding to alter local membrane structure (lowering
bending modulus, small orange ball and thin membrane). (3) As well as a traction point
for acto-myosin force, the TJ demarcates a region of distinct membrane, creating a recoil energy (line tension). At first this opposes internalisation, but later it supports the
energetically unfavourable step of invasion pore resealing. Right (4) Parasite ligands
strongly adhere to the RBC, driving RBC membrane wrapping around the merozoite.
(5) Acto-myosin force is required, possibly to displace the RBC cytoskeleton or to drive
unfavourable resealing of the invasion pore. Source: Figure - own work. Information
from Dasgupta et al., 2014; Koch et al., 2017.

on parasite actin (Das et al., 2017), since the host cell is the RBC, a cell with much
more restricted membrane dynamics, the biophysical properties of the host cell can
be exploited by the parasite to favour invasion (Fig 1.5). RBCs with higher tension
are resistant to merozoite invasion, whether due to natural variation or genetic polymorphisms such as Dantu blood group (Kariuki et al., 2018).
The energy required for wrapping of the merozoite by the RBC membrane can
be broken down into several energetic components, either favouring or opposing internalisation, each of which appears to be modulated by parasite activity (Dasgupta
et al., 2014) (Fig 1.5). First, the RBC membrane has a membrane tension (force required to stretch the membrane) which opposes the increase in surface area during
invagination. This can be lowered by the secretion of membranous material by the
parasite, as seen during discharge of the rhoptries (Hanssen et al., 2013). Second, the
RBC membrane has a bending modulus (the force required to bend), which could
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also be made more favourable by the secretion of parasite membrane or by the disruption of the RBC membrane or cytoskeleton by parasite effectors. Parasite adhesin
EBA-175 binding to glycophorin A causes a reduction in the bending modulus, possibly by altering local lipid ordering, which was linked to a significant increase in
invasion efficiency (Koch et al., 2017; Sisquella et al., 2017). PfRh5 binding to basigin also induces a phosphorylation-dependent rearrangement of the cytoskeleton,
which could have similar effects (Aniweh et al., 2017).
Thirdly, the creation of the annular TJ demarcates a distinct region of RBC membrane, allowing it to have different properties and so creating an elastic recoil energy
that favours closing of the TJ, referred to as a line tension. At the start of internalisation the line tension opposes merozoite entry, but once the merozoite is more than
half-internalised, it favours completion of entry towards closing the invasion pore.
This demarcation could result from segregation of lipids and the direct effect of insertion of parasite proteins that form the TJ. Therefore, forming the TJ can be thought
of as a parasite strategy to favour completion of internalisation by increasing elastic
recoil of the RBC membrane, in addition to the conventional role of the TJ as a point
of motor traction (Dasgupta et al., 2014). The TJ in sporozoite invasion is reinforced
by induced rearrangements in the host cell cytoskeleton (Gonzalez et al., 2009).
Overall, these parasite activities that modulate the biophysical properties of the
RBC can be seen as lowering the energetic barriers, increasing the efficiency of invasion and leaving the "direct" functions of the merozoite, both passive (strong adhesion) and active (acto-myosin), to overcome the barriers that remain (Dasgupta et al.,
2014; Zuccala and Baum, 2011; Koch and Baum, 2016).

1.2.3

Sporozoite gliding motility

Compared to the merozoite, the sporozoite exhibits motility across multiple stages
with different behaviours. Before it can invade a hepatocyte, it uses substratedependent gliding motility to migrate through the mosquito salivary gland and the
human dermis and circulation. Without significant shape change, sporozoites can
glide at over 1 µm/s, 10-100-fold faster than neutrophils or fibroblasts, respectively
(King, 1988). Gliding involves cycles of attachment to a substrate, force generation
against this attachment site and the formation of new attachment sites, producing
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helical trajectories in a 3D substrate (Münter et al., 2009). Sporozoites use motility
for two distinct processes. First, fast gliding is used to travel through the dermis
and to enter the liver, "traversing" the endothelium to reach a hepatocyte. Traversal involves formation of a transient vacuole and depends on a micronemal protein
SPECT (Ishino et al., 2004). Second, there is a developmental switch to "invasive
mode" following host cell signals (Cowman et al., 2016) which involves processing
of CSP and is enhanced by removal of SPECT (Amino et al., 2008).
Though the underlying molecular mechanisms are still being established, gliding motility depends on the combination of the parasite acto-myosin system and
retrograde flow of the parasite plasma membrane (Frischknecht and Matuschewski,
2017) (see section 1.4).

1.3

Myosin motors power many central cellular processes

The complex formed between actin and myosin powers motility and a wide range of
cellular processes across all forms of life. Recent phylogenetic studies have allocated
myosins into between 31-45 different classes (Sebé-Pedrós et al., 2014; Pasha et al.,
2016) of which only class II consists of the "conventional" myosins responsible for
muscle function. The remaining "unconventional" myosins have many functions,
ranging from cell motility, mechanosensation, transport of vesicles and organelles
and organisation of the actin cytoskeleton in the cytoplasm (Batters and Veigel, 2016;
Heissler and Sellers, 2016) to more recently discovered roles in the nucleus involved
in the regulation of transcription and chromatin structure (Grummt, 2006; Lanerolle
and Serebryannyy, 2011).
Eukaryotes from across the evolutionary spectrum possess up to 53 myosin
genes (Emiliania huxleyi; with our own genome containing 38 myosin genes) from
as many as 17 different myosin classes (Oscarella carmela) (Sebé-Pedrós et al., 2014).
However, not all taxa share in this richness of myosin diversity, with plants and
alveolates (including the apicomplexans) examples of taxa with a distinct and limited myosin repertoire. According to a recent classification, alveolates are limited to
myosins from the alveolate-specific classes XIV and XXIII and myosins from class
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XXVII which are found only in alveolates and heterokonts (algae and oomycetes)
(Sebé-Pedrós et al., 2014).

1.3.1

Myosin structure and function

All myosins share a conserved motor domain near the N-terminus, responsible for
actin binding, for hydrolysing and releasing ATP in a highly controlled manner and
for generating a conformational change, known as the powerstroke, that is transmitted to the lever arm (Fig 1.6). Though the motor domain is structurally conserved,
the kinetic properties can be widely tuned to optimise the motor for high speed, high
load bearing or strain sensing.
The remainder of the myosin is much more variable, to adapt this conserved
motor core to a range of functions, with variation in the lever arm tuning the mechanical properties and variation in the tail determining protein and lipid interactions (Fig 1.6A). The lever arm consists of a converter region, which amplifies the
rearrangements in the motor domain, and an extended neck region, which typically
binds between one and six myosin light chains (Robert-Paganin et al., 2020). The
light chains are calmodulin or calmodulin-like proteins, regulated by Ca2+ -binding
or phosphorylation, which bind to conserved IQ motifs and affect the rigidity and
function of the lever arm (Batters and Veigel, 2016). Beyond the lever arm is the
tail, which can vary greatly in length and function in different myosins, providing for oligomerisation, interaction with cargo, membrane anchoring or enzymatic
function. Finally, some classes of myosin have an N-terminal domain before the
motor domain, typically containing a protein interaction SH3 domain. The myosins
that have been studied in apicomplexans include very small myosins with no tail
domain, or typical length myosins that may have long surface loops in the motor
domain and few recognised functional motifs in the tail domain (Foth et al., 2006).
The ATPase cycle of acto-myosin begins with myosin bound to actin in the
nucleotide-free rigor state (Geeves, 2016) (Fig 1.6B). The binding of Mg2+ -ATP then
induces the myosin to dissociate from the actin filament, rapidly hydrolyse ATP
(with ADP and Pi remaining bound) and to prime the lever arm - the "recovery"
stroke, a swing of around 60◦ . The myosin-ADP-Pi state is stable, but subsequent
re-binding to actin causes another conformational change, the ejection of Pi and
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the generation of strain in the converter. This strain leads to the lever arm swinging back, producing force and moving the load being carried - the "powerstroke".
Completion of the powerstroke re-opens the nucleotide binding site, allowing ADP
to dissociate and another molecule of Mg2+ -ATP to bind, initiating another cycle
(Geeves, 2016).

1.3.2

The mechanisms of myosin force production

The same basic molecular mechanisms of the myosin ATPase cycle have been
adapted to produce a wide range of mechanical properties and cellular functions. In
particular, the free energy of ADP release at the end of powerstroke can vary, affecting the speed of progression through the cycle and the fraction of cycle time spent
bound to the actin filament. This depends on the relative stabilisation of the myosin
conformations before and after, for example greater stabilisation of the nucleotidefree rigor state will result in highly favourable ADP release, driving rapid progression through the cycle and resulting in a fast myosin for cargo transport. In contrast,
a less favourable free energy of ADP release will result in slower motor turnover and
leave the myosin attached to actin for longer, resulting in a high duty ratio motor
and a trade-off of lower maximum speed for greater load bearing capacity (Geeves,
2016). High-duty ratio motors might be processive motors, such as myosin V, since
they are less likely to lose contact with actin, or force sensing motors, such as myosin
1b, which act as stable anchors under strain (Robert-Paganin et al., 2020).
Another factor affecting the trade-off between speed and force production is the
length of the neck region, i.e. the number of light chain binding sites. For a given energy produced by ATP hydrolysis, a longer neck region results in a larger swing, or
step size, while a shorter neck region produces a smaller step size but with more
force (Geeves, 2016). The experimentally measured stiffness of the lever arm in
myosins with two, three or six IQ motifs increased from 0.2 pN/nm to 1.7 pN/nm,
reflecting this trade-off (Batters and Veigel, 2016).
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F IGURE 1.6: The myosin ATPase cycle. A Myosin motors share a conserved motor domain. An actin-binding cleft is formed by two large domains, U50 and L50, that can
move apart to open the cleft and prevent actin binding, with the β-sheet transducer domain helping to control the conformation. The active site binds ATP using Switch-1 and
P-loop motifs. Conformational changes from the cycle of ATP hydrolysis are transmitted by conserved connectors, Switch-2, Relay helix and SH1 helix, to the lever arm. The
motor domain is well conserved apart from peripheral loops, but the lever arm varies in
length and behaviour and the tail domain is highly variable. The lever arm comprises
the converter, which amplifies the changes from the connectors, and the neck region,
with IQ motifs to bind myosin light chains, small accessory proteins that provide rigidity and a site of regulation. The tail domain can be absent entirely (as in PfMyoA) or a
long domain providing for oligomerisation, cargo binding and auto-regulation (Motor
domain based on PfMyoA (6I7D) with fictional tail domain). B Myosin motors translocate actin filaments, if the myosin is anchored, or move along actin filaments if not.
Cycles of ATP hydrolysis cause conformational changes in the motor domain to produce force. First, in the rigor state, myosin binds actin with no nucleotide present.
Binding of ATP causes the actin-binding cleft to open, myosin dissociation and the "recovery" stroke, a lever arm swing that primes the myosin for the powerstroke (the prepowerstroke state). Lever arm priming triggers ATP hydrolysis, to ADP and Pi, which
remain stably bound. Subsequent interaction with actin causes the cleft to re-close, leading to strong actin binding and the release of Pi from the active site. This causes strain
in the converter domain and the powerstroke, where lever arm swings back with force,
moving the tail domain forward. Completion of the powerstroke releases ADP, returning the motor to the rigor state. Source: Figure - adapted from Robert-Paganin et al.,
2019.
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Myosin regulation

Myosin motors are regulated at multiple different levels; by protein-protein and
protein-membrane interactions, by regulation of gene expression and alternative
splicing or by post-translational modification and cation binding (Fili and Toseland,
2019). These mechanisms often overlap, such as for myosin VI, where alternative
splicing affects the possibilities for phospho-regulation (Fili and Toseland, 2019).

1.3.3.1

Myosin regulation by protein or membrane interactions

Myosins can be reversibly inhibited, for example, due to an auto-inhibitory interaction between the tail region with the motor domain which can be relieved by
competition from a different protein or membrane interaction. As well as relieving auto-inhibition, interaction with cargo adaptors can stimulate changes to motor
kinetics, direct myosin localisation (such as myosin VI in various specialised cells
(Tumbarello et al., 2013)), and induce clustering or oligomerisation, as seen for yeast
Myo4p (a class V myosin) (Krementsova et al., 2011). Myosin tail regions can also
interact with membranes, using PH (pleckstrin-homology) domains to bind to general or specific phospholipids. For example, myosin X is natively inhibited by tail
region-motor interactions, but PH domain binding to PIP3 phospholipids leads to
activation and localisation of the myosin.
Finally, the load applied to a myosin motor bound to an actin filament can greatly
affect motor properties. Myosin VI responds to an increase in backward-directed
load by changing the affinity for ADP and ATP, resulting in slower stepping forward,
with a greater duty ratio. This allows one myosin to function as a cargo transporter
and stable anchor at different times (Altman et al., 2004).

1.3.3.2

Post-transcriptional or post-translational regulation

Alternative splicing can be used to produce myosin variants suited to different cell
types. For example, myosin VI is alternatively spliced at two different sites, with
aberrant splicing implicated in some ovarian cancers (Wollscheid et al., 2016). Different combinations of splice variants are used to adapt myosin VI for roles in endocytosis or exocytosis in specialised cell types (Fili and Toseland, 2019). Myosins can
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be rapidly and reversibly regulated by phosphorylation, both on the heavy chain itself or on the myosin light chains. Myosin motor domains are commonly regulated
by phosphorylation at the TEDS site, where the residue 16 positions upstream of
a conserved motif can either be phosphorylated (T, S) or are acidic (E, D) (Fili and
Toseland, 2019). Interestingly, some apicomplexan myosins (including TgMyoA, but
not PfMyoA) are rare exceptions to this rule, with polar amino acids (N or Q) instead
(Lew et al., 2002). Phosphorylation at the myosin VI TEDS site directs sub-cellular
localisation (Fili and Toseland, 2019). Myosins may also be phospho-regulated in the
tail domain, or by phosphorylation of light chains, such as the regulatory light chain
(RLC) of non-muscle myosin II (Batters and Veigel, 2016).

1.3.3.3

Myosin regulation by environmental conditions

Fine tuning of myosin activity can be achieved by the local concentration of divalent
cations. A change in Mg2+ ion concentration can affect myosin kinetics by increasing
the myosin affinity for ADP, while the binding of myosin light chains, calmodulin
or calmodulin-like proteins, are typically sensitive to the concentration of Ca2+ ions
(Fili and Toseland, 2019). Ca2+ concentration can also modulate auto-inhibition and
directly alter motor domain kinetics, as seen in myosin IX (Batters and Veigel, 2016).
Although all of these mechanisms of myosin regulation could take place in apicomplexan parasites, the limited structural and functional investigation of apicomplexan myosins means there is little understanding of how apicomplexan motility is
regulated.

1.3.4

Actin is an ATP-binding, filament forming protein

Along with microtubules and intermediate filaments, actin filaments provide one
of the three ubiquitous cytoskeletal polymers used for a wide range of functions
across eukaryotes. Prokaryotes have their own related proteins that function similarly, showing the evolutionary age of actin. Actin performs a wide range of functions in different cells, some alone as a structural filament or driving cell motility
by polymerisation, but typically in concert with myosin motors. Actins are highly
conserved in most eukaryotes, so the sequence identity of apicomplexan actins with
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conventional actins of as low as 80% is highly unusual. Many metazoan species have
multiple actin genes as well as actin-related proteins (ARPs) (Pollard, 2016).
The actin monomer is a small, globular protein composed of four subdomains
surrounding an ATPase active site, with conserved interfaces for binding other actin
monomers and actin-binding proteins. ATP-bound actin monomers polymerise
rapidly once above a critical concentration, typically 0.1 µM, forming long polymers.
In filamentous actin (F-actin) ATP is quickly hydrolysed, and the inorganic phosphate is released much more slowly, forming ADP-bound actin which is more likely
to dissociate from the filament ends. The polymerisation state and filament structure
are controlled by a range of widely-distributed actin-binding proteins that sequester
monomers, nucleate, cap and sever filaments and cross-link and branch actin networks and bundles (Pollard, 2016). Again, apicomplexans are outliers among eukaryotes in possessing few or no actin-binding proteins from each family (Baum et
al., 2006a).

1.4
1.4.1

Apicomplexan invasion is driven by a myosin motor
Identification of the MyoA motor

Parasite invasion is dependent on the activity of acto-myosin motors. Early studies used chemical inhibitors of acto-myosin activity to demonstrate its involvement
in parasite invasion. For example, actin polymerisation inhibitors cytochalasins B
and D (cytoB, D) completely block invasion of T. gondii and P. falciparum (Dobrowolski and Sibley, 1996; Miller et al., 1979), while broad myosin inhibitor butanedione
monoxime (BDM) also impairs T. gondii and P. falciparum (Dobrowolski et al., 1997a;
Pinder et al., 1998). CytoB-treated merozoites can attach and form a TJ, and ultimately trigger echinocytosis, but not deform or internalise (as seen much more
recently in PfAct1 cKO (Das et al., 2017)). Importantly, a cytoD-resistant T. gondii
mutant confirmed that parasite actin, not host cell actin, is the primary drug target
(Dobrowolski and Sibley, 1996).
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1.4.1.1

Apicomplexans have unusual myosin motors

An important phenomenon in the early development of a model of myosin function
was capping. For example, cationised ferritin particles and latex beads added to
the surface of Eimeria tenella or P. falciparum sporozoites are translocated to the cell
posterior (“capped”) in a cytochalasin-sensitive manner (Russell and Sinden, 1981;
King, 1988). Posterior translocation was then demonstrated for an endogenous particle, the major sporozoite surface protein, CSP, which was shown to be secreted at
the apex and capped, then deposited as a trail (Stewart and Vanderberg, 1991). An
important review (King, 1988) synthesised capping evidence and early evidence for
the presence of actin and myosin in apicomplexans including T. gondii, proposing a
model of motility based on a linear acto-myosin motor.
The next important step was the cloning of the first myosins from T. gondii
(Heintzelman and Schwartzman, 1997; Dobrowolski et al., 1997a) and P. falciparum (Pinder et al., 1998), TgMyoA and PfMyoA. These studies screened for generic
consensus myosin sequences by PCR and immunofluorescence, so it is not surprising that this was the first identified: MyoA remains the most abundantly expressed
and widely conserved apicomplexan myosin (Heintzelman and Schwartzman, 2001;
Foth et al., 2006). Some unusual features of MyoA were immediately noticed. Most
strikingly, MyoA was then one of the smallest myosins identified (though some apicomplexan myosins are smaller still), comprising a motor domain and short neck region (Heintzelman and Schwartzman, 1997). Secondly, though the common myosin
motifs were largely intact, TgMyoA (and many other apicomplexan myosins including PbMyoA, though not PfMyoA), deviate from the near universal TEDS rule (Lew
et al., 2002). Also, TgMyoA and PfMyoA share an unusual substitution, replacing a highly flexible glycine (which acts as a fulcrum for the lever arm) with serine
(Hettmann et al., 2000).
Shortly after, several TgMyoA paralogues were identified with TgMyoC, D and
E potentially acting in support of TgMyoA in different parasite stages (Heintzelman and Schwartzman, 1997; Hettmann et al., 2000). The repertoire of myosins in
P. falciparum grew to four (Heintzelman and Schwartzman, 2001) and ultimately six
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(Chaparro-Olaya et al., 2003; Chaparro-Olaya et al., 2005), named PfMyoA-F in order of discovery. PfMyoB was shown to be restricted to the apex of the merozoite
(Chaparro-Olaya et al., 2003; Yusuf et al., 2015) and therefore suspected to play a
role in invasion. However, little work was done on P. falciparum myosins other than
PfMyoA until recently (see section 1.7).
1.4.1.2

Apicomplexans have very large light chains

Myosins typically require the binding of two calmodulin-like (containing EF-hand
motifs) light chains, referred to as RLC (regulatory light chain) and ELC (essential
light chain), to the neck region to strengthen the lever arm and as a site of regulation (see section 1.3.3). The light chains were expected to be particularly important
for the "tail-less" MyoA. RLCs for TgMyoA and PfMyoA were quickly identified:
MLC1 in T. gondii (Herm-Götz et al., 2002) and MTIP in P. yoelii (Bergman et al.,
2003). MLC1/MTIP binds to MyoA in the neck region, at the extreme C-terminus
(Hettmann et al., 2000), with four EF-hand domains in two pairs that form a clamp
around the MyoA neck (Bosch et al., 2007). The EF-hand motifs are degenerate,
unlikely to bind Ca2+ (Douse et al., 2012) and indeed Ca2+ ion concentration has
no effect on the properties of recombinant PfMyoA-MTIP (Bookwalter et al., 2017).
As well as the EF-hand domain, MLC1/MTIP are highly unusual for light chains
in having an additional, unstructured N-terminal domain. This domain has proven
difficult to characterise structurally, but has been shown to be necessary for recruitment of TgMyoA to the IMC (Frénal et al., 2010), suggested to compensate for the
absent MyoA tail. MTIP was shown to be required for stable folding of MyoA in
ookinetes (Sebastian et al., 2012).

1.4.2

The arrangement of the MyoA motor complex in the pellicle

Before the cloning of PfMyoA, some evidence for myosin in Plasmodium spp. came
from immunofluorescence using antibodies against consensus myosin sequences
(Suhrbier et al., 1993; Webb et al., 1996). Initial evidence suggested that myosin could
be found at the apex of invasive stages of P. falciparum (Webb et al., 1996; Pinder et al.,
1998) and T. gondii (Heintzelman and Schwartzman, 1999), while subsequent studies localised MyoA more clearly to the pellicle around the periphery of tachyzoites
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(Hettmann et al., 2000) or P. berghei ookinetes and sporozoites (Margos et al., 2000).
Localisation to the membranous periphery was confirmed by sub-cellular fractionation (Hettmann et al., 2000). Immuno-EM studies confirmed that MyoA localised to
the cortical space, between the IMC and the PPM (Dobrowolski et al., 1997a; Pinder
et al., 1998) and it became clear that at least two topologies were possible. MyoA
could be anchored to the PPM, either by interacting with phospholipids or membrane proteins, working against actin filaments bound to the IMC, or else the inverse
could be true. Using hypotonic medium to swell tachyzoites and separate the IMC
from the PPM, immuno-EM in T. gondii supported the PPM-anchored myosin model
(Dobrowolski et al., 1997a), and this was initially accepted (Morrissette and Sibley,
2002; Opitz and Soldati, 2002).
However, the identification of MTIP and immuno-EM of MyoA in Plasmodium
spp. soon contradicted this initial finding, supporting instead the IMC-anchored
model. By IFA, MTIP was found to be localised to the pellicle like MyoA and by
immuno-EM MyoA/MTIP were not found around the apex (where there is no IMC)
(Pinder et al., 1998). MyoA and MTIP were not solubilised by detergent-mediated
removal of the PPM and immuno-EM of liver stage parasites, where the IMC is broken down, also revealed a loss of peripheral localisation of MyoA/MTIP (Bergman
et al., 2003). MTIP was shown to be palmitoylated (Jones et al., 2012), so might be
able to associate directly with a membrane. However, subsequent work in T. gondii
found that TgMyoA and MLC1 are recruited to the IMC, not the PPM, via the structural protein TgGAP45 (Frénal et al., 2010). The N-terminal unstructured domain of
MLC1 is necessary and sufficient for localisation to the IMC (though the C-terminal
EF-hand domain is required for recruiting MyoA to the IMC), but this is dependent
on an interaction with the C-terminus of TgGAP45, not on MLC1 palmitoylation
(Frénal et al., 2010).
These findings have led to all subsequent models being shown with IMCanchored MyoA motor complex (Fig 1.7). However, the details of MTIP/MLC1 anchoring to GAP45 have not been elucidated, nor any structural information about
the shape or size of the complex. It remains to be shown how the MyoA motor complex is arranged within the pellicle, for example, whether all the molecules of MyoA
have the same orientation (and if so how this is established) (Tardieux and Baum,
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2016). Cartoon models also rarely address the distribution of motors across the cell.
Especially for sporozoites, force is not applied uniformly along the pellicle but at discrete adhesion sites (Münter et al., 2009), perhaps formed from clustering of parasite
membrane proteins or bundling of actin filaments by actin-binding proteins.

1.4.3

MyoA is critical for motility and invasion in all stages tested

Early functional work was done on TgMyoA (and its paralogues TgMyoC and
TgMyoD). The first biophysical studies were carried out, showing that TgMyoA can
bind F-actin in an ATP-dependent manner (Hettmann et al., 2000) and can translocate F-actin at high speeds (Herm-Götz et al., 2002). The first genetic modification of TgMyoA was performed, with expression of a second, epitope-tagged copy
confirming that TgMyoA localises to the parasite pellicle via the short neck region
(Hettmann et al., 2000). Because of its peripheral localisation, MyoA was suspected
to be responsible for motility and invasion. It was not long before these critical functions of TgMyoA were demonstrated using conditional knock-down in two studies pioneering controlled, inducible genetic modification in apicomplexan parasites
(Meissner, 2001; Meissner et al., 2002). These studies employed the tetracyclineinducible repressor system (TetR) and a T. gondii-adapted tetracycline transactivator
(TaTi-1) to control transcription of an ectopic copy of myoa (Meissner et al., 2002).
With the TaTi-1 approach, the endogenous copy of myoa could then be removed,
and the ectopic copy used to conditionally knock-down TgMyoA and show a striking block in tachyzoite motility, invasion and egress, while virulence was entirely
abrogated (Meissner et al., 2002). This confirmed that MyoA is critically important
for motility and invasion, though some residual parasite activity remained which
would need the development of technology for cKO at the genetic level to explore
fully.
A subsequent study adapted a system for rapid control of protein levels in T.
gondii based on a modified rapamycin-binding domain (ddFKBP) which is natively
degraded unless rapamycin is present to stabilise (Herm-Götz et al., 2007). Fusion
of ddFKBP to TgMyoA formed a rapidly inducible second gene copy, however attempts to then remove the endogenous myoa gene were unsuccessful (Herm-Götz
et al., 2007). Though this attempt to generate a tool for probing TgMyoA function
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failed, it demonstrated the potential for rapid control of gene expression using this
tool, confirmed that ectopic expression of a second copy of MyoA down-regulates
the endogenous copy at a post-translational level and demonstrated that adding a
tag to the N-terminus of MyoA may not be well tolerated.
In Plasmodium spp. the essential role of MyoA was confirmed in the insectinfecting ookinete stage in P. berghei. In an innovative approach, the myoa promoter
was exchanged for the ama1 promoter, expected to drive normal expression during
asexual stages but be completely silent in ookinetes. The resultant parasites completely lost myoa expression in ookinetes which entirely lost motility and oocyst production, though ookinetes manually injected into the mosquito thorax continued
normal development (Sidén-Kiamos et al., 2011; Sebastian et al., 2012).
Since 2013, have tools for conditional KO at the genetic level been adapted for use
in T. gondii (Andenmatten et al., 2013) and P. falciparum (Collins et al., 2013). Strong
support for the hypothesis that PfMyoA is critical for driving merozoite invasion
into RBCs has come from completely blocked invasion in cKOs of other proteins in
the acto-myosin system, PfAct1 (Das et al., 2017) and PfGAP45 (Perrin et al., 2018). In
both of these cKO mutants, egress was not affected, but both deformation of the RBC
and internalisation were completely blocked. The phenotype of PfAct1-KO parasites
also pointed to other actin-dependent processes in asexual development (see section
1.7). However, the importance of MyoA for P. falciparum merozoite invasion remains
to be directly demonstrated, over 20 years since its discovery.

1.4.4

The Linear Motor model of MyoA

Shortly after the identification of MLC1/MTIP and the confirmation of the critical
role of MyoA, several more MyoA-interacting proteins were identified in T. gondii.
The newly named "glideosome", or MyoA motor complex (MMC), comprises MyoA
with its two light chains and the gliding-associated proteins (GAPs) that anchor
MyoA to the IMC, GAP40, -45 and -50 (Fig 1.7). In turn, the MMC is associated
with a number of other proteins in the IMC and, via actin filaments, with PPManchored proteins that connect to the external substrate. Although further MMC
components continued to be identified, both conserved and coccidian-specific, the
overall make up of the complex was now in place. Reviews by Opitz and Soldati,
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F IGURE 1.7: The linear motor model. The MyoA motor complex (MMC) is responsible
for producing force during motility and invasion and is localised to the cortical space
between the PPM and IMC. A In the current linear motor model, MyoA is bound by its
two light chains, ELC and MTIP (the RLC), and the N-terminal domain of MTIP in turn
binds GAP45 near the IMC. GAP45 can bind the PPM and IMC by acylation at each
end of the protein, and possibly by protein-protein interactions with GAP40/50, which
are integral membrane proteins of the IMC. MyoA is positioned to interact with short,
dynamic actin filaments, which it translocates rearwards. This force is transmitted by
"adaptor" proteins which bind the cytoplasmic tails of adhesins, and thereby contact
the external substrate. The rearwards force applied to the external substrate results in
forwards movement of the parasite. B The original model of the MMC suggested a
reversed topology of MyoA and actin, with MyoA anchored to the external substrate
instead. This is hard to reconcile with the observation that actin flows in the opposite
direction to parasite movement, from the apex to the posterior. C A "free" orientation
model was proposed (Tardieux and Baum, 2016) to account for several possibilities and
current unknowns. Primarily, the "fixed" orientation of MyoA suggested by the linear
motor model would require precise control of actin filament orientation for productive
interaction with myosin. Instead, MyoA might be loosely organised with varied orientation, still in line with the long axis of the parasite on average. This model also accounts
for the unknown site of interaction between MTIP and GAP45, which could be another
source of variety in motor orientation, and for the possibility of adhesins interacting
directly with actin filaments organised by, for example, Coronin. It has been difficult to
find a single adhesin essential for motor activity, instead multiple adhesins with varying distributions and receptor specificity may contribute. Source: Figure - Tardieux and
Baum, 2016.

2002, concerning T. gondii, and Keeley and Soldati, 2004, including Plasmodium spp.,
established a simple "linear motor" model for the MMC. Though the arrangement
and functional importance of many MMC and MMC-interacting proteins has not
been directly probed, the overall picture remains in place today.
The "linear motor" model holds that integral membrane proteins GAP40 and
GAP50 sit in the outer membrane of the IMC as an anchor complex. Once the
IMC is fully formed during parasite development the pre-assembled sub-complex
of GAP45, MyoA and the light chains is recruited (Frénal et al., 2010). To produce
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motility, short, unstable F-actin produced at the cell apex is connected to an "adaptor" protein which binds the cytoplasmic tails of transmembrane PPM proteins ("adhesins") and these in turn bind the external substrate. MyoA can then translocate
F-actin towards the cell posterior, propelling the IMC and rigid cytoskeleton forwards.

1.4.4.1

GAP proteins anchor the MMC

A search for tachyzoite pellicle proteins revealed TgGAP45 (Gaskins et al., 2004).
This elongated coiled-coil domain-containing protein is localised to the IMC, is conserved across apicomplexa and is predicted to possess C- and N-terminal acylation
sites for membrane anchoring. Co-immunoprecipitation studies of TgGAP45 and
MLC1 revealed two further well conserved GAPs, TgGAP40 and TgGAP50 (Gaskins et al., 2004; Frénal et al., 2010). Unlike TgGAP45, which can only associate with
membranes via post-translational acylation, TgGAP40 and TgGAP50 have transmembrane domains so were predicted to form an anchoring site in the IMC for the
rest of the MMC (Johnson et al., 2007). Consistent with this, TgGAP40 and TgGAP50
were found to be trafficked to the still-developing IMC in daughter cells, while a
sub-complex of TgGAP45, MLC1 and TgMyoA is assembled in the cytosol and associates with the IMC once it is fully developed and associated with the PPM (Gaskins
et al., 2004). None of the three GAPs could be knocked out constitutively in T. gondii
(Gaskins et al., 2004; Frénal et al., 2010; Egarter et al., 2014) or P. falciparum (Yeoman
et al., 2011; Perrin et al., 2018).
Molecular functional study of TgGAP45 revealed more details about the recruitment and anchoring of the MMC at the pellicle. GAP45 is essential for invasion
in both T. gondii and P. falciparum (Frénal et al., 2010; Perrin et al., 2018), and PfGAP45 expression in T. gondii was able to complement TgGAP45-KO, demonstrating
a high degree of functional conservation (Frénal et al., 2010). GAP45 forms an elongated coiled-coil structure which could span the cortical space, acting like a spring
to maintain the spacing of IMC and PPM membranes, though it may not associate
with both membranes at once. Careful mutational analysis of the N- and C-terminal
acylation sites in T. gondii suggested that TgGAP45 first transiently associates with
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PPM following rapid, co-translational N-terminal myristoylation, then stably associates with the IMC once the IMC is fully formed, using C-terminal acylation and
specific protein-protein interactions (Frénal et al., 2010). TgGAP45-KO led to defective motility, invasion and egress, irregular pellicle structure, and loss of MLC1
recruitment. Interestingly, while PfGAP45-KO also completely blocked invasion in
merozoites, no disruption of pellicle structure was seen, perhaps due to the different
cell shape (Perrin et al., 2018). In merozoites, PfGAP45-KO had no effect on egress,
but produced a complete block in invasion, confirming that the P. falciparum actomyosin motor is not involved in egress, unlike T. gondii tachyzoites, but is critically
important for invasion.

1.4.4.2

Essential Light Chains support maximal MyoA motility

A typical myosin neck recruits two light chains for maximal motility; small,
calmodulin-like EF-hand proteins that bind Ca2+ ions (see section 1.3.3). Though
the IQ motifs in the MyoA neck are too degenerate to easily predict the number
of light chains, initial biophysical analysis of TgMyoA pulled down from parasite
lysate demonstrated relatively high speed (5 µm/s) and step size (5.3 nm), comparable to skeletal muscle myosin which binds two light chains (Herm-Götz et al., 2002).
Following the identification of MLC1 (the regulatory light chain) in T. gondii (HermGötz et al., 2002), mass spectrometry analysis of proteins associating with the MMC
in a Ca2+ -dependent manner revealed a candidate second light chain, named essential light chain 1 (TgELC1) (Nebl et al., 2011). Recombinant expression of MyoA and
its light chains became possible only after the identification of a parasite-specific protein folding chaperone, TgUNC (Bookwalter et al., 2014). Co-expression of TgUNC
with TgMyoA, MLC1 and TgELC1 produced a functional myosin capable of translocating actin at double the speed seen with just MLC1, and at speed similar to MMC
pulled down from parasite lysate (Bookwalter et al., 2014).
The original proteomic screen for Ca2+ -dependent MMC-interacting proteins
(Nebl et al., 2011) also led to the identification of a second ELC for T. gondii, TgELC2.
This paralogue is highly similar to TgELC1 and plays a redundant role; neither is
essential alone, but a double KO caused a complete block in invasion and egress
(Williams et al., 2015). TgELC1 binding affinity for TgMyoA is enhanced by both the
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presence of MLC1 and Ca2+ (Powell et al., 2017), suggesting that Ca2+ concentration
could regulate motility by affecting the assembly of the full MMC.
P. falciparum expresses only one ELC isoform, PfELC, which is highly dissimilar
to both TgELCs in sequence (20-21% identity) and structure (Pazicky et al., 2019)
despite performing a similar function. PfELC was identified by mass spectrometry
as the sole unidentified calmodulin-like protein that co-immunoprecipitated with
tagged PfMyoA (Bookwalter et al., 2017; Green et al., 2017). PfELC is recruited to
MyoA after MTIP binding to an adjacent site on the neck region and is required for
maximal actin translocation in vitro, however PfELC lacks conserved EF-hand motif
residues and does not bind Ca2+ (Bookwalter et al., 2017; Green et al., 2017). PfELC
could not be constitutively knocked-out (Green et al., 2017), suggesting that like
the combined TgELCs, it is critical for motor function, however conditional genetic
modification will be required to confirm this.

1.4.4.3

Coupling actin translocation to the substrate

The linear motor model holds that F-actin is attached to the PPM and in some way
connected to the substrate via transmembrane receptors. The search for the molecular basis of this attachment has typically focussed on identifying individual candidates for two roles ("adaptor" and "adhesin"), though the overall effect of coupling
force production to the substrate could in theory be achieved with a range of "nonprofessional" adaptors or non-specific interactions (Fig 1.7).
The first candidate adaptor protein was the metabolic enzyme, aldolase, known
to cross link F-actin in other species and found alongside actin in a pull down of
candidate adhesin MIC2 from tachyzoites (Jewett and Sibley, 2003), dependent on
the presence of a key tryptophan residue in the MIC2 cytosolic tail. Apparently compelling evidence of aldolase acting as an adaptor was provided by the strong growth
defect after aldolase cKO and specific aldolase mutants that distinguished between
the known energetic functions and binding to the MIC2 tail (Starnes et al., 2009).
However, it later emerged that aldolase was entirely dispensable for motility when
tachyzoites are cultured in the absence of glucose (Shen and Sibley, 2014), suggesting
that the only important role of aldolase is in metabolism. Nevertheless, it is premature to discard aldolase as a member of the motor complex, given the possibility of
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compensatory mechanisms including the ability of some adhesins to directly cluster
actin filaments (Diaz et al., 2014) or from the ability of another metabolic enzyme,
GAPDH, to play a redundant role (Pal-Bhowmick et al., 2012). Functional characterisation of the protein interactions, rather than simple assessment of essentiality, will
shed more light on which interactions are significant (Diaz et al., 2016).
More recently, another candidate adaptor was identified in T. gondii, the glideosome-associated connector (GAC), a protein shown to localise to the TJ during invasion, bind both lipids and actin, and to be critically important for motility, invasion
and egress (Jacot et al., 2016). The presence of multiple adaptor proteins may be important for regulation of different modes of motility in different parts of the parasite
or at different parasite stages.
Multiple proteins, including AMA1 and the DBL/Rh proteins, act as adhesins,
parasite receptors promoting adhesion to the substrate, but relatively few have
been shown to also have an significant role in linking the substrate to actin or an
actin-binding adaptor. As seen for adaptor proteins, the presence of multiple redundant proteins has made it difficult to clearly identify which adhesins are critically important for motility and invasion. Several important adhesins belong to
the thrombospondin-related protein family (TRAP family), marked by a short, conserved cytoplasmic tail which can often directly bind actin (Diaz et al., 2014) and one
or more thrombospondin repeats (TSRs) in the extracellular domain.
In sporozoites and other apicomplexans, TRAP is required for motility and virulence (Kappe et al., 1999). Genetic KO of TRAP produced sporozoites incapable
of entering the salivary glands of the mosquito or of productive motility, instead
moving back and forward on the same spot (Sultan et al., 1997). This suggests that
TRAP supports directional motility, perhaps by helping organise and orientate actin
filaments via the cytoplasmic tail. For productive turnover of sporozoite attachment
sites, TRAP is cleaved in the transmembrane domain (Ejigiri et al., 2012). However,
the T. gondii orthologue of TRAP, TgMIC2, can be knocked-out in tachyzoites, suggesting that a combination of redundancy and additional sources of force production
make TgMIC2 not-quite-essential, like various members of the acto-myosin system
(see section 1.5.1.2).
Other members of the TRAP family include TLP (TRAP-like protein) important
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for sporozoite gliding and salivary gland invasion (Quadt et al., 2016), CTRP, essential for ookinete motility (Dessens et al., 1999) and MTRAP, initially thought to be
important for merozoite invasion (Baum et al., 2006b). MTRAP was subsequently
shown to have an essential role only in gametocytes, where it ruptures the PV membrane during egress from the RBC (Riglar et al., 2016; Bargieri et al., 2016; Kehrer
et al., 2016), meaning that a significant role for MTRAP in merozoite invasion is unlikely, and the adhesins that link actin to the external substrate in merozoite invasion
are unknown.

1.5

Additional sources support MyoA in motility

The identification of the main components of the MMC provided a useful model for
understanding how apicomplexan parasites glide and invade host cells. However,
as tools for conditional genetic modification were developed, the absolute importance of many components was questioned in T. gondii. The overall picture of the
MMC remains intact, but this work has shed light on additional mechanisms supporting acto-myosin force production, and the importance of placing the MMC in
context in different regions of the zoite and different parasite stages.

1.5.1
1.5.1.1

Challenges to the linear motor model
Many motor proteins appear dispensable in T. gondii

Targeting members of the MMC known to be important for motility with DiCremediated excision in T. gondii revealed that only some genes were absolutely essential for parasite replication (Andenmatten et al., 2013; Egarter et al., 2014). cKO
of integral IMC proteins TgGAP40 and TgGAP50 completely blocked replication,
suggesting they are important for IMC integrity as well as supporting motor assembly (Egarter et al., 2014). However, for other gene KOs parasite motility and
invasion could be maintained at residual levels, around 20-25%, and for some genes
(mic2, ama1 and myoa) clonal lines could be isolated where the gene was permanently deleted. For mlc1, gap45 and act1 residual invasion could be observed but
clones could not be isolated, presumably due to these genes being also required for
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IMC integrity (TgGAP45) or organelle inheritance (TgAct1). As well as being essential for MyoA recruitment (Frénal et al., 2010; Egarter et al., 2014), TgMLC1 is
the light chain for MyoC (Frénal et al., 2014) and perhaps other myosins, potentially
explaining why clones lacking mlc1 could not be generated, unlike myoa.
Tachyzoites devoid of each of these motor proteins were deficient in motility,
invasion and egress (Andenmatten et al., 2013; Egarter et al., 2014), leading to a
strong overall growth defect. Egress was most strongly blocked, but can be experimentally bypassed, while some residual motility and invasion were consistently
observed. TgAct1-KO parasites showed a broader range of phenotypes than MMC
KOs, showing that TgMyoA is restricted to its role in motility and invasion (Egarter
et al., 2014).

1.5.1.2

Motor complex redundancy supports residual invasion

Conditional KO of TgMyoA by transcriptional repression (Meissner et al., 2002) or
genetic KO (Andenmatten et al., 2013) left residual invasion (16%), which might
be explained by residual protein expression. This possibility was examined further
for the similar case of TgAct1. One study measured actin expression in individual
cells by IFA and found that residual invasion continued to decline over several days
and was still sensitive to cytoD, suggesting that residual invasion depended on the
presence of residual actin (Drewry and Sibley, 2015). However, a later study used a
wider range of antibodies to show that the level of actin quickly fell to below a likely
critical concentration, that (actin-dependent) dense granule motility fell to zero after
36 h and that cytoD treatment likely affects other targets as well as actin, together
showing that residual actin expression is insufficient to contribute to residual invasion (Whitelaw et al., 2017). While highlighting the importance of carefully assessing
the penetration of a conditional mutation, this suggests that residual expression of
motor proteins is unlikely to account for the residual invasion.
Another explanation for the residual invasion in motor-deficient tachyzoites is
the effect of redundant proteins. There is known to be redundancy in adhesins,
with TgAMA1-KO compensated for by up-regulation of TgAMA2 (Bargieri et al.,
2013; Lamarque et al., 2014). Similarly, while TgGAP45 is the central myosin anchor
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in the parasite pellicle, GAP70 and GAP80 are two paralogues with different biophysical properties from TgGAP45 and restricted localisations at the cell apex and
posterior. GAP70 anchors an apex-specific version of the MMC (Frénal et al., 2010),
while GAP80 anchors a basal MyoC motor complex (Frénal et al., 2014). KO of either
TgGAP45 or GAP80 could be partially compensated by re-localisation of the other,
albeit with artificial over-expression (Frénal et al., 2014). Therefore, for TgGAP45,
like the adhesins, redundancy may explain the residual motility observed after cKO.
Redundancy may also contribute to the residual tachyzoite invasion in TgMyoAKO, with several paralogues (Foth et al., 2006) suggested to play complementary
roles in invasion, though each (TgMyoC, D and E) is more strongly expressed in
slow-growing bradyzoites (Delbac et al., 2001). TgMyoD is highly similar in structure and kinetics to TgMyoA (Herm-Götz et al., 2006), binds a light chain with
an N-terminal extension (TgMLC2) like MLC1 (Polonais et al., 2011) and has been
put forward as a possible compensatory mechanism in TgMyoA knockout parasites
(Egarter et al., 2014). TgMyoE is also closely related to TgMyoA, but its function is
unknown beyond localising to the apex (Frénal et al., 2017). TgMyoC forms an alternative motor complex at the parasite posterior with GAP80 under normal conditions
(Frénal et al., 2014), but like GAP80, can partially compensate for TgMyoA-KO, relocalising to the parasite pellicle (Frénal et al., 2014; Whitelaw et al., 2017). Though
KO of TgMyoC had no effect in wild type parasites, in a TgMyoA-KO background
TgMyoC-KO strongly lowered the residual invasion level, from 16% to 5%, confirming the importance of myosin redundancy in T. gondii.
Another T. gondii myosin involved in motility and invasion is TgMyoH. Though
this myosin is not as closely related in sequence to TgMyoA, it is functionally related
and forms a distinct motor complex at the tachyzoite conoid which may support
residual motility and invasion in the absence of TgMyoA. TgMyoH is conserved
across the coccidian sub-class (Foth et al., 2006) and is predicted to have eight IQ
motifs in the neck region and ATS1/RCC1 domains in the tail region, used in yeast
for interaction with microtubules (Graindorge et al., 2016). Accordingly, TgMyoH
was shown to associate with microtubules at the conoid, anterior to the IMC, in
complex with at least three light chains, including MyoA light chain MLC-1 and
conoid-restricted light chains MLC-5 and -7 (Graindorge et al., 2016). Conditional
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KO of TgMyoH showed that motility, invasion, egress and mouse infection were
almost completely blocked, more strongly than TgMyoA-KO. While TgMyoA-KO
parasites could still insert the conoid at the start of invasion, TgMyoH-KO parasites
could not (Graindorge et al., 2016). Since TgMyoA-KO parasites retain this initial
conoid insertion step, TgMyoH may contribute to residual invasion.
In contrast, while adhesins, GAPs and myosins all have some redundancy,
T. gondii only possesses one isoform for actin, so redundancy is unlikely to explain
residual motility and invasion in TgAct1-KO parasites. Therefore, other mechanisms
of force production are likely to support TgMyoA during invasion.

1.5.2

Host cell activity explains much of the residual invasion

Before considering the possibility of additional mechanisms of force production in
the parasite per se, the role of the host cell should be examined. Early studies showed
that actin-inhibitory drug cytoD blocked invasion by acting on parasites, not the
host cell (Dobrowolski and Sibley, 1996). However, in the context of TgMyoA-KO
the role of the host cell was re-examined, showing that even non-phagocytic host
cells are able to drive T. gondii invasion in parasites lacking TgMyoA, by the action
of membrane ruffling around the stalled tachyzoite (Bichet et al., 2016). Although
this was inefficient, and the host cell membrane ruffles sometimes killed the parasite
instead of internalising it, this mechanism helps explain more of the slow, residual
invasion in TgMyoA-KO tachyzoites.
This observation builds on previous evidence supporting the involvement of
host cell activity in invasion. In an early study confirming that tachyzoites enter cells
by active invasion instead of by induced endocytosis, rare examples were nonetheless observed of parasites being initially taken up by phagocytosis before then undergoing active invasion from within the phagosome (Morisaki et al., 1995). Later,
this pathway of phagosome-to-vacuole invasion (PTVI) was shown to be the default
pathway for avirulent strains of T. gondii, perhaps as an evolutionary intermediate
between endocytosis-based and active penetration-based invasion for intracellular
pathogens (Zhao et al., 2014). Both tachyzoites and sporozoites induce host cell actin
polymerisation to help anchor the TJ (Gonzalez et al., 2009). Tachyzoites also secrete
an effector protein, toxofilin, that actively contributes to local remodelling of the host
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cell actin cortex (Bichet et al., 2014). Host cells that have low stiffness are more easily penetrated, while KO of toxofilin results in an increased rate of invasion failure
(Bichet et al., 2014).
Therefore, rather than ignoring the host cell it seems that tachyzoites have
evolved to exploit the behaviours and biophysical properties of the host cell to maximise the efficiency of (parasite-driven) invasion, and the same is true of P. falciparum merozoite invasion (see section 1.2.2.4). Because the host cells targeted by
tachyzoites have a much more dynamic cytoskeleton and plasma membrane than
the RBC the level of residual invasion in the absence of MyoA in P. falciparum merozoites could be expected to be much lower.

1.5.3

Other reasons to move beyond the Linear Motor model

Though much of the residual motility and invasion might be ascribed to redundant
proteins and host cell activity, there are further reasons to move beyond the simplistic linear motor model. On a molecular level, the arrangement and topology of the
MMC is still uncertain, since it has never been visualised or reconstituted in vitro.
On a cellular level, the mechanism of coupling MyoA motor force to actin and of
coupling actin via adhesins to the substrate are not well understood.
In addition to the residual invasion seen in T. gondii tachyzoites lacking motor components, several observations in P. berghei sporozoites support an update
to the linear motor model. Firstly, immature sporozoites, or sporozoites where the
key adhesin TRAP has been knocked-out, exhibit a pendulum-like, unproductive,
bi-directional motility, not easily explained by an ordered, unidirectional array of
myosins (Kappe et al., 1999; Münter et al., 2009). Secondly, analysis of sporozoites
gliding on a glass substrate with reflection interference contrast microscopy (RICM)
revealed that motility is not constant over time or space. Instead sporozoites form
discrete adhesion sites at the parasite apex and base, and move in a "stick-slip"
manner, with alternative periods of maximal velocity and pauses, corresponding
to breaking and formation of new adhesion sites (Münter et al., 2009). Perturbation of adhesins or actin polymerisation impaired sporozoite motility by disrupting
the turnover of the adhesion sites, confirming the importance of controlled adhesion and detachment, which may be a key role of the MMC. A similar mechanism
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of motility based on discrete adhesion sites has recently been reported for T. gondii
(Pavlou et al., 2020).
Thirdly, surface attachment under shear stress is unaffected by TgMyoA-KO but
is weakened by TgAct1-KO (Whitelaw et al., 2017), while in P. berghei, inhibiting
actin polymerisation with cytoD produces stronger adhesion of sporozoites under
shear stress (Münter et al., 2009), together suggesting that the acto-myosin system
plays a role in regulating attachment and release from attachment sites, rather than
simply producing uniform force along the parasite. Finally, experiments in T. gondii
and P. berghei show that capping of latex beads still happens at a similar speed after
genetic or chemical disruption of acto-myosin (Quadt et al., 2016; Whitelaw et al.,
2017).

1.5.4

Retrograde membrane flow contributes to force production

Though more experiments are needed to disentangle the mechanisms underlying
these observations, additional mechanisms have been proposed to support actomyosin in force production. Broadly, these incorporate mechanisms seen in the
motility of metazoan cells to expand on the linear motor model (Fig 1.8).
A model of motility based on cycles of osmotic pressure ("gelation-solation") was
proposed for T. gondii to account for the residual motility seen after genetic disruption of acto-myosin (Egarter et al., 2014). In this model, an elastic gel of negativelycharged macromolecules is formed at the apex of the parasite, creating a charge gradient (Fig 1.8A). As the gel breaks down, mobile cations can enter the apex, down
the charge gradient. This influx of ions creates an osmotic gradient, and assuming
the posterior of the parasite is firmly adhered to the substrate, this leads to swelling
of the apex. Coordinated formation of a new adhesion site at the new advanced position of the apex completes the step forward, and a new gel can be formed. This
mechanism proposes that the MMC is responsible for regulated breaking and formation of attachment sites, while osmotic force drives the cell forwards. Although
no specific evidence has been shown for this model, it illustrates how the MMC
could be part of a larger mechanism of force production, so that deletion of MMC
components would leave some residual motility (Egarter et al., 2014).
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F IGURE 1.8: Proposed force production machinery to support acto-myosin. A Following the discovery that the MMC is not absolutely required for tachyzoite invasion,
Egarter et al., 2014, hypothesised another mechanism of propulsion that includes, but
is not limited to, acto-myosin activity: a gelation-solation model. This suggests that the
parasite adheres to the substrate leaving the apex unattached, then builds up an osmotic
gradient at its tip causing the apex to protrude forward, allowing the adhesion site to
advance. In this hypothetical model, the role of acto-myosin would be limited to control
of the adhesion site, not force generation per se. Adapted from Egarter et al., 2014. B A
generic zoite, showing how retrograde membrane flow is coupled to force production.
Retrograde flow of membrane was long established from capping experiments. This
was recently shown to be part of a cycle of secretion and endocytosis (orange arrows)
depending on apical secretion of vesicles, such as micronemes, and a combination of
posterior endocytosis of membrane and deposition of excess membrane, to maintain
a steady state. Studies with actin inhibitors and acto-myosin mutants show that this
flow continues, or accelerates without acto-myosin activity, however it cannot power
bead capping with resistance applied (represented by small beads). The combination of
acto-myosin, actin-binding proteins (e.g. profilin) and adhesins (e.g. TLP) couple retrograde flow of membrane to force production, exchanging unloaded velocity (inset black
arrowheads) for force under load (represented by large beads). Source: Figure - own
work. Information from Egarter et al., 2014; Quadt et al., 2016; Moreau et al., 2017; Gras
et al., 2019.
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The contribution of membrane dynamics to force production is becoming more
clear. Detailed biophysical investigation of the capping of beads by P. berghei sporozoites revealing more about the link between retrograde flow of adhesins and force
production. These studies use optical tweezers to position a bead at the apex of a
sporozoite, allowing retrograde flow of adhesins to translocate the bead to the posterior and allowing the velocity of translocation to be measured. Varying the intensity
of the laser varies the amount of force required to pull the bead from the optical
tweezers (the ’trapping’ force), so the force capacity of the parasite can be measured,
as well as the flow velocity (Quadt et al., 2016).
As noted above, treating parasites with moderate concentrations of actin polymerisation inhibitor cytoD does not greatly reduce the velocity of bead translocation. In contrast, treatment with actin filament disassembly-inhibitor JAS significantly increases the speed of bead translocation, together showing that the presence
of retrograde membrane flow is not dependent on acto-myosin (Quadt et al., 2016).
Meanwhile, drugs targeting vesicle secretion and endocytosis in T. gondii did completely block bead translocation, suggesting that retrograde flow of adhesins relies
on a secretion-endocytosis cycle (Gras et al., 2019), where fusion of vesicles, such as
micronemes, at the parasite apex provides both the adhesins needed for substrate
interaction and membrane material to fuel retrograde flow (Fig 1.8B).
Importantly, retrograde flow of adhesins was only seen with a minimal trapping
force, equivalent to not bearing any load. The ability of sporozoites to overcome
even a small trapping force was strongly impaired after treatment with either cytoD
or JAS (Quadt et al., 2016). Similarly, genetic disruption of TLP, an adhesin, or profilin, an actin-binding protein, results in faster bead translocation but much lower
force capacity (Quadt et al., 2016; Moreau et al., 2017; Moreau et al., 2020), so these
proteins are important, alongside actin, for converting retrograde flow of adhesins
into productive force. Together, these data point to a complex, inverse relationship
between retrograde flow of adhesins and force production. It appears that the combined role of MyoA, actin-binding proteins and adhesins is to act as a molecular
clutch, organising and harnessing actin filaments to slow down retrograde flow and
convert it into productive force (Quadt et al., 2016) (Fig 1.8B).
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By separating the velocity of retrograde flow from the amount of force produc-

tion, these studies reveal the important contribution of membrane flow in enabling
translocation of adhesins. However, the role of the MMC in force production remains central, since increasing or decreasing the speed of retrograde flow, by chemical or genetic means, reduces force production, suggesting that parasites already
operate near the optimum balance.

1.5.5

An updated model for force production

Recent work examining the different requirements for motor activity in T. gondii
tachyzoites and P. berghei sporozoites has helped to broaden the simple "linear motor" model of MyoA function, but has not undermined it altogether. This work has
revealed retrograde flow of membrane as an additional contributor to force production, but the importance of this mechanism for merozoite invasion has yet to be
tested (Fig 1.8B).
Firstly, experiments on tachyzoites revealed a consistent level of residual motility
and invasion in the absence of acto-myosin motor components, but the combined
contributions of redundant proteins and host cell activity likely explain most of this
(Egarter et al., 2014; Frénal et al., 2014; Bichet et al., 2016). This makes tachyzoites an
imperfect model for P. falciparum merozoite invasion, but motor-deficient tachyzoites
are a useful window into the broader force production machinery, which would not
be visible if the T. gondii acto-myosin system were absolutely required.
Secondly, experiments with capping of beads under genetic or chemical disruption to acto-myosin revealed that retrograde flow of membrane continues unabated,
though parasites are unable to bear any load without a motor (Quadt et al., 2016;
Moreau et al., 2017; Whitelaw et al., 2017).
Thirdly, experiments with gliding parasites, both tachyzoites and sporozoites, revealed that attachment and force production are not uniform along the parasite, but
focussed on discrete attachment sites (Münter et al., 2009). This led to a suggestion
that MyoA might function in regulation of attachment and detachment, with another mechanism providing the underlying accumulation of force that MyoA only
regulates.
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Many questions remain about the organisation of the MMC within the pellicle,
due to the difficulty of visualising parasite actin by EM and the limited structural
work on the MMC. Further structural work is needed to understand how MyoA
is arranged within the MMC (see figure 1.7) and how different MMCs are arranged
within the pellicle. Some studies have assumed regular linear arrays of MMCs along
the longitudinal axis of the parasite (Stadler et al., 2017), but this is not easy to reconcile with discrete adhesions sites along the parasite, or with observations of bidirectional gliding of immature sporozoites.
Without further work to understand how the MMC is arranged and organised
within the pellicle to support and interact with these additional motility mechanisms
in different zoites, an updated model of force production can only begin to place
the linear motor model in context. The updated, "free" orientation model of the
MMC (Fig 1.7C) remains the most flexible description of the MMC and fits with the
contribution of retrograde flow. More work is needed to understand the roles of
different adhesins in different zoites and the organisation and function of actin and
the MMC at discrete adhesion sites.

1.6

The functions and mechanisms of PfMyoA during invasion

1.6.1

Merozoite invasion differs from other zoites

Although studies of T. gondii tachyzoites and gliding sporozoites have shed light on
the mechanisms supporting acto-myosin motility, not all of the implications will apply to merozoite invasion, and invasion places additional demands on the parasite.
Current evidence suggests that merozoites are completely reliant on acto-myosin
system for invasion (Sidén-Kiamos et al., 2011; Das et al., 2017; Perrin et al., 2018),
unlike tachyzoites.
Despite sharing a phylum with T. gondii, Plasmodium spp. merozoites have major differences in invasion relevant to understanding myosin function.

Firstly,

PfMyoA does not have any paralogues (Foth et al., 2006) which could compensate
for PfMyoA-KO, although P. falciparum does have two genus-specific myosins that
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could have specific roles in invasion (see section 1.7.2.2). Secondly, since merozoites
invade a host cell with relatively restricted membrane and cytoskeleton dynamics,
the RBC, parasite force is more likely to be essential for merozoite invasion. Thirdly,
blood-stage Plasmodium spp. lack the apical conoid organelle which initiates the process of invasion in T. gondii and this step has been associated with the functions of
other myosins, TgMyoH and TgMyoE (Graindorge et al., 2016; Mueller et al., 2017).
Further, unlike during gliding, invading parasites need to travel only one parasite length, using one adhesion site (the TJ), so the coordinated turnover of adhesion sites may be less relevant. Merozoite invasion also has additional energetic
constraints than tachyzoite invasion or sporozoite gliding, since the parasite has to
work against not just its own mass but the resistance of the host cell membrane and
cytoskeleton. The limited diameter of the TJ provides another constraint, and the
merozoite has a narrow time window to successfully invade. In light of all this,
it would be unsurprising if the merozoite has its own particular energetic requirements for motor activity

1.6.2

Energetic requirements for PfMyoA during merozoite invasion

Studying the behaviour of TgMyoA-KO tachyzoites points to the involvement of
MyoA at multiple stages of invasion. Residual invasion still occurs conventionally,
through a TJ, but is erratic and slow, validating the important role for the MMC
in driving internalisation which cannot be compensated for by other elements of
the force production machinery, such as retrograde membrane flow (Egarter et al.,
2014; Bichet et al., 2016). In addition, MyoA may be involved at an earlier stage of
invasion, since allowing synchronised TgMyoA-KO tachyzoites to attempt invasion
for a short window revealed a delay in TJ formation (Egarter et al., 2014). This fits
with work in P. falciparum on cytoD-treated merozoites, which can form a TJ, but
cannot cause deformation and are more likely to contact and detach from multiple
RBCs before forming a TJ (Weiss et al., 2015). Together, these data point to a role
for MyoA in host cell selection, perhaps achieved through deformation, as well as in
subsequent internalisation.
A requirement for MyoA to overcome distinct energetic barriers for deformation
and internalisation was supported by biophysical modelling, as well as highlighting
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the contribution of RBC membrane wrapping and how this can be modulated by
merozoite activity (Fig 1.5). Firstly, modelling of the merozoite during attachment
and reorientation suggested that reorientation is not an active process, but could be
driven by a passive gradient of adhesins towards the parasite apex (Dasgupta et al.,
2014). This fits with work showing that an antibody blocking AMA1 prevents reorientation (Mitchell et al., 2004) whereas cytoD does not block reorientation (Weiss
et al., 2015). Therefore, the first energetic barrier requiring motor activity is deformation, which may not be a prerequisite for reorientation and TJ formation, but may
serve another purpose such as embedding the merozoite more strongly into the host
cell, or selecting a host cell with sufficient deformability. Secondly, motor activity
was predicted to be required during internalisation, despite the energetic barrier being reduced by multiple parasite effectors modulating the biophysical properties of
the RBC (Dasgupta et al., 2014) (see section 1.2.2.4). Motor activity was required to
overcome transitions from a state partially wrapped by the RBC membrane to completed invasion. This could involve applying force during internalisation to disrupt
the RBC cytoskeleton, or applying force at the completion of internalisation to drive
the otherwise unfavourable closure of the invasion pore (Dasgupta et al., 2014).
Testing these ideas with biophysical techniques is practically challenging because merozoites are only viable for a short window after egress, with a half life
of five minutes (Boyle et al., 2010), compared to gliding stages which maintain their
behaviour over longer periods and without interacting with a second cell. Even so,
some work has been done on the biophysical properties of invading merozoites and
the energetic barriers they must overcome. Optical tweezers were used to probe the
adhesion of merozoites to RBCs, with 40 pN of force required for detachment (Crick
et al., 2014), comparable to the ~100 pN force produced by gliding sporozoites.
The involvement of motor activity in completion of internalisation in T. gondii invasion was supported by careful observation of invading tachyzoites. At the end of
internalisation, closure of the invasion pore behind the invading cell coincided with
a 90-180◦ twisting motion (Pavlou et al., 2018). During invasion of host cells with
increased surface tension, tachyzoites underwent multiple rotations, pointing to an
important role for parasite motility in driving "re-sealing" of the invasion pore. This
twisting motion was not impaired in TgMyoA-KO parasites suggesting a different
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myosin, such as one localised to the parasite posterior, may be responsible for this
motion in T. gondii (Pavlou et al., 2018).
Supporting the nucleus during invasion has been proposed as another role of
acto-myosin. Invading tachyzoites often pause around one-third of the way through
invasion, around the point where the nucleus is trying to fit through the TJ, suggesting that internalisation of the nucleus is a limiting factor (Del Rosario et al., 2019),
in line with other eukaryotes undergoing confined migration (Thiam et al., 2016).
During invasion, actin is found in a ring directly adjacent to the TJ (Riglar et al.,
2011; Angrisano et al., 2012), but also in a cytoplasmic network at the cell posterior,
behind the nucleus. Rather than simply pushing the whole cell forwards, the force
produced at the TJ was suggested to help widen the TJ aperture to facilitate entry
of the nucleus, with the additional pool of actin behind the nucleus driving nuclear
entry by directly pushing (Del Rosario et al., 2019).
In merozoites, the energetic requirements for motor function during internalisation have not been probed because initiation of internalisation is completely blocked
after cKO of acto-myosin components (Das et al., 2017; Perrin et al., 2018). Though
PfMyoA itself has not been successfully genetically modified, it is clear that the motor is needed during internalisation, but it is not clear in which, or how many, processes it is involved. PfMyoA could be required at different steps of internalisation,
including for simple linear force, for disrupting the RBC cytoskeleton, for translocation of the nucleus and for closure of the invasion pore.

1.6.3

PfMyoA can be tuned for invasion or gliding motility

Recent structural and biochemical characterisation of PfMyoA has shed light on the
atypical ATPase cycle of PfMyoA and suggested a regulatory mechanism that might
tune the motor for situations requiring high force (such as merozoite invasion) or
high speed (such as sporozoite gliding). Though this tuning hypothesis needs validation in the cellular context, it goes some way to explain how PfMyoA could be
adapted to different modes of motility.
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The atypical ATPase cycle of PfMyoA

The development in 2014 of recombinant expression of apicomplexan myosins using
a baculovirus system with chaperone TgUNC (Bookwalter et al., 2014) opened the
way for structural characterisation of MyoA, and in 2018 and 2019 the crystal structures of MyoA motor domain were published from T. gondii (Powell et al., 2018) and
P. falciparum (Robert-Paganin et al., 2019). Neither of the structures included the neck
region or light chains, so further structures will be required to illuminate the conformation of full-length MyoA and the whole MMC. However, these structures started
to answer the question of how a myosin with significant deviations in conserved
sequence motifs can drive rapid actin translocation (Fig 1.9).
In particular, PfMyoA has a serine (S691) in place of the ubiquitous glycine between the SH1 and SH2 helices that acts as a fulcrum for the conformational changes
during the myosin powerstroke (Fig 1.9). By reducing the flexibility of the fulcrum,
this substitution might impair the conventional "piston-like" movement of the SH1
helix, one of the two helices that drive the converter swing during the powerstroke
(see section 1.3.2). By solving the structure of PfMyoA motor domain in three states
through the ATPase cycle, Robert-Paganin et al., 2019, showed that the SH1 helix is
indeed unusually immobile and explored the multiple sequence changes needed to
accommodate the bulky S691 and drive the converter swing in the absence of the
conventional SH1 helix movement.
The Wedge typically transmits the conformational change from the ATPase active site to the SH1 and Relay helices, using a conserved bulky Phe or Tyr residue
(Fig 1.9A). In PfMyoA this site is instead filled by a less bulky Thr, to reduce the
steric hindrance around the larger fulcrum residue. The Relay helix is still closely
connected to the SH1 helix in PfMyoA, with a conserved Met residue near S691 substituted for the less bulky T522. These adjustments allow the Relay helix to respond
to movement of the Wedge with a conventional "un-kinking" movement, despite the
immobile SH1 helix, driving the converter swing (Robert-Paganin et al., 2019) (Fig
1.9B).
As well as local accommodation for the size of S691, PfMyoA compensates functionally for the immobile SH1 helix with an atypical extension of the N-terminal
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F IGURE 1.9: The atypical mechanism of PfMyoA force production. A The mechanism
of force production in scallop Myo2 is typical. In the pre-powerstroke state, the binding of actin triggers release of Pi from the active site. These changes trigger a shift of
the Wedge, which transmits the movement to the Relay and SH1 helices. The Relay
undergoes a straightening movement, while the SH1-helix pivots around the fulcrum
glycine, both causing the converter to swing. Pre-powerstroke structure Argopecten irradians ScMyo2 (1QVI), rigor-like structure Placopecten magellanicus ScMyo2 (2OS8). B
PfMyoA motor domain uses an atypical mechanism to generate force, with multiple
compensations for missing conserved residues. Using the same view as A, conformational changes are transmitted by the Wedge, as before, causing a typical straightening of the Relay. However, the SH1-helix does not pivot, because the fulcrum is
a more bulky serine. Instead, the converter swing is stabilised by interactions after
the powerstroke with the unusual NTE, via an electrostatic bond between phospho-S19
and K764. The NTE is further stabilised by interactions with Switch-1/-2 via E6. Red
boxes show non-conserved residues, red circles show NTE interactions. PfMyoA Prepowerstroke structure (6I7E), rigor-like structure (6I7D). Source: Figure - adapted from
Robert-Paganin et al., 2019.

domain (N-terminal extension, NTE). While a typical SH1 helix helps to initiate the
powerstroke, in PfMyoA the NTE helps to stabilise the converter after the powerstroke, in the rigor state, forming an electrostatic bond from K764 in the converter to
phospho-S19 in the NTE (Fig 1.9B). At the far N-terminus, E6 forms a salt bridge-π
interaction with Switch-2 and Switch-1 residues near the active site to complete the
stabilisation of the rigor state (Robert-Paganin et al., 2019).
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In conventional myosin, substitution of the fulcrum Gly for a bulkier residue
reduced the rate of ADP release, slowing down the final steps of the ATPase cycle
and increasing the time bound to actin (Kad et al., 2007). Therefore, the combined
sequence adaptations in PfMyoA may act to preserve a conventional rate of ADP
release in spite of the less flexible fulcrum. The situation was similar in TgMyoA,
with less bulky residues around the fulcrum Ser and a predicted NTE with similar
structural properties. However, the rigor state crystal structure was not captured,
and the NTE was not resolved in the structure, so the functional properties of the
fulcrum and NTE could not be confirmed (Powell et al., 2018).

1.6.3.2

Phospho-regulation of PfMyoA

Myosins are commonly regulated by phosphorylation, either on the light chain or
motor domain (see section 1.3.3). Once again, class XIV myosins like MyoA have
atypical residues in a conserved phosphorylation motif, the TEDS site. Here, almost all myosins have a residue that is acidic (E, D) or can be phosphorylated (T,
S), whereas almost all class XIV myosins have N or Q. This includes TgMyoA and
Plasmodium spp. MyoA, but not PfMyoA which surprisingly retains a consensus Thr
residue (Lew et al., 2002). Though PfMyoA could potentially be phosphorylated at
the TEDS site, the N or Q residues found in other class XIV myosins suggests other
sites of phospho-regulation are more likely to be important.
PfMyoA-S19 has been implicated as an important site of phospho-regulation. S19
was phosphorylated in the crystal structures of the PfMyoA motor domain (RobertPaganin et al., 2019) (see section 1.6.3), and this phosphorylation introduces the negative charge required for the stabilising interaction between the converter and atypical NTE in the rigor state. Loss of this electrostatic bond with K764 of the converter
should destabilise and slow transition to the rigor state, leading to a lower rate of
ADP release and higher duty ratio. This was validated in vitro using phospho-null
(S19A) or charge reversal (K764E) mutations, which both led to a 3x-lower ADP release rate. A higher duty ratio motor spends a higher fraction of the ATPase cycle
associated to actin, so can bear higher force at the cost of reduced speed. Accordingly, the PfMyoA-S19A and -K764E mutant proteins had 2x-lower in vitro speed
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and around 2x-higher load bearing capacity. Therefore, a phospho-tuning hypothesis was proposed in which S19 is phosphorylated to optimise PfMyoA properties
for maximal gliding velocity in stages such as sporozoites (a high speed/low force
state), and dephosphorylated in stages where maximal load bearing is important,
such as merozoite invasion (a low speed/high force state) (Robert-Paganin et al.,
2019).
This hypothesis has not been directly explored in the cellular context, but several
studies provide evidence for the phosphorylation of PfMyoA in schizonts. Firstly,
a phospho-proteomic study P. falciparum schizonts identified a number of phosphoregulated proteins involved in invasion, including PfGAP40, PfGAP45, Coronin and
PfMyoE as well as PfMyoA-S19 (Alam et al., 2015). Secondly, using a cKO of PKA,
MyoA was shown not to be phosphorylated by PKA (Patel et al., 2019), though other
invasion-related proteins, including Coronin and PfAMA1 were shown to be phosphorylated by PKA. Finally, genetic disruption of the essential phosphodiesterase
PDEβ, which regulates both cAMP and cGMP levels, modulated PfMyoA-S19 phosphorylation in a Ca2+ -dependent manner, showing that control of S19 phosphorylation is complex and may also involve a calcium-dependent protein kinase (CDPK)
(Flueck et al., 2019). There is also evidence of PfMyoA-phospho-S19 from proteomic
studies of merozoites (Lasonder et al., 2015) and P. vivax sporozoites (Swearingen et
al., 2017). However, to fully explore the phospho-tuning hypothesis would require
greater temporal resolution of PfMyoA phosphorylation in merozoites at each phase
of invasion.
The crystal structure of TgMyoA did not resolve the NTE region, the region containing S19 in PfMyoA (Powell et al., 2018). However, sequence alignments reveal
the presence of three serine residues in the analogous region of TgMyoA, S20, S21
and S29, and another serine residue in the converter, suggesting that more subtle
combinations of phospho-regulation may occur. Supporting this, TgMyoA-S20 and
-S21 were shown to be phosphorylated by a T. gondii CDPK (Treeck et al., 2014) and
phosphorylation of TgMyoA-S21 and -S743 was shown to be important for egress
(Gaji et al., 2015).
Many myosins are regulated by Ca2+ ion signalling, since conventional myosin
light chains are calmodulin-like Ca2+ -binding proteins (see section 1.3.3). While the
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binding of T. gondii essential light chains appears to be modulated by Ca2+ ion concentration (Powell et al., 2017), the activity of the P. falciparum MMC was not affected
by Ca2+ concentration (Bookwalter et al., 2017; Green et al., 2017). Nevertheless,
PfMyoA and TgMyoA could be regulated by Ca2+ signalling indirectly, through the
activity of CDPKs (Baker et al., 2017a). Indeed, MyoA and other members of the
motility machinery interact with CDPK1 and CDPK4 in P. berghei (Fang et al., 2018).
Overall, structural investigation into the mechanism of PfMyoA force production and regulation is starting to lay the foundation for understanding force production during merozoite invasion at a deeper level. Further structures of the entire MyoA with light chains, and ultimately the whole MMC will help greatly with
understanding the arrangement and function of the MMC. The importance of the
phospho-S19-K764 interaction for switching PfMyoA between high force and high
speed states will need conditional mutants in both the asexual and sexual zoites.
Currently, there is limited understanding of the mechanical roles of PfMyoA during
invasion, though the model of a motor that can be tuned for high force or high speed
goes some way to explaining how the same motor can achieve different behaviours
in different zoites. Both deformation and internalisation appear to require motor activity. Whether motor force during internalisation is required for one or more steps,
including disrupting the RBC cytoskeleton, driving resealing of the invasion pore or
specifically supporting entry of the parasite nucleus is also unclear.

1.7

Myosins control more than motility in apicomplexans

Though the critical processes of motility and invasion have often been the focus of
study, and the most abundant myosin, MyoA is the best characterised, more recent
investigation into the roles of parasite actins and other myosins is starting to illuminate the broader contribution of acto-myosin to cell division and organelle trafficking, amongst other processes (Fig 1.10).
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1.7.1
1.7.1.1

The parallel story of parasite actin
The discovery of actin and its unusual properties

In parallel with the identification of apicomplexan myosins, parasite actins were
cloned, revealing two isoforms in P. falciparum (Wesseling et al., 1988; Wesseling
et al., 1989) and one in T. gondii (Dobrowolski et al., 1997b). In both species, actin
is unusually divergent in sequence, with below 80% identity to canonical actins,
presaging differences in actin behaviour that would later be discovered. The importance of actin for parasite motility and invasion was immediately obvious using
actin-polymerisation inhibitors, cytochalasins (Miller et al., 1979; Dobrowolski and
Sibley, 1996).
However, further characterisation of actin in vitro or in vivo was limited by difficulty in visualising filaments, either by EM or light microscopy, the latter due to
the resistance of F-actin to standard labelling tools such as phalloidin (Dobrowolski
et al., 1997b), suggesting that F-actin is short or unstable. A breakthrough came with
the use of filament-stabilising drug JAS, which induces the formation of a striking
apical prominence in T. gondii and P. falciparum, suggesting that the apex is the primary site of polymerisation-competent G-actin (Shaw and Tilney, 1999; Mizuno et
al., 2002). This actin might be dynamically polymerised during motility and invasion and translocated along the pellicle to interact with MyoA.
Actin isolated from tachyzoites was estimated to be 97% monomeric (Dobrowolski et al., 1997b), although 50% of actin extracted from merozoites was shown to be
polymerisation-competent, forming filaments of 100-200 nm (30-fold shorter than
rabbit actin filaments) (Schmitz et al., 2005). These short, dynamic filaments could
be optimised for rapid polymerisation cycles during parasite motility, but would not
seem well suited for other functions of actin in organelle and vesicle trafficking.
Recent biochemical studies have used different approaches to confirm unusual
and dynamic properties of PfAct1.

Using TIRF-microscopy with the recently-

developed actin chromobody (see below) for visualisation of individual actin filaments, long filaments (tens of µm) were observed for the first time without artificial
stabilisation, but with a very high critical concentration (Lu et al., 2019). In contrast, a previous study not using single-filament measurements found only short
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filaments with a low critical concentration (Kumpula et al., 2017). Long actin filaments were found to be rapidly assembled and disassembled from each end of the
filament at around physiological concentrations of actin, supporting the model of
actin filaments being dynamically assembled during the short invasion window (Lu
et al., 2019).
These unusual properties are compounded by a paucity of actin-binding and regulatory proteins across apicomplexans, with only one or a few proteins present in
classes including filament nucleation (Formins, but not the ubiquitous Arp2/3 complex) and crosslinking and bundling (only Coronin) (Baum et al., 2006a). PfCoronin
was confirmed as an actin-binding protein able to bundle actin filaments and shown
to localise to the pellicle during RBC invasion, suggesting it may be important for
organising actin during interaction with MyoA (Olshina et al., 2015). P. berghei Coronin was shown to be important for sporozoite penetration of the salivary glands,
and to be translocated from the parasite apex to the posterior in an actin-dependent
manner (Bane et al., 2016). Over-expression of PbCoronin could compensate for an
actin mutant that reduced the ability of sporozoites to penetrate the salivary gland
(Douglas et al., 2018).
The second isoform of P. falciparum actin, PfAct2, is highly divergent from PfAct1
and its expression is restricted to the sexual stages (Wesseling et al., 1989). Unlike
PfAct1, PfAct2 can easily form long (650 nm) filaments in vitro, but its stability derives from non-canonical structural features (Vahokoski et al., 2014). Both actins
are present during gametogenesis in P. berghei, where PfAct2 is essential for male
exflagellation (Deligianni et al., 2011). Having two actins with different biochemical and structural behaviours may be necessary because of the primitive repertoire
of actin-regulatory proteins as well as genus-specific functions in Plasmodium spp.,
since other apicomplexans have only one actin isoform (Vahokoski et al., 2014).
More detailed description of the cellular distribution of actin in motile parasites
became possible after the development of an antibody specific to filamentous, parasite actin (Angrisano et al., 2012). This revealed actin in the cortical space below the
PPM, around the nucleus and behind the TJ during merozoite invasion, in different
motile parasite stages (Riglar et al., 2011; Angrisano et al., 2012). The development
of this and later tools for visualisation and genetic modification of F-actin facilitated

88

Chapter 1. Introduction

subsequent investigation into the many cellular processes dependent on actin.

1.7.1.2

Act1 functions in parasites

Unlike P. falciparum, T. gondii has only one isoform of actin, TgAct1. cKO of TgAct1
using a DiCre system revealed strong, but not complete, blocks in motility and invasion, confirming the role of actin in these processes, alongside TgMyoA (Andenmatten et al., 2013; Egarter et al., 2014). TgAct1-KO parasites were impaired in segregation of the apicoplast to daughter parasites, rhoptry positioning and host cell egress.
This is a broader phenotype than the disruption of TgMyoA, since actin mediates all
the functions of the various myosins.
A similar DiCre-mediated conditional knockout of PfAct1 was then performed in
P. falciparum, confirming an essential role in merozoite invasion and apicoplast segregation (Das et al., 2017). Unlike tachyzoite invasion, actin-deficient merozoites were
entirely unable to invade RBCs, confirming that any host cell contribution to P. falciparum invasion is insufficient without a parasite motor. Some processes showed
differential requirements for actin between T. gondii and P. falciparum, with PfAct1
also required for proper cytokinesis, but not for egress or rhoptry positioning (Das
et al., 2017). The development of an antibody fragment (nanobody) targeting parasite actin coupled to a fluorescent tag (forming a chromobody) in T. gondii (Periz et
al., 2017) and P. falciparum (Stortz et al., 2019) permitted more detailed identification
of actin filament structure and dynamics in live parasites. These studies revealed a
cytosolic actin network arranged around the apicoplast.
Genetic dissection of the Formin family of actin nucleators, the only nucleators
present in apicomplexans (Baum et al., 2008), shed further light on the functions of
actin, with each Formin spatially and functionally separated. In P. falciparum and
T. gondii, Formin1 acts at the parasite apex and nucleates actin for motility and invasion (Baum et al., 2008) and Formin2 nucleates cytosolic actin filament around
the apicoplast (Stortz et al., 2019; Tosetti et al., 2019). P. falciparum parasites lacking Formin2 further showed impaired haemoglobin uptake, supporting a role for
actin in endocytosis (Stortz et al., 2019), as shown by previous studies using actin
and myosin inhibitors (Smythe et al., 2008; Milani et al., 2015). PfAct1 was shown

1.7. Myosins control more than motility in apicomplexans

89

to be involved both in the formation of the collar-like cytostome around endocytosis invaginations during haemoglobin uptake, and in the trafficking of haemoglobin
vesicles to the food vacuole (Milani et al., 2015).
The involvement of actin in haemoglobin uptake is of particular interest in light
of the recent discovery of a link between haemoglobin uptake and artemisinin drug
resistance (Yang et al., 2019; Birnbaum et al., 2020; Gnädig et al., 2020) (see section
1.1.6). Though actin was not itself identified as an interaction partner of ART resistance marker Kelch13, the importance of actin for ART toxicity is supported by
the identification of PfMyoC as a member of the Kelch13-related haemoglobin uptake pathway (Birnbaum et al., 2020) and the generation of ART-resistant parasites
with mutations in F-actin regulatory protein, PfCoronin (Olshina et al., 2015; Demas
et al., 2018). Given that actin and Coronin are involved in canonical endocytosis
pathways in eukaryotes (Mooren et al., 2012), it seems likely that actin and PfMyoC
are involved in the non-canonical, Kelch13 haemoglobin uptake pathway. As well
as targeting the expected essential role of PfMyoC in apicoplast inheritance, drugs
targeting PfMyoC might therefore be synthetically lethal with ARTs.
Finally, PfAct1 has been shown to have roles in the nucleus, contributing to control of var gene expression by changing intra-nuclear gene positioning (Zhang et al.,
2011; Volz et al., 2012). Further roles for TgAct1 that have yet to be fully explored
in P. falciparum include vesicle trafficking (Periz et al., 2017) and transport of dense
granules and micronemes (Heaslip et al., 2016; Periz et al., 2019).
Altogether, these studies demonstrate roles for PfAct1 in motility and invasion,
apicoplast segregation, cytokinesis, gene expression and endocytosis (Fig 1.10). Of
these processes, only motility and invasion has been linked to a specific myosin in
Plasmodium spp., so study of the remaining five myosins will be important in understanding a range of important cellular processes. Much more work has been done
on the non-motility-related functions of T. gondii myosins, though T. gondii shows
some significant differences in the role of actin and the repertoire of myosins.

1.7.2

Non-PfMyoA myosin functions in apicomplexa

Understanding of P. falciparum and T. gondii motility and invasion has mostly come
from insights in the more genetically tractable T. gondii, which has 11 myosins named
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F IGURE 1.10: Summary of known or proposed acto-myosin functions in the asexual
stages. Though there has been little functional study of non-A myosins in P. falciparum,
work from T. gondii and P. berghei suggests multiple unexplored functions for actomyosin in the asexual stages. MyoA is anchored to the merozoite pellicle and drives
invasion of RBCs, likely using actin filaments nucleated at the apex by Formin1. PfMyoB
and MyoE are not conserved outside of the Plasmodium genus, but have been localised to
the apex and posterior, respectively, in P. berghei zoites and have been proposed to have
similar functions to TgMyoH and MyoC, respectively. PfMyoB could support initiation
of invasion at the apex, if anchored to the IMC as shown, or control the organisation of
apical organelles. PfMyoE could form an auxiliary motor complex at the posterior, since
it interacts with members of the MyoA motor complex including MTIP, and could be involved in translocation of the nucleus through the TJ. Actin flows through the cytosol
as well as around the pellicle, forming a network around the apicoplast. In T. gondii,
the orthologue of PfMyoC is involved in dense granule, rhoptry and apicoplast trafficking, and PfMyoC appears to be involved in haemoglobin endocytosis via the cytostome,
recently linked to ART resistance. Actin has also been linked to cytokinesis and gene
expression. PfMyoD and PfMyoF have not been linked to specific roles in asexual parasites, but are likely to have functions in oocysts and gametocytes, respectively. Known
(PfMyoA, B) or suspected (PfMyoE) light chains are shown. Source: Figure - own work.
Information from various source (see text).

TgMyoA-L, the largest repertoire of myosins identified amongst the apicomplexa
(Foth et al., 2006). Though the past focus of study has been on the myosins involved in motility (TgMyoA, C, D, E and H, see section 1.5.1.2), more recent work
has started to uncover some of the many non-motility roles of myosin in T. gondii.
Roles outside of motility have been identified for TgMyoF (orthologue PfMyoC),
TgMyoI and TgMyoJ (PfMyoD), but there has only recently been some functional
study on any P. falciparum myosins beyond PfMyoA.
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The conserved myosins, PfMyoC, PfMyoD and PfMyoF

There is some evidence that each of the P. falciparum myosins conserved in other
apicomplexans PfMyoC, MyoD and MyoF, play similar roles to their T. gondii orthologues, TgMyoF, MyoJ and MyoK (Fig 1.10).
PfMyoC was the third myosin identified in Plasmodium spp. and the first to
be outside of class XIV and to not be unusually short, as are PfMyoA and MyoB
(Heintzelman and Schwartzman, 2001). Like many classical myosins, PfMyoC is
predicted to have 3-6 light chain-binding IQ motifs in the neck region, and to have a
long tail region (Foth et al., 2006) (table 3.1). Unlike other known myosins, PfMyoC
and orthologues are predicted to have a WD40 domain at the tail C-terminus, a βpropeller domain that commonly mediates protein-protein interactions in eukaryotes. In a recent study in P. berghei, MyoC was found to be expressed in asexual and
sexual stage parasites, though a PbMyoC-GFP fusion protein was undetectable in
schizonts, where some of its putative roles would take place (Wall et al., 2019). PbMyoC was resistant to KO in asexual stages (Wall et al., 2019), suggesting it is essential like its T. gondii orthologue, though PfMyoC was suggested to be mutable in the
piggyBAC transposon mutagenesis screen (Zhang et al., 2018). PfMyoC orthologues
are found across apicomplexa, including TgMyoF. TgMyoF has been shown to control apicoplast inheritance, rhoptry formation and centrosome positioning (Jacot et
al., 2013; Mueller et al., 2013) and dense granule trafficking (Heaslip et al., 2016).
The essential role of TgMyoF is in apicoplast inheritance, so TgMyoF-KO parasites
exhibited a delayed death phenotype. The possibility of PfMyoC having a similar
function is supported by work on an interaction partner of TgMyoF (TgARO), showing that the P. falciparum orthologue PfARO was able to functionally complement a
TgARO-KO mutant (Mueller et al., 2016). Finally, PfMyoC was recently implicated
in ART resistance, as an interacting partner of Kelch13, the key genetic marker of
ART-resistance (Birnbaum et al., 2020).
PfMyoD is a long myosin with no predicted IQ motifs or any predicted tail domains, leaving its function difficult to guess from sequence alone. PfMyoD was
found to be dispensable for asexual growth in the piggyBAC transposon screen
(Zhang et al., 2018) and PbMyoD was dispensable throughout the P. berghei life cycle
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(Wall et al., 2019). PbMyoD was transcribed at low levels throughout the life cycle, and expression could only be detected in oocysts, suggesting a role restricted to
the insect stages, perhaps in mediating maturation of developing sporozoites (Wall
et al., 2019). In an earlier study, PfMyoD was detected in asexual stages, showing
punctate staining around the nucleus in schizonts (Chaparro-Olaya et al., 2005), a
pattern similar to basal complex component MORN1 (Ferguson et al., 2008), which
could point to a role in merozoite cytokinesis or maturation, as suggested in sporozoites. Similarly, the T. gondii orthologue TgMyoJ was found to have a role in constriction of the parasite basal complex during cell division, localising with putative
light chain Centrin2, though TgMyoJ-KO had only a moderate growth defect (Frénal
et al., 2017).
PfMyoF is another long myosin, with two predicted IQ motifs and no recognised
tail domains. In the case of PfMyoF, and to a lesser extent PfMyoD and MyoE, some
of the length comes from an unusually large motor domain due to greatly extended
inter-domain loops. Loop1 and Loop2 are typically disordered structural elements
that can affect actin binding or mediate class-specific protein-protein interactions
(Sweeney and Houdusse, 2010). MyoF was suggested to be dispensable by whole
genome screens in P. berghei (Bushell et al., 2017) and P. falciparum (Zhang et al.,
2018), however attempts to delete myof in asexual P. berghei parasites were unsuccessful (Wall et al., 2019). This was surprising since PbMyoF is transcribed at very
low levels in asexuals and at a protein level was only detectable in sexual stages
(Wall et al., 2019), suggesting that a cKO approach might be needed for verification.
GFP-tagging of PfMyoF showed that it localises as an arc or pair of dots around the
nucleus in gametocytes and developing ookinetes (Wall et al., 2019), similar to T.
gondii orthologue TgMyoK which localised to the centrocones (Frénal et al., 2017),
indicative of a role in cell division.
Supporting a role in gametocyte development, PfMyoF is one of the most
strongly expressed myosins in gametocytes (López-Barragán et al., 2011) and, strikingly, was down-regulated over 1500x in P. berghei parasites in which gametocytogenesis promoting transcriptional regulator AP2-G was knocked out (Modrzynska
et al., 2017). The other five myosins are expressed less in gametocytes than asexual stages and were up-regulated between 2-100x in the AP2-G mutant, suggesting
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that PfMyoF may have a unique functional importance for gametocytes. Consistent with this, a transcriptomic study of parasites in areas with low transmission of
P. falciparum, where parasites may invest more in gametocyte development, found a
significant up-regulation of myof (Rono et al., 2018).

1.7.2.2

The genus-specific myosins, PfMyoB and PfMyoE

The presence of MyoA paralogues in T. gondii appears to play a significant role in
the small residual invasion seen in TgMyoA-KO tachyzoites, but these paralogues
are not widely conserved outside the coccidian sub-class (Foth et al., 2006). Excluding the myosins that are conserved across the phylum (PfMyoC, MyoD and
MyoF), which are known or thought to have non-motility-related roles, the list of
myosins that could support PfMyoA during invasion is restricted to PfMyoB and
PfMyoE, only found in Plasmodium spp.. There is some evidence that both PfMyoB
and PfMyoE, which both have peak expression at the end of the asexual cycle like
PfMyoA, may be involved in motility and may interact with PfMyoA (Fig 1.10).
Though neither was found to be essential for any of the invasive stages, compensation by the more abundant PfMyoA could mask important roles (Wall et al., 2019).
PfMyoB is another "short" myosin, similar in composition to PfMyoA with only a
short neck region outside the motor domain to interact with light chains (ChaparroOlaya et al., 2003). MyoB was shown to be dispensable in P. falciparum (Zhang et al.,
2018) and P. berghei (Bushell et al., 2017; Wall et al., 2019). Like PfMyoA, PfMyoB
binds a very large light chain, MLC-B, which consists of a C-terminal calmodulinlike EF-hand domain for binding the extreme C-terminus of PfMyoB and an extended N-terminal domain which may contain a coiled-coil region and presumably
mediates anchoring of PfMyoB (Yusuf et al., 2015). Interestingly, MLC-B could not
be knocked-out in P. berghei, despite MyoB being dispensable (Wall et al., 2019). The
site of anchoring of PfMyoB is unknown, but PbMyoB can be detected at the extreme
apex of each of the motile or invasive stages in P. berghei, forming an apical ring in
ookinetes. PfMyoB remains at the apex of the merozoite during invasion, rather
than localising to the TJ (Yusuf et al., 2015), pointing towards a role in initiation of
invasion, or in organising organelles at the apex. PfMyoB shares the extreme apical
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localisation with TgMyoH. This led to speculation that PfMyoB might function similarly to TgMyoH in initiation of invasion before handing over to the TgMyoA motor
complex, since the malaria parasite is atypical amongst apicomplexans in lacking an
orthologue of TgMyoH (Graindorge et al., 2016).
PfMyoE is a long myosin, with typical overall domain structure, though no IQ
motifs or specific tail domains could be predicted. PbMyoE was expressed in each
of the motile or invasive stages, but localised to the basal pole, sitting posterior to
the nucleus in the merozoite and forming a cap-like structure at the ookinete posterior (Wall et al., 2019). PfMyoE was predicted to be dispensable by a transposon
screen (Zhang et al., 2018) and confirmed to be dispensable for all life cycle stages
in P. berghei (Wall et al., 2019). The only phenotype of PbMyoE-KO was a moderate
defect in sporozoite invasion of the salivary glands, supporting a role in motility or
invasion, albeit non-essential (Wall et al., 2019). An immuno-precipitation study in
P. berghei found PbMyoE can immuno-precipitate multiple members of the MMC,
including PbMyoA, MTIP and PbGAP40/45/50, suggesting that PbMyoE may be
a redundant motor in the MyoA motor complex, though it may also have its own
specific motor complex as well (Fang et al., 2018). Like PfMyoA, PfMyoE is phosphorylated by PKG in schizonts (Alam et al., 2015) and PbMyoE associates with
CDPK1 and -4 (Fang et al., 2018). Unlike PfMyoA, PfMyoE was found to be phosphorylated by PKA (Patel et al., 2019), though the effects of these phosphorylation
events is not known.
The localisation of PfMyoE at the posterior of invasive stages is similar to
TgMyoC, which is dispensable for tachyzoite invasion unless TgMyoA is also disrupted (Frénal et al., 2014), so PfMyoE could likewise form an auxiliary motor complex. It is tempting to speculate that PfMyoE and TgMyoC could be involved in
the recently suggested role of actin in driving the nucleus through the TJ from behind during parasite invasion (Del Rosario et al., 2019), and this is tentatively supported by the identification of PfMyoE in the nuclear-associated P. falciparum proteome (Oehring et al., 2012). Alternatively, a myosin localised to the parasite posterior could be involved in merozoite formation, or mediate hypothetical anterograde
actin translocation in the pellicle, to explain the back-and-forth gliding seen in immature or TRAP-KO sporozoites (Kappe et al., 1999; Münter et al., 2009). Finally,
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PfMyoE was found to have 15x higher expression in patients with severe malaria,
suggesting it may have a role in pathogenesis of severe disease (Tonkin-Hill et al.,
2018). In another study adjusting for parasite load, PfMyoE was one of the most
up-regulated genes in severe malaria, while PfMyoA, PfELC and PfAct1 were all
amongst the most strongly down-regulated (Lee et al., 2018a).
Overall, P. falciparum may have evolved two genus-specific myosins to contribute
to invasion and motility, with PfMyoB and PfMyoE implicated in motility-related
processes by expression, localisation, functional analogy to T. gondii myosins (and
for PfMyoE, sharing signalling and protein-protein interaction networks) though
neither is alone essential for any life cycle stage (Fig 1.10). The exact importance and
function of each awaits direct functional study. The remaining myosins (PfMyoC,
PfMyoD and PfMyoF) have also not been functionally characterised in P. falciparum but are well conserved in apicomplexans, so can be hypothesised to have
roles in organelle/vesicle trafficking, sporozoite maturation and gametocyte development, respectively. Because of the restricted expression and localisation of most of
the myosins (PfMyoB and PfMyoE at poles, PfMyoD and PfMyoF in sexual stages),
many likely functions of acto-myosin important for housekeeping in all stages fall
to PfMyoC, based on the consequence of PfAct1-KO or T. gondii myosin functions.
PfMyoA remains the only myosin shown to be critically important for motility or
invasion in any parasite stage, though its importance for merozoite invasion has yet
to be directly shown, and the energetic requirements for myosin activity in motility
and invasion have not fully been studied.

1.8

Aims and Objectives

Conditional genetic techniques are now available to test the roles of P. falciparum proteins thought to be essential in asexual parasites. Though PfMyoA has long been
proposed as the central motor driving merozoite invasion, this has not been directly
tested, nor has the arrangement of the MyoA motor complex in the pellicle been
directly shown. The importance of many other acto-myosin components, including PfMyoB and PfELC remains to be tested in P. falciparum. Further, almost all of
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the genetic dissection of apicomplexan myosin functions has been restricted to allor-nothing KOs. Relatively little work has been done to identify the residues and
domains responsible for motor function, or to test the role of divergent motifs that
might be involved in parasite-specific functions. Even less work has been done to
assess the specific energetic barriers that myosin force is required to overcome.
The aims of this study are,
• To develop an efficient conditional KO platform for probing P. falciparum motor
functions.
• To understand if PfMyoA is critically important for merozoite invasion using
conditional KO.
• To test the effect of disrupting the PfMyoA phospho-S19-K764 interaction using conditional substitutions.
• To identify functions for other P. falciparum myosins and light chains during
the asexual cycle.
• To identify the arrangement of PfMyoA in the pellicle using electron microscopy.
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Materials and Methods
2.1

Software

General data curation and statistical analysis was carried out in Excel (Microsoft)
and Prism 8.4 (GraphPad Software).
DNA sequences were designed, analysed and aligned using CHOPCHOP (Labun
et al., 2019) and Benchling (benchling.com). Protein domains were predicted using
NCBI CCD (Marchler-Bauer et al., 2017) and protein structures were modelled using
Phyre 2.0 (Kelley et al., 2015) and visualised using UCSF Chimera (Pettersen et al.,
2004).
Light microscopy images were acquired using NIS-Elements (Nikon) and analysed using Icy (De Chaumont et al., 2012) and Fiji (Schindelin et al., 2012; Schindelin
et al., 2015). Negative stain electron micrographs of PfMyoA triple complex were
processed using Relion 3.0 (Zivanov et al., 2018), CTFFIND4 (Rohou and Grigorieff,
2015) and Cryosparc (Punjani et al., 2017).
Flow cytometry data were acquired using FACSDiva (BD Biosciences) and analysed using FlowJo 10 (BD Biosciences).
Gene sequences and gene expression data were taken from PlasmoDB, ToxoDB
and EuPathDB (Aurrecoechea et al., 2017) and CyMoBase (Odronitz and Kollmar,
2006), and analysed using NCBI-BLAST (Altschul et al., 1990), EMBOSS Needle
(Needleman and Wunsch, 1970) and MUSCLE (Edgar, 2004). Phylogenetic analysis and tree building were carried out using NCBI Common Tree (Federhen, 2012),
Dendroscope v3.5.10 (Huson and Scornavacca, 2012) and MEGA v7.0.26 (Kumar et
al., 2016).
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Antibodies
Primary antibodies
Antibody
FLAG
PfAct1
PfGAP45
GFP
PfALD
c-Myc
HA
HA

species
ms
ms
rb
ms
rb
ms
ms
rb

mouse-HRP
rabbit-HRP
mouse-AF488
rabbit-AF647

gt
gt
gt
gt

Source
Sigma, F1804
Angrisano et al, 2012, 5H3
Baum et al, 2006
Roche, 7.1/13.1
Baum et al, 2006
Invitrogen, 9E10
Roche, 12CA5
Cell Signaling, C29F4
Secondary antibodies
Bio-Rad, STAR120P
Bio-Rad, STAR121P
Invitrogen, A-11001
Invitrogen, A-11008

WB
1:2000
1:1000
1:500
1:1000
1:100
1:2000
1:4000

IFA
1:500
1:500
1:500
1:500
1:500

1:5000
1:5000
-

1:1000
1:1000

TABLE 2.1: Primary and secondary antibodies used in this study, with standard dilutions for Western blot and IFAs

2.3
2.3.1

DNA constructs and oligonucleotides
DNA constructs for P. falciparum transfection

Construct name

Description

Line

Source

pARL-FIKK10.1

SLI plasmid to insert loxPint modules to the

-

M. Treeck

MyoA-KO

This study
This study

fikk10.1 locus
pARL-MyoA-KO

SLI plasmid to insert loxPint modules and gfp
to the myoa locus

pARL-MyoA-

SLI plasmid to insert loxPint modules and

MyoA-NS-

comp

comp cassette to the myoa locus

comp

pARL-MyoA-

SLI plasmid to insert loxPint modules and

MyoA-NS-

K764E

K764E cassette to the myoa locus

K764E

pARL-ELC-KO

SLI plasmid to insert loxPint modules to the elc

ELC-KO

S. Haase

MyoC-KO

This study

MyoF-KO

This study

This study

locus
pARL-MyoC-KO

SLI plasmid to insert loxPint modules and gfp
to the myoc locus

pARL-MyoF-KO

SLI plasmid to insert loxPint modules and gfp
to the myof locus

TABLE 2.2: SLI constructs used in this study.
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Construct name

Description

Line

Source

pDC2-hDHFR

Targeting plasmid with Cas9 and empty
gRNA site
Targeting plasmid with Cas9 and p230p
gRNA
Targeting plasmid with Cas9, p230p gRNA
and BSD marker
Targeting plasmid with Cas9 and myob
gRNA-1
Targeting plasmid with Cas9 and myob
gRNA-2
Targeting plasmid with Cas9 and myoa
gRNA-5
Targeting plasmid with Cas9 and myoa
gRNA-6
Repair plasmid for p230p locus, with sfgfp
under BIP promoter
Repair plasmid for p230p locus, with sfgfp
under the myoa promoter
Repair plasmid for p230p locus, with WT
myoa under the myoa promoter
Repair plasmid for p230p locus, with
K764E myoa under the myoa promoter
Repair plasmid for p230p locus, with S19A
myoa under the myoa promoter
Repair plasmid for p230p locus, with S19A
/K764E myoa under the myoa promoter
Repair plasmid for p230p locus, with ∆N
myoa under the myoa promoter
Repair plasmid to insert loxPint modules
and sfgfp to the myob locus
Repair plasmid for p230p locus, with blebsensitive myoa under the myoa promoter
Repair plasmid for endogenous K764K
modification of the myoa locus
Repair plasmid for endogenous K764E
modification of the myoa locus
Repair plasmid for endogenous S19S modification of the myoa locus
Repair plasmid for endogenous S19A
modification of the myoa locus
Repair plasmid for endogenous S19C modification of the myoa locus
Repair plasmid for endogenous S19D
modification of the myoa locus

-

White et al.,
2019
K. Witmer

-

This study

-

This study

-

This study

-

This study

-

This study

p230-BIPsfGFP
p230-prMAsfGFP
MyoA-SCcomp
MyoA-SCK764E
MyoA-SCS19A
MyoA-SC-KS

K. Witmer

pDC2-p230phDHFR
pDC2-p230p-BSD
pDC2-myobhDHFR-1
pDC2-myobhDHFR-2
pDC2-myoahDHFR-5
pDC2-myoahDHFR-6
p230p-BIP-sfGFP
p230p-prMAsfGFP
p230p-prMAMyoA
p230p-prMAK764E
p230p-prMA-S19A
p230p-prMA-KS
p230p-prMA-∆N
pUC-MyoB-CK
p230p-prMA-BS
pUC-MEMSK764K
pUC-MEMSK764E
pUC-MEMS-S19S
pUC-MEMS-S19A
pUC-MEMS-S19C
pUC-MEMS-S19D

This study
This study
This study
This study
This study

MyoA-SC-∆N

This study

MyoB-KO

This study

MyoA-SCBS6
MyoA-EMK764K
MyoA-EMK764E
MyoA-EMS19S
MyoA-EMS19A
MyoA-EMS19C
MyoA-EMS19D

This study

TABLE 2.3: CRISPR targeting and repair constructs used in this study.

This study
This study
This study
This study
This study
This study
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DNA oligonucleotides
#

Line

Locus

sequence

1

MyoA-KO

WT-F

ggtcgtttcatgcagttggt

2

MyoA-KO

WT-R

cagcagcaatgtccacaaatt

3

MyoC-KO

WT-F

tgctgtgcgtgtatctaaagc

4

MyoC-KO

WT-R

tcagggtggtattgctgttca

5

MyoF-KO

WT-F

accaaatcaagaaaagcaagca

6

MyoF-KO

WT-R

ggcgatgctttcttgtctga

7

ELC-KO

WT-F

cattactttaatttttatactactgtttatttttacagtac

8

ELC-KO

WT-R

ctaatcctattatttaaatatttcatattttttaaacatagatgg

9

ELC-KO

EX-R

cttgtcgtcatcgtctttgtagtccttgtc

10

generic SLI

IN-R

ggccagccacgatagccgcgctgcctcg

11

generic SLI

EX-R

accttcaccctctccactgac

12

generic SLI

EX-R

cctcgagttagaccgcataa

13

MyoB-KO

WT-F

atgggatcgaaaagggtggt

14

MyoB-KO

WT-R

acgtcctaatgaatccgttact

15

MyoA-EM-K764K

IN-F

agaaggaggatttaaaacatttatggg

16

MyoA-EM-S19S

IN-F

aaatggctgttacaaatgaag

17

MyoA-EM-S19S

IN-R

tggctcttgtttacaccatgg

TABLE 2.4: Primers used for genotyping. WT = wild type locus, IN = integrated locus,
EX = excised locus.

#

Construct

Part

sequence

18

pARL-MyoA-KO

HR-F

cgctaacgtaacagacttaggaggagatctggtgtgtttaataaagcttgtgaattgatg

19

pARL-MyoA-KO

HR-R

ctttagctattttacccttctcaattacttgaccttcaaataactgttgtactattggat

20

pARL-MyoA-KO

SF-F

aagtaattgagaagggtaaaatagctaaaggtaaataaaaaaaataatatacaataactt

21

pARL-MyoC-KO

HR-F

cgctaacgtaacagacttaggaggagatctcatgttacctctgtacctcctaatcaacac

22

pARL-MyoC-KO

HR-R

aactagtcctaaaacacttatatatatatataacaccatccttacatcctacagataata

23

pARL-MyoC-KO

SF-F

tatatatatataagtgttttaggactagtttgggtaaataaaaaaaataatatacaataa

24

pARL-MyoF-KO

HR-F

ccgctaacgtaacagacttaggaggagatctgatgacatatggatacgatatagtg

25

pARL-MyoF-KO

HR-R

ctctttgtattttaataatacactttaataaatatttataatcat

26

pARL-MyoF-KO

SF-F

tattaaagtgtattattaaaatacaaagaggtaaataaaaaaaataatatacaataactt

27

pARL-generic

SF-R

gccagccacgatagccgcgctgcctcgtcctgcagttcattcagggcaccggacaggtcg

28

pARL-MyoA-comp

NS-F

ttctatcgccttcttgacgagttc

29

pARL-MyoA-comp

NS-R

aagaaaaacgaacattaagctgcc

30

pARL-MyoA-K764E

SDM-F

gcaagagggtgctgaaattttaacaaaaatac

31

pARL-MyoA-K764E

SDM-R

atttttgttaaaatttcagcaccctcttgc

TABLE 2.5: Primers used for cloning SLI constructs. HR = homology region, SF = synthetic fragment (comprising loxPint1, T2A, neoR ), NS = Neck swap, SDM = site directed
mutagenesis.
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#

Construct

Part

sequence

32

pDC2-p230p-BSD

BSD-F

atatccatggccaagcctttgtctcaagaagaatcc

33

pDC2-p230p-BSD

BSD-R

atatccgcggttagccctcccacacataac

34

p230p-prMA-sfGFP

prMA-F

atatccgcggagcatgcacaattaagaagacg

35

p230p-prMA-sfGFP

prMA-R

atatgctagctttttttttttttttataaatatgaaaag

36

p230p-prMA-MyoA

MyoA-F

cttttcatatttataaaaaaaaaaaaaaagctagcatggccgttaccaacg

37

p230p-prMA-MyoA

MyoA-R

gatatttacttatttattttattctgcatatttaaaaatcctgcagttagaccgcataatccgg

38

p230p-prMA-S19A

SDM-F

gtgaggagagtagctaacgtggagg

39

p230p-prMA-S19A

SDM-R

caaaagcctccacgttagctactctcctc

40

p230p-prMA-∆N

MyoA-F

cttttcatatttataaaaaaaaaaaaaaagctagcatgaacgtggaggcttttgataaatc

41

pUC-MyoB-CK

HR-F

cagtcacgacgttgtaaaacgacggccagtgaattcttagagaatttcataggtattttgg

42

pUC-MyoB-CK

HR-R

tgcgtaatccggtacatcatatgggtacatttcatgctcttttatatatttgtacttac

43

pUC-MyoB-CK

SF-F

atgtacccatatgatgtaccg

44

pUC-MyoB-CK

SF-R

ttatttgtacagttcatccatacc

45

pUC-MyoB-CK

3U-F

acgcatggtatggatgaactgtacaaataactcgagaaatcgggaaaataaaatgg

46

pUC-MyoB-CK

3U-R

tatgaccatgattacgccaagcttgcatgcctgcaggtcgtcccaatcatttttc

47

p230p-prMA-BS

SDM-F

gttcattgattggatctcagtatcttaaccagc

48

p230p-prMA-BS

SDM-R

ggttaagatactgagatccaatcaatgaacctttggcaattttacccttc

49

pUC-MEMS-K764K

HR-F

cagtcacgacgttgtaaaacgacggccagtgaattcttaacattactaacgaaatgcttcag

50

pUC-MEMS-K764K

HR-R

tatgaccatgattacgccaagcttgcatgcctgcagtttacaaaactgtctttcacacag

51

pUC-MEMS-K764K

SDM-R

ctttgcaccttcttgtttcaaaaagaccattgattttcctatc

52

pUC-MEMS-K764K

SDM-F

atggtctttttgaaacaagaaggtgcaaagatattgacaaaaatac

53

pUC-MEMS-K764E

SDM-R

ttctgcaccttcttgtttcaaaaagaccattgattttcctatc

54

pUC-MEMS-K764E

SDM-F

atggtctttttgaaacaagaaggtgcagaaatattgacaaaaatac

55

pUC-MEMS-S19S

HR-F

cagtcacgacgttgtaaaacgacggccagtgaattcttttattttgcacacttctaatttagttg

56

pUC-MEMS-S19S

HR-R

tatgaccatgattacgccaagcttgcatgcctgcagccctagcacatgtgaacac

57

pUC-MEMS-S19S

SDM-R

cctgatttgtcaaatgcttctacattactaactcttctaac

58

pUC-MEMS-S19S

SDM-F

gttagtaatgtagaagcatttgacaaatcaggttcagtttttaagg

59

pUC-MEMS-S19A

SDM-R

cctgatttgtcaaatgcttctacattagcaactcttctaac

60

pUC-MEMS-S19A

SDM-F

gttgctaatgtagaagcatttgacaaatcaggttcagtttttaagg

61

pUC-MEMS-S19C

SDM-R

cctgatttgtcaaatgcttctacattacaaactcttctaac

62

pUC-MEMS-S19C

SDM-F

gtttgtaatgtagaagcatttgacaaatcaggttcagtttttaagg

63

pUC-MEMS-S19D

SDM-R

cctgatttgtcaaatgcttctacattatcaactcttctaac

64

pUC-MEMS-S19D

SDM-F

gttgataatgtagaagcatttgacaaatcaggttcagtttttaagg

TABLE 2.6: Primers used for cloning CRISPR constructs. SDM = site directed mutagenesis, HR = homology region, SF = synthetic fragment (comprising 3xHA, loxPint2,
sfGFP), 3U = 3’ UTR.
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#

Construct

Part

sequence

65

pDC2-p230p-hDHFR

F

tattaggctgatgaagacatcggg

66

pDC2-p230p-hDHFR

R

aaaccccgatgtcttcatcagcct

67

pDC2-myob-hDHFR-1

3’-F

tattgtataagataggaaaaagca

68

pDC2-myob-hDHFR-1

3’-R

aaactgctttttcctatcttatac

69

pDC2-myob-hDHFR-2

5’-F

tattgtagaagcatttgacaaaag

70

pDC2-myob-hDHFR-2

5’-R

aaaccttttgtcaaatgcttctac

71

pDC2-myoa-hDHFR-5

K764-F

tatttaaggaacacgaataaaaat

72

pDC2-myoa-hDHFR-5

K764-R

aaacatttttattcgtgttcctta

73

pDC2-myoa-hDHFR-6

S19-F

tattaaggtgaggacgagtgatca

74

pDC2-myoa-hDHFR-6

S19-R

aaactgatcactcgtcctcacctt

TABLE 2.7: Primers used for guide RNAs.
#

Construct

sequence

75

pARL-MyoA-KO

aagaactcttcaaaggtacgacg

76

pARL-MyoC-KO

tgacattgtcatcgcaaccgac

77

pARL-MyoF-KO

gtaatagtgtgacgatgtttacg

78

pARL-MyoA-comp

ggaccgctatcaggacatag

79

pDC2-p230p-BSD

tttttgtaatttctgtgtttatg

80

pDC2-generic

aagcaccgactcggtgccac

81

p230p-prMA-sfGFP

tgaaccatacgggttgttg

82

p230p-prMA-MyoA

ctcctggagccaagcac

83

p230p-prMA-MyoA

atagaaaaagttacatgcacgt

84

pUC-MEMS-S19S

tggatcattttctattgtcggag

TABLE 2.8: Primers used for sequencing.

2.4

Phylogenetic analysis of myosin sequences

310 sequences were collected from CyMoBase (Odronitz and Kollmar, 2006) for nonalveolate myosins and EuPathDB (Aurrecoechea et al., 2017) for alveolate myosins,
by searching for ‘myosin’ and excluding results with molecular weight below 50 kDa
or a clearly unrelated annotation, to produce a crude dataset. Multiple sequence
alignments (MSAs) were carried out using MUSCLE (Edgar, 2004) and phylogenetic
trees constructed using MEGA v7.0.26 (Kumar et al., 2016). Maximum likelihood
trees were produced using sites with 95% sequence coverage and 100 bootstrap iterations. Analysis of the resulting tree revealed that all the fully annotated sequences
(with the exceptions of AtMyo11E2 and EtMyoF) fell into one half, so the more distantly related sequences were removed and the MSA and tree construction were
repeated with the remaining 194 sequences.
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Molecular biology techniques
DNA manipulations

Various oligonucleotide primers were used to amplify DNA fragments from synthetic DNA fragments and genomic DNA by PCR (table 2.4-2.8). PCR was carried
out using Phusion polymerase (NEB) with 25 ng DNA according to the manufacturer’s protocol. Some amplifications were carried out using Advantage 2 Polymerase mix (Takara Bio). For screening PCR of bacterial colonies or genotyping PCR
of P. falciparum genomic DNA, Hot Start Taq polymerase (NEB) was used, with 10
ng of DNA for genotyping. Amplification was assessed by electrophoresis with a
1% agarose gel and SYBR Safe DNA gel stain (Thermo Fisher). PCR reactions were
purified using the Wizard PCR clean up kit (Promega).
DNA fragments were assembled by Gibson assembly into vectors digested by
the appropriate restriction enzymes (all NEB), using 1 µg DNA, incubated overnight
and purified with the QIAquick gel extraction kit (Qiagen). 30 ng of digested vector was mixed with DNA inserts in a 1:3 molar ratio and incubated with Gibson
assembly mix (50◦ C, 1 h) before transformation by heat shock into chemically competent DH10β E. coli. Transformants were grown on LB agar plates containing 100
µg/ml carbenicillin screened by colony PCR and plasmids were purified from 3 ml
of overnight culture using the QIAprep Spin Miniprep kit (Qiagen) and verified
by DNA sequencing (Source Biosciences). For transfections, plasmids were purified from 100 ml of overnight culture using a plasmid maxiprep kit (Qiagen). Before transfection, plasmids were purified by ethanol precipitation (with 0.1 vol 3M
sodium acetate pH 5.2, 1.5 vol 100% ethanol), washed in 70% ethanol, air dried and
resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
Genotyping PCR was performed to verify transfections. 1-5 ml of parasite culture (at 4% haematocrit, 5% parasitaemia) was concentrated to 200 µl and stored at
-80◦ C to enhance lysis. Genomic DNA was extracted using the PureLink genomic
DNA mini kit (Invitrogen) and diluted to 10 ng/µl.
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2.5.2

Generation of plasmids for selection-linked integration

The MyoA-KO construct (section 3.3.1) was generated from a synthetic gene fragment (GENEWIZ), covering the rcz region, tags and skip peptide. The 700 bp upstream homology region was amplified from 3D7 genomic DNA and the two fragments assembled into a pARL backbone carrying the gene for neomycin phosphotransferase, downstream loxPint and gfp. The backbone was linearised by BglII/PstI
(NEB) digestion from a parent vector (pARL-FIKK10.1), which was a gift of Dr
Moritz Treeck (Crick Institute).
MyoA-Neck swap (NS) constructs were generated by XhoI digestion of MyoAKO to excise gfp followed by ligation of a synthetically generated (GeneART) copy
of the rcz region (with freshly-altered codons different from WT and rcz versions,
"comp") with a 3xHA tag, to form MyoA-NS-comp. MyoA-NS-K764E was generated
from this by site-directed mutagenesis.
In work done in our lab by Silvia Haase, a new pARL-derived SLI backbone was
constructed by re-assembling the T2A skip peptide, neomycin phosphotransferase,
downstream loxPint and c-myc tag (section 4.5.1) to try to improve the clonality of
transgenic parasites. The ELC-KO construct was created by ligating in a synthetic
construct comprising the 454 bp ELC homology region, upstream loxPint site, 228 bp
rcz region and 3xHA tag (GeneART).

2.5.3

Generation of plasmids for CRISPR/Cas9 modification

The parental pDC2-hDHFR CRISPR/Cas9 plasmid was a gift from M. Lee (Sanger
Institute, Cambridge) (White et al., 2019). The parent vector, containing a spacer sequence in place of a guide RNA was digested with BbsI and complementary p230ptargeting oligonucleotides were annealed and ligated to form pDC2-p230p-hDHFR
(work done in our lab by Kathrin Witmer). This plasmid was then modified by excising hdhfr with NcoI/SacII and ligating in bsd, amplified from pB-CBHALO (a gift
from S. Das, Ludwig Maximilian University, Germany) (Stortz et al., 2019), to form
pDC2-p230p-BSD. The N-terminal sequence was modified to MAK during amplification, to match a consensus sequence.
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The p230p-BIP-sfGFP repair plasmid was constructed from a generic pUC19
backbone, by amplifying two p230p homology regions and assembling these either side of sfGFP under BIP promoter with CAM 3’UTR (work done in our lab
by Kathrin Witmer) (section 4.3.1). No shield mutations were required as the repair
construct does not contain the sequence targeted by pDC2-p230p-hDHFR. This plasmid was then modified to excise the BIP promoter by SacII/NheI digestion to add
a 2.0 kbp region directly upstream of myoa (roughly 2 /3 of the intergenic region) to
form p230p-prMA-sfGFP. The myoa cds with 3xHA-tag was generated synthetically
(GeneART) with altered codons and ligated into p230p-prMA-sfGFP after NheI/PstI
digestion to form p230p-prMA-MyoA. K764E, S19A or ∆N mutants were generated
by site-directed mutagenesis.
MyoB-KO was generated using the same two plasmid CRISPR/Cas9 system.
pDC2-hDHFR was digested with BbsI and two oligonucleotide pairs targeting the
starts of the upstream and downstream homology regions were annealed and ligated into the pDC2 backbone (section 4.4.1), forming pDC2-MyoB-hDHFR-1 and -2.
The repair plasmid was designed to be similar to the MyoA-KO construct, but without the SLI machinery and constructed from a generic pUC19 backbone. The loxPint modules, flanking the rcz region and 3xHA tag, and the downstream gfp were
synthesised (GeneART) and assembled with two homology regions amplified from
genomic DNA. The sites targeted by the two guide RNAs were altered in the rcz
region so no additional shield mutations were required.

2.6
2.6.1

Parasite cell culture
General maintenance of P. falciparum

Parasites strains 3D7 and B11 (Perrin et al., 2018) were cultured in RPMI 1640 (Life
Technologies) supplemented with 0.5% w/v Albumax II (Gibco) under standard
conditions (Trager and Jensen, 1976) at 4% haematocrit and synchronised with 5%
sorbitol (Sigma) (Lambros and Vanderberg, 1979).
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2.6.2

Cryopreservation of P. falciparum

5-10 ml of parasites at 5% ring stages were pelleted and 0.5x vol freezing solution
was added (3% w/v sorbitol, 0.65 M w/v NaCl, 28% v/v glycerol in H2 O) dropwise.
Then 1.5x vol freezing solution was added, and 500 µl aliquots were transferred to
cryovials, using a CoolCell (Biocision) to freeze at -80◦ .
Parasites were thawed at room temperature then 5 ml of thawing solution (3.5%
NaCl in H2 O) was added dropwise. The mixture was centrifuged and thawing solution replaced with media and fresh RBCs.

2.6.3

Transfection of P. falciparum

Parasites were grown to 5% at ring-stage and electroporated with 100 µg of plasmid
for SLI transfections, or, for CRISPR/Cas9 transfections, 50 µg of each of the targeting and repair plasmids (or 25 µg each if two targeting plasmids). Plasmids were
resuspended in total 50 µl of sterile TE buffer added to 350 µl sterile cytomix buffer
(Adjalley et al., 2010). For SLI, plasmid uptake was selected for by adding fresh
media with 2.5 nM WR99210 daily for 7 days, then every 2-3 days until parasite
population re-established. Transfectants were grown to 2-4% parasitaemia and integration was selected for with 400 µg/ml G418 (Birnbaum et al., 2017). Fresh media
with G418 (Sigma) was added for 10 days before parasites were returned to drug-free
media. For CRISPR/Cas9 transfections, plasmid uptake was selected for by adding
fresh 2.5 nM WR99210 (Jacobus Pharmaceutical) or 5 µg/ml blasticidin (Sigma) for
5 days, then parasites were returned to drug-free media and media changed every
2-3 days until parasite population re-established. MyoA-KO, MyoA-NS-comp and
MyoA-NS-K764E parasites were cloned by limiting dilution in 96 well plates at 0.3
or 1 parasite per well.

2.6.4

Analysis of parasite phenotypes

2.6.4.1

Growth assay for uninduced lines

To test growth before RAP treatment, transgenic lines and WT parasites were synchronised at early rings, seeded at 200 µl in 96-well plates at 0.1% parasitaemia, 2%
haematocrit and incubated for ~72 h until the middle of the following cycle. 20 µl
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was taken for quantification by flow cytometry, then the media was changed and
parasites incubated for a further 24 h before quantification at the start of cycle 2 (96
h post-treatment).
2.6.4.2

Growth assay with RAP treatment

To test the phenotype of MyoA-KO parasites (after one cycle, section 3.3.2), schizonts
were isolated using gradients of 70% Percoll (GE healthcare, prepared according to
Radfar et al., 2009) then incubated at 1% haematocrit with fresh RBCs, shaking for
2-3 h until parasitaemia reached >10%. The remaining schizonts were lysed using
sorbitol and early rings were added to duplicate 10 ml dishes to 4% haematocrit,
2-4% parasitaemia with heparin (Pfizer, 1:25) to prevent any further invasion. 0.05%
DMSO or RAP (100 nM, in DMSO, Sigma) was added to WT and MyoA-KO parasites for 16 h, then washed twice in complete culture media (CCM) and incubated
until the end of the same cycle (~40 h post-treatment), when samples were taken for
genotyping, Western blot and IFA analysis.
For quantification of parasitaemia, culture samples were diluted to 1.5% parasitaemia, 0.3% haematocrit and 200 µl dispensed in triplicate in 96 well plates with
control samples of WT parasites incubated with heparin or cytoD (Sigma, 500 nM).
Plates were incubated until ~60 h post-treatment, until cycle 1.
For other transgenic lines, and for MyoA-KO parasites measured over three cycles, parasites were set up in the same way, using sorbitol to synchronise early rings,
without Percoll isolation of schizonts, and without addition of heparin. For quantification over three cycles, 96 well plates were set up as above, at 1% parasitaemia,
and each cycle 100 µl was taken for flow cytometry and the remainder was diluted
to 1% parasitaemia.
2.6.4.3

Shaking growth assays

For comparison of phenotypes under shaking and static conditions, parasites were
synchronised and treated with DMSO and RAP as for three cycle quantification
above. After drugs were washed out, cultures were plated out in triplicate in 48
well plates in 150 µl at 5% haematocrit, 1% parasitaemia. This small volume supports consistent suspension of the culture. Identical plates were prepared and one
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incubated in a static incubator, the other incubated in a humidified box on a platform
shaking at 185 rpm. 8 µl of culture was transferred to a 96 well plate and quantified
as before.

2.6.5
2.6.5.1

Microscopy analysis of parasites
General live microscopy

DMSO and RAP-treated parasites were incubated for ~40 h to reach late schizonts
then schizonts were isolated on Percoll gradients, then washed in 10 ml CCM and the
pellet size estimated. Isolated schizonts (>90% parasitaemia) were resuspended to
1% haematocrit in CCM and treated with egress inhibitor ML10 (Baker et al., 2017b)
at 1 µM for 3-5 h to synchronise at very late schizonts. For nuclear staining, DRAQ5
DNA stain (Thermo Fisher) was added (5 µM) for the final 30 minutes of incubation.
Once mature, fresh RBCs were added to ~50% parasitaemia and the culture was
resuspended in PBS for imaging, at a final haematocrit of 0.5%. 200 µl was added
to a well of an 8-well imaging slide (Ibidi, untreated) and allowed to settle. Images
were acquired with an OrcaFlash 4.0 CMOS camera using a Nikon Ti Microscope
(Nikon Plan Apo 60x or 100x 1.4-N.A. oil immersion objectives). Subsequent image
manipulations were carried out in Fiji.
For quantification of RAP-mediated excision, a minimum of five fields of view
were imaged. The number of schizonts was quantified manually, using brightfield
images. The proportion that were GFP+ was quantified automatically, using a mean
filter of 5 px before applying a threshold judged by eye to avoid false positives
and false negatives. Objects were separated by applying a watershed, then counted
based on size and circularity.

2.6.5.2

Time lapse video microscopy of invasion

Schizonts were prepared as for general live microscopy then resuspended in CCM
at 0.2% haematocrit, ~50% parasitaemia. One at a time, samples were washed four
times in warm CCM then resuspended in PBS for imaging and 200 µl added to an
8-well imaging slide and allowed to settle at 37◦ C. Samples were imaged using a
Nikon Ti Microscope, 60x objective, enclosed within a heated incubation chamber,
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using a field of view with moderate density of cells. Egress begins 10-15 minutes
after the final wash, and a 10 minute brightfield video (3 fps) was captured once a
small fraction of schizonts had already egressed, to capture the majority of events.
Immediately before and after the brightfield video, a frame of GFP fluorescence was
also captured to assign schizonts as GFP+ or GFP-.
To quantify individual invasion attempts, whole videos were cropped to individual RBCs that underwent echinocytosis. Invasion attempts were assigned to an
event type based on successful invasion (merozoite clearly internalised, Type A),
failed completion of internalisation (merozoite fully internalised, but ejected before
the end of the video, Type B), failed initiation of internalisation (merozoite deforms
RBC but is not internalised, Type C) or failed deformation (merozoite stably attached
but does not deform or enter RBC, Type D). Deformation scores were assessed using
the scheme of Weiss et al., 2015, using a score of 0 to indicate no deformation and
judging only the final deformation before invasion (if present).
For successful invasion and Type B failures, the phases of invasion were timed
using an adjusted scheme from Gilson and Crabb, 2009, starting from the first deformation (or stable attachment if no deformation present) and including end of
deformation, start and end of internalisation and the start and maximal extent of
echinocytosis. Events were excluded from analysis if any of the phases were obscured by other cells, the edge of the frame or the start or end of the video. RAPtreated parasite events were excluded if GFP-, except for ELC-KO line which did not
express GFP after truncation.

2.6.6

Flow cytometry analysis

For flow cytometry analysis, 100 µl of parasites at 0.3% haematocrit was added to a
96 well plate and stained with SYBR Green I (Sigma, 1:5000) in 100 µl (15 minutes,
room temperature) then washed three times in PBS and resuspended in 100-150 µl
PBS for quantification. For experiments including DRAQ5 for DNA staining, samples were stained in the same way with DRAQ5 (5 µM), SYBR or both. Flow cytometry was performed using a LSRFortessa cytometer (BD Biosciences) with high
throughput sampler, with capture of 100,000 events per well. Samples were gated
for RBCs, single cells then SYBR+ cells (Fig 2.1) and data were analysed using FlowJo
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F IGURE 2.1: Representative gating strategy for flow cytometry analysis. 100,000 events
were captured for each sample, in triplicate, and gated for RBCs (forward scatter vs
side scatter), then single cells (forward scatter area vs forward scatter width) then parasitaemia (SYBR-Green positive). For experiments with DRAQ5 staining, an additional
gate was added of DRAQ5 vs SYBR-Green. Source: Adapted from Robert-Paganin et al.,
2019.

(BD Biosciences). For experiments with DRAQ5 staining, cells were gated as before,
then DRAQ5+ staining plotted against GFP+ and the proportion of DRAQ5+ cells
that were also GFP+ was compared without SYBR staining (i.e. native GFP fluorescence) and with SYBR staining (i.e. all parasites).

2.7
2.7.1

Protein and immunochemistry techniques
SDS-PAGE and Western blot analysis

5-10 ml of schizonts at <5% parasitaemia were lysed using 0.1% saponin/PBS
(Sigma) for 10 min (room temperature), washed twice in PBS and lysed using RIPA
buffer (Thermo Fisher). MyoB-KO parasites were treated with E64 (Sigma, E3132) at
10 µM for 4-6 h to obtain as mature as possible schizonts before lysis.
Parasite lysates were spun to isolate the soluble fraction (15000xg, 10’) and the supernatant was boiled with SDS for 5 min. When indicated, protein concentration was
normalised between samples using the Pierce BCA protein assay kit (Thermo Fisher)
before addition of SDS buffer. Samples were separated by SDS-PAGE using 4-12%
Bis-Tris gels in MES buffer (Thermo Fisher) then stained with Coomassie or drytransferred to a nitrocellulose membrane (iBlot2, Thermo Fisher) for Western blot.
Blots were blocked and stained in 3% skimmed milk powder/PBST (0.1% Tween-20
in PBS) with primary antibodies as indicated (see table 2.1) and HRP-coupled goat
anti-mouse or -rabbit secondary antibody, and washed in PBST. Blots were detected
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using ECL reagent (Amersham) and exposure to X-ray film or ChemiDoc imaging
system (Bio-Rad). Quantification of bands was carried out using Fiji (Schindelin et
al., 2012; Schindelin et al., 2015).

2.7.2

Immunofluorescence analysis

Schizonts at 5% parasitaemia or higher were treated with cysteine protease-inhibitor
E64 (Sigma, E3132) at 10 µM for 4-6 h to prevent egress, then washed in PBS and
fixed with 4% PFA/0.025% glutaraldehyde (EMS) in PBS for 1 h.
Fixed parasites were permeabilised with 0.1% Triton X-100 in PBS for 10 minutes
and blocked overnight at 4◦ C in 3% BSA/PBS. 100 µl of permeabilised cells were
stained with primary or secondary antibodies in 3% BSA/PBS for 1-2 h, then washed
three times in PBS (see table 2.1). The cells were resuspended to a haematocrit of 10%
and mounted with DAPI-VECTASHIELD (Vectorlabs).
Images were acquired as for live microscopy (section 2.6.5). Z-stacks were acquired with a step size of 0.2 µm and images were deconvolved using the EpiDEMIC
plugin with 50 iterations in Icy (De Chaumont et al., 2012). Images shown are single
slices of deconvolved z-stacks.
For quantification of RAP-mediated excision, schizonts were stained for PfGAP45 and FLAG-tag or GFP-tag, and the proportion of PfGAP45+ that were also
FLAG or GFP+ was quantified manually.

2.7.3

Immunoprecipitation of HA-tagged proteins

100 ml of MyoB-KO parasites (2% haematocrit, 3-5% parasitaemia) treated with
DMSO or RAP at late schizont stage were treated with E64 for 4-6 hours to obtain
synchronised, very late schizonts. RBC membranes were lysed with saponin (0.1%
in PBS) and pellets were flash frozen. Pellets were resuspended in 600 µl PBS (prepared with PIC tablet) and parasite membranes were lysed by sonication, on ice.
50 µl of magnetic beads coupled to anti-HA antibodies (Pierce) was washed in PBS
three times, then lysate was incubated with beads for 1-2 h at 4◦ C. Flow through
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was removed and beads were washed in PBS four times before eluting by incubating with 25 µl glycine (pH 2) for 5 minutes. The eluate was neutralised with 0.1 vol
Tris-HCl (pH 8) and prepared for SDS-PAGE or Western blot.

2.8
2.8.1

Electron microscopy
Transmission electron microscopy of parasite pellicles

MyoA-KO parasites were treated with DMSO or RAP, and around 40 h posttreatment were purified on a 70% Percoll gradient as previously. Schizonts were
incubated with egress inhibitor E64 (10 µM, 4-6 h) to synchronise and arrest shortly
before egress, then either fixed or washed once in culture media to remove drug and
incubated for around 20 minutes before fixation during egress.
Parasites were centrifuged at 2000xg to remove culture media, and the pellet
resuspended in fixation buffer (2.5% glutaraldehyde (EMS), 70 mM sodium cacodylate, 0.75% w/v tannic acid added shortly before use, pH 7.1). Samples were fixed
for 2-4 h at 4◦ C then washed three times by centrifugation in wash buffer (100 mM
sodium cacodylate, pH 7.2) for 20 minutes and spun into a compact pellet.
The fixed and washed pellets were then processed for transmission electron microscopy by Gema Vizcay-Barrena and Leanne Allison at CUI, Kings College London. Briefly, samples were post-fixed in osmication buffer (1% w/v osmium tetroxide in 100 mM sodium cacodylate) for 2 h, washed once with wash buffer followed
by water, then stained en bloc for 1 h with freshly prepared uranyl acetate (1% w/v
in water). Samples were then washed in water, dehydrated in an ethanol series, infiltrated with a resin series, embedded in resin which was then polymerised for 48 h
at 60◦ C. Thin sections (65-85 nm) were cut with an ultramicrotome and mounted on
400 or 700 mesh copper grids without support films. They were then stained in 2%
w/v uranyl acetate dissolved in 50% w/v ethanol for 3-5 minutes, followed by 2.5%
w/v aqueous lead citrate (3 minutes). Sections were imaged using a JEM-1400 120
kV electron microscope (JEOL).
To investigate detailed 3D structure within the section thickness and ensure optimal clarity, series of through-focal images at 75 or 150 nm steps were made for some
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series. Sections analysed included those cut at right angles to the IMC plane, and
those cut tangentially through the curved surface of the pellicle.
Raw micrographs were processed and analysed using Fiji. For measuring the
width of the cortical space, micrographs with at least 60,000x magnification of merozoites in mature schizonts and free merozoites with fully formed and well stained
pellicles were analysed. Four measurements of the pellicle width were taken from
across each micrograph and the mean was plotted.
For identification of putative MyoA motor complex structures in sections, micrographs with 150,000x-300,000x magnification were analysed. For DMSO-treated
parasites, micrographs were processed using the "enhance local contrast (CLAHE)"
function within Fiji, with a maximum slope of 1.5, then a Gaussian blur filter was applied with a radius of 0.8. For RAP-treated parasites, micrographs were processed
using "enhance local contrast (CLAHE)" as before, then a Fourier transform bandpass filter was applied to remove large structures down to 100 pixels and small structures up to 3 pixels.

2.8.2

Recombinant expression of the PfMyoA triple complex

Spodoptera frugiperda (Sf9) cell expression of recombinant PfMyoA-FLAG, MTIP
and PfELC with chaperone PUNC was performed in our lab by Linda Makhlouf
(manuscript in preparation). Briefly, genes were synthesised with codons optimised
for Sf9 cells and assembled into bacmids using the Bac-to-Bac expression system
(Thermo Fisher). Sf9 cells were co-infected with baculovirus carrying each of the
four bacmids and incubated (27◦ C, 72 h). Harvested cells were lysed, homogenised
using a 40 ml Dounce tissue grinder and myosin-containing supernatant extracted
by sequential centrifugation in the presence of ATP.
Resin coupled to anti-FLAG antibodies was bound to the PfMyoA-FLAG triple
complex by overnight incubation at 4◦ C and the complex was eluted with 3xFLAG
peptide (Sigma). The eluate was analysed by SDS-PAGE, native PAGE (NativePAGE
Bis-Tris gel, Thermo Fisher) and Western blot to verify the presence of the three
members of the complex, and the absence of PUNC chaperone which would indicate poor folding of PfMyoA. The complex was prepared for negative stain electron
microscopy by gel filtration.
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2.8.3

Negative stain electron microscopy

Carbon-coated EM grids were glow discharged at 10 mA for 40 s. 2.5 µl of sample at
0.01 mg/ml was applied to the grid immediately after gel filtration. The grids were
incubated for 1 minute before washing twice in 6 µl water and once with 2% uranyl
acetate stain. Grids were then stained for a further 20 seconds in 6 µl 2% aqueous
uranyl acetate. Grids were screened on a T12 spirit electron microscope with a CCD
camera (TVIPS).
Data were collected on a CM200 microscope equipped with a 200 kV FEG and a
CMOS 4K Fast Frame Camera (TVIPS) at 67,000x magnification, (2.3 Å/pix) with a
defocus range of -1.0 µm to 2.0 µm. Data processing was carried out using Relion
3.0 (Zivanov et al., 2018) and CTF estimation using CTFFIND4 (Rohou and Grigorieff, 2015) was used to estimate defocus and remove micrographs affected by drift.
Particles following auto-picking were extracted and subsequently cleaned with 2D
classification. A total of 18,916 particles were used in the generation of an ab initio model in Cryosparc (Punjani et al., 2017). Models were visualised and complex
dimensions estimated using UCSF Chimera (Pettersen et al., 2004).
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PfMyoA is critical for asexual
replication
3.1

Summary

Merozoite invasion is completely blocked by genetic knock-out of the actin isoform
most strongly expressed in asexual parasites, PfAct1 (Das et al., 2017), by genetic
knock-out of MyoA motor complex (MMC) anchor PfGAP45 (Perrin et al., 2018) and
by drugs perturbing the acto-myosin motor such as cytochalasins (Miller et al., 1979)
and BDM (Pinder et al., 1998), all supporting a model of parasite invasion and motility centered on the myosin A (MyoA) acto-myosin motor in the pellicle (Opitz and
Soldati, 2002). However, the "linear motor" model that was initially developed has
proven an over-simplification for several reasons. Key among them are (1) some of
the components have proven dispensable for motility or invasion, especially in T.
gondii (Andenmatten et al., 2013; Egarter et al., 2014), and (2) the revealing of alternative sources of force production that were previously hidden in motor-inhibited
parasites, most importantly host cell activity (Bichet et al., 2016) and retrograde flow
of the parasite plasma membrane (Quadt et al., 2016).
Most notably, the T. gondii orthologue TgMyoA was shown to be important,
but not essential, for parasite invasion and motility, with knock-outs at transcriptional (Meissner et al., 2002) or genetic level (Andenmatten et al., 2013) exhibiting
10-25% residual invasion. Whether or not this low level of residual invasion signifies
that TgMyoA is meaningfully dispensable (notably, TgMyoA-KO parasites are completely devoid of virulence in a mouse model (Meissner et al., 2002)), this residue of
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invasion has opened a window to the discovery of alternative mechanisms of invasion, which may in turn be necessary, though clearly not sufficient in the absence of
TgMyoA. Given the various differences between the motility, invasion and host cells
targeted between T. gondii tachyzoites and P. falciparum merozoites, these questions
need to be investigated directly in merozoites.
To demonstrate that PfMyoA is critical for merozoite invasion of RBCs, a rapid,
conditional genetic knock-out was generated, using selection-linked integration
(SLI) and loxP sites contained within short, synthetic introns (loxPint). Analysis of
the mutant lines showed that PfMyoA is critical for merozoite invasion, that excision
was efficient and that the residual population was primarily formed of WT parasites.
This conditional modification platform formed the basis of conditional mutagenesis
used for further investigation of PfMyoA regulation and function during invasion
in chapter 4.

3.2

Phylogenetic analysis supports a unique role for PfMyoA

A number of phylogenetic analyses of myosins from across eukaryotes, or just from
alveolates, have classified apicomplexan myosins, but each has had a different approach to strictness of the distribution within a class and lack consensus on classification, meaning the degree of similarity between the myosins, and their possible
functions, are hard to infer (Foth et al., 2006; Odronitz and Kollmar, 2007; SebéPedrós et al., 2014; Pasha et al., 2016; Mueller et al., 2017). Most recently, Mueller
et al., 2017 produced a phylogenetic analysis focussed on alveolate myosins, providing a more extensive look at the established functions of these myosins. However,
most of the functional information comes from T. gondii and most of the myosin sequences used were from related coccidian parasites, so when it comes to P. falciparum
myosins it is hard to distinguish near neighbours from the highly divergent. To better understand the evolutionary relationships of the P. falciparum myosins, a phylogenetic analysis of the myosins from a range of apicomplexan species was carried
out, with sequences from twelve Plasmodium spp. as well as coccidians T. gondii and
Eimeria tenella, piroplasmids Babesia bovis and Theileria annulata, and Cryptosporidium
parvum. Sequences were also collected from closely related alveolates Chromera velia
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TABLE 3.1: Summary of the homology and domain structures of Plasmodium
spp. myosins. The six P. falciparum myosins vary in domain structure, with two short
myosins (A and B) lacking tail domains and three with unusually elongated motor domains (D, E and F). Light chain binding IQ motifs were only predicted for PfMyoC and
MyoF, although light chains have been identified for PfMyoA and MyoB. PfMyoC was
additionally predicted to have a protein interaction scaffold WD40 domain. Most (B-F)
have one or two pieces of experimental data, while PfMyoA has been better characterised. Phylogenetic data from this study largely supports the relationships to T. gondii
found in (Foth et al., 2006; Mueller et al., 2017). Source: Domain structure and T. gondii
homology - own work. "Essential" or "Dispensable" according to genetic KO from Wall
et al., 2019. Functional information from various studies (see section 1.7).

and Vitrella brassicaformis, free-living algae from the phylum chromerida, and from
several model eukaryotes (Fig 3.1).
To catch myosin sequences that have not yet been fully annotated, all genes labelled ‘myosin’ or ‘myosin-like’ were collected (see Methods). A multiple sequence
alignment (MSA) was prepared and used to construct a phylogenetic tree with 194
sequences (Fig 3.2). This analysis largely agrees with previous studies (Foth et al.,
2006; Mueller et al., 2017) reaffirming established relationships between some Plasmodium spp. and T. gondii myosins. PsppMyoA and TgMyoA were clustered together with TgMyoC, MyoD and MyoE, the three other, short T. gondii myosins.
PsppMyoC clustered with TgMyoF and orthologues, as did PsppMyoD and TgMyoJ
and PsppMyoF and TgMyoK. PsppMyoB and MyoE (and a seventh ‘myosin’ from
each of the avian Plasmodium spp.) clustered separately from other apicomplexan
myosins. Apart from the cluster containing motility-related myosins (TgMyoAE/PsppMyoA), each of these clusters also contained two or more sequences from
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F IGURE 3.1: Tree of species used for phylogenetic analysis. A range of apicomplexan
and non-apicomplexan species were selected to build a myosin gene tree. As well as
illustrating the relationship between the organisms, the species tree can be used to rearrange the gene tree (Fig 3.2) to yield a parsimonious tree with the fewest gene duplication events.

the chromerid species. None of the myosins from the model eukaryotes are closely
related to the alveolate myosins. This analysis lends further weight to the expectation that PfMyoA is less likely to be dispensable for invasion than TgMyoA, because
no Plasmodium spp. myosins fell in the MyoA cluster.

3.3
3.3.1

PfMyoA is critical for RBC invasion
Generation of MyoA-KO parasites

To demonstrate whether or not PfMyoA is critical for RBC invasion, two new genetic
engineering techniques, SLI (Birnbaum et al., 2017) and loxPint introns (Jones et al.,
2016), were used for rapid, simultaneous epitope-tagging and conditional knockout
(cKO) of PfMyoA. Since PfMyoA-KO is expected to have a strong invasion defect, it
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F IGURE 3.2: Phylogenetic tree of apicomplexan myosins 194 myosin-like sequences
were aligned using MUSCLE and a maximum likelihood tree was produced using
MEGA, based on the sites in the MSA found in 95% of sequences and with 100 bootstrap
iterations. Bootstrap values only shown for internal nodes and above 50. Each cluster
containing no alveolate sequences is coloured grey, while clusters containing apicomplexan/chromerid sequences but none from Plasmodium spp. are in pink. Remaining
clusters are coloured according to the Plasmodium spp. myosin present (see table 3.1).
Plasmodium spp. branches and labels are in bold, selected chromerid sequences underlined. Scale bar corresponds to 0.5 substitutions per site. Four Plasmodium spp. myosins
clustered with a T. gondii orthologue, with PsppMyoB and MyoE unrelated. The three
clusters with myosins known to function in cell division in T. gondii or P. falciparum also
contain chromerid sequences, while the cluster with myosins involved in motility or
invasion has no chromerid sequences, suggesting more recent specialisation.

is important for the KO to be rapidly completed, within a single 48 h life cycle. Since
the expression of PfMyoA is restricted to the late stages of the parasite life cycle
(http://plasmodb.org), it is well suited for a complete knock-out at the genetic level
as little expression should take place before the KO is complete. Therefore, a parasite
line constitutively expressing a ligand-inducible bacterial DNA recombinase, DiCre,
was used for transfections (B11, Perrin et al., 2018). In the presence of rapamycin
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(RAP), DiCre causes conditional excision of sequences flanked by short DNA sequences (loxP sites). The DiCre system was first adopted for use in apicomplexan
parasites for cKO of TgMyoA and other acto-myosin-related proteins (Andenmatten et al., 2013; Collins et al., 2013).
A construct was designed to introduce loxP sites to the endogenous myoa locus,
for conditional excision of the 3’ 542 bp of myoa (Fig 3.3A). To minimise disruption of gene expression, the loxP sites were contained within short, synthetic introns
derived from the sera2 gene (forming loxPint modules; (developed by Jones et al.,
2016)), and to avoid aberrant recombination part-way through the construct, the
floxed myoa sequence was synthesised with re-optimised codons. For detection of
full-length PfMyoA, a FLAG-tag was added to the C-terminus (PfMyoA-FLAG). An
out-of-frame gfp was placed downstream of the floxed region, such that after RAP
treatment the truncated myoa will be fused to in-frame gfp to mark successful excision (tn-PfMyoA-GFP). The floxed region comprises the PfMyoA neck domain (required for PfMyoA localisation (Hettmann et al., 2000) including both light chain
binding sites), converter and part of the motor domain core (Fig 3.3C).
Because drug cycling for selection of genomic integrants after transfection can
be slow, SLI was used to accelerate the process. This recently developed tool (Birnbaum et al., 2017) places a second selectable marker (neomycin phosphotransferase,
neo) immediately downstream of myoa so the marker will be transcribed together
with myoa, but only under the influence of the endogenous myoa promoter, after integration into the target locus. A T2A skip peptide between myoa and neo causes the
single transcript to be translated into two separate and functional proteins.
The cKO construct (MyoA-KO) was introduced by single-crossover HR in a parent line stably expressing DiCre (B11, "WT") by WR99210 selection, followed by
treatment with G418 to select for integration. Screening by genotyping PCR confirmed successful integration, but revealed a minor population of WT parasites,
which could not be eliminated by a second round of WR99210 selection, so clonal
parasite lines were isolated by limiting dilution. Two clones expressing the intact
transgenic locus (B9 and H6) were selected for phenotypic analysis. Genotyping
PCR could detect the integrated, unexcised locus (Fig 3.3B), and, on some occasions,
a small WT population indicating a low level of spontaneous loss of the transgenic
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F IGURE 3.3: Generation of MyoA-KO parasites. A Schematic of the MyoA-KO construct. The last 542 bp of myoa is re-codon optimised (rcz) and fused to a FLAG-tag
and neo selectable marker via a T2A skip peptide. The rcz region, tag and marker are
flanked by loxPint modules (red). Downstream of the floxed region is an out-of-frame
gfp. After RAP-treatment, the floxed region is excised and gfp is brought into frame.
Source: own work - Robert-Paganin et al., 2019. B Genotyping PCR of WT or MyoAKO parasites after drug selection or cloning. In all transfectants the integrant locus (IN,
orange half arrow) is visible, but before cloning out the WT locus (blue half arrow) is
also present. After SLI, parasites were treated with WR99210 again, which reduced
the WT population. Though the clonal lines had no WT locus initially, genotyping on
later occasions revealed a background WT population. C Crystal structure of PfMyoA
triple complex (PfMyoA, PfELC, MTIP) in the pre-powerstroke state, showing the region excised (black) in MyoA-KO parasites, including both light chain binding sites,
the converter and part of the motor domain core (structure from D. Moussaoui, Institut Curie, manuscript submitted). D Comparing the growth of uninduced MyoA-KO
parasites to WT shows a minor growth defect (95% growth per cycle). N=3, line shows
mean. Source: own work, part A adapted from Robert-Paganin et al., 2019.
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locus from the clonal lines.
There was a small difference in growth rate between WT and MyoA-KO parasites after 96 h, with modified parasites showing a relative fitness of 95% per cycle, likely due to the presence of the epitope tag or perhaps the small minority of
unskipped protein, where the neomycin phosphotransferase is aberrantly fused to
MyoA-FLAG. Nevertheless, there is no strong growth defect before excision (Fig
3.3D).

3.3.2

PfMyoA cKO was strongly disruptive

To conditionally disrupt PfMyoA within a single erythrocytic replication cycle,
highly synchronised ring stage cultures of MyoA-KO were treated with RAP (100
nM for 16 h) to induce DiCre-mediated recombination. Samples were taken around
44 h post-treatment for verification, at the end of the same replication cycle, and parasites were incubated until the following cycle (cycle 1) until ~60 h post-treatment,
when parasitaemia was quantified by flow cytometry. By this time, unsuccessfully
invaded parasites should no longer remain attached to the RBC, so will not be included.
RAP-treated MyoA-KO parasites from two clonal lines had a reduction in parasitaemia of 88 and 92% in cycle 1, suggesting that the truncation of PfMyoA completely disrupts motor function and that motor-deficient parasites are completely
unable to invade (Fig 3.4A). The replication defect was almost as severe as seen for
cytochalasin D (cytoD, 500 nM - 91%) or heparin (94%).
To confirm that the myoa locus was correctly excised, genotyping PCR was carried out on samples taken 20 h and 44 h post-treatment. This showed that the smaller
"excised" locus was present in some of the population 20 h post-treatment and in a
large proportion (but not all) of the population by 44 hpi, when myoa is most strongly
expressed (Fig 3.4B).
Immunofluorescence analysis (IFA) of MyoA-KO schizonts showed that MyoAFLAG was correctly localised to the periphery of developing merozoites (Fig 3.4D)
and co-localised with IMC protein PfGAP45. After RAP treatment, almost all the
PfMyoA-FLAG signal was lost, and tn-PfMyoA-GFP became detectable as a diffuse,
cytosolic signal.
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F IGURE 3.4: PfMyoA cKO was strongly disruptive. A Two clonal lines of MyoA-KO
(B9 and H6) were treated with DMSO (-) or RAP, alongside WT parasites treated with
DMSO, heparin or cytoD, then quantified in the following cycle (c1) by flow cytometry.
MyoA-KO+RAP produced a replication defect of around 90%, similar to controls. Bars
show mean parasitaemia, normalised to DMSO value for each line, N=3 (except WT +
heparin, N=2), each in triplicate. Significance assessed by paired t test, two-tailed. B
Genotyping PCR of MyoA-KO parasites at 20 or 44 h post-RAP shows that by 20 h the
excised locus (EX, green half arrow) was detectable, and by 44 h, when myoa expression
is expected to peak, the unexcised locus (IN, orange half arrow) was barely detectable.
C Western blot of WT or MyoA-KO schizonts after DMSO (-) or RAP (+) treatment.
PfMyoA-FLAG is lost and tn-PfMyoA-GFP becomes detectable after RAP treatment.
D IFA of MyoA-KO schizonts. Compared to IMC-marker PfGAP45, PfMyoA-FLAG is
correctly localised to the IMC before RAP treatment but almost undetectable after, while
tn-PfMyoA-GFP is only detectable after RAP treatment and becomes cytosolic. Scale bar
1 µm. Source: own work - adapted from Robert-Paganin et al., 2019.
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By Western blot, PfMyoA-FLAG was detected at around the expected size (96

kDa) (Fig 3.4C). Sometimes a larger band was seen on α-FLAG blots likely corresponding to the un-skipped fusion of PfMyoA-FLAG-Neo, but this was always
much lower in abundance than the MyoA-FLAG band. After RAP treatment, the
PfMyoA-FLAG signal was completely lost, and tn-PfMyoA-GFP could be weakly
detected at the expected size.

3.3.3

PfMyoA cKO was efficient

To quantify the proportion of parasites that have undergone excision by the end
of the replication cycle, the proportion of parasites that were GFP-positive was assessed by flow cytometry and fluorescence microscopy (Fig 3.5). Because myoa expression is expected to peak very late in the replication cycle, DMSO- or RAP-treated
schizonts were isolated on a Percoll gradient, then treated for 3-5 h with egressinhibitor ML10 (Baker et al., 2017b) to synchronise the parasites at as late a stage
as possible. Schizonts were either analysed live, to detect native GFP fluorescence;
fixed for IFA analysis; or washed to remove the drug, allowed to egress and filmed
to assess live GFP fluorescence in free merozoites (see section 4.6).
These different approaches led to different estimates for the prevalence of schizonts expressing tn-PfMyoA-GFP. Assessment of native GFP fluorescence by either
flow cytometry or fluorescence microscopy gave a lower bound of 58-70% prevalence, possibly due to the variety of schizont ages and the weakness of GFP signal
in schizonts yet to reach peak expression of myoa. Assessing free merozoites that
attempted invasion gave a much higher estimate of excision prevalence (95%), albeit
with a much smaller sample size. Finally, assessing fixed schizonts by IFA was able
to detect GFP in 99% of parasites, suggesting that the younger schizonts in the population are GFP-positive but expressing too low amounts to be detected by native
fluorescence, consistent with a relatively unstable truncated fusion protein. Altogether, the different methods of quantification support a lower bound of excision
prevalence at 60%, with a likely prevalence above 90%.
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F IGURE 3.5: PfMyoA cKO was efficient. Quantifying the prevalence of tn-PfMyoA-GFP
expression by different methods showed a wide range of values. After DMSO or RAP
treatment, schizonts were treated with egress-inhibitor ML10 for 3-5 h and assayed by
either flow cytometry (proportion of DNA+ cells also GFP+), or by fluorescence microscopy, either with live schizonts (sz), live merozoites (mz) or fixed schizonts. The
range of values measured likely reflects varying age of schizonts, with myoa expression
expected to peak very close to the end of the cycle in merozoites, and the increased
sensitivity of indirect immunofluorescence. Bars show mean, N=1-2 as indicated by
individual values (orange dots).

3.3.4

Residual parasites after PfMyoA cKO were predominantly WT

Given the reproducible <25% residue of invaders seen in TgMyoA-KO lines, and the
importance of this residue for revealing alternative mechanisms of force production,
it was important to understand: (i) whether the residual 8-12% of MyoA-KO parasites that survive into c1 is reproducible across different methods of measurement
and (ii) whether the residue consists of genuine MyoA-KO parasites.
Firstly, taking into account the flow cytometry baseline of 6-9% residual parasitaemia seen in heparin/cytoD-treated controls (Fig 3.4A), the upper bound for the
fitness of MyoA-KO parasites must be less than 10%.
For clone B9, parasites were maintained in culture after RAP treatment for three
cycles (Fig 3.6A), showing that the parasitaemia continued to decrease relative to
DMSO controls, to 1% by c3. The continued decline could represent ongoing inefficient replication by parasites devoid of PfMyoA, a delayed death effect due to
leftover PfMyoA protein expressed early in c0 prior to RAP treatment, or a drop in
the level of false positive background (since the DMSO-treated parasites continue
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to expand, RAP-treated parasitaemia is normalised against a larger value with each
passing cycle).
To probe the level of background that can be ascribed to flow cytometry analysis, the experiment was repeated for three cycles, but with parasitaemia measured
by visual inspection of Giemsa smears (Fig 3.6B). By this method only 1000 RBCs
were counted, so precision is reduced, but false positive infected RBCs can be more
accurately excluded. By visual inspection, there was a 100% replication defect by
cycle 1.
Secondly, to establish the genotype of the parasites that survive RAP treatment,
the culture was maintained for two weeks without dilution, for around seven cycles,
at which point parasitaemia finally returned to normal levels and genomic DNA
could be extracted. Genotyping PCR showed that in the RAP-treated culture, only
the WT myoa locus could be detected (while DMSO-treated culture had no loss of
transgenic genotype), suggesting that, after the effect of carried-over PfMyoA protein has faded, the residual parasites are WT, resulting from spontaneous loss of the
MyoA-KO cassette (Fig 3.6D).
To directly assess the genotype of the parasites that successfully reach c1, fluorescence video microscopy was used to film parasites during egress and invasion after
DMSO or RAP treatment (see section 4.6 for more detailed analysis). Schizonts were
purified on a Percoll gradient then treated with egress inhibitor ML10 for 3-5 h to ensure high synchronicity and arrest at a few minutes before egress. After drug washout, merozoites egressed and attempted invasion. Invasion attempts were scored
for both success or failure and, for RAP-treated parasites, whether the merozoites
were GFP+ indicating successful excision of myoa. Over two biological repeats, in
DMSO-treated parasites 71% of invasion attempts were successful while only 9% of
RAP-treated merozoites successfully invaded (Fig 3.6C). Importantly, these invading merozoites were all GFP-, suggesting that MyoA-KO merozoites are completely
unable to invade.
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F IGURE 3.6: Residual parasites after MyoA-KO were predominantly WT. A WT or
MyoA-KO parasites were treated as before and parasitaemia was measured by flow cytometry in each of the next three cycles (c1-c3), with cultures diluted to 1% parasitaemia
in each cycle. MyoA-KO + RAP replication defect continued to strengthen over the
three cycles, reaching a parasitaemia 1% of DMSO after three cycles. Line shows mean
parasitaemia, normalised to DMSO value for each line/cycle. N=3, each experiment in
triplicate. B WT or MyoA-KO parasites were treated as before and parasitaemia was
measured by counting Giemsa smears in each of the next three cycles. This showed a
more severe phenotype than quantification by flow cytometry, with 100% replication
defect from c1 onwards. N=1, in triplicate. C MyoA-KO parasites were treated as before, then purified on a Percoll gradient, synchronised with egress inhibitor ML10, then
egress and invasion was followed by video microscopy. While DMSO-treated MyoAKO merozoites succeeded in invasion in 34/48 events, RAP-treated merozoites succeeded in only 2/58 events. Segregating RAP-treated merozoites by GFP expression
showed that zero merozoites in which the MyoA-KO was successful (0/53) invaded;
only GFP- merozoites (either WT or non-excised) could invade (2/5). Events pooled
from two independent biological repeats, each two replicate videos. D WT or MyoAKO parasites were treated as before then maintained in culture for two weeks, without
dilution of RAP-treated parasites. Samples of genomic DNA were extracted at the end
of c0 (44 h post-treatment) and in c7 and genotyping PCR was carried out (see Fig 3.3A
for arrow colours), showing that the parasites that survived into c7 were exclusively
WT.

128

Chapter 3. PfMyoA is critical for asexual replication

3.4

Discussion

Given the strong invasion block produced by chemical or genetic inhibition of the
P. falciparum acto-myosin system (Das et al., 2017), it was hypothesised that PfMyoA
cKO would produce a similarly severe invasion block. Like PfAct1, the demonstration that PfMyoA is critical for merozoite invasion was not possible until the
development of conditional genetic modification tools in P. falciparum.
Here, using SLI and loxPint modules, PfMyoA is shown to be critical for parasite
replication in the asexual stages. Video microscopy of invasion confirmed that the
replication defect was due to a complete inability of merozoites to invade RBCs, not
a defect in growth (parasites reached schizogony at the same time as controls) or in
egress. This mirrors the phenotype of cKO of PfGAP45 (Perrin et al., 2018), an IMCanchored protein required for recruitment of PfMyoA, via its light chain MTIP, to the
IMC. The complete block in merozoite invasion seen here is different from the situation in T. gondii, where sources of force production other than the motor can support
a low level of tachyzoite invasion and motility. Though PfMyoA is indispensable
for merozoite invasion, the same alternative sources of force production may also be
required alongside a functional motor.
PfAct1 cKO also produced other phenotypes as well as a complete block in merozoite invasion (Das et al., 2017); apicoplast segregation to daughter merozoites was
completely disrupted and a large fraction of merozoites failed to complete cytokinesis, resulting in bunches of merozoites remaining attached to the food vacuole
after egress. Although apicoplast segregation was not assessed here, no defect was
observed in cytokinesis, suggesting that other myosins are responsible for the functions of PfAct1 beyond invasion. This is supported by studies in T. gondii where
actin is also required for (efficient) invasion (Dobrowolski and Sibley, 1996), apicoplast segregation and completion of daughter cell formation (Andenmatten et al.,
2013), but myosins other than TgMyoA mediate the functions beyond motility and
invasion.
Confirmation of the critical role of PfMyoA in merozoite invasion opens up a
number of questions, such as which phases of invasion require motor activity, how
motor function is regulated, and what role other myosins play during invasion. The
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conditional genetic modification platform developed here will be useful in answering these questions.
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Chapter 4

The mechanical role and regulation
of PfMyoA
4.1

Summary

Chapter 3 showed that PfMyoA was critical for parasite replication and that at most
a few percent of parasites devoid of PfMyoA can replicate by any means. Though
PfMyoA has long been thought to drive invasion, many questions remain about
its mechanical role and how it is regulated. Disruption of the acto-myosin system
blocks deformation and internalisation (Weiss et al., 2015; Das et al., 2017; Perrin et
al., 2018) but the function of PfMyoA at each phase has not been demonstrated, and
downstream energetic barriers have not been probed.
The way force is produced by gliding stages of the parasite has lately been called
into question, with a model emerging of PfMyoA as a regulator of force produced
by retrograde flow of parasite plasma membrane (Quadt et al., 2016), or of discrete
sites of attachment to the substrate (Münter et al., 2009; Whitelaw et al., 2017), rather
than a simple linear motor. However, these questions have largely been asked in
stages other than the invading merozoite, so a greater understanding of the energetic
barriers faced by the merozoite during invasion is required.
PfMyoA is known to be phosphorylated by PKG at S19, a residue in the unique
N-terminal extension of PfMyoA, in late schizonts (Alam et al., 2015). Based on the
crystal structure of the PfMyoA motor domain, a model has been proposed where
dephosphorylation of S19 would tune PfMyoA for maximal force production for
invasion (Robert-Paganin et al., 2019) (see section 1.6.3), so to reconcile these two
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observations, S19 might be dephosphorylated at some point between egress and
invasion. The hypothesis proposed by Robert-Paganin et al., 2019 suggests that
negatively-charged phospho-S19 can interact with K764 in the converter region to
stabilise the motor domain and so facilitate motor cycling at high speed. The high
speed/low force state (phosphorylated S19) is predicted to be important for fast gliding stages, while in zoites undergoing invasion, the low speed/high force state (dephosphorylated S19) might be required to overcome the extra load of the resistance
of the host cell membrane. The actual phosphorylation state of S19 in merozoites
during invasion, or in fast gliding stages, has not been shown.
To gain insight into these questions on the function of PfMyoA and other parasite
motor proteins during invasion, on the energetic barriers to the merozoite, and on
the regulation of PfMyoA, the cKO platform developed in chapter 3 was extended.
Conditional KOs were generated of PfMyoA light chain PfELC and auxiliary motor PfMyoB and conditional substitutions were generated of PfMyoA. Each mutant
was tested by flow cytometry, to assess overall fitness, and video microscopy during invasion, to reveal invasion-specific phenotypes. This range of motor mutants
produced a spectrum of motor defect severity, giving some support to the model of
phosphoregulation suggested by Robert-Paganin et al., 2019, and shedding light on
the mechanical roles of the different proteins. Importantly, the range of phenotypes
shown by the different motor mutants suggested three energetic barriers that require
PfMyoA motor activity during invasion.

4.2
4.2.1

PfMyoA mutagenesis by neck-swap
Generation of MyoA-comp and K764E lines by neck-swap

The MyoA-KO construct was used as the basis for two methods of introducing conditional mutations to PfMyoA, each with different advantages: MyoA-neck swap
(NS) and MyoA-second copy (SC). In the MyoA-KO construct (Fig 3.3A) the floxed
region contained the C-terminal 542 bp of myoa ("rcz region") and DiCre activation
led to this being replaced by the downstream gfp. MyoA-NS constructs were created from MyoA-KO by exchanging gfp for another copy of the rcz region (with
differently-optimised codons to avoid recombination), either encoding WT MyoA
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F IGURE 4.1: Generation and validation of PfMyoA neck swaps A A schematic of the
MyoA-NS constructs. The MyoA-KO construct was modified by exchanging gfp for another copy of the floxed rcz region ("comp", dark blue) with a 3xHA tag, or a copy of the
rcz region with K764E mutation. RAP treatment excises the rcz region and brings into
frame the comp or K764E cassette. B Genotyping PCR of MyoA-NS lines after transfection and SLI selection, or subsequent cloning out. Before cloning out both the WT
(blue half arrow) and integrated (IN, dashed orange half arrow) were detectable, while
clonal lines show only integrated locus (though like in the MyoA-KO line, the WT locus slowly reappeared over time). C Comparison of the crystal structures of the prepowerstroke state PfMyoA in complex with light chains MTIP and PfELC (provided
by D. Moussaoui, Institut Curie, manuscript submitted) and the structure of PfMyoA
motor domain in the rigor-like state (PDB: 6I7D, (Robert-Paganin et al., 2019), neck region and light chain outlines added as schematic, by extension of the last helix of the
converter). In the rigor-like state the converter is brought near the N-terminal extension
(NTE), allowing the stabilising interaction between phospho-S19 and K764. The K764E
substitution should repel phospho-S19, preventing this stabilisation and slowing progression to the rigor-like state in exchange for greater force production.

("comp") or with K764E mutation (Fig 4.1A), forming MyoA-NS-comp or MyoANS-K764E. DiCre activation exchanges the rcz region for comp or K764E, with loss
of PfMyoA-FLAG and gain of PfMyoA-3xHA.
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The K764E mutation was designed to probe phospho-regulation of PfMyoA by

charge reversal to repel phospho-S19 and counter the stabilising effect of phosphorylation, so favouring the low speed/high force state (Fig 4.1C). This is predicted to
impair fast gliding but leave merozoites unaffected if they only need PfMyoA for
low speed/high force invasion. Mutation of S19 was not possible by the neck-swap
method, as it lies upstream of the rcz region.
B11 parasites expressing DiCre ("WT") were transfected with MyoA-NS-comp/
K764E constructs by the same method used for MyoA-KO, using SLI to select for
integrants. As before, the parasites were cloned out by limiting dilution to remove
the residue of WT parasites, though a small WT population was sometimes detected,
indicative of spontaneous loss of the MyoA-NS constructs.
Genotyping PCR confirmed the presence of the unexcised, integrant locus (IN)
and the loss of the WT locus after cloning out (Fig 4.1B). Therefore, an inducible
substitution mutant of PfMyoA was successfully generated, alongside an inducible
complementation line as a control.

4.2.2

Phenotypes of MyoA-NS-comp and -K764E lines

MyoA-NS-comp and MyoA-NS-K764E parasites were treated with DMSO or RAP
to trigger the neck swaps (100 nM, 16 h), and allowed to invade, before parasitaemia
was measured by flow cytometry in the following cycle, around 60 h post-treatment
(Fig 4.2A). MyoA-NS-comp complementation was successful, with RAP treated parasites invading at a higher level than control (127%, p=0.048). In contrast, the MyoANS-K764E line grew only as well as DMSO control, suggesting a mild growth defect
(76% fitness relative to MyoA-NS-comp).
IFA analysis of MyoA-NS-comp and MyoA-NS-K764E schizonts showed a normal localisation of PfMyoA-3xHA after RAP treatment, so K764E mutation has no effect on localisation (Fig 4.2B). Genotyping PCR and Western blot analysis confirmed
that, like MyoA-KO parasites, MyoA-NS-comp/-K764E parasites express the unexcised locus (PfMyoA-FLAG) after DMSO treatment, while RAP treatment removes
almost all PfMyoA-FLAG and leads to expression of the excised locus (PfMyoA3xHA) (Fig 4.2C,D).
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F IGURE 4.2: A Growth phenotypes of MyoA-NS lines. WT, MyoA-KO, MyoA-NS-comp
and MyoA-NS-K764E parasites were treated with DMSO or RAP, incubated until the
following cycle, then parasitaemia was quantified by flow cytometry and normalised
to DMSO for each line. MyoA-NS-comp parasites had increased replication after RAP
(127%), meaning that MyoA-NS-K764E had a relative drop (97% of DMSO; 76% relative
to MyoA-NS-comp). Bars show mean parasitaemia, N=3, each experiment in triplicate.
Significance assessed by paired t test, two-tailed. B IFA of MyoA-NS-comp/-K764E schizonts confirmed the expression of PfMyoA-3xHA tag after RAP treatment and normal
localisation. Scale bar 1 µm. C Genotyping PCR of MyoA-NS-comp and MyoA-NSK764E lines after DMSO or RAP treatment, showing the almost-complete loss of the
unexcised integrated locus (IN, orange half arrow), in favour of the excised locus (EX,
purple half arrow). See Fig 4.1A for arrow colours. D Western blot of MyoA-NS-comp/K764E schizonts confirmed the expression of PfMyoA-FLAG after DMSO treatment,
and the almost complete loss of PfMyoA-FLAG and gain of PfMyoA-3xHA expression
after RAP treatment.

The presence of only a mild phenotype for K764E mutation is consistent with the
phospho-tuning model. To further examine this model would require making the
same mutation in a different parasite stage where fast motility is more important,
or mutation of the other interacting residue, S19. For conditional mutation of S19
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a different platform was required, since the neck swap method can only introduce
mutations in the C-terminal 181 amino acids.

4.3
4.3.1

PfMyoA mutagenesis by second-copy
Implementation of PfMyoA promoter at exogenous locus

A strategy was developed to express mutant alleles of PfMyoA from a second locus
in the MyoA-KO parasite line, to enable introduction of mutations in any part of
PfMyoA. For a flexible expression platform a genetic locus was sought that could
be safely disrupted without impairing any stages of P. falciparum development.
PbP230p was identified as dispensable gene throughout the life cycle (Dijk et al.,
2010). P230p is a paralogue of 6-cysteine protein P230 which is required for gamete
fertilisation (Dijk et al., 2010). Therefore, p230p locus was chosen as the target locus
for transgene expression.
In work carried out in our lab by Kathrin Witmer, a two-plasmid CRISPR/Cas9
targeting system optimised for P. falciparum was employed to target the p230p locus.
The targeting plasmid, pDC2 (White et al., 2019), carries a codon-optimised Cas9, a
guide RNA (gRNA) and hDHFR selectable marker. A separate repair plasmid was
constructed to carry two 750 bp homology regions flanking sfgfp under the control
of BIP promoter and CAM 3’ UTR, with no selectable marker (forming p230p-BIPsfGFP) (Fig 4.3B). Both homology regions match the p230p locus within 25 bp up- or
downstream of the gRNA cut site, to maximise repair efficiency. Co-transfection of
these plasmids into 3D7 (WT) parasites generated parasites constitutively expressing
sfGFP, validating the targeting strategy.
The p230p-targeting platform was then adapted for expression of PfMyoA mutants in the MyoA-KO background. First, a different selectable marker was needed
for the targeting plasmid (pDC2-p230p-hDHFR) (since MyoA-KO parasites already
express hDHFR) so a copy of bsd (encoding blasticidin-S deaminase) was amplified
from pB-hsp86-chromobodyHALO (a gift from S. Das, Ludwig Maximilian University) and exchanged for hdhfr to form the pDC2-p230p-BSD targeting plasmid (Fig
4.3A). Second, the constitutive BIP promoter needed to be exchanged for the endogenous myoa promoter (prMA) (Fig 4.3B). The myoa promoter was amplified from
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F IGURE 4.3: Development of prMA expression system at exogenous locus A Schematic
showing key features of pDC2 CRISPR targeting plasmid. Chimaeric guide RNA under
U6 promoter (including custom targeting sequence, light yellow), 3xHA-tagged Cas9
under CAM promoter and hDHFR, which was substituted for BSD for transfection into
MyoA-KO line. B Schematic of p230p locus used to house a flexible expression system.
A gRNA was chosen, then 5’ and 3’ homology regions (light green) designed to start
within 25 bp of the cut site (scissors). The p230p-BIP-sfGFP cassette introduces sfgfp
under constitutive BIP promoter. First, the promoter was exchanged for the myoa promoter, forming p230p-prMA-sfGFP, then sfgfp was exchanged for myoa-3xHA, forming
MyoA-SC-comp. C Genotyping PCR of p230p-prMA-sfGFP parasites showing a complete loss of the WT p230p locus (green half arrow) and gain of the integrated locus
(IN, grey half arrow). D Live fluorescence microscopy of p230p-prMA-sfGFP schizont
showing DNA (DRAQ5, magenta) and cytosolic sfGFP expression. E Western blot of
p230p-prMA-sfGFP parasites confirming sfGFP expression, although at a lower level
than GFP control (p230p-BIP-sfGFP). F Western blot of p230p-prMA-sfGFP parasites at
different stages of the asexual life cycle, showing strong expression in late schizonts and
early rings only, as expected for the myoa promoter.

3D7 genomic DNA (defined as 2 kbp of sequence upstream of myoa) and exchanged
for the BIP promoter to form the p230p-prMA-sfGFP repair plasmid. These two
plasmids were co-transfected into B11 (the parent line of MyoA-KO) to generate
p230p-prMA-sfGFP parasites.
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F IGURE 4.4: Generation and validation of MyoA-SC lines. A Genotyping PCR of MyoASC-comp and MyoA-SC-K764E lines confirmed that the WT p230p locus (green half arrow) was completely lost in MyoA-SC-comp, while the integrated locus (IN, grey half
arrow) was present. Similarly, in MyoA-SC-K764E the presence of the myoa cassette
was confirmed. See Fig 4.3 for arrow colours. B Compared to the parental MyoA-KO
line, MyoA-SC-comp parasites grew at the same rate, while MyoA-SC-K764E parasites
grew slightly slower over 96 h, perhaps due to the high sensitivity of myoa expression
to PfMyoA levels, which might be elevated with both copies of myoa active. Lines show
mean parasitaemia, N=3, each experiment in triplicate.

The resultant parasite line was assessed by genotyping PCR (Fig 4.3C) showing
that the WT locus had been completely replaced by the integrated locus. Live fluorescent imaging of mature schizonts showed cytosolic expression of sfgfp (Fig 4.3D),
and this was confirmed by Western blot (Fig 4.3E).
myoa is strongly expressed in late schizonts/early rings (http://plasmodb.org),
so to test if the myoa promoter was driving sfgfp expression in the correct pattern,
p230p-prMA-sfGFP parasites were synchronised and cell samples were taken at intervals throughout the asexual cycle. Total protein levels were normalised and sfGFP
levels detected by Western blot, with PfALD detected as a control protein present
throughout the cycle (Fig 4.3F). While PfALD levels dip slightly in trophozoite stages
(24 and 32 h), sfGFP was almost undetectable at 24, 32 and 44 h, but strongly detected
in 48 and 8 h parasites, broadly consistent with the expected expression profile of
PfMyoA.
Therefore, the p230p targeting system was successfully adapted for blasticidin
selection and sfGFP expression driven by the myoa promoter, laying the groundwork
for realistic expression of a second copy of myoa.

4.3.2

Generation of MyoA-SC-comp and mutant variants by CRISPR

For expression of WT or mutant myoa, the p230p-prMA-sfGFP construct was modified by exchanging sfgfp for myoa (re-codon optimised to avoid recombination) to
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form p230p-prMA-MyoA, or for myoa with K764E or mutations in the NTE that
could not be made by Neck-swap. The phosphorylation target S19 was mutated
to S19A to prevent phosphorylation (MyoA-S19A); S19A and K764E were made in
tandem (MyoA-KS); or, the whole NTE was deleted (residues 2-19, MyoA-∆N).
These repair constructs were co-transfected with the p230p-targeting CRISPR
plasmid (pDC2-p230p-BSD) into MyoA-KO parasites and selected with blasticidin.
Despite two independent transfection attempts, only the p230p-prMA-MyoA-comp
and p230p-prMA-MyoA-K764E constructs yielded transfectants (MyoA-SC-comp
and MyoA-SC-K764E, respectively); p230p-prMA-MyoA-S19/-KS/-∆N did not produce viable parasites.
Genotyping PCR of MyoA-SC-comp confirmed that the p230p was modified as
expected, with no detectable WT remaining. The myoa cassette was also detected in
MyoA-SC-K764E lines (Fig 4.4A).
Comparison of the growth over 96 h of the MyoA-SC-comp and -K764E lines versus MyoA-KO, without RAP induction, revealed a slight growth defect in MyoA-SCK764E line with 94% relative fitness per cycle (Fig 4.4B). This was unexpected, since
the endogenous myoa locus is still present, suggesting that the second copy exhibits
a slight dominant negative effect. This could explain the failure of transfection for
the mutants at the N-terminal extension, if the mutations disrupt PfMyoA function
more strongly than K764E.

4.3.3

Phenotypic analysis of MyoA-comp and K764E parasites

WT, MyoA-KO and MyoA-SC-comp/-K764E parasites were treated with DMSO or
RAP as before, and parasitaemia was quantified by flow cytometry in each of the
following three cycles. While RAP-treated MyoA-SC-comp parasites grew indistinguishably from DMSO-treated parasites, RAP-treated MyoA-SC-K764E parasites
grew at, on average, 55% of DMSO-treated controls per cycle (Fig 4.5A). The percycle growth defect worsened slightly over the three cycles, from 67% in c1 to 43%
in c3.
Excision of the myoa locus after RAP treatment was verified by genotyping PCR
and Western blot in both MyoA-SC-comp and -K764E lines, with the unexcised integrated locus almost undetectable (Fig 4.5B,C).
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F IGURE 4.5: Phenotypic analysis of MyoA-SC-comp/K764E A RAP treatment of MyoASC-comp and -K764E lines followed by quantification in each of the following three
cycles showed that the complementing line (orange filled circles) showed no growth
defect, while the RAP-treated K764E line (orange diamonds) grew at around 55% of
DMSO-treated control. B Genotyping PCR of MyoA-SC-comp and -K764E after DMSO
or RAP treatment shows that excision of the myoa locus was complete in almost all of the
population. C Western blot of WT, MyoA-KO, MyoA-SC-comp and MyoA-SC-K764E
schizonts confirms that PfMyoA-FLAG was almost completely lost, tn-PfMyoA-GFP
became detectable and PfMyoA-3xHA was unaffected by RAP treatment.

Therefore, complementation of MyoA cKO by both Neck-swap and Second-copy
methods successfully confirmed that the MyoA-KO phenotype was specifically due
to cKO of PfMyoA. Both methods of mutagenesis were able to generate MyoAK764E parasites and both had a moderate growth defect after RAP treatment, of
55-76%. Though significant, this is only a partial growth defect, so could still be
consistent with the model that the interaction between phospho-S19 with K764 is
not required in asexual stages. However, this could point to the use of both the
low speed/high force and high speed/low force states are used by merozoites. This
fits with the very recent description of gliding motility in merozoites (Yahata et al.,
2020).
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141

F IGURE 4.6: Phenotypic analysis of Second-copy mutants under suspension. Parasites
were treated with DMSO or RAP as before, and cultures were split equally to static
and suspension conditions. Parasitaemia was measured in the following cycle by flow
cytometry, showing that suspension conditions partially alleviated the growth defect
caused by K764E mutation, from 67% of DMSO-treated to 77%. Bars show mean parasitaemia, N=4, each experiment in triplicate. Significance assessed by paired t test, two
tailed.

4.3.4

Suspension culture partially rescues MyoA-K764E defect

One explanation for the partial defect in MyoA-K764E parasites is that the culture
of parasites under static conditions during invasion artificially increases the requirement for merozoite gliding. Moving from static to suspension culture might be more
representative of physiological conditions in the blood. If MyoA-K764E merozoites
are specifically impaired during invasion by this reduced fluid motion since they
cannot access the high speed/low force motor state, culture in suspension might alleviate the growth defect, and indicate that the phospho-S19 state is not required for
invasion per se. Therefore, the RAP growth assays were carried out again in duplicate, with one half of the culture grown under static conditions as before, and one
half grown under constant shaking.
After RAP treatment, the parasitaemia was measured in the following cycle by
flow cytometry. Culturing in suspension clearly raised invasion efficiency for all
lines, with an average replication rate of 10x rather than 7x under static conditions
(for DMSO-treated parasites). Since this effect was seen with all lines, it is unlikely to
be responsible for any specific change in RAP phenotypes. After parasitaemia was
normalised to DMSO-treated culture for each line and condition, suspension culture modulated RAP phenotypes for some parasite lines. MyoA-KO parasites had
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a slightly stronger defect under shaking conditions (Fig 4.6), perhaps due to the increased shear force of the media removing attached but non-internalised merozoites
from the RBC surface.
In contrast, the effect of RAP treatment on MyoA-SC-K764E parasites was lessened under suspension. While under static culture, MyoA-SC-K764E parasites had
a relative fitness of 67% in cycle 1, in suspension the fitness was increased to 77%
(p=0.03, static vs suspension), somewhat closer to the 90% fitness of MyoA-SC-comp
parasites after RAP treatment (Fig 4.6).
This shows that shaking culture partially alleviates the growth defect seen upon
K764E mutation, and is consistent with phospho-S19 not being important for invasion. The K764E growth defect appears to be partly due to an artificial barrier
imposed by static culture, which may increase the need for gliding or another high
speed/low force state during invasion.

4.4
4.4.1

PfMyoB is dispensable for asexual replication
Generation of MyoB-KO parasites using CRISPR

One contributor to the residual invasion seen in T. gondii MyoA-KO parasites was
myosin redundancy (Frénal et al., 2014). Since P. falciparum has fewer myosin isoforms than T. gondii, and no PfMyoA paralogues (see section 3.2), the probability
that other P. falciparum myosins could strongly compensate for the PfMyoA cKO
is lower. Nevertheless, P. falciparum and other Plasmodium spp. do possess two
myosins, PfMyoB and PfMyoE, that could be involved in invasion. Both lack orthologues in other apicomplexans, are expressed most strongly in motile/invasive
life cycles stages and localise to the apical (MyoB) and basal (MyoE) poles of merozoites, ookinetes and sporozoites (Wall et al., 2019; Yusuf et al., 2015).
Though previous work has already shown that PbMyoB is not essential for parasite development throughout the life cycle (Wall et al., 2019), its localisation and
expression profile suggests it might play a role in the motility and invasion apparatus in P. falciparum. To confirm whether PfMyoB is also dispensable in asexual stages
and to investigate its role during invasion, a PfMyoB cKO line was designed based
on the MyoA-KO line generated in chapter 3. Due to the difficulties in obtaining

4.4. PfMyoB is dispensable for asexual replication

143

F IGURE 4.7: Generation and verification of the MyoB-KO construct A Schematic showing the MyoB-KO construct. A region of myob encoding the C-terminal 204 residues was
synthesised with re-optimised codons (rcz) and a 3xHA tag, and placed between two
loxPint modules, with sfgfp out-of-frame downstream. Guide RNA sites (scissors) and
homology regions were chosen to start as close as possible to the start and end of the
modified region. B Genotyping PCR confirmed that transfectants contained only the
integrated locus (IN, purple half arrow), while the WT locus (blue half arrow) was completely lost. C A structural model of PfMyoB, generated using the Phyre2 web portal
(Kelley et al., 2015), indicating the region excised in MyoB-KO (black colour). D Growth
of MyoB-KO parasites over 96 h was no different to WT parasites (the parental, DiCreexpressing, line). Line shows mean parasitaemia, N=3, each experiment in triplicate.

a pure transgenic population with the MyoA-KO construct using SLI, a CRISPRmediated strategy was developed for insertion of loxPint modules to the myob locus
(Fig 4.7A).
The construct was designed to conditionally excise 204 amino acids at the
PfMyoB C-terminus, including the neck region (containing the PfMLC-B light chain
binding site), the converter and part of the core motor domain (Fig 4.7C). Like the
MyoA-KO construct, a loxPint module was placed upstream of the excised region,
which was synthesised with re-optimised codons to avoid recombination (the rcz
region) and fused to a 3xHA tag. Downstream of the second loxPint module was
an out-of-frame sfgfp, so that after RAP treatment, the rcz region of myob will be excised and sfgfp will be brought into frame, forming a fusion protein with truncated
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PfMyoB (tn-PfMyoB-sfGFP). Guide RNA sites were chosen within 10 bp of each homology region (in myob immediately upstream of the rcz region, and in the 3’ UTR
immediately following the end of myob).
The MyoB-KO construct was co-transfected with a mixture of each gRNA plasmid and selected with WR99210 for five days. Subsequent transfectants were verified by genotyping PCR (Fig 4.7B), showing that CRISPR modification produced
a purely integrated line. Culturing MyoB-KO parasites alongside WT over 96 h
showed no difference in growth (Fig 4.7D).

4.4.2

PfMyoB cKO had a mild phenotype

WT and MyoB-KO parasites were treated with DMSO or RAP as synchronised
young rings and incubated for ~60 h until parasitaemia was quantified in each of
the following three cycles (Fig 4.8A). Compared to DMSO controls, MyoB-KO parasites after RAP treatment showed a small, consistent growth defect, with a relative
fitness of 93% per cycle, compared to treatment of WT parasites with a relative fitness of 98% per cycle.
Schizont samples were taken from DMSO or RAP-treated schizonts at the end
of cycle 0 and analysed by genotyping PCR or Western blot (Fig 4.8B,C), confirming
that most of the unexcised locus was lost in favour of the excised locus.
The prevalence of proper excision in MyoB-KO parasites, following RAP treatment, Percoll purification and egress inhibition was assessed by different methods,
producing a wide range of estimates (Fig 4.9). Flow cytometry could only detect
tn-PfMyoB-sfGFP expression in 5% of RAP-treated schizonts. However, by live cell
fluorescence microscopy 54% of schizonts were sfGFP+, and this level increased to
98% when merozoites that attempted invasion were scored. Therefore, MyoB cKO
was likely highly prevalent, but expression of tn-PfMyoB-sfGFP was sufficiently low
that it could only be detected in the latest stage schizonts or merozoites and by more
sensitive methods.
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F IGURE 4.8: Phenotype of MyoB-KO parasites after RAP treatment A Measuring the
parasitaemia of MyoB-KO parasites in each of the three cycles following RAP treatment
showed a small growth defect, maintained across the three cycles, of 93% on average.
Lines show mean parasitaemia, normalised to DMSO for each line/cycle. N=3, each
experiment in triplicate. B Genotyping PCR showed the loss of much of the integrated,
unexcised locus (IN, purple half arrow) after RAP treatment, while the excised locus
became detectable (EX, green half arrow). See Fig 4.7 for arrow colours. C Western
blot analysis of WT, MyoB-KO or Cas9-3xHA-expressing controls (where either Cas9
was the only 3xHA-tagged protein, or PfMyoA-3xHA was also expressed). In all lanes
with MyoB-KO or Cas9-3xHA-expressing controls a band around the expected size of
Cas9-3xHA (168 kDa) and a presumed Cas9-3xHA breakdown product (~100 kDa) was
observed. In MyoB-KO+DMSO, but not +RAP, a slightly larger band was detected
around the expected size for PfMyoB-3xHA (~97 kDa), confirming that PfMyoB-3xHA
was properly expressed and lost after RAP treatment. The PfMyoB-3xHA band ran at a
similar size to PfMyoA-3xHA control (expected ~96 kDa).

4.4.3

PfMyoB-3xHA immuno-precipitation

PfMyoB has been shown to bind a unique light chain, PfMLC-B (Yusuf et al., 2015),
which shares several features with MTIP. Both bind a motif at the far C-terminus
of their respective myosin with a degenerate EF-hand domain, and both are unusually large myosin light chains that likely employ an elongated N-terminal domain to mediate localisation of the myosin. PfMyoA and PfMyoB both possess
no tail region and a neck region of similar length. Since PfMyoA requires a second light chain, PfELC, for maximal translocation of actin filaments, it is likely that
PfMyoB also binds another light chain, although no candidate was identified in the
study that identified PfMLC-B (Yusuf et al., 2015). Identification of this second light
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F IGURE 4.9: Quantification of PfMyoB truncation by different methods The prevalence
of successful PfMyoB cKO in very late stage schizonts or merozoites was measured
at 5% by flow cytometry, 54% by live fluorescence microscopy of schizonts and 98%
by video microscopy of merozoites attempting invasion. Bars show mean prevalence,
N=1-2 as indicated by individual values (orange dots).

chain would be important for study of the biophysical properties and cellular role
of PfMyoB, and the use of a MyoB cKO parasite could be an important control to
identify a low abundance interaction partner.
MyoB-KO parasites treated with DMSO or RAP were incubated for ~40 h until
the end of the same cycle, isolated with a Percoll gradient and treated with egress
inhibitor ML10 for 3-5 hours to reach maximal expression of PfMyoB. These cultures
were lysed and anti-HA beads were used for immuno-precipitation. PfMyoB-3xHA
was detectable by Western blot in DMSO-treated lysate, wash fractions and eluate,
but not in RAP-treated samples, confirming that PfMyoB-3xHA was successfully
immuno-precipitated (Fig 4.10A). Although the bands at 168 kDa and ~100 kDa due
to Cas9-3xHA were still present in the eluate, PfMyoB-3xHA was relatively enriched.
In the lysate, the band intensity of PfMyoB-3xHA relative to the ~100 kDa Cas93xHA band was 61% (mean of two blots from the same samples), while in the eluate
the PfMyoB-3xHA band was stronger (187% of ~100 kDa band) (Fig 4.10B).
A coomassie-stained SDS-PAGE gel of the same samples used for Western blotting did not reveal any strong bands, and no bands that were clearly lost in RAPtreated parasites (Fig 4.10).
Therefore, PfMyoB was successfully tagged and conditionally knocked out, confirming that it is not critically important for asexual growth, though a small growth
defect was observed. A preliminary attempt at immuno-precipitation showed that
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F IGURE 4.10: PfMyoB-3xHA could be pulled down from parasite lysate A Western blot
of samples from DMSO or RAP-treated MyoB-KO late schizonts shows PfMyoB-3xHA
band (~97 kDa, orange asterisk) in DMSO-treated parasites only, in whole lysate, flow
through, wash 1 and eluate. B Comparison of the band intensity of PfMyoB-3xHA as a
percentage of the ~100 kDa Cas9-3xHA band in DMSO-treated whole lysate vs eluate,
showing an increase after immuno-precipitation. Bars show mean of two separate blots
prepared from the same samples with the same antibody. C The same samples used for
Western blotting (A) were coomassie-stained to identify any co-precipitating proteins
which could be a candidate light chain. However, no strong bands were observed, and
none were depleted in RAP-treated samples.

PfMyoB-3xHA could be pulled down from parasite lysate, but was on too small a
scale to observe any putative binding partners by coomassie staining.

4.5
4.5.1

PfELC is critical for asexual replication
Generation of ELC-KO

PfMyoA needs two light chains for maximal activity in vitro (Bookwalter et al., 2017).
Both MTIP and PfELC bind degenerate IQ domains in the PfMyoA neck and are
likely involved in stabilising the neck region. MTIP and its T. gondii orthologue
MLC1 use an EF-hand domain to bind MyoA and are also involved in anchoring
the MMC to the IMC. In contrast, PfELC is smaller and just comprises the myosinbinding domain. T. gondii has two orthologues of PfELC (TgELC1 and 2), and KO
of both is lethal (Williams et al., 2015). Given that there is some sequence divergence between the P. falciparum and T. gondii ELCs, a conditional KO of PfELC was
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F IGURE 4.11: ELC-KO was generated by SLI A Schematic of the ELC-KO construct.
Following the same strategy as MyoA-KO, a synthetic DNA construct was designed,
comprising a 450 bp homology region, two loxPint modules flanking the rcz region, HA
tag, T2A skip peptide and neomycin phosphotransferase, and a c-myc tag which will be
brought into frame after RAP treatment. B Comparison of the growth of wild type parasites with ELC-KO before induction showed no difference in parasitaemia over three
cycles, indicating that the introduction of the tag and the SLI cassette did not adversely
affect ELC function. C The crystal structure of the PfMyoA-PfELC-MTIP complex and
(inset) PfELC clamped around the extended α-helix of the PfMyoA neck (green), showing the non-functional Ca2+ binding sites (blue - based on homology to PfCaM, (Bookwalter et al., 2017)) and the truncated region (black), which includes the fourth Ca2+
binding site. D Genotyping PCR confirmed that the WT locus (brown half arrow) was
completely replaced by the integrated locus (IN, orange half arrow) in ELC-KO parasites. E IFA confirmation of expected localisation of ELC-HA relative to IMC marker
PfGAP45 in ELC-KO schizonts. Scale bar 1 µm. Data for this figure were generated by
Silvia Haase.

generated to understand its importance and function during invasion.
The ELC-KO construct was designed and the parasite line was generated and
verified in our lab by Silvia Haase, using the same strategy as MyoA-KO, with SLI
used to drive integration of loxPint modules flanking a re-codon optimised region to
be excised (Fig 4.11A). After RAP treatment, the C-terminal 42 amino acids will be
excised, and replaced with a c-myc tag (Fig 4.11C).
After transfection, genotyping PCR could detect the integrant locus, but no residual WT locus (Fig 4.11D). IFA analysis showed that PfELC-3xHA was present and
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F IGURE 4.12: ELC-KO almost completely blocks replication A RAP treatment of ELCKO parasites followed by quantification of parasitaemia in the following cycle showed
a stark replication defect (15% residual parasitaemia, p=0.0005), almost as severe as
heparin treatment. Bars show mean parasitaemia, normalised to DMSO for each line.
N=3, each experiment in triplicate. Significance assessed by paired t test, two tailed.
B Comparison of the parasitaemia after RAP treatment under shaking (grey bars) or
static conditions showed a trend to a more severe replication defect in ELC-KO parasites
under suspension (p=0.173), while the effect of RAP on WT parasites was unchanged.
C The 3xHA tag fused to PfELC could be detected by Western blot, but was completely
absent after RAP treatment. D IFA confirmation of the loss of ELC-HA signal after RAP
treatment, while PfGAP45 signal was unchanged. Scale bar 1µm. E Genotyping PCR
showing the almost complete loss of the integrant locus (IN, orange half arrow) after
RAP treatment, while the excised locus (EX, grey half arrow) could be detected only
after RAP treatment. Data for this figure (parts C-E) were generated by Silvia Haase.

entirely co-localised with IMC marker PfGAP45 at the merozoite periphery (Fig
4.11E). Uninduced ELC-KO parasites had no growth defect relative to the parental
line, indicating no impairment from the 3xHA tag (Fig 4.11B).

4.5.2

Phenotype of ELC-KO parasites

ELC-KO parasites were treated with DMSO or RAP as before (except that RAP was
used at 200 nM) and parasitaemia quantified by flow cytometry in the following cycle. Compared to DMSO treatment, truncation of PfELC reduced replication to 15%
(Fig 4.12A), comparable to the defect observed in MyoA-KO, where residual parasitaemia after one cycle was 10%. Since suspension culture caused a slightly stronger
replication defect in MyoA-KO parasites, the same experiment was carried out with
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ELC-KO. Suspension culture produced a further 60% drop in residual parasitaemia,
from 16% to 6.6% (Fig 4.12B).
Excision was verified by Western blot and IFA, where RAP treatment led to the
loss of almost all PfELC-3xHA, with no effect on PfGAP45 localisation at the periphery by IFA (Fig 4.12C,D), while genotyping PCR confirmed that the integrant locus
was replaced by the excised locus (Fig 4.12E).
Therefore, a conditional KO of PfELC was successfully generated and confirmed
that it is critical for parasite replication, with a phenotype almost as strong as
PfMyoA under static conditions, and slightly stronger under suspension conditions.

4.6
4.6.1

Video microscopy of merozoite invasion
Video microscopy can illuminate invasion phenotypes

Quantification of the growth defects observed in MyoA-KO, MyoA-K764, ELC-KO
or MyoB-KO gives only limited information about their function during merozoite
invasion, but richer information comes from directly observing parasites with different defects during invasion.
Video microscopy has long been used to describe merozoite invasion (Dvorak
et al., 1975) and more recently has been used to systematically define several parameters of invasion, such as the timings of different stages and degree of deformation
(Gilson and Crabb, 2009; Weiss et al., 2015). Studies have applied the technique to
uncovering the effects of mutations naturally occurring in the RBC (Kariuki et al.,
2018) or introduced into parasite genes involved in invasion (Yap et al., 2014; Volz
et al., 2016). However, the technique is not often used to capture large data sets on
multiple parasite lines, due to the time required to capture and analyse the videos.
In this study, the five motor mutants were analysed by video microscopy after
DMSO and RAP treatment. As in previous assays, parasites were treated, then incubated for ~40 h until near the end of the same cycle. Schizonts were isolated using
a Percoll gradient and arrested at ~15 minutes before egress using PKG inhibitor
ML10 to increase synchronicity and schizont maturity. In turn, samples of each line
were washed thoroughly to remove the drug and videos were captured in duplicate,
for each of two independent biological repeats.

4.6. Video microscopy of merozoite invasion
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Brightfield videos were recorded at 3 fps for 10 minutes, and all events where
invasion was attempted were analysed, defined as a merozoite attachment to a RBC
that leads to echinocytosis. Green fluorescence was also captured at the start and end
of each video, permitting the exclusion of parasites that had not undergone proper
excision after RAP treatment, except for the ELC-KO line which did not include a
GFP-tag. Table 4.1 shows the number of events captured for each line, the number
of events included for analysis and the proportion amongst RAP-treated videos that
were GFP+, hence genuine excisions (GFP- events were excluded from analysis).
Line
MyoA-KO
MyoA-SC-comp
MyoA-SC-K764E
ELC-KO
MyoB-KO

Treatment
DMSO
RAP
DMSO
RAP
DMSO
RAP
DMSO
RAP
DMSO
RAP

Total
106
88
127
130
88
121
204
185
114
119

Clear
48
53
69
62
55
74
94
113
67
57

%GFP+
91
97
100
98

TABLE 4.1: Invasion attempts recorded for each line, where an attempt is defined as
attachment that leads to echinocytosis. Events were marked as clear if each checkpoint
was clearly visible and, for RAP-treated parasites, if they were not GFP- (table shows
percentage of otherwise clear events that were GFP+)

4.6.2

Information types that can be extracted from videos

Several types of information were extracted from each video.
Event type Merozoite invasion can be broken down into four main phases. Attachment to the RBC is followed by deformation, internalisation and echinocytosis
(Fig 4.13A). Depending on how many phases were reached in an event, it was classified as either: (Type A) invasion was successful; (Type B) internalisation is incomplete and the merozoite is ejected; (Type C) deformation is occurs but no internalisation; (Type D) neither deformation or internalisation occurs, just attachment (Fig
4.13B) (adapted from Yap et al., 2014).
Comparison of the distribution of event types for each of the DMSO-treated lines
shows that Type A (successful invasion) was the most common throughout, occurring in 60-91% of events. Unexpectedly, DMSO-treated MyoB-KO parasites had a
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F IGURE 4.13: Information extracted from video microscopy of invasion A Schematic of
merozoite invasion. Invasion begins with reversible attachment to the RBC. Deformation of the RBC membrane follows, resulting in strong, irreversible attachment at the
apex and secretion of rhoptry contents to form the TJ. After a pause, the merozoite is internalised into a nascent PV, and shortly after the RBC undergoes echinocytosis, due to
the membrane disruption. B, C Invasion can fail at several points, so in this study each
event was classified as one of four types. Type A events describe successful invasion. In
Type B failure internalisation is incomplete, resulting in ejection of the merozoite after
a delay (orange arrow). Type C failure involves attachment and deformation but internalisation is not initiated. Type D failure consists of persistent attachment but nothing
else. Examples of each event type, with the numbers indicating the phase of invasion
shown in that image (numbers from A). D Event types in videos from each line after
DMSO treatment. While the distribution of events is not significantly different in MyoA
and ELC lines, MyoB-KO line showed significantly more successful invasion. Videos
pooled from two independent experiments, each in duplicate. Numbers indicate total
videos. Significance assessed by chi-square test. E Each event was assigned a qualitative
score based on the intensity of RBC deformation, from 0 (no deformation) to 3 (severe
deformation extending across the RBC).

4.6. Video microscopy of merozoite invasion

153

F IGURE 4.13: cont. F Deformation scores from all DMSO-treated lines separated by
successful invasion (INV) or any type of failure (FAIL) showed a significant increase
in strong deformation in failed events. Numbers indicate total videos. Significance assessed by chi-square test. G For Type A and Type B events, the start and end of deformation, internalisation and echinocytosis were timed, leading to the five intervals shown.
The median times from Type A events across all lines after DMSO treatment is shown,
with overall agreement to published values (Gilson and Crabb, 2009, in brackets).

much higher rate of invasion success (91% vs next highest 71%, MyoB significantly
different distribution of event types vs other lines pooled, p=0.038) (Fig 4.13D) suggesting that the other lines had slightly impaired invasion even before RAP treatment, perhaps due to the sensitivity of PfMyoA or PfELC to epitope tags. The increase in frequency of invasion failure was largely due to increases in Type C events,
the most common type of invasion fail. This suggests that the most common hurdle
to invasion success is initiation of internalisation.
Deformation score A qualitative score was assigned to each event based on the
intensity of the deformation, from 0 (no deformation, just attachment) to 3 (severe
deformation of the RBC extending across the cell), based on the final deformation if
multiple present before invasion (developed by Weiss et al., 2015) (Fig 4.13E). Comparison of the deformation scores between successful invasions and invasion failures
shows that invasion failures had significantly more strong deformations (p<0.0001)
with a higher mean deformation score of 1.71, compared to 1.54 (Fig 4.13F).
It was previously reported that invasion failure correlated with weaker deformation (Weiss et al., 2015). However, in this study only merozoite contacts that led
to echinocytosis were included; those events that were excluded likely account for
many lower deformation events.
Phase timings For successful invasion (Type A events) and Type B failures, the
scheme of Gilson and Crabb, 2009 was adapted for timing the duration of each
phase. The process of invasion was broken down to phases: deformation, internalisation and echinocytosis, and the pauses before and after internalisation, which were
timed and the median duration was calculated across all DMSO-treated events (Fig
4.13G), comparable to published values (Gilson and Crabb, 2009). Since the events
for each line were pooled across two biological repeats (and the statistical tests used
assume that all events are independent), an example comparison was made between
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F IGURE 4.14: Comparison between biological repeats confirms consistency. Each biological repeat pooled from two technical repeats. A To assess the consistency of the
two biological repeats performed for each line, MyoA-comp + DMSO was chosen as
an example, where both repeats (Exp4 and Exp6) had similar numbers of events. The
proportion of successful invasion in both experiments was the same (p>0.999, Fisher’s
exact test, comparing pooled failures to Type A). B Comparing the deformation scores
across the two experiments showed some differences, but not significant (p=0.162, chisquare test). C Comparing the distribution of the duration of each phase across the two
experiments showed only small differences. The duration of internalisation was significantly higher in Exp6, but the difference was small (11.7 s to 12.7 s). Bars show median
and interquartile range. Significance assessed between DMSO and RAP treatments for
each phase by Mann-Whitney test, shown when p<0.5.

the results of the two biological repeats for MyoA-comp after DMSO treatment (an
example where both biological repeats had similar numbers of events) to assess consistency.
Comparison of the event types, deformation scores and phase timings (Fig 4.14AC) showed no significant differences apart from the duration of internalisation which
was only mildly increased in experiment 6 (from 11.7 s to 12.7 s, p=0.018). The mean
deformation score was somewhat greater in experiment 6 (from 1.61 to 1.95, p=0.162)
but this was not significant.

4.6. Video microscopy of merozoite invasion
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F IGURE 4.15: Type B failures take longer to invade before ejection. A From all lines after
DMSO treatment, comparing Type A events to Type B events shows significantly shorter
deformation period and slower internalisation, with a trend to a longer pause before internalisation, consistent with either a merozoite producing less force or a RBC providing
more resistance to invasion. Bars show median and interquartile range. Significance
assessed between DMSO and RAP treatments for each phase by Mann-Whitney test,
shown when p<0.5. B Comparing the Type B failures from all DMSO- or RAP-treated
lines shows no difference in the delay from start of internalisation to merozoite ejection.
Bars show median and interquartile range. Significance assessed between DMSO and
RAP treatments by Mann-Whitney test. C Example images showing cases of Type B failure where the invasion pore remained visible, hence not resealed (A= attachment, E=
ejection); the incompletely-internalised merozoite continuing to move in a swirling pattern within the invagination; an ejection from MyoA-K764E after RAP treatment, when
Type B failure was more common; and an event where resealing after internalisation
was prevented by tethering to a sister merozoite, causing Type B failure.

4.6.3

Type B failures take longer to invade before ejection

Type B failures were defined by Yap et al., 2014 (there called Type III invasion) as
merozoites that failed to produce a ring despite triggering echinocytosis, due to failure of resealing. This was sometimes, but not always, followed by ejection of the
merozoite to the outside of the RBC, and was associated with prolonged echinocytosis. In the present study, the length of echinocytosis could seldom be measured,
because video recording was stopped after ten minutes. However, the ejection of
merozoites to the outside of the RBC could be clearly observed, so this was taken
as the marker of Type B failures, occurring in 4% of DMSO-treated parasite events
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(13/333) (Fig 4.13D).
In Type B failures the invasion attempt begins normally, with deformation, internalisation and echinocytosis taking place. Only after echinocytosis is complete is
the merozoite ejected from the RBC through the same invasion pore. The median
interval after completion of echinocytosis before ejection was 74 s (only occurring
before echinocytosis was complete in 1/27 cases), and the median interval between
start of internalisation and ejection was 142.7 s, with no difference between DMSOand RAP-treated events (Fig 4.15B).
With respect to successful invasion events, Type B failures deformed for less time
(from 2.3 to 1.0 s, p=0.026), had a 2x longer pause pre-internalisation, though not
significant (from 5 s to 10 s, p=0.290), and slower internalisation (12 s to 15 s, p=0.027)
(Fig 4.15A). This pattern is consistent with an overall increase in the energetic barrier
to invasion, which could be imagined to result either from an increase in host-cell
resistance or a merozoite unable to produce the normal force.
Measurement of RBC biophysical properties was not carried out, meaning the direct cause of individual Type B failures cannot often be ascertained. However, in one
case there was an obvious explanation; two merozoites were still tethered together
after egress so the internalisation of the active merozoite was blocked by the trailing
partner. This provides a precedent for other, more subtle, impairments to resealing
being a cause of Type B failure. MyoA-K764E parasites showed an increased rate
of Type B failure after RAP treatment, suggesting that a merozoite with a defective
motor is more likely to undergo ejection (see section 4.6.6).
Ejection presumably occurs due to a defect in resealing the pore, though the
driving force behind the ejection remains unclear. In some videos the invasion
pore remained visible until ejection of the merozoite, while in others the merozoite
could clearly be observed performing a swirling motion within the invagination (Fig
4.15C).

4.6.4

PfMyoA cKO shows the motor is required for deformation

Conditional KO of PfMyoA showed an almost complete growth defect (Section 3.3.2)
and accordingly, MyoA-KO parasites after RAP treatment showed zero successful
invasions (0/53) (Fig 4.16A). In all events recorded, MyoA-KO + RAP showed no
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F IGURE 4.16: MyoA-KO completely blocks deformation and internalisation. For each
line, events pooled from two independent experiments, each performed in duplicate. A
Comparison of event types from MyoA-KO and MyoA-comp lines. MyoA-KO parasites
show neither deformation nor internalisation after RAP treatment, so deformation is the
first energetic barrier to invasion that requires motor activity (p<0.0001, significance assessed by Fisher’s exact test comparing pooled failures to Type A events). Note this
data is partially the same as shown in figure 3.6. In contrast, MyoA-comp shows only a
slight drop in the rate of successful invasion after RAP treatment (p=0.047). Significance
assessed by chi-square test. B The distribution of deformation scores did not change
significantly for MyoA-comp events after RAP treatment, though the mean score fell
from 1.80 to 1.48. Significance assessed by chi-square test. C Comparing the duration of
each phase of invasion for MyoA-comp parasites after DMSO or RAP treatment showed
no significant differences. Bars show median and interquartile range. Significance assessed between DMSO and RAP treatments by Mann-Whitney test, shown when p<0.5.
D Schematic based on figure 4.13B showing invasion attempts arrest after attachment in
MyoA-KO parasites. E An example of a RAP-treated MyoA-KO merozoite, showing attachment only, with no further progress, and echinocytosis. Time indicated in seconds.

deformation or internalisation (Type D failure), showing that the motor is required
for deformation, though not for TJ formation. Because of the complete block at deformation, this mutant cannot show the role of the motor in internalisation, so other
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mutants are required to investigate this.
Complementation of the PfMyoA KO was confirmed by video microscopy, although the event types observed in DMSO- and RAP-treated MyoA-SC-comp parasites were slightly different, with a moderate drop in invasion success (from 68% to
52%) and corresponding increase in Type C failures (p=0.047) (Fig 4.16A). Similarly,
the mean deformation in RAP-treated MyoA-SC-comp events was slightly, but not
significantly, lower (from 1.80 to 1.48, p=0.098) (Fig 4.16B). However, there were no
significant differences in phase duration from successful invasions after DMSO or
RAP treatment (Fig 4.16C). Therefore, without a PfMyoA motor, merozoite invasion
is entirely blocked at the deformation phase (Fig 4.16D).

4.6.5

PfELC cKO shows a reduced function motor can still deform

PfELC-KO parasites have a complete growth defect, like the double KO of the two T.
gondii orthologues, TgELC1 and ELC2 (Williams et al., 2015). However, recombinant
MyoA motor complex can translocate actin in vitro without PfELC present, albeit at
half the velocity (Bookwalter et al., 2017).
Like MyoA-KO parasites, RAP-treated ELC-KO parasites did not achieve any
successful invasion (0/113) (Fig 4.17A). However, while no MyoA-KO parasites
deformed, 40% of ELC-KO events were Type C failures (including deformation).
Though the deformation scores were significantly weaker (p<0.0001, mean shifted
from 1.36 to 0.46), with very few deformation events scoring above 1, this result
shows that a partially functional motor can achieve deformation, albeit inefficiently
(Fig 4.17B).
Importantly, though 45/113 ELC-KO parasites achieved deformation after RAP
treatment, none were able to initiate internalisation (Fig 4.17C). This supports a critical role for the PfMyoA motor in merozoite internalisation, as well as deformation.
This result further suggests that the energetic barrier to initiation of internalisation
is high, since ELC-KO parasites possess a motor strong enough for deformation and
capable of 50% of maximum velocity in vitro, yet show no internalisation.

4.6. Video microscopy of merozoite invasion
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F IGURE 4.17: ELC-KO completely blocks internalisation and impairs deformation.
Events pooled from two independent experiments, each performed in duplicate. A
Comparison of DMSO and RAP treated ELC-KO parasites shows a complete loss of
successful invasion, but unlike MyoA-KO almost half of the events did involve deformation, so were able to overcome the first energetic barrier where motor activity
is required, but not the second - initiation of internalisation. Significance assessed by
chi-square test. B The mean deformation score was greatly reduced by RAP treatment,
both due to the many Type D failures and an increase in events scoring 1 amongst Type
C failures. Significance assessed by chi-square test. C Schematic based on figure 4.13B
showing invasion attempts arrest after deformation in ELC-KO parasites, though many
arrest before deformation as well. D An example of a RAP-treated ELC-KO merozoite
undergoing a Type C failure, showing deformation but no internalisation. Time in seconds indicated.

4.6.6

K764E impairs initiation and completion of internalisation

Though the MyoA-K764E mutant was predicted to show no phenotype in merozoite
invasion RAP treatment did produce a moderate growth defect in asexual stages,
and this was also seen with video microscopy. Alone amongst the mutants in this
study, event types in MyoA-K764E after RAP treatment showed a marked increase
in Type B invasion failures, from 5% to 16%, as part of a significantly shifted pattern
of event types, with Type C failures also strongly increased, and successful invasion almost 3x reduced (p<0.0001) (Fig 4.18A). There was a trend towards weaker
deformation, with an overall increase in events scoring 1 (p=0.084, Fig 4.18B).
The duration of several phases of invasion was disrupted in MyoA-K764E
parasites. There was a dramatic 3x increase in the median duration of the preinternalisation pause, from 3.7 s among DMSO-treated to 10.7 s among RAP-treated
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F IGURE 4.18: MyoA-K764E shows that the motor is involved in completing internalisation. Events pooled from two independent experiments, each performed in duplicate. A RAP-treated MyoA-K764E parasites showed a significantly shifted distribution
of event types, with more Type B and Type C events. This line was expected to be
the least deleterious to PfMyoA function, and it was the only mutant to show an increase in Type B events. This is consistent with these parasites having sufficient motor
function to overcome the first and second energetic barriers requiring motor activity,
deformation and initiation of internalisation, but not the third barrier, at completion of
internalisation. Significance assessed by chi-square test. B RAP treatment leads to a
slight weakening of deformation (mean from 1.49 to 1.20), though not significant. Significance assessed by chi-square test. C Comparison of phase duration after DMSO and
RAP treatment in Type A events (black bars and individual data) and Type B events
(cyan bars), showing that RAP treatment induces a longer pause pre-internalisation in
successful invasion. Only in Type B events was internalisation significantly slower and
pause post-internalisation shorter. Bars show median and interquartile range, or median only for Type B events. Significance assessed between DMSO and RAP treatments
by Mann-Whitney test, shown when p<0.5. D An example of a RAP-treated MyoAK764E merozoite undergoing a Type B failure, showing apparent completion of internalisation before subsequent ejection. Time in seconds indicated. E Schematic based
on figure 4.13B showing invasion attempts fail unusually often before completion of
internalisation in MyoA-K764E parasites, leading to ejection.

parasites, though not quite significant (p=0.058) (Fig 4.18C). For Type B events, this
slightly shorter deformation and much longer pre-internalisation pause were also
present, but in both DMSO- and RAP-treated parasites. This suggests that, in these
early phases before internalisation, the MyoA-K764E parasites behaved the same regardless of whether they went on to successfully internalise, and that the weaker
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motor is less able to overcome the energetic barrier to initiation of internalisation.
In contrast, the internalisation phase was significantly disrupted only in MyoAK764E +RAP parasites undergoing Type B events (Fig 4.18C). During Type B events,
internalisation was much slower than Type A events (21 s, compared to 12 s or 13.7
s for MyoA-K764E +DMSO or +RAP, p=0.003 vs Type A +RAP). Interestingly, internalisation in DMSO-treated parasites undergoing Type B events was slightly slower
than Type A (15 s vs 12 s), but to a much lesser extent than in MyoA-K764E +RAP.
For MyoA-K764E +RAP only, the pause post-internalisation was shorter, reduced by
about the same amount (from 27 s to 16.3 s, p=0.013) as the duration of internalisation was increased. Internalisation was only slowed significantly when a weaker
motor coincided with a RBC that was more difficult to invade.
The combination of an increased frequency of Type B events and the slower internalisation during those events suggests that MyoA-K764E parasites are closer than
WT parasites to the minimum energetic threshold required for completion of internalisation, hence more sensitive to any change in parasite or host-cell factors (Fig
4.18E).
Therefore, MyoA-K764E parasites show defects at two distinct phases of invasion; initiation and completion of internalisation. After RAP treatment, these parasites are more likely to not initiate internalisation (hence the increase in Type C
failures, Fig 4.18A) and, when they do, take longer to do so (hence the longer
pause before, Fig 4.18C). Importantly, these parasites are also more likely to not
complete internalisation (hence the increase in Type B failures, Fig 4.18A) and take
slightly longer during internalisation when they succeed and much longer when
they fail (Fig 4.18C). This suggests two distinct energetic barriers during internalisation, firstly to initiate, and secondly to complete, while parasites with completely
defective motors stall at the earlier barrier of deformation, to make three barriers
overall.

4.6.7

PfMyoB supports initiation of invasion

Finally, the MyoB-KO line was analysed by video microscopy. PfMyoB has been
suggested to have a role in initiation of invasion due to its localisation at the extreme
apex of merozoites (Yusuf et al., 2015). Though PfMyoB has no orthologues in other
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apicomplexans, this localisation is reminiscent of TgMyoH, which is tethered to the
conoid and involved in initial translocation of the TJ over the apex of the parasite,
"handing over" to TgMyoA motor complex which is absent from the conoid region
(Graindorge et al., 2016).
MyoB-KO parasites after DMSO treatment showed a significantly higher rate of
successful invasion (91%) than other lines. RAP treatment led to a significant reduction in successful invasion (to 77%) and increase in Type C failures (from 6.0%
to 17.5%, p=0.045) (Fig 4.6.7A). Overall, the distribution of deformation scores was
unchanged (p=0.472) (Fig 4.19B). Relative to the other mutants, the reduction in successful invasion was low, consistent with the overall growth defect of MyoB-KO
being small.
The duration of some invasion phases were affected by MyoB cKO. Though the
duration of deformation was unchanged, the pre-internalisation pause was more
than doubled (from 3.3 s to 7.5 s, p=0.011) and the duration of internalisation was
slightly increased, approaching significance (from 10.3 s to 12.3 s, p=0.059) (Fig
4.19C). The pause post-internalisation was significantly reduced (from 40.3 s to 33.7
s, p=0.001), by an amount almost exactly equal to the combined increases in duration
of pre-internalisation pause plus internalisation.
While the overall defect in MyoB-KO parasites is mild (a moderate increase in
Type C failures), the delay in initiation of internalisation is entirely consistent with
the model of PfMyoB supporting the first stages of translocating the TJ. However,
this role of PfMyoB, or any other, is clearly not required for internalisation, unlike
TgMyoH (Fig 4.19E). The shorter pause post-internalisation directly corresponds to
the delays earlier in invasion, suggesting that the onset of echinocytosis falls at a set
time after a trigger, regardless of the timing of other subsequent phases.
Overall, the range of mutants analysed by video microscopy helped illuminate
the energetic requirements for motor activity at each phase of invasion. Successively
less severe mutations in the MMC pointed to three distinct barriers needing motor
activity to overcome; at deformation, initiation and completion of internalisation.
Meanwhile, though PfMyoB is clearly not critical for parasite replication, it seems to
support timely initiation of internalisation.

4.7. Discussion
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F IGURE 4.19: MyoB-KO shows slower initiation of invasion. Events pooled from two
independent experiments, each performed in duplicate. A Comparing the event types
in MyoB-KO after DMSO or RAP treatment shows a significant increase in Type C failures, consistent with an impairment at initiation of internalisation. Significance assessed by Fisher’s exact test, comparing successful invasion to pooled invasion failures. B There was no difference between the deformation scores in MyoB-KO parasites after RAP treatment. Significance assessed by chi-square test. C The duration of
pre-internalisation pause was significantly increased in MyoB-KO parasites, supporting the hypothesis that PfMyoB plays a role in initiation of internalisation. The postinternalisation pause was reduced by a similar amount, since echinocytosis appears to
occur a fixed interval after RBC membrane disruption, regardless of the timing of internalisation. Bars show median and interquartile range. Significance assessed between
DMSO and RAP treatments by Mann-Whitney test, shown when p<0.5. D Example
of RAP-treated MyoB-KO merozoite undergoing successful invasion. Time indicated
in seconds. E Schematic based on figure 4.13B showing invasion attempts are mostly
successful in MyoB-KO parasites, though more arrest after deformation with RAP treatment.

4.7

Discussion

The conditional knockout platform developed for PfMyoA in chapter 3 was extended for cKO of other motor proteins, PfMyoB and PfELC, and conditional mutagenesis of PfMyoA, using DiCre for endogenous allele exchange or CRISPR to insert
a constitutively-expressed second copy. The result was a series of mutants ranging

164

Chapter 4. The mechanical role and regulation of PfMyoA

in severity, from a relative fitness of 95% (MyoB-KO) to a complete block in replication (MyoA-KO or ELC-KO). While growth assays showed the overall replication
defects, video microscopy analysis uncovered another level of detail on the specific
invasion defects. Importantly, the range of motor mutants shed light on three different energetic barriers to invasion, each requiring some level of motor activity.
Complementation of the PfMyoA cKO and generation of PfMyoA-K764E mutation were successfully carried out by endogenous allele exchange, revealing a moderate growth defect for MyoA-NS-K764E. RAP treatment gave an increase in fitness
for MyoA-NS-comp parasites, perhaps due to a more favourable codon optimisation
in the complementing copy, better toleration of a 3xHA-tag than a FLAG-tag at the
C-terminus, the removal of coupling to neo where skipping was not 100% effective,
or a more favourable 3’ UTR.
Making these modifications at the endogenous locus has the benefits of retaining endogenous promoter activity and avoids disruption to regulation of expression
caused by a second locus. However, the possibilities for mutagenesis were limited
to the C-terminal ~20% of the protein, and introducing a second allele by neck-swap
also meant losing GFP as a marker of excision, a useful feature for video microscopy
of invasion.
Study of these mutants confirmed the specificity of the MyoA-KO phenotype
through complementation, and showed only a moderate phenotype in K764E mutants, consistent with phosphorylation of S19, the interaction partner of K764, being
dispensable for motor function in the relatively immotile asexual stages.
To expand the range of possible conditional mutations, a distal expression site
for myoa alleles was developed at the p230p locus, dispensable for development
throughout the life cycle (Dijk et al., 2010). Although a more recent study suggested
that PfP230p is required for male gamete fertility (Marin-Mogollon et al., 2018), our
work suggests that the locus can be disrupted without any obvious consequences
for development (K. Witmer, Imperial College London, personal communication).
The p230p locus has been used by other investigators for similar purposes in asexual
stages (Moon et al., 2013; Brochet et al., 2014; Patel et al., 2019), while pfs47 has been
used for through-life-cycle modification (Tibúrcio et al., 2019), though this gene is
required for efficient ookinete infection of Anopheles gambiae mosquitoes.
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No studies have defined the myoa promoter, so a region extending 2 kb upstream
from the myoa ORF was selected and confirmed to regulate expression of sfGFP in
the expected pattern through the asexual cycle. Interestingly, the gene directly upstream of myoa is spect1, encoding the Sporozoite Protein Essential for Cell Traversal
(http://plasmodb.org) which is essential for sporozoite motility in the liver (Ishino
et al., 2004). Since traversal behaviour has to be down-regulated for sporozoites to
switch to invasion behaviour (Amino et al., 2008), it will be interesting to see how
these two genes are co-regulated.
Expression of sfGFP at the p230p locus under a constitutive promoter (BIP) or
the myoa promoter confirmed that it can be efficiently modified to introduce a transgene without any WT background. Expression of MyoA-SC-comp and MyoA-SCK764E at this locus was also successful, though other mutants affecting the myoa Nterminus, expected to have an equal or stronger impact on PfMyoA function based
on in vitro data (Robert-Paganin et al., 2019), could not be generated after two transfection attempts.
Despite being expressed under a version of the native myoa promoter, the MyoASC-K764E line exhibited a slight growth defect (relative fitness of 94%) even before
the endogenous locus was excised. This suggests that the overall level of PfMyoA
may be tightly regulated, so constitutive expression of a second copy could lead to
down-regulation of the endogenous locus. This was observed in T. gondii, where
over-expression of a second copy of TgMyoA or TgMyoA neck domain reduced
expression of endogenous TgMyoA to a "barely detectable" level (Hettmann et al.,
2000). This could be caused by fixed pool of myosin light chains, without which
MyoA is unlikely to form a stable folded protein (Meissner, 2001; Herm-Götz et
al., 2007). This finding in T. gondii could explain the failure to generate conditional
PfMyoA mutants where the mutation was expected to have a strong defect.
Excision of endogenous myoa in MyoA-SC-comp and MyoA-SC-K764E recapitulated the replication phenotypes of the Neck-Swap versions of the mutants. Since
these versions of the mutants retained inducible GFP expression as a marker of excision, these were used for subsequent experiments. Video microscopy analysis of the
three PfMyoA mutants confirmed that the replication phenotypes were directly due
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to effects on invasion. For MyoA-SC-comp and MyoA-SC-K764E the drop in successful invasion seen by video microscopy was stronger than the overall replication
defect. This could be because over time any one RBC can be the target of multiple
invasion attempts, so the success rate per attempt will be lower than the success rate
per RBC (i.e. the parasitaemia).
Across two independent approaches to introduce the K764E mutation (see appendix C for confirmation of this by CRISPR modification at the endogenous locus),
it was confirmed to have a moderate but not severe phenotype, which is broadly
consistent with the hypothesis that the interaction between phospho-S19 and K764
is critical only in fast gliding stages (Robert-Paganin et al., 2019).
Recent studies have shown a significant impact of culturing under suspension
on invasion phenotypes and adhesin expression (Paul et al., 2015; Awandare et al.,
2018; Nyarko et al., 2020). Though the culture conditions that best imitate physiological conditions are not clear, it is straightforward to assess the effect of suspension
culture on overall replication, but would be difficult to adapt for video microscopy
of invasion.
Under suspension culture, the parasitaemia of MyoA-K764E was increased, from
67% to 77% of DMSO-treated control, meaning that around 40% of the difference between MyoA-comp and MyoA-K764E was alleviated. This is consistent with the hypothesis that phospho-S19-K764 interaction is not important for merozoite invasion.
However, because this alleviation was not complete, and because video microscopy
analysis of invasion showed defects through to completion of internalisation, it remains likely that there is some defect in internalisation itself, whether specifically
due to the loss of the phospho-S19-K764 interaction, or non-specifically due to overall disruption to PfMyoA structure.
Merozoites have been thought not to exhibit gliding motility, only using their
myosin motor for invasion (Baum et al., 2006b), presumably because the environment in the circulatory system provides enough force to allow merozoites to reach
their host cells without active motility. However, very recently it was demonstrated
that merozoites from P. falciparum and P. knowlesi can glide on a substrate, in an
actin-dependent manner (Yahata et al., 2020). Though the hydrodynamic conditions
merozoites experience in vivo are not clear, gliding motility may have been retained

4.7. Discussion

167

in case of invasion in static niches such as the bone marrow, while most invasion is
likely to take place under flow conditions.
The demonstration of merozoite gliding contradicts previous assumptions and
might explain why the K764E mutation had a moderate effect on merozoite invasion
under static conditions, if they first use a high speed/low force motor for gliding,
before switching to low speed/high force motor for invasion. Even if gliding is not
important for merozoites in the blood, they may retain elements of the signalling
pathway used for gliding, including phosphorylation of S19.
To assess the broader hypothesis will require mutation of PfMyoA-S19 in asexual stages and both mutations in sexual stage parasites. Though some level of motor
impairment might arise from non-specific disruption to PfMyoA structure after the
mutation of K764, if the same mutant also causes only a moderate block in ookinete
and sporozoite motility then it must be concluded that the overall importance of the
interaction is low. The difficulty of obtaining S19A parasites could imply a strong defect in PfMyoA function in asexuals, which would not support the phospho-tuning
hypothesis. More work is required to obtain these additional mutants, perhaps using
an inducible system, and to expand conditional mutagenesis to P. falciparum sexual
stages.
It will also be helpful to directly probe the phosphorylation state of PfMyoAS19 in each invasive stage, and at each phase of invasion. Currently, it is clear that
PfMyoA-S19 is phosphorylated in late-stage schizonts (Alam et al., 2015), so for the
phospho-tuning hypothesis to be correct, at some point after egress S19 must be
dephosphorylated to revert PfMyoA to a low speed/high force state suited for invasion. The extensive calcium ion signalling that regulates organelle secretion in the
merozoite might also modulate motor phosphorylation, given the demonstration
that a calcium-dependent phosphatase, calcineurin, critically regulates merozoite
attachment (Paul et al., 2015; Philip and Waters, 2015).
Conditional KO of PfELC showed that it is critical for parasite replication, as
found for the T. gondii orthologues (Williams et al., 2015). Although the initial phenotype of PfELC truncation showed a slightly higher residual replication than MyoAKO, upon suspension conditions, the residual invasion for ELC-KO fell to 6.6%, similar to MyoA-KO. The absolute importance of PfELC for invasion was confirmed by
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video microscopy, where no successful invasion attempts were observed over 113
events, and the prevalence and intensity of deformation were significantly reduced.
PfELC increases in vitro activity of PfMyoA two-fold and does not bind Ca2+ ions
(Pazicky et al., 2019), consistent with sequence analysis showing that PfELC lacks
residues typically used for Ca2+ in other EF-hand containing proteins (Bookwalter
et al., 2017). Therefore, PfELC is likely to play an indispensable mechanical, but not
regulatory, role in PfMyoA activity.
The PfMyoA mutants based on single-crossover, SLI-mediated integration persistently showed a small WT population, presumably due to spontaneous loss of the
construct, even after isolation of individual parasite clones. Therefore, for generation of MyoB-KO parasites, a CRISPR-based system was adapted for targeting the
myob locus. This yielded a population of parasites with no evidence of the WT myob
locus, removing the need for cloning out and so making the process of mutagenesis
much more efficient.
Due to the unexpected retention of 3xHA-tagged Cas9 after cessation of drug
selection, the localisation of PfMyoB-3xHA could not be assessed by IFA. However, successful tagging and cKO was confirmed by Western blot, and expression
of tn-PfMyoB-sfGFP after RAP treatment was confirmed by live cell fluorescence
microscopy. Quantification of the prevalence of the mutation was hindered by the
low level of PfMyoB-3xHA or tn-PfMyoB-sfGFP expression until the very late stages
of the life cycle, but the combination of no detectable WT myob locus by genotyping
PCR and almost universal sfGFP expression in merozoites attempting invasion suggest that the mutation was present throughout the population.
Despite the presence of Cas9-3xHA, PfMyoB-3xHA was successfully immunoprecipitated from late stage schizonts. Taken forward with larger scale cultures,
this could lead to the identification of the hypothetical essential light chain used by
PfMyoB. Though a similar approach used previously could only identify one light
chain (PfMLC-B, (Yusuf et al., 2015)), the construct used in the present study has the
advantage of using MyoB-KO as a negative control to validate specific interactions.
Based on homology with PfMyoA/MTIP it seems likely that there will be a second
PfMyoB light chain, which might be required like PfELC for maximal myosin activity in vitro, hence will be important for characterisation of the biophysical properties
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of PfMyoB. Interestingly, Yusuf et al., 2015 found that MLC-B, but not PfMyoB was
resistant to KO. Should this be confirmed using a conditional KO approach, it may
suggest the light chain has an additional role with another myosin, or in the structure of the cytoskeleton.
There was a mild growth defect in MyoB-KO parasites, with relative fitness
falling to 93% per cycle. This is consistent with work showing that constitutive KO
of PbMyoB has no defect throughout the life cycle. Using video microscopy analysis
of more than 50 invasion attempts from each of DMSO- and RAP-treated MyoB-KO
parasites, the proportion of successful invasion fell moderately, from 91% to 77%.
As seen for PfMyoA mutants, this defect was somewhat stronger than the overall
replication defect.
By using egress-inhibitor ML10 to synchronise late schizonts around 15 minutes
from the end of the cycle and filming events at high parasitaemia (~50%), large numbers of events can be captured in one widefield video without the need for manual
searching for individual mature schizonts.
Echinocytosis is thought to result from initial disruption of the RBC membrane
and rhoptry secretion into the RBC through a successfully formed TJ. Selecting only
echinocytosis events filters out a relatively large number of invasion attempts where
merozoites attached or deformed but did not form a TJ, and a relatively small number of successful invasions that did not cause echinocytosis (Weiss et al., 2015 found
that <25% of successful invasion events did not). Since the focus of this study is
on the phases of invasion involving motor activity, this approach was deemed an
acceptable compromise for the detection of a greater number of events. The large
number of invasion attempts captured allowed the analysis of rare events such as
merozoite ejection (Type B failures), which may result from the combination of a minority of RBCs with biophysical resistance to invasion and a minority of parasites
improperly equipped for maximum force production.
Figure 4.20 shows a model summarising the range of mutants analysed here. In
agreement with the biophysical model of Dasgupta et al., 2014, during internalisation there seems to be two energetic barriers requiring motor activity - transition
from a "non-wrapped" merozoite to "partially-wrapped" (initiation of internalisation), and transition from "partially-wrapped" to "completely-wrapped" (completion
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F IGURE 4.20: A model for the energetic barriers during invasion that need motor activity. A While WT PfMyoA produces sufficient force to overcome all energetic barriers to
invasion, successively more disruptive mutations bring the motor capacity closer to, or
below, the energetic barriers, represented by orange bars, with blurred tops indicating
the variability in individual parasites and RBCs. Some MyoA-K764E parasites fail at
initiation of internalisation (Type C failures), some fail at completion of internalisation
(Type B failures) and relatively few complete invasion, though deformation was not
significantly affected. ELC-KO parasites often fail at the barrier of deformation (Type D
failures), though some are able to deform and fail at initiation of internalisation (Type
C failures). MyoA-KO parasites never overcome the energetic barrier to deformation.
MyoB-KO parasites are only impaired at initiation of internalisation, suggesting that
functional PfMyoB may reduce the energetic barrier at initiation of internalisation. B
Overview of merozoite activity at each of the three energetic barriers, showing the role
of parasite effectors in assessing and reducing the energetic barriers. This may include
using deformability to select suitable RBCs, creation of the TJ to introduce line tension,
inserting membrane material to lower the bending energy of the membrane and motor
activity throughout, including to twist shut the invasion pore. C PfMyoA is phosphorylated before egress, and may be dynamically dephosphorylated at some point before
internalisation to tune the motor for maximal force production.

of internalisation). In addition, the earlier phase of deformation is clearly motor dependent.
Video microscopy analysis showed that parasites devoid of PfMyoA failed to
deform the RBC. Deformation has often been thought of as a combination of actomyosin activity and passive reorientation due to a concentration gradient of adhesins at the tip of the merozoite. Conditional KO of PfGAP45 also completely removed RBC deformation (Perrin et al., 2018), confirming that the MMC is vital for
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deformation. In contrast to MyoA-KO, ELC-KO only reduced deformation, though
it also blocked all internalisation, suggesting that the level of motor activity retained
in ELC-KO parasites is very low. This agrees with the almost complete replication
defect seen in ELC-KO parasites.
Blocking EBA/Rh protein interactions weakens deformation and reduces invasion (Weiss et al., 2015), supporting their role alongside the MMC in deformation.
Perhaps the gradient of adhesins acts in concert with deformation to cause merozoite embedding into the RBC membrane, facilitating the next step of TJ formation.
Deformation is clearly not essential for rhoptry secretion and TJ formation, since
echinocytosis still occurs. An alternative, or parallel, purpose for deformation is for
selection of a suitable RBC for invasion, since cytoD-treated merozoites tended to
attach to more RBCs before settling on one where echinocytosis is triggered (Weiss
et al., 2015). This may act as a filter for RBCs with biophysical properties suitable for
invasion before the irreversible secretion of invasion organelles.
Mutants with no or strongly reduced deformation were entirely incapable of internalisation, even when deformation was present, suggesting they were also unable
to overcome later energetic barriers. Almost all MyoA-K764E merozoites could carry
out deformation (albeit with a trend to more weak deformation), but many of these
merozoites later failed to initiate or complete internalisation, suggesting that deformation is the first, and smallest, energetic barrier during invasion requiring MyoA
motor activity.
Merozoites often deform a RBC then detach, showing that irreversible commitment to a RBC comes later. Inhibition of RH5 or its RBC receptor, basigin, does not
affect deformation, but completely blocks invasion (Weiss et al., 2015). This suggests
that the pause after deformation and before internalisation may be when the apex
of the merozoite is irreversibly attached to the RBC membrane, possibly forming a
membrane pore, leading to rhoptry secretion and TJ formation. Analysis of invasion kinetics in MyoA-K764E and MyoB-KO parasites, and Type B failed invasion
attempts, showed that a longer pause pre-internalisation correlated with reduced
invasion success.
For MyoB-KO, this delay was the most striking defect during invasion, suggesting that the initiation of internalisation is when PfMyoB plays its role. By analogy
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with TgMyoH, PfMyoB could directly translocate the TJ during the first moments of
internalisation, "handing over" to PfMyoA (Graindorge et al., 2016). Alternatively,
Yusuf et al., 2015 found that PfMyoB does not localise to the TJ during internalisation but stays at the merozoite apex and suggested that its functional role could be
indirectly related to internalisation, either by contributing to the formation or stability of the merozoite apex, or to secretion of vesicles to deliver invasion ligands. This
could then result in a delay to initiation of internalisation due to a paucity of surface
adhesins hindering TJ formation.
Because delayed initiation of internalisation correlated with reduced invasion
success, this step represents a second energetic barrier during invasion that requires
PfMyoA motor activity, supported by PfMyoB motor activity. This seems to be the
most common energetic barrier for merozoites to fail at, since Type C failures are by
far the most common in WT parasites.
Once the merozoite has committed to invasion and formed a TJ, the PfMyoA
motor is then used to drive internalisation. This mode of motility, which is typically
smooth, slow and uninterrupted, is qualitatively different from deformation of the
RBC, which is typically fast and erratic, and it lasts on average 12 s instead of 2-3
s. These differences could result from a greater resistance against the parasite motor
or from the motor entering a different state. Before and during internalisation, the
merozoite can sometimes be seen to be moving in a helical or "swirling" pattern, consistent with the recent demonstration that P. knowlesi merozoites move on a helical
trajectory (Yahata et al., 2020).
The duration of internalisation was relatively steady in different mutants, except
in Type B failures. Nevertheless, in MyoA-K764E and MyoB-KO, there was a trend
towards slower internalisation. This could result from the impaired motor less frequently undergoing productive cycles of attachment and detachment. Strikingly,
in MyoA-K764E parasites this slower internalisation coincided with a three-fold increase in the rate of merozoites being ejected. While the effects of MyoB-KO are
restricted to initiation of internalisation, this means that PfMyoA function extends
through to the end, and that completion of internalisation represents a third and
final energetic barrier during invasion.
Type B failures were identified in P. falciparum in AMA1 cKO parasites (Yap et al.,
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2014). Though relatively few events were captured, this phenotype was suggested
to result from failure to reseal the RBC membrane as part of formation of the nascent
PV. Ejection of T. gondii tachyzoites has been observed after PKA depletion, referred
to as "premature egress" (Uboldi et al., 2018), although the same behaviour was not
seen in a conditional KO of PKA in P. falciparum (Patel et al., 2019). In T. gondii careful
observation of tachyzoites after entry revealed that twisting motility is required for
efficient closure of the host cell membrane behind the invading parasite (Pavlou et
al., 2018).
The combined findings of the growth and invasion defects of each mutant and
the implications on the energetic landscape of merozoite invasion are summarised
in Fig 4.20. A model for invasion focussed on the energetic barriers and the contribution of myosin motors can be summarised as follows. Merozoites are primed for
gliding shortly before schizont egress. Once released, they come across candidate
RBCs and attach weakly via surface proteins such as MSP1. Reorientation to the
apex is driven by a gradient of adhesins, and once sufficient attachment is achieved,
PfMyoA activity causes deformation of the RBC, which helps embed the merozoite
apex into the RBC to engage the strong adhesion mediated by PfRH5, and deformation may also help select a RBC with suitable biophysical properties. Irreversible attachment follows upon PfRH5-basigin binding, and rhoptry secretion releases RON
proteins to form the TJ. At this point PfMyoA may become dephosphorylated to prepare for maximal force production. The TJ is then translocated along the merozoite
during internalisation, with PfMyoB acting at initiation, and PfMyoA providing or
regulating force production and driving the merozoite forward. A combination of
parasite activities, including membrane secreted from the rhoptries and line tension
produced by the TJ, favour wrapping of the merozoite by the RBC membrane. However, PfMyoA activity is particularly important to drive the final resealing of the RBC
membrane behind the nascent PV, with the helical motion of the merozoite perhaps
closing the invasion pore by twisting.
This study has developed conditional KO technology to assess the importance
of three motor-related proteins for asexual growth, begun to probe the regulation
of critical motor PfMyoA and dissected the functional roles of the three proteins
during invasion. By analysing a spectrum of motor mutants with video microscopy
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at sufficient scale to identify relatively subtle trends, three distinct energetic barriers
during invasion where MyoA motor activity is required have been identified. For
the first time, completion of internalisation has been shown to present a significant
barrier to invasion, supporting a previous hypothesis based on a biophysical model.
Future work will be required to understand the effect of varying biophysical
properties of individual RBCs, the range of parasite ligands and effectors that manipulate the host cell properties, the signalling during invasion and how motor activity
is regulated by phosphorylation. The roles of other motors in motility and invasion of merozoites, and how MyoA and other motors are used by the other invasive
stages also remain to be investigated.
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Structural investigation of the
PfMyoA motor complex
5.1

Summary

The development of conditional genetic tools has permitted the functional dissection
of PfMyoA and other critical proteins in the parasite acto-myosin system. There
is a growing understanding of the biophysical requirements for motor activity in
motility and invasion (see section 1.6.2) (Dasgupta et al., 2014; Quadt et al., 2016;
Del Rosario et al., 2019) and awareness of the contributions of actin-binding proteins
and adhesins to force production (Moreau et al., 2017; Moreau et al., 2020; Stortz et
al., 2019). However, this developing understanding on a molecular scale needs to
be applied to the whole parasite context. Work in sporozoites and tachyzoites has
suggested that motility depends on control of discrete adhesion sites, rather than
uniform force production along the cell periphery (Münter et al., 2009; Whitelaw et
al., 2017).
The components of the PfMyoA motor complex (MMC) have largely been identified by individual protein-protein interactions, with little structural characterisation
of how the complex is assembled, how the complex is anchored in the IMC, or how
copies of the MMC are arranged across the parasite. The inability to visualise actin
filaments in the pellicle by EM has made it difficult to put constraints on how the
motor is arranged. Recent descriptions of the MMC have highlighted the multiple
possible arrangements of the motor within the MMC, which could have significant
implications for the precise functional role of PfMyoA (Tardieux and Baum, 2016).
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This includes the possibility that PfMyoA motors are not carefully ordered in linear
arrays, but have varying orientations with an overall average orientation in parallel
with the long axis of the cell.
The development of a PfMyoA conditional KO (chapter 3) and recombinant expression (Bookwalter et al., 2017) opens up new possibilities for structural investigation of the MMC. To probe the arrangement of PfMyoA in the pellicle, a top down
approach was employed, identifying the motor in situ by EM of WT or MyoA-KO
parasites. To guide identification of PfMyoA structures in the crowded pellicle, a
low resolution structure of recombinantly-expressed PfMyoA with its light chains
was ascertained. A model is presented for a radial arrangement of multiple copies
of PfMyoA around a central pillar, poised to interact with actin filaments from any
angle.

5.2

MyoA-KO does not affect the morphology of the pellicle

Mutation of GAP45 from T. gondii showed an important role in regulating the structure of the cortical space between the IMC and PPM (Frénal et al., 2010). Disruption
of the acylation sites or the rigidity and length of the coiled-coil domain of TgGAP45
affected the formation of the pellicle and the recruitment of the MyoA motor complex. While deletion of TgGAP45 was lethal, it could be partially complemented
by over-expression of the coccidian-specific paralogue, TgGAP70. TgGAP70 is normally restricted to the apex of the parasite and has a longer coiled-coil domain,
possibly to suit the different architecture at that point. Interestingly, upon partial
complementation of GAP45-KO with TgGAP70 over-expression, the average width
of the cortical space increased from 25 nm to 33 nm, supporting the model that the
coiled-coil length guides the cortical space (Frénal et al., 2010).
In contrast, conditional KO of P. falciparum GAP45 had no obvious consequence
on the formation of the IMC and cortical space, though no quantification was presented, while merozoite invasion was completely blocked, presumably due to the
loss of MMC recruitment to the IMC (Perrin et al., 2018).
MyoA-KO parasites were treated with DMSO or RAP as before (section 3.3.2)
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F IGURE 5.1: Overall schizont, merozoite and pellicle morphology was unaffected by
MyoA-KO. A MyoA-KO parasites treated with DMSO or B RAP were fixed as schizonts or free merozoites and examined by EM to assess gross morphology and pellicle
formation. No obvious differences were observed at each scale. Boxes show the regions
magnified in right-hand panels. Scale bars show 1 µm (left panels), 300 nm (centre panels) or 30 nm (right panels). C The width of the cortical space (outer IMC membrane to
PPM) was measured in images of free merozoites or late schizonts collected at at least
60,000x magnification, collated from four independent experiments (see example measurements in A,B). No significant difference was observed (p=0.226), consistent with
MyoA-KO not affecting pellicle formation. Bars show mean, significance assessed by
unpaired t test, two tailed.

and fixed as late schizonts or allowed to egress then fixed as free merozoites. EM inspection revealed no obvious differences in morphology or pellicle structure (Fig
5.1A,B), as expected from the phenotype of the PfGAP45-KO. Pellicles were imaged at high magnification (60,000x or higher) to measure the cortical space. Across
four independent experiments, no significant differences were seen in cortical space
width after RAP treatment (Fig 5.1C).
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F IGURE 5.2: Recombinant expression produces a pure and folded MMC. A SDS-PAGE
analysis of whole sample (W), supernatant (S), flow through (FT) and purified fractions
of FLAG-purified MMC after co-expression in Sf 9 cells. PfMyoA, MTIP and PfELC all
run at the expected sizes, while only a very small amount of PUNC was co-purified,
suggesting only a small amount of myosin was incorrectly folded. B Anti-His Western
blot of the same samples as in A, confirming the identity of MyoA-His and ELC-His.
C Native PAGE analysis of the FLAG-purified mixture showed a strong band at the
expected size of the MMC, around 150 kDa. Data for this figure were generated by
Linda Makhlouf.

5.3

A low resolution structure of the triple complex

In work carried out in our lab by Linda Makhlouf, PfMyoA was co-expressed with
PfELC and MTIP, and the myosin-specific Plasmodium chaperone PUNC, using a
baculovirus/Sf 9 system similar to Bookwalter et al., 2017. Codon-optimised synthetic genes were cloned into a bacmid for each of myoa (with FLAG and His tags),
mtip and elc (with His tag), and PUNC (Bookwalter et al., 2017). Baculovirus carrying each construct were co-infected and incubated for 72 h before lysis, then the
supernatant was added to anti-FLAG beads to isolate the MMC. The mixture eluted
from anti-FLAG beads was analysed by SDS-PAGE and stained for total protein with
Coomassie Blue stain (Fig 5.2A). While there was an abundant band at the size of
PUNC (148 kDa) in the flow through sample, in the FLAG-purified samples only a
small amount of PUNC was co-purified, indicating successful myosin folding. Each
of PfMyoA, MTIP and PfELC could be seen at the expected sizes, as confirmed by
Western blot for His-tagged PfMyoA and PfELC (Fig 5.2B). Native PAGE analysis
showed that the MyoA complex ran at the expected size for a heterotrimeric complex of ~150 kDa under non-denaturing conditions, confirming proper folding of the
complex (Fig 5.2C). Freshly-expressed triple complex was purified using anti-FLAG
beads and gel filtration and prepared for EM by dilution to 0.01 mg/ml.
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F IGURE 5.3: Negative stain structure of PfMyoA triple complex. A Selected 2D class
averages of negatively-stained PfMyoA triple complex, showing a globular "head" and
a smaller "tail". Scale bar 10 nm. B Around 25,000 particles were used for 3D reconstruction of the triple complex. Although the resolution of 25 Å is limited by the stain,
the shape and size broadly agree with the recently determined crystal structure of the
triple complex (below, D. Moussaoui, Institut Curie, manuscript submitted). C 3D reconstruction was performed using multiple classes, with most particles matching one of
two models. As well as the major model, shown in B, another model was represented by
around 20% of particles. In this model the lever arm was primed more strongly than in
model 1 (indicated by a smaller interior angle roughly measured relative to the motor
domain). This variation in lever arm priming angle can be seen in the 2D class averages (examples shown inset). The data for this figure were generated by Emma Couves,
Imperial College London.

In work carried out by Emma Couves, Imperial College London, the purified
PfMyoA triple complex was added to carbon-coated grids and stained with 2%
uranyl acetate. Negative stain images were acquired at 67,000x magnification using a CM200 microscope with a 200 kV field emission gun. A total of 134,360 particles were initially picked, then 2D class averages were generated and used to clean
the data set. The class averages showed a distinct globular "head" with a shorter
"tail" (Fig 5.3A). Around 25,000 particles from different classes were used for ab initio
3D reconstruction, yielding a model consistent with the recently determined crystal
structure of the triple complex (D. Moussaoui, Institut Curie, manuscript submitted)
(Fig 5.3B).
The resolution is limited by the use of a negative stain, the simple shape of the
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complex and the variety of possible conformations. Comparison of the two models
generated during the 3D reconstruction (Fig 5.3C) gives some initial insight into the
conformational flexibility of the lever arm, suggesting that the lever arm could adopt
different degrees of full priming. This conformational variation may also explain
some of the limitations in resolution. Overall, the agreement of two independent
structural approaches provides a useful model of the size and shape of the triple
complex for interpretation of EM images of the parasite pellicle.

5.4

TEM of parasite pellicles reveals putative PfMyoA structures

5.4.1

Multiple PfMyoA protomers may form a radial arrangement

MyoA-KO parasites were examined by TEM to investigate the arrangement of
PfMyoA in the pellicle, using the dimensions indicated by the EM and crystal structures as a guide. Both the EM and crystal structures used a truncated version of
MTIP, to remove the relatively unstructured N-terminal domain (residues 1-60). To
account for this additional domain of unknown structure, it was arbitrarily modelled as an extended α-helix similar to the PfMyoA neck region which has the same
number of residues (Fig 5.4C).
MyoA-KO parasites were treated with DMSO for 16 h at ring stages and incubated until maturity, around 40 h post-treatment. Mature schizonts were isolated
using a Percoll gradient and arrested shortly before egress. In different experiments,
schizonts were either fixed directly, or the drug was removed and schizonts were
fixed during egress, to capture a mixture of mature schizonts and free merozoites.
Samples were fixed in cacodylate-buffered glutaraldehyde-tannic acid, and processed for TEM (see section 2.8.1). Merozoites, either free or within a mature schizont, were screened for appropriate orientation of section, choosing those which
were cut transversely through the pellicle, and those sectioned tangentially, just
grazing the pellicle to show its different layers, permitting a top-down view of the
pellicle (Fig 5.4A).
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F IGURE 5.4: Tangential sections through the pellicle reveal PfMyoA-like structures radiating from vertical pillars within the IMC. A Low power view of tangential sections
through the curved merozoite pellicle. Scale bars 1 µm (right) and 100 nm. B Examples
of putative PfMyoA structures identified from the pellicle of DMSO-treated parasites in
oblique sections. Elongated club structures were broadly consistent with the expected
size and shape of PfMyoA, with a bulkier head (orange arrowheads) and more narrow
neck (orange lines). Putative PfMyoA structures were typically found in clusters of two
or more (such as vi and vii, though these structures are slightly smaller) and were arranged around a central "pillar" (cyan arrowheads). The pillars were mostly observed
in cross-section, but sometimes the length could be seen (ii). Pillars were typically encircled by narrow "root" structures (white arrowheads), which sometimes connected to
larger circles (i). Pillar and root assemblies could be seen unattached to PfMyoA clubs,
and may represent an anchoring complex of PfGAP45 and PfGAP50, respectively. Scale
bars 10 nm. C (i) Schematic of the likely size and shape of the complex of PfMyoA and
its light chains at the same scale as images in B, based on the crystal structure of the
triple complex (ii) and consistent with the EM structure of the triple complex (iii). The
N-terminal domain of MTIP has not been structurally characterised and may be natively
unstructured without binding to a target protein. In this schematic, the MTIP-Nter has
been modelled as an extended α-helix, similar to the MyoA neck region (both around 60
residues in length). The conformational flexibility of the motor domain relative to the
neck domain is indicated by dashed lines.
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Examination of the pellicles of multiple merozoites revealed putative PfMyoA

structures in the form of club-shaped densities, consistent with the shape of the recombinant PfMyoA triple complex (Fig 5.4B). The club-shaped structures typically
comprised a rounded "head" measuring about 10 nm with a narrow "tail" of similar
or slightly greater length, and were generally arranged in clusters of two or more
around a central point.
This central point measured around 2 nm in diameter, and sometimes appeared
as a ring of multiple parts, possibly representing an oligomeric complex. The central
point was revealed in some images to be a long "pillar" structure, perhaps corresponding to PfGAP45, the protein known to anchor the MyoA triple complex to the
IMC. PfGAP45 is thought to span some or all of the cortical space using a coiled-coil
domain, though its structure and oligomerisation state are unknown. The central
pillar was typically surrounded by anchoring "roots", slender filaments of around
2-4 nm in length which sometimes could be seen to connect to a ring of circular
structures, 1-2 nm in diameter. A candidate for the anchoring roots is PfGAP50, a
small globular protein mostly contained in the IMC lumen and with a single transmembrane helix in the outer IMC membrane (Fig 5.5B).
To draw firm conclusions about the identity of the putative PfMyoA structures
and the number of PfMyoA copies per complex, greater numbers of images need to
be captured, and the staining and imaging methods will need optimisation to improve the clarity of images. Nevertheless, the identification of structures consistent
with the shape of the PfMyoA triple complex, arranged unexpectedly in multiple
copies around a central pillar, is a first step towards understanding how PfMyoA is
arranged in the pellicle.

5.4.2

The remnant MMC in MyoA-KO parasites

To support the tentative identification of PfMyoA structures in the pellicle, MyoAKO parasites were treated with RAP and prepared for imaging in the same way.
Examination of obliquely-sectioned merozoites and schizonts revealed frequent
structures resembling the pillar and root assemblies observed around the putative
PfMyoA structures in DMSO-treated parasites, but no club-shaped structures (Fig
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F IGURE 5.5: MyoA-KO parasites have a remnant MMC. A Examples of pillar and root
structures observed in RAP-treated parasites. Arrangements of putative PfGAP45 pillars (cyan arrowheads) and putative PfGAP50 roots (white arrowheads) were similar to
those observed in DMSO-treated parasites, apart from the absence of club-shaped putative PfMyoA structures. In some cases (i) the pillar was larger and seemed to be made
up of a ring of multiple parts. In some cases (iii) the roots were longer, and terminated
in small circular structures. Scale bars 10 nm. B Schematic showing structural models of
PfGAP45 and PfGAP50, candidates for the pillar and root structures, respectively. The
copy number and arrangement of the proteins remains unclear. PfGAP50 was modelled using the crystal structure of the lumenal domain (PDB: 3TGH) and extending the
C-terminus to account for the predicted transmembrane helix and six-residue cytosolic
domain ("C-ter tail"). A structural model of PfGAP45 was generated using Phyre2. The
model was low confidence, but indicates the rough dimensions of the protein. Most of
the length of PfGAP45 is predicted to form a coiled-coil, but the oligomerisation state
of PfGAP45 is unknown. Myristoylation and acylation motifs at the far N- (green) and
C-termini (yellow) are required for anchoring to the PPM and IMC, respectively (see
section 1.4.4.1).

5.5A). Without association to the larger PfMyoA structure, the pillar and root assemblies are more difficult to distinguish from background or other unrelated small
assemblies.
The pillar and root assemblies were similar to those identified as part of putative
PfMyoA complexes. Sometimes, multiple sub-units of the pillar could be discerned,
and there was variation in the length of roots and whether they terminated in a
small circular structure. Based on the available structural information on PfGAP45
and PfGAP50 (Fig 5.5B), these proteins are likely candidates for the pillar and root
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structures, respectively. This is supported by biochemical evidence that TgGAP45 is
required for recruiting the MyoA triple complex to the pellicle (Frénal et al., 2010),
and PfGAP50 supports anchoring of PfGAP45 and MTIP (Yeoman et al., 2011). Other
IMC proteins such as PfGAP40 may also be present, but have not been structurally
characterised.
These images are limited in number and resolution, and higher confidence identification of the different members of the IMC would require additional investigation with either higher resolution or labelling approaches such as correlative light
and electron microscopy (CLEM) or adding an electron-dense moiety to candidate
proteins. Nevertheless, the absence of putative PfMyoA structures in a sample of
parasite pellicles after RAP treatment lends support to their identity as PfMyoA,
and allows some initial steps in assessing the arrangement of GAP proteins.

5.5

Discussion

Currently, there is only a limited understanding of the structure and arrangement
of the MMC in the pellicle. Some crystal structures of individual components have
been determined (including PfMyoA (Robert-Paganin et al., 2019), MTIP (Bosch et
al., 2007) and PfGAP50 (Bosch et al., 2012)), but these structures were determined
in isolation and with truncations to remove unstructured or membrane-bound domains that likely mediate interactions with other proteins. For high-resolution understanding of how the MMC assembles, reconstitution of the complex in vitro
would be informative, but is made more difficult by the number of membrane interactions and transmembrane domains.
This study makes progress towards a holistic understanding of the assembly and
arrangement of the MMC in the pellicle. A baculovirus/Sf 9 expression system was
optimised for co-expression of the triple complex, using a similar approach to Bookwalter et al., 2017. This system opens up various possibilities for biochemical and
structural characterisation of PfMyoA and other P. falciparum myosins, including future validation of putative light chains for PfMyoB and the development of a drug
screening assay. Further co-expression of additional MMC components may allow
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reconstitution and structural investigation of a greater portion of the MMC, following the same approach used here for the PfMyoA triple complex.
A low-resolution structure of the PfMyoA triple complex was determined using negative stain EM. This structure was consistent with the size and shape of the
more recently determined crystal structure of the complex (D. Moussaoui, Institut
Curie, manuscript submitted), giving support to the putative PfMyoA structures
identified in the pellicle in situ. The variation between 2D class averages and 3D
reconstructions gives some insight into the flexibility of the complex, without the
potential limitations of crystal packing. If the greater degree of lever arm priming
seen in a minority of particles (Fig 5.3C) reflects the natural conformation in the prepowerstroke state, this could produce a greater step size.
Comparison of pellicle morphology in DMSO- and RAP-treated schizonts and
merozoites revealed no obvious disruption after KO of PfMyoA. This is consistent
with observations from KO of PfGAP45 (Perrin et al., 2018), and studies of the assembly of the IMC showing that only the integral membrane proteins GAP40 and
GAP50 are co-translationally associated with the IMC (Gaskins et al., 2004; Yeoman
et al., 2011).
Analysis of obliquely sectioned merozoites revealed putative assemblies of
PfMyoA in the pellicle, in the form of multiple club-shaped structures arranged
around a central pillar, with anchoring roots. The identity of these structures was
tentatively verified by their absence in MyoA-KO parasites after RAP treatment,
though a more systematic approach would be required for greater confidence. With
increases in clarity and number of images, and the addition of specific labelling, this
approach could complement structural analysis of the recombinant MMC.
These data inform a neglected aspect of the MMC assembly, the possibility of
multiple copies of components, and point towards an updated model of the assembly of the MMC, with two or more copies of PfMyoA per complex in a radial arrangement, and perhaps other complexes having none (Fig 5.6A). This differs from
the standard model of the MMC, which assumes each component is present as a
single copy, and that each copy of the MMC is identical. These data also point towards the possibility of multiple copies per MMC of PfGAP45 and multiple anchoring structures perhaps including PfGAP50, though the complicated structure of the
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F IGURE 5.6: An updated model for the assembly of the MMC. A These images points
to two or more putative PfMyoA heads per central pillar, so the PfMyoA triple complex could be present in multiple copies arranged radially. Some images suggested that
the pillar could be made up of multiple subunits, which could correspond to multiple copies of PfGAP45 together forming a coiled-coil. There were frequently multiple
root structures, which could correspond to PfGAP50 or other small, IMC-embedded
molecules such as transmembrane protein PfGAP40. In this diagram, each copy of PfGAP45 connects to one MTIP and one PfGAP50, but the sites of these interactions is
unknown, and the relationship between numbers of each molecule is speculative. The
other components of the acto-myosin machinery, F-actin and its connectors (dashed
box), are included to complete the MMC cartoon, but were not identified in these images. B A top-down view of the outer IMC membrane, showing how the presence of
multiple myosin heads in different orientations could promote processive actin translocation. Short actin filaments are nucleated at the apex and flow towards the posterior
by a combination of retrograde membrane flow and myosin activity. Without a mechanism for precise control of filament orientation it varies slightly but remains broadly
parallel to the long axis of the cell. Myosin motors can only translocate actin filaments
in one polarity, usually towards the barbed end, so only the motors in the right orientation can produce force, which will sum to a forwards vector. This model would allow
an unstructured array of MMCs to consistently bind F-actin, however there may yet be
an ordered arrangement along the pellicle, determined, for example, by the underlying
cytoskeletal network.

pellicle and IMC means that other proteins will undoubtedly be present.
The idea of each component being present as a single copy was supported by
early evidence from radio-labelling experiments in T. gondii, however the measured
stoichiometry of 1:1.4:1.3:1.4 for MyoA:GAP50:GAP45:MLC1 hints at a more complex arrangement (Gaskins et al., 2004). The copy number of each component may
vary in different parts of the pellicle or different motile stages, and control of this
may represent a regulatory mechanism. Examination of the pellicles of ookinetes
and sporozoites, much larger motile cells, might make it easier to identify patterns
in the arrangement of MMCs across the pellicle, since a single section could cover a
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wider area.
The presence of multiple copies of PfMyoA per MMC in different orientations
could solve the problem of precise coordination of actin and myosin for productive
contact. Instead of needing to ensure that actin filaments as kept precisely parallel to
the long axis of the cell, a distribution of actin orientations that on average follow the
long axis could be contacted by whichever myosin head was in the best orientation
to interact productively. The sum of these interactions would still produce forward
movement, but with a greater chance of many myosins binding at any given time, a
property important for high force production (Fig 5.6B).
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Conclusions and future work
Despite the progress in reducing the global burden of malaria in the last two decades,
future progress will depend on deepening understanding of the molecular basis of
Plasmodium spp. pathogenesis and development of interventions to exploit weaknesses that are uncovered. Though many of the molecular details of the parasite
motility apparatus have yet to be explored, the core machinery is conserved across
different parasite stages and across the apicomplexan phylum. Plasmodium zoite
motility and invasion are employed in multiple essential life cycle processes that
make attractive targets for therapeutic intervention, since they take place when the
parasites are extracellular and exposed to the host immune systems. Ookinete and
sporozoite invasion ought to be good targets as they represent particular bottlenecks in parasite numbers and these stages are completely noninfectious after genetic disruption of MyoA or the adhesin, TRAP, respectively (Sidén-Kiamos et al.,
2011; Kappe et al., 1999). However, both the generation and genetic modification of
P. falciparum ookinetes and sporozoites are technically challenging. Since the development of tools to isolate merozoites (Boyle et al., 2010) and create conditional KOs
in asexuals (Collins et al., 2013), P. falciparum merozoites are easier to study. Though
merozoites represent the most numerous stage in the life cycle, since all the symptoms of malaria arise from cycles of asexual replication that begin with merozoite
invasion, understanding and targeting this process remains of primary importance.
Though the role of MyoA in P. falciparum and Toxoplasma gondii has been the focus of much study since its identification over twenty years ago (Dobrowolski et al.,
1997a; Pinder et al., 1998), its function and regulation are not yet well understood.
A body of work in T. gondii showed that TgMyoA is critical for host cell invasion,
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confirming the central role of MyoA in force production, though TgMyoA is not
absolutely essential. This residual invasion is largely due to factors not necessarily
shared with merozoite invasion, including motor redundancy and dynamic host cell
membrane activity, but has also been proposed to arise from alternative sources of
force production. There was some evidence that the PfMyoA myosin motor is entirely necessary for merozoite invasion, unlike T. gondii tachyzoites, from the complete block to invasion that followed conditional KO of PfGAP45 and PfAct1 (Perrin
et al., 2018; Das et al., 2017). Nevertheless, the question of whether PfMyoA itself
is essential for merozoite invasion, without any possible myosin redundancy, remained an important outstanding question for assessing the potential of PfMyoA as
a therapeutic target.
As well as the basic question of the importance of PfMyoA for merozoite invasion, there are open questions about the functional role of PfMyoA during invasion,
about the regulation of PfMyoA and about other functions of acto-myosin during
invasion. Towards answering these questions, this study has examined the importance, function and arrangement of PfMyoA using a variety of conditional genetic
modification tools.

6.1

PfMyoA is critical for merozoite invasion

Firstly, the myoa locus was modified to demonstrate the importance of PfMyoA for
invasion (chapter 3). This follows a long history of using the myoa gene to test new
developments in conditional genetic modification (Meissner et al., 2002; Herm-Götz
et al., 2007; Andenmatten et al., 2013). The platform successfully generated a conditional KO line and the severe consequences of truncation made it clear that PfMyoA
is effectively essential for asexual replication, and video microscopy confirmed that
this defect is at the point of merozoite invasion.
This validates PfMyoA as an important target for therapeutics, which could
both cure patients and, if sufficiently long-lasting, render ookinetes noninfectious to
mosquitoes. An initial effort to adapt blebbistatin, a specific inhibitor of some other
myosin isoforms, to inhibition of PfMyoA was largely unsuccessful (Appendix A),
but the high degree of divergence of PfMyoA and other Plasmodium myosins from
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human myosins means that drug development is worth pursuing. One approach
recently pursued involves using a peptide mimic of the PfMyoA tail to block MTIP
binding (Saunders et al., 2020).
The importance of MyoA for motility and invasion has been demonstrated in
P. berghei ookinetes, but not been tested in P. falciparum ookinetes or sporozoites.
A recently developed parasite line capable of inducible DiCre recombinase activity
throughout the life cycle (Tibúrcio et al., 2019) could easily be used for adapting
the MyoA-KO platform for testing the motor in sexual stage parasites. This would
be particularly useful in understanding the multiple functions of motility in sporozoites.

6.2

The K764-phospho-S19 interaction is not required in
asexual stages

In chapter 4, the MyoA-KO platform was adapted for conditional substitution of a
complementing or mutant allele, based on conditional allele exchange at the endogenous locus or constitutive expression at the ectopic p230p locus. By both methods,
complementation of MyoA-KO was successful.
The conditional MyoA-K764E substitution was generated to test the hypothesis of Robert-Paganin et al., 2019 that K764 would be dispensable in blood stages
but critical for fast gliding, for example in sporozoites. Asexual stages showed a
moderate growth defect which was partially alleviated by culture under suspension
conditions. The fact that MyoA-K764E parasites were less able to invade while static
suggests that static culture may increase the need for a high speed/low force state of
PfMyoA at some point during invasion, presumably gliding motility (Yahata et al.,
2020).
The effect of disrupting the K764-phospho-S19 interaction will need to be tested
in other gliding stages. Because of the dominant negative effect of introducing less
fit alleles of PfMyoA, the constitutive ectopic expression platform will need to be
adapted for conditional expression (such as Patel et al., 2019). Alternatively, because
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the K764E mutant is viable in asexual stages, a constitutive mutation at the endogenous locus will be sufficient to test the effect in sexual stages, and this work was
begun in appendix C.
The crystal structure of the PfMyoA motor domain revealed various other features involved in the atypical ATPase cycle (Robert-Paganin et al., 2019), which
will be important to test in parasites to get a better understanding of how PfMyoA
can produce force rapidly and effectively despite being one of the shortest known
myosins.

6.3

PfMyoA is involved at three phases of invasion

PfMyoA-K764E parasites showed a significant reduction in successful merozoite invasion by video microscopy. Both the types of invasion failure and the timing of
key invasion phases pointed to the involvement of PfMyoA at both the initiation
and completion of internalisation, as well as the earlier process of deformation. The
intermediate-strength motor created by this mutation led to an increase in merozoites that failed to initiate internalisation, and an increased pause before initiation
in merozoites that did invade, confirming the requirement for PfMyoA to drive internalisation. Importantly, there was also an increase in merozoites that could initiate, but could not complete, internalisation, and the time taken to internalise was
increased, especially in merozoites that would go on to be ejected before completion,
possibly because that RBC had a higher membrane tension (Kariuki et al., 2018). The
combination of a RBC that is more difficult to invade and a lower strength motor reveals this additional, distinct energetic barrier at completion of initiation. The nature
of this barrier may involve closure of the invasion pore, since this membrane fusion
was shown to be unfavourable by biophysical modelling (Dasgupta et al., 2014). T.
gondii tachyzoites actively twist to help close the invasion pore (Pavlou et al., 2018),
and P. knowlesi merozoites have been observed to glide in a corkscrew trajectory,
which might be used for the same purpose (Yahata et al., 2020).

6.4. The roles of other motor-related proteins

6.4
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The conditional KO of PfELC had a defect in-between complete disruption of
PfMyoA and K764E mutation. As found for the double KO of both T. gondii ELC
isoforms, PfELC-KO completely blocked asexual replication. However, video microscopy revealed that PfELC-KO parasites could deform the RBC, a process completely blocked in MyoA-KO parasites. Though internalisation was entirely blocked,
this demonstrates that some residual MMC activity was retained without PfELC,
and hints that the energetic barrier to initiation of internalisation is greater than that
for deformation.
Though phylogenetic analysis confirmed previous suggestions that P. falciparum lacks closely related myosins that provide redundancy to TgMyoA, there is
some evidence that the genus-specific myosins PfMyoB and PfMyoE could support
PfMyoA during motility and invasion. However, this study confirms that neither
can drive invasion in the absence of PfMyoA. Conditional KO of PfMyoB was confirmed to have a mild phenotype for asexual replication, and by video microscopy
the absence of PfMyoB caused a significant delay to initiation of merozoite internalisation. To establish whether PfMyoB is involved in organising apical organelles
for adhesin secretion, or directly producing force at the merozoite apex will require
further study. PfMyoB is expected to use a second light chain, given its similarity
in structure to PfMyoA and the similarity of the existing light chain, PfMLC-B to
MTIP. The identification of this hypothetical light chain will enable full biophysical
characterisation of recombinant PfMyoB.
Other myosins have not been studied in P. falciparum though a survey of P. berghei
myosins revealed that for PbMyoC and PbMyoF constitutive KOs could not be generated, suggesting that they have essential roles (Wall et al., 2019). This is consistent
with what is known about PfMyoC, since it is anticipated to be involved in housekeeping functions such as organelle trafficking, but surprising for PfMyoF, which
is mostly expressed in gametocytes. A preliminary attempt to generate conditional
KO of PfMyoC and PfMyoF (appendix B) did not clearly show any essential roles,
though further work is needed to explore these mutants.
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The phenotypes of PfAct1-cKO parasites (Das et al., 2017) and T. gondii para-

sites lacking each myosin (Frénal et al., 2017) suggest multiple cellular processes
that might depend on myosin activity in P. falciparum but have yet to be explored.
For core cellular processes such as organelle trafficking and cell division, uncovering
the contributions of parasite myosins will be informative for basic biology and for
unearthing drug targets. Like PfMyoA, other P. falciparum myosins have highly unusual structural features, including very large motor domain surface loops, so may
be amenable to specific therapeutic targeting.

6.5

PfMyoA may be present in multiple copies per MMC arranged radially

Finally, the arrangement of PfMyoA and the MMC in the pellicle was probed using TEM and MyoA-KO parasites, pointing towards an updated model of MMC
assembly. Though preliminary, and limited in the level of detail due to a crowded
local environment and non-optimised staining, these data open a new discussion
about the assembly and arrangement of the MMC. While schematics are typically
presented with a single copy of each component, it seems likely that across the parasite individual MMCs will form with varying composition, including with no copies
of PfMyoA at all. The model of MMCs comprised of multiple copies of each of PfGAP50, PfGAP45 and PfMyoA opens up new possibilities for understanding how
PfMyoA interacts with actin filaments, and how the process might be regulated.
More structural knowledge of how PfMyoA is organised to interact with actin
will be highly important for answering open questions about the molecular basis of
parasite motility. For example, recent observations have shown that in sporozoites
and tachyzoites MyoA seems to mediate surface attachment at discrete adhesion
sites, rather than uniform gliding along the parasite (Münter et al., 2009; Pavlou
et al., 2020). Without a clear picture of how and where PfMyoA and actin interact,
understanding these adhesion sites and the function of the MMC across the parasites
will be difficult. Future efforts may involve structural investigation into the entire
MMC expressed recombinantly or extracted from parasite lysate, but they will need
to apply understanding to the context of the crowded pellicle.

6.6. Remaining questions and outlook
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Remaining questions and outlook

The demonstration that PfMyoA is critical for merozoite invasion and further understanding into the function and arrangement of the MMC open up new avenues
to explore. While PfMyoA force production seems to be required at three different
stages during invasion, the particular processes driven by PfMyoA remain unclear.
Deformation has been suggested to be a method of selecting host cells amenable to
invasion, or of embedding the merozoite further into the RBC, while PfMyoA might
drive breaking of the host cytoskeleton or closure of the invasion pore during internalisation. Because of the small size of the P. falciparum merozoite, P. knowlesi
merozoites might be useful in understanding these processes, while the combination of video microscopy of invasion and biophysical monitoring of individual RBC
properties (Kariuki et al., 2018) is an example of how further insight can be obtained.
A further role of acto-myosin has been suggested in supporting translocation of the
nucleus through the narrow TJ (Del Rosario et al., 2019). While merozoites ejected
during internalisation instead seemed to stall at closure of the invasion pore, after
the whole merozoite had already passed through the TJ, this or other functions of
actin flux at the posterior of the merozoite need further exploration. Finally, the
findings in this study need to be applied in other parasite stages. As understanding
of the motility of tachyzoites, ookinetes, sporozoites and merozoites has deepened,
differences in behaviour have appeared, but each system will produce insights into
the shared machinery used to drive motility and invasion.
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Appendix A

Screening blebbistatin derivatives
for activity in asexuals
A.1

Summary

Blebbistatin is a specific inhibitor of some isoforms of myosin II. It binds noncompetitively near the active site in the actin-binding cleft and stabilises an intermediate state after ATP hydrolysis but before Pi release (Allingham et al., 2005) (see
section 1.3.1). Blebbistatin is a widely used cell-permeable inhibitor for in vitro studies of myosin activity, although it is cytotoxic in long term culture and is photosensitive. These drawbacks have been overcome with the development of derivatives that
have the same potency (Heissler and Sellers, 2016). It has much greater specificity
and affinity than BDM, another broad myosin inhibitor previously used to study
P. falciparum myosins (Pinder et al., 1998).
Blebbistatin was shown to have no effect on invasion of purified merozoites in
an Invasion Inhibition Assay (IIA) (Zuccala et al., 2016), so is presumed to have
low affinity for PfMyoA. In this study, to assess the potential for blebbistatin as a
tool for probing the function of P. falciparum myosins, it was tested in a Growth
Inhibition Assay (GIA) which can detect an effect in a broader window before and
during invasion. In an attempt to develop a tool for probing the function of PfMyoA
a series of blebbistatin derivatives were synthesised, based on a structural model of
the binding pocket in PfMyoA. Finally, a series of PfMyoA mutations was designed
to increase the affinity for blebbistatin.
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F IGURE A.1: Blebbistatin impairs asexual replication in a GIA. A Highly synchronous
schizonts were purified and added to fresh RBCs in the presence of 5 or 50 µM blebbistatin, then parasitaemia was quantified early in the following cycle. 50 µM blebbistatin
caused a noticeable, but not quite significant, growth defect (53%, p=0.075). Bars show
mean parasitaemia normalised to DMSO control, N=2-3, each experiment in triplicate.
Significance assessed by paired t test, two tailed. B Experimental outlines for the GIA
and IIA. Both experiments begin with synchronous schizonts purified using a magnet
separation column. IIAs were carried out according to (Boyle et al., 2010; Wilson et al.,
2013), and the protocol was modified for GIAs: 30 ml of late stage parasites (4% haematocrit, 5% parasitaemia) were purified from uninfected RBCs using a MAC magnet separation column (Miltenyi Biotec) and resuspended in 100 µl culture media. Schizonts
were added at 100- or 500-fold dilution to 180 µl RPMI 1640 media with RBCs at a final
haematocrit of 0.2% containing the appropriate concentration of drug or DMSO only,
in triplicate, with CytoD control (500 nM). After ~15 h incubation the parasites were
washed in PBS then stained with SYBR Green I (Sigma) at 1:5000 dilution for 15 minutes. After three washes in PBS the parasites were analysed by flow cytometry. Gates
were set for RBCs, single cells and SYBR Green-positive cells. While the IIA is designed
to detect effects on invasion only, the GIA reveals any effects on schizont maturation,
egress, invasion or early ring stage development.

A.2

Blebbistatin inhibits schizont growth

In an IIA, highly synchronous schizonts are purified from uninfected RBCs and
passed through a syringe filter for artificial egress. The suspension of free merozoites is then added to fresh RBCs in the presence of drug and allowed to invade
for 40 minutes before quantification by flow cytometry, with two DNA stains used
to distinguish invaded from attached merozoites (Fig A.1B) (Boyle et al., 2010). Previous work found that blebbistatin had no effect on merozoite invasion in an IIA
(Zuccala et al., 2016).
To test if blebbistatin could inhibit other processes in the window from schizont
maturation to egress and invasion, a GIA was performed. The GIA also begins with
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highly synchronous schizonts, purified from uninfected RBCs, then the purified schizonts are added to RBCs in the presence of drug and allowed to mature, egress and
invade overnight, before quantification. Over three independent experiments, with
different blood donors, a high concentration of blebbistatin (50 µM) showed a trend
towards impaired replication, though with a high degree of variation (Fig A.1A, 53%
of DMSO-treated parasitaemia, p=0.075). This suggests that one of the process between schizont maturation, egress and the first hours of development in the next
cycle, but excluding invasion itself, involves a blebbistatin-sensitive myosin.

A.3

Blebbistatin derivatives activate merozoite invasion

In an attempt to create a high affinity, myosin-specific inhibitor of merozoite invasion, the blebbistatin binding pocket of PfMyoA was modelled and derivatives of
blebbistatin were designed and synthesised, in work carried out by Hannah Cook,
Imperial College London. The derivatives were tested in an IIA for activity against
purified merozoites. None of the blebbistatin derivatives caused a decrease in parasitaemia (Fig A.2A) relative to DMSO-treated cultures, suggesting that they are
unable to inhibit PfMyoA or other myosins involved in invasion. For several inhibitors there was a trend towards an increase in parasitaemia, with 10-15% increases
for D-11, -15 and -16, reaching statistical significance for D-11 (110% parasitaemia,
p=0.033). However, as seen for blebbistatin itself, the variation between IIA replicates is relatively high.
Given that blebbistatin had an unexpected inhibitory effect in a GIA, this experiment was carried out for the blebbistatin derivatives. While blebbistatin caused a
mild replication defect, comparable to the previous experiment (75%), a number of
derivatives caused as strong or stronger replication defects, including D-11, -15 and
-16 which caused slight increases in merozoite invasion. This suggests that some of
the derivatives have retained the growth-inhibitory effect of blebbistatin while their
affinity for PfMyoA has increased, but resulting in an activatory effect.
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F IGURE A.2: Blebbistatin derivatives mildly enhance merozoite invasion. A In an IIA,
no blebbistatin derivatives impaired invasion, but D-11 produced a significant, if mild,
enhancement of parasitaemia, indicating an increased affinity for PfMyoA or another
myosin involved in invasion, albeit one that enhances motor activity instead of inhibiting it. Bars show mean parasitaemia normalised to DMSO control, N=3-4, each experiment in triplicate. Significance assessed by one-way ANOVA (excluding D-07,-08,-09
which were missing in one replicate) with the Dunnett correction for multiple comparisons, and not shown when p>0.5. B In a GIA, many derivatives cause an as large or
larger replication defect as blebbistatin, of up to 50%. This includes the derivatives that
most enhanced invasion in the IIA, D-11, -15 and -16, confirming that any increase in
affinity for PfMyoA is not at the cost of losing replication-inhibitory activity. Bars show
mean parasitaemia normalised to DMSO control, N=2, each experiment in triplicate.
Significance assessed by one-way ANOVA with the Dunnett correction for multiple
comparisons, and not shown when p>0.25.

A.4

Design of blebbistatin-sensitive PfMyoA

For some MyoII isoforms, blebbistatin binds in the actin-binding cleft via hydrophobic interactions, but it has very low affinity for other myosins partly due
to a bulky aromatic residue in Switch-2 (S456 in DdMyo2) which projects into the
pocket (Allingham et al., 2005). In PfMyoA, analysis of the pre-powerstroke state
crystal structure (6I7E, Robert-Paganin et al., 2019) reveals multiple residues predicted to block blebbistatin binding. The PfMyoA Switch-2 motif is conventional
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F IGURE A.3: The blebbistatin pocket in PfMyoA. Alignment of the crystal structures
of DdMyo2 bound to blebbistatin (1YV3) and PfMyoA (6I7E, pre-powerstroke state)
revealed a highly similar fold around the blebbistatin pocket (blebbistatin in gold), but
with differences in key residues including F471 and F645 in PfMyoA (pink). Residues
around the PfMyoA pocket (below, red) were mutated to make the PfMyoA pocket more
favourable to blebbistatin binding. Mutations designed by Anne Houdusse, Institut
Curie

(469-DIFGFE) but includes an aromatic Phe in the blebbistatin pocket in place of
DdMyo2-S456. Furthermore, PfMyoA has a hydrophobic Phe (F645) in place of the
polar T634 seen in DdMyo2 (Fig A.3).
Using the p230p-targeting system developed in chapter 4 an attempt was made
to modify the PfMyoA blebbistatin binding pocket to increase its affinity. Using
the crystal structure of PfMyoA motor domain in the pre-powerstroke state (6I7E,
Robert-Paganin et al., 2019), six residues around the binding pocket (Allingham et
al., 2005) were selected for mutagenesis to produce a blebbistatin-sensitive PfMyoA
(MyoA-BS6, Fig A.3, mutations designed by Anne Houdusse, Institut Curie). Two
independent transfections were unsuccessful at generating MyoA-BS6 parasites.

A.5

Discussion

This study employed a rapidly inducible genetic KO to demonstrate that PfMyoA
is critically important for merozoite invasion (chapter 3). However, chemical inhibition of PfMyoA could provide much more rapid control of motor activity, useful
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for dissecting the contribution of PfMyoA to each phase of invasion and for probing
motor function in other, less genetically tractable, parasite stages. Blebbistatin is a
specific inhibitor of some myosins, so was chosen as a starting point for development of an inhibitor of PfMyoA.
16 derivatives were synthesised with various alterations to better fit the binding
pocket in PfMyoA. Three derivatives showed mild enhancement of merozoite invasion in an IIA, suggesting that they may have some affinity for PfMyoA. Though the
effect on invasion was in the opposite direction, these derivatives could act as the
starting point for subsequent drug design, and if they do bind PfMyoA, they might
prove useful tools for structural studies. The derivatives could also be tested in vitro
with recombinant PfMyoA to bypass any issues of cell permeability. In parallel, attempts were made to modify PfMyoA to accommodate blebbistatin in the binding
pocket based on the PfMyoA crystal structure, but were unsuccessful, suggesting
that the MyoA-BS6 mutant may be non-functional and have a dominant negative
effect, as suggested for other mutants in this study (see section 4.3.2).
While blebbistatin has no effect on merozoite invasion in an IIA (Fig A.2A) (Zuccala et al., 2016), the drug did cause a moderate growth defect in a GIA, pointing
towards an effect on other myosins in the processes of schizont maturation, egress
or early development. This moderate effect was preserved in many of the derivatives. Since blebbistatin can be cytotoxic in long term culture, the incubation window was kept to 16 h, but different windows could be tested to attempt to isolate the
blebbistatin-sensitive process. Comparison of the Switch-2 motifs in different P. falciparum myosins revealed that all have a bulky aromatic residue in the position equivalent to DdMyo2-S456, except for PfMyoE which has an isoleucine residue. PfMyoE
is most strongly expressed in late stage parasites and localises to the posterior of invasive stages (Wall et al., 2019), so could have a function in motility or in constriction
of the posterior during parasite formation (see section 1.7.2.2). Therefore, PfMyoE is
a candidate for the growth defect caused after blebbistatin was added to schizonts.
The differing effects of blebbistatin treatment on purified merozoites and schizonts might also be explained by blebbistatin targeting a RBC myosin. Indeed,
NMIIA is involved in control of the RBC actin cytoskeleton (Smith et al., 2018),
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and blebbistatin treatment of RBCs was found to increase membrane deformability, which might be thought to alter invasion efficiency. However, binding of P. falciparum ligands was shown to reduce RBC deformability, and this change had no effect
on invasion efficiency (Koch et al., 2017). Most importantly, in the previous study
RBCs were pre-treated with blebbistatin before addition of merozoites and this did
not affect invasion efficiency (Zuccala et al., 2016), so the reduced invasion observed
in this study after blebbistatin treatment of schizonts must arise from inhibition of a
parasite myosin.
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Conditional KO of PfMyoC and
PfMyoF
B.1

Summary

P. falciparum has six myosin isoforms, of which PfMyoA is critical for merozoite invasion (section 3.3), PfMyoB is dispensable but likely involved in merozoite invasion
(section 4.4), and the others have yet to be fully investigated. PfAct1-KO parasites
revealed several functions of acto-myosin in asexual stages (Das et al., 2017), including merozoite invasion (mediated by PfMyoA), completion of cytokinesis and apicoplast inheritance. Since the latter two functions have yet to be linked to a myosin,
it is likely that additional myosins are critical for the P. falciparum asexual cycle (see
section 1.7). Work in P. berghei showed that two myosins other than MyoA are also
essential in asexual stages, PbMyoC and PbMyoF (Wall et al., 2019).
TgMyoF, the T. gondii orthologue of PfMyoC (section 3.2), is involved in rhoptry
positioning (Mueller et al., 2016), apicoplast inheritance (Jacot et al., 2013) and dense
granule trafficking (Heaslip et al., 2016). Therefore, PfMyoC is a strong candidate
for mediating the known PfAct1 function of apicoplast inheritance. PfMyoF is only
weakly expressed in asexual stages, despite its resistance to KO in P. berghei, but is
relatively strongly expressed in gametocytes (http://plasmodb.org) and expression
of PbMyoF could be detected in gametocytes and zygotes (Wall et al., 2019). In
gametocytes, PbMyoF was localised as an arc around the nucleus and may play a
role in the subsequent genome replication in the zygote to ookinete stages. The T.
gondii orthologue, TgMyoK, was observed to localise to the centrocone during cell
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F IGURE B.1: Generation of MyoC-KO and MyoF-KO lines. A Domain structures of
PfMyoC and MyoF. Both are myosins of typical length, unlike the "short" PfMyoA
and MyoB, although PfMyoF has an unusually extended motor domain due to long
loops. Both were predicted to have light chain-binding IQ motifs in the neck region,
and PfMyoC was predicted to have a protein interaction-scaffold WD40 domain at the
C-terminus. The truncation of 361 or 368 amino acids will remove the WD40 domain for
PfMyoC and most of the tail for PfMyoF. B Genotyping PCR of MyoC-KO and MyoFKO lines shows the presence of the integrated locus (IN, orange half arrow), though
the WT locus remains in part of the population (blue half arrow). Arrow colours match
MyoA-KO locus (Fig 4.1).

division, though unlike in P. berghei KO had no obvious phenotypic consequences in
T. gondii tachyzoites.
Since the KOs and other studies were performed in species other than P. falciparum, and PbMyoC-KO and PbMyoF-KO could not be generated constitutively, the
importance and functions of these two myosins were investigated in P. falciparum,
using the conditional KO platform used for MyoA-KO (section 3.3.1).

B.2

Generation of MyoC-KO and MyoF-KO lines

The MyoA-KO constructs were adapted for cKO of PfMyoC and PfMyoF. Unlike
PfMyoA, these two myosins are relatively long, so the truncated region does not include the motor domain itself, despite increasing the length of truncation to around
360 amino acids. This may be sufficient to produce non-functional and misfolded
proteins and will remove the predicted WD40 domain in PfMyoC (Fig B.1A).
The constructs were generated in the same way as MyoA-KO (section 3.3.1), and
were transfected into B11 parasites (expressing DiCre recombinase) with G418 treatment to select for integration. Genotyping PCR confirmed the presence of the integrated locus (Fig B.1B). As for the MyoA-KO construct, drug selection was not
able to remove a background WT population, but the MyoC-KO and MyoF-KO constructs were not cloned out, so a sizeable WT population remained.

B.3. Phenotypes of MyoC-KO and MyoF-KO lines

B.3
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Phenotypes of MyoC-KO and MyoF-KO lines

To assess the phenotypes of conditional truncation of PfMyoC or PfMyoF, parasites
were synchronised at young rings, treated with DMSO or RAP (100 nM, 16 h) and
parasitaemia was quantified by flow cytometry in each of the following three cycles.
The growth of MyoF-KO parasites was indistinguishable from WT parasites treated
with RAP, indicating that PfMyoF is not required for asexual growth (despite PbMyoF being resistant to KO (Wall et al., 2019)), or that truncation of the tail region
did not abrogate function (Fig B.2A). MyoC-KO parasites grew consistently less well
after RAP treatment, with relative fitness of 79% per cycle, suggesting that the WD40
domain in PfMyoC tail is important, but not critical for asexual growth.
Genotyping PCR confirmed that almost all of the unexcised locus was lost, and
the excised locus could be detected (Fig B.2C). To quantify the prevalence of PfMyoC
truncation, MyoC-KO parasites were arrested as late schizonts and imaged by live
cell fluorescence microscopy. GFP expression could be detected in 11% of schizonts,
confirming the truncation of PfMyoC in at least some parasites (Fig B.2B). However, the expression level was low, so that background fluorescence in 1% of DMSOtreated parasites reached the intensity threshold. A more sensitive approach to detect tn-PfMyoC-GFP expression, an anti-GFP IFA, was not carried out.

B.4

Discussion

Because PbMyoC and PbMyoF were resistant to KO (Wall et al., 2019), the conditional KO platform used for MyoA-KO was adapted for PfMyoC and PfMyoF. The
genes were successfully truncated at high efficiency (based on loss of the integrated
locus after RAP treatment), but only a moderate phenotype was observed for MyoCKO and none for MyoF-KO, over three cycles.
Because these myosins are much longer, only a portion of the tail region was
floxed in each case, so the truncations may not have abrogated protein function
completely. Also, these lines were not cloned out, an unknown proportion of the
population in the RAP assays was still WT, which will reduce the magnitude of any
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F IGURE B.2: Phenotypes of MyoC-KO and MyoF-KO lines. A Parasites were synchronised as early rings and treated with DMSO or RAP. Parasitaemia was measured by
flow cytometry in each of the following three cycles and normalised to DMSO for each
line/cycle. Truncation of PfMyoF had no effect on growth, while the fitness of MyoCKO was reduced to 79% per cycle. B MyoC-KO parasites after DMSO or RAP treatment
were arrested before egress with ML10 and imaged by live cell fluorescence microscopy
to capture tnMyoC-GFP expression. Expression levels were low, but GFP could be detected in 11% of MyoC-KO schizonts after RAP treatment, compared to 1% in DMSOtreated parasites. Numbers indicate total schizonts imaged. C Genotyping PCR of
MyoC-KO and MyoF-KO parasites sampled ~40 h post-treatment, at the end of cycle
0, showing successful excision in most parasites, based on the appearance of the excised
locus (EX, green half arrow) and the loss of almost all of the integrated, unexcised locus
(IN, orange half arrow). Arrow colours match MyoA-KO locus (Fig 3.3).

phenotype. Due to the relatively large size of these proteins and lower expression
levels, attempts to detect the FLAG-tag by Western blot or IFA were unsuccessful.
PfMyoC is hypothesised to mediate rhoptry positioning and apicoplast inheritance, so a complete KO could exhibit a delayed death phenotype, where failure of
apicoplast segregation to daughter cells would result in merozoites capable of invasion but not of growth in the subsequent cycle, as seen for disruption of TgMyoF
activity (Jacot et al., 2013). Instead, a consistent growth defect of 21% was observed
from the first cycle, suggesting that MyoC-KO parasites retained sufficient activity for apicoplast segregation, despite losing some activity for other important processes. The inheritance of apicoplasts in MyoC-KO parasites was not assessed.
PfMyoF is hypothesised to be important in gametocytes, and expression of
PbMyoF-GFP could only be detected in gametocytes, zygotes and early ookinetes
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(Wall et al., 2019), however the failure to generate a PbMyoF-KO line suggested it
also has essential functions in asexual stages, possibly involving cell division (Wall
et al., 2019). The absence of a growth defect following MyoF-KO in this study does
not support a critical role in asexual stages. However, the caveats of using a nonclonal line and only partial truncation mean further work is required to confirm this.
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C.1

Summary

Although Plasmodium spp. MyoA is thought to have functions in each of the motile
life cycle stages, and has been shown to be essential for ookinete motility in P.
berghei (Sidén-Kiamos et al., 2011), little work has been done in P. falciparum, especially in the sexual stages. This is due to the greater difficulty of generating P. falciparum ookinetes and sporozoites and the lack of genetic tools that can be used in
sexual stages.
PfMyoA is regulated by phosphorylation in the asexual stages, where PKG phosphorylates it at S19 in late schizonts (Alam et al., 2015). Robert-Paganin et al., 2019
proposed a model where phosphorylation of S19 optimises PfMyoA for fast cycling,
producing a high speed/low force state suited to gliding in ookinetes and sporozoites. In this study, the PfMyoA-K764E mutation was generated to test this hypothesis by preventing the phospho-S19-K764 interaction (section 4.2.1), and a moderate
phenotype was seen. Since this mutation is expected to have a strong effect only in
fast gliding parasite stages, a strategy was designed to constitutively generate the
K764E mutation in a transmissible parasite.
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F IGURE C.1: Generation of MyoA-EM-K764K and K764E in NF54 A Schematic showing the myoa locus with the K764 codon and the gRNA cut site around 30 bp upstream.
The repair construct carries a shield mutation in the gRNA site and either a different
lysine codon or a glutamate codon at position 764, flanked by two 800-900 bp homology regions. B MyoA-EM-K764K and -K764E parasites were transfected under static
and suspension conditions, then sequenced (after PCR amplification using the primers
shown in A). For MyoA-EM-K764K, both the shield mutation and altered lysine codon
were present under both conditions. For MyoA-EM-K764E, the suspension transfection
was successful, but under static conditions, only the shield mutation was incorporated.

C.2

Generation of K764E mutation in NF54

MyoA-K764E parasites are viable in asexual stages (section 4.2.2), so a two-plasmid
CRISPR system (used to target the p230p locus, section 4.3.2) was adapted to target the myoa locus. A repair construct was designed to introduce the K764E mutation as an endogenous modification (EM), or a synonymous substitution as a control (K764K), to form MyoA-EM-K764K or -K764E. These two modified codons were
flanked by two 800-900 bp homology regions. The CHOPCHOP server (Labun et al.,
2019) was used to select a gRNA site within 30 bp of K764 (pDC2-myoa-hDHFR-5),
and the upstream homology region was designed to start within 5 bp of the expected
cut site (Fig C.1A).
The NF54 parasite strain, capable of transmitting through the insect stages of the
life cycle, was used for transfection. Because the growth of MyoA-SC-K764E parasites was enhanced by suspension conditions (section 4.3.4), the transfected cultures
were each split into two and one set was cultured under standard static conditions,
the other under suspension conditions.
When the cultures returned to normal parasitaemia, the myoa locus around K764
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was sequenced using a primer pair that does not amplify the episomal locus. For
the K764K mutation, both static and suspension cultures were successfully modified
(containing the shield mutation and altered K764 codon - AAG) (Fig C.1B). Intriguingly, for the K764E mutation, while both static and suspension cultures obtained
the shield mutation, the static culture retained the WT codon (AAA) and only the
shaking culture was altered to glutamate (GAA). Sequencing showed no evidence
of mixed genotypes.
In parallel, the same strategy was attempted to modify S19 at the endogenous locus. Despite using a gRNA site to cut around 20 bp from S19 and homology regions
starting within 5 bp of the cut site, no viable transfectants were produced.

C.3

MyoA-EM-K764E in NF54 has a slight growth defect

MyoA-EM-K764K, MyoA-EM-K764E and parental NF54 parasites ("WT") were synchronised and diluted to 0.1% parasitaemia, then growth (under static conditions)
was quantified over the next two cycles by flow cytometry (Fig C.2A). While MyoAEM-K764K grew indistinguishably from WT, MyoA-EM-K764E parasites had a relative fitness of 85% per cycle, on average. This is comparable to the fitness of MyoAK764E generated by neck-swap (76%).
To see if suspension culture affected the fitness of MyoA-EM-K764E as it did
MyoA-SC-K764E, MyoA-EM-K764K and -K764E were grown for two cycles under
both static and suspension conditions, then the parasitaemia was quantified by flow
cytometry and normalised to the K764K level for each cycle (Fig C.2B). The relative
parasitaemia was slightly higher in MyoA-EM-K764E parasites under suspension
conditions after one cycle, but the variation between experiments was too great to
draw any conclusions.
Since the phenotype of MyoA-EM-K764E was mild in asexual stages, the parasites could be taken forward to the sexual stages where the phenotype is expected to
be more severe. In the time available, MyoA-EM-K764K and -K764E parasites were
induced to generate gametocyte cultures and exflagellation was tested, in work carried out in our lab by Karolina Onysczuk. Both lines produced mature gametocytes
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F IGURE C.2: Phenotype of MyoA-EM-K764K and K764E in NF54 A WT, MyoA-EMK764K or MyoA-EM-K764E parasites were seeded at 0.1% parasitaemia and parasitaemia was quantified in the next two cycles by flow cytometry. This revealed no
growth defect for MyoA-EM-K764K control, but relative fitness fell to 85% for MyoAEM-K764E parasites. Lines show mean parasitaemia, N=4, each experiment in triplicate.
B MyoA-EM-K764K and -K764E parasites were seeded at 0.1% parasitaemia and grown
under static and shaking conditions, and parasitaemia was quantified in the next two
cycles by flow cytometry and normalised to K764K for each cycle/condition. The parasitaemia was slightly increased by suspension conditions in cycle 1, but the two independent experiments were highly variable. Lines show mean parasitaemia, N=2, each
experiment in triplicate. C Cultures of MyoA-EM-K764K and MyoA-EM-K764E were
induced to form gametocytes, and after 15 days, exflagellation was assessed. Although
levels were very low, some exflagellation was observed in both lines, confirming that
K764 is not required for gametocytogenesis or gametogenesis. The data from C were
generated in our lab by Karolina Onysczuk.

at the same time, and both were able to undergo exflagellation, though at very low
levels in one attempt (Fig C.2C).

C.4

Discussion

Although a tool for DiCre-mediated conditional mutations has recently been developed (Tibúrcio et al., 2019), the methods for generating, and inducing, conditional
modifications in sexual stages are still developing. For a mutant that is viable in
asexual stages, a simpler strategy is to introduce the mutation constitutively and follow it through the sexual stages as far as possible. Since MyoA from P. berghei was
shown to be critical for ookinete motility and development into oocysts, this stage
would be expected to show a severe phenotype with MyoA-K764E if it is important for gliding. The development of gametocytes, gametes and zygotes should be
unaffected.
In this preliminary work, K764E mutation was made in a transmissible line and
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shown to have a similar phenotype to the conditional methods used in chapter 4. Gametocytogenesis and gametogenesis appeared to proceed normally, though at low
levels. Therefore, these lines should be a suitable tool to test the hypothesis that
K764 is important for gliding in the motile sexual stages.
Although the effect of shaking culture on MyoA-EM-K764E parasites was unclear, the alleviation of the growth defect of MyoA-SC-K764E parasites, coupled with
the fact that only under shaking conditions was MyoA-EM-K764E properly generated, supports the idea that shaking conditions support growth after K764E mutation. The more mild phenotype observed in asexual replication compared to K764E
parasites generated by conditional methods may be explained by the reduced disruption to regulation and level of expression due to using the endogenous locus,
without epitope tags or selectable markers. The failure to generate mutants at S19
could suggest that it is critical for asexual replication. However, since even a silent
change (S19S) could not be generated, it is more likely that this combination of gRNA
and homology regions were ineffective.
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