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Abstract……. 
 

Key to P. falciparum virulence is its capacity to remodel the host erythrocyte. Infected 

erythrocytes become rigid and cytoadhere to the vascular endothelium leading to the 

disease symptoms and preventing their filtration by the spleen. Unlike other human-

infecting Plasmodium species, P. falciparum exports a family of 18 FIKK kinases into 

the host cell.  

Here, a conditional knockout strategy based on the DiCre/LoxPint technology was 

used to study 4 FIKK kinases (FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11) and identify 

their potential targets by quantitative phosphoproteome analysis. The deletion of 

FIKK4.1 led to a significant reduction in the phosphorylation of host cytoskeletal 

proteins and parasite proteins involved in remodelling. The characterisation of 

FIKK4.1 KO parasites confirmed its role both in the rigidification of the infected 

erythrocytes and in the trafficking of the adherence-mediating virulence factor 

PfEMP1 to the host cell surface. 

Additionally, recombinant versions of several FIKK kinase domains were used to 

identify potential pan-FIKK inhibitors. When tested in vitro, these compounds showed 

activity on both P. falciparum and P. knowlesi, raising concerns regarding their 

specificity. A whole genome sequencing on drug-resistant parasites did not allow to 

identify additional targets. Moreover, it was shown that the compounds were not 

active on the FIKK kinases in culture due to the high intra-erythrocytic ATP 

concentration. 

Using the recombinant FIKK kinase domains it was also shown that FIKK kinases 

possess distinct substrate specificity. Whereas most of them conserved the ancestral 

basophilicity, some evolved to phosphorylate preferentially acidic motifs. Strikingly, 

FIKK13 was found to be a tyrosine kinase, a feature supposed to be absent in 

Plasmodium. Finally, by studying the FIKK kinases from another Plasmodium 

species closely related to P. falciparum, it was shown that FIKK kinases substrate 

specificity is conserved across species of the Laverania clade. 
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Chapter 1. Introduction 

1.1 Malaria 

Malaria is the most important parasitic disease affecting humanity with nearly half of 

the world’s population at risk of infection. Furthermore, it ranks 3rd as the most lethal 

infectious agent, surpassed only by HIV/AIDS and Tuberculosis (WHO, 2009). 

According to the World Health Organization’s (WHO) annual World Malaria Report 

2018, an estimated 228 million cases of malaria occurred worldwide that year, of 

which 93% (213 million) were in Africa, 3.4% in South East Asia (SEA), and 2.1% in 

the Eastern Mediterranean region (WHO, 2018). Of these 228 million cases, 405,000 

resulted in the death of the human host, meaning that more than 1,000 people die 

from malaria each day. The most vulnerable group affected by malaria are children 

under the age of 5 who have not developed immunity to the disease. They accounted 

for 67% of malaria-related deaths in 2018. Additionally, malaria has an important 

economic impact as the disease is mostly prevalent in the least developed countries, 

Africa being the most afflicted region which accounted for 94% of malaria-related 

deaths in 2018. 

Between 2000 and 2015, a regular decrease in the number of malaria-related 

casualties was observed worldwide passing from 71 to 57 cases per 1000 population 

(WHO, 2018). This is attributable to 3 key elements: an improved vector control 

involving the use of Insecticide-Treated bed Nets (ITNs), Indoor Residual Spraying 

(IRS) of insecticides and the availability of Artemisinin-based Combination Therapies 

(ACTs) (Bhatt et al., 2015). However, malaria is still endemic in 31 countries, and the 

decreasing rate of malaria-related deaths has stalled in the last few years. This is in 

part due to the emergence of resistance to antimalarials (Blasco et al., 2017) and 

insecticides (Hemingway et al., 2016, Kleinschmidt et al., 2018). Moreover, climate 

change and increasing human mobility are likely to worsen malaria incidence and 

severity (Askling et al., 2012, Caminade et al., 2014). 

The WHO’s Global Technical Strategy for Malaria 2016-2030 sets the target of 

reducing malaria incidence and mortality rates by at least 90% by 2030. This will not 

be possible without new drugs and vaccines to tackle this disease and a thorough 

understanding of the parasite biology. 
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1.2 Malaria is caused by Plasmodium spp 

Malaria is caused by protozoan parasites of the genus Plasmodium which are 

transmitted by the bite of an infected Anopheles female mosquito to an intermediary 

vertebrate host. Plasmodium is a member of the phylum Apicomplexa, which groups 

together unicellular eukaryotes, endoparasites of animals for the most part, such as 

Babesia, Plasmodium, Cryptosporidium or Toxoplasma. Common features shared 

by most Apicomplexan are a distinct apical structure observable in the invasive stage, 

called the apical complex (Levine, 1971), and a plastid-like organelle, called the 

apicoplast, which was most likely acquired by secondary endosymbiosis of a red 

algae (McFadden et al., 1996, Ram et al., 2008). 

More than a hundred Plasmodium species have been identified so far and their 

diversification allowed them to infect most land-based vertebrates including birds, 

reptiles, rodents and mammals (Martinsen et al., 2008). 6 Plasmodium species that 

infect humans have been described: P. falciparum, P. vivax, P. malariae, P. knowlesi 

and P. ovale divided into 2 subspecies P. ovale curtisi and P. ovale wallikeri 

(Sutherland et al., 2010). Interestingly, only P. falciparum belongs to the Laverania, 

a subgenus firstly described in 1958 (Bray, 1958) that groups together P. falciparum 

and other Plasmodium species infecting great apes. Consequently P. falciparum is 

believed to have originated from gorilla-infecting parasites in Africa (Liu et al., 2010) 

whereas other human malaria species are believed to derive from non-human 

primate-infecting Plasmodium species (Cornejo and Escalante, 2006). 

P. falciparum is the most prevalent species in Africa with 99.7% of estimated malaria 

cases in 2018. It was additionally responsible for 50% of SEA cases, 71% of Eastern 

Mediterranean cases and 65% of cases in the Western Pacific region (WHO, 2018). 

The second most represented human-infecting Plasmodium species is P. vivax, 

which is mainly prevalent in SEA and the Americas. Together, P. falciparum and P. 

vivax represent the vast majority of human malaria cases. The remaining species 

occupy distinct niches. For example, P. malariae is found in most endemic areas, 

especially throughout Sub-Saharan Africa, but is much less common than P. 

falciparum. Similarly, P. ovale is limited to West Africa and comprises less than 1% 

of infections. P. knowlesi is restricted to SEA and particularly to the island of Borneo 

as, unlike other human-infecting Plasmodium species, its main hosts are the long-
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tailed and the pig-tailed macaques (Garnham, 1966). No human-to-human 

transmission has been reported to date (Singh and Daneshvar, 2013).  

In the past, as diagnosis was performed mainly microscopically, it was difficult to 

segregate between Plasmodium species and co-infections with several species are 

common (Kilian et al., 2000). New molecular diagnosis tools have now been 

developed and allow to differentiate accurately between the human infecting 

Plasmodium species (Oddoux et al., 2011, Calderaro et al., 2012, Tanomsing et al., 

2010). 

1.3 Lifecycle of Plasmodium 

Malaria parasites have a complex lifecycle shared between an arthropod vector 

(Anopheles mosquito) and a vertebrate host (Figure 1.1). The lifecycle can be divided 

into 3 phases: 

- The pre-erythrocytic phase (Figure 1.1 a, b) 

- The intra-erythrocytic phase (Figure 1.1 c) 

- The sexual differentiation and transmission phase (Figure 1.1 d, e, f) 

1.3.1 The pre-erythrocytic phase 

Infection of the human host starts with the bite of an infected female Anopheles 

mosquito (Figure 1.1a). During the blood meal, the mosquito releases saliva 

containing infectious haploid (n) sporozoites into the host dermis (Sidjanski and 

Vanderberg, 1997, Frischknecht et al., 2004). This elongated and motile form of the 

parasite relies on gliding motility (Montagna et al., 2012, Santos et al., 2017) to 

escape the dermis and reach the microvasculature (capillaries) or the lymphatic 

system (Amino et al., 2006, Vanderberg and Frevert, 2004, Hopp et al., 2015). 

Whereas the lymphatic system constitutes a dead end for sporozoites, those entering 

the blood stream will reach the liver. First, they travel from the sinusoid vessels to 

the Space of Disse by crossing sinusoidal endothelial cells and macrophage-like 

Kupffer cells (Mota et al., 2001), a process known as traversal. Once in contact with 

hepatocytes, sporozoites switch from a “migratory” mode to an “invasive” mode 

(Coppi et al., 2007). This is thought to be mediated by the binding of the parasite’s 

circumsporozoite surface protein (CSP) to highly sulphated heparan sulfate 

proteoglycans located on the hepatocyte surface. Sporozoites in “invasive” mode will 



Chapter 1 Introduction 

21 

 

then invade hepatocytes initiating the pre-erythrocytic phase (Figure 1.1b). Over an 

incubation period of variable duration that depends on the species, the parasite 

undergoes repeated non-synchronous asexual replication known as schizogony in 

the intrahepatic parasitophorous vacuole (PV) it resides in, separated from the host 

cell cytoplasm. The result of this schizogony is the formation of an hepatic schizont 

containing tens of thousands of hepatic merozoites (Prudencio et al., 2006). At this 

point, the hepatic merozoites are released from the liver into the blood stream within 

hepatocyte membrane-derived vesicles called merosomes which camouflage the 

parasite from the immune system (Sturm et al., 2006). Merosomes accumulate into 

the pulmonary capillaries where they rupture, releasing infectious merozoites with 

direct access to circulating red blood cells (RBCs) (Baer et al., 2007). 

 

During this pre-erythrocytic phase, an interesting feature, specific to P. vivax and P. 

ovale, is the formation of hypnozoites. Some sporozoites of these species can 

remain dormant within hepatocytes as uninucleated hypnozoites. They can persist 

quiescent in the liver for several years and form merozoites once re-activated 

(Cogswell, 1992). 

1.3.2 The intra-erythrocytic phase  

Once in the blood stream, free merozoites invade erythrocytes in a multi-step 

process. First, they interact with erythrocytes, in a process called attachment, 

through the merozoite surface proteins (MSPs) which coat the parasite surface at 

that stage (Holder, 1994). However, a recent study showed that deletion of the highly 

abundant MSP1 do not prevent RBC invasion (Das et al., 2015) therefore indicating 

that other players might mediate the initial merozoite-RBC interactions. Attachment 

is followed by reorientation of the merozoite such that its apical end faces the 

erythrocyte surface (Gilson and Crabb, 2009). This process involves many parasite 

proteins stored in various merozoite organelles such as the rhoptries and the 

micronemes, which are secreted to the parasite surface when needed. For example, 

it has been shown that the low K+-ion concentration in the blood plasma triggers a 

phospholipase-C-mediated pathway leading to a rise in intra-cytoplasmic calcium 

levels contributing to micronemes secretion (Dawn et al., 2014). Among the secreted 

microneme proteins is a family of ligands called Erythrocyte Binding Antigens (EBAs) 
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including EBA-175. Subsequent interaction of EBA-175 with its erythrocyte receptor 

Glycophorin A provokes the secretion of rhoptry proteins (Singh et al., 2010). Finally, 

rhoptry secretion releases proteins from the P. falciparum Reticulocyte-binding 

protein Homologs (PfRHs) family and in particular PfRH5 (Tham et al., 2012). PfRH5 

forms a complex with two microneme proteins, PfRipr (P. falciparum RH5-interacting 

protein) (Chen et al., 2011) and CyRPA (Cysteine-Rich Protective Antigen) (Reddy 

et al., 2015), and binds to the host receptor basigin in an interaction essential for 

merozoite invasion (Crosnier et al., 2011). This interaction between PfRH5 and 

basigin is also known to induce a Ca++ influx within the host cell (Weiss et al., 2015, 

Volz et al., 2016). The increase in intracellular Ca++ levels triggers phosphorylation 

of cytoskeleton components (Aniweh et al., 2017) such as spectrin and Band3 

(Zuccala et al., 2016, Fernandez-Pol et al., 2013) leading to the dissociation of the 

latter from ankyrin and spectrin (Ferru et al., 2011). This results in the weakening of 

the cytoskeleton which detaches from the membrane at the site of entry (Koch and 

Baum, 2016). 

Once the merozoite is correctly orientated, a tight junction (or moving junction) is 

formed between the parasite protein AMA1 (Apical Membrane Antigen 1) and the 

RON (Rhoptry Neck protein) complex. The RON complex is formed of RON proteins, 

a family of rhoptry proteins injected into the host erythrocyte, with, in particular, the 

protein RON2 which is deposited into the RBC membrane. RON2 binds to AMA1, 

which is exported on the merozoite surface, to form the tight junction (Besteiro et al., 

2011). Once the tight junction is formed, the parasite uses its actomyosin motor to 

propel itself into the erythrocyte (Riglar et al., 2011) while forming the 

parasitophorous vacuole membrane (PVM) from lipid-rich rhoptry content (Mikkelsen 

et al., 1988). As the merozoite pushes itself forward into the host cell, the tight 

junction expands to accommodate the parasite body which is shed of its coat of 

MSPs. Once the parasite is inside the erythrocyte, the tight junction pinches off 

resulting in the scission of the RBC and PV membranes. This process ends with the 

parasite residing in a PV within the erythrocyte. A deformation of the infected RBC 

(iRBC), called echinocytosis, is often observable following invasion. It is believed that 

the Ca++ influx resulting from the PfRH5-basigin interaction is the cause of this 

phenomenon. 
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Once erythrocyte invasion is established, the parasite replicates asexually, which 

involves several morphological changes (Figure 1.1c). For the first third of the intra-

erythrocytic phase, the parasite is referred to as ring stage parasite, because of its 

appearance in Giemsa-stained blood smears. The parasite starts to remodel its host 

cell and will continue throughout the asexual lifecycle. For example, the parasite 

creates new permeation pathways in the RBC membrane allowing the import of 

nutrients from the extra-erythrocyte environment (Nguitragool et al., 2011). Along 

with the digestion of the host cell haemoglobin, this process provides the parasite 

with all the building blocks necessary for protein production and DNA replication (Liu 

et al., 2006). More examples of remodelling are detailed in Chapter 1.6. In the second 

third of the asexual replication cycle, the parasite forms a more rounded trophozoite 

stage. The digestion of haemoglobin leads to the production of free heme, toxic for 

the parasite. It is therefore detoxified by polymerisation as an inert crystalline 

haemozoin, which is stored in the parasite’s digestive vacuole (Dorn et al., 1995). 

Eventually, the parasite enters schizogony during which several rounds of DNA 

synthesis followed by nuclear division contributes to the formation of the schizont 

stage parasite containing 16 to 32 merozoite daughter cells. When mature, these 

merozoites escape the host cell in a process called egress. This involves 

phosphorylation and proteolysis events (Collins et al., 2013b, Thomas et al., 2018) 

ending with the rupture of the host cell and the explosive release of merozoites in the 

blood stream with access to uninfected RBCs (uRBCs) that they will invade to start 

a new asexual intra-erythrocytic replication cycle. 

 

The duration of this asexual replication cycle varies with different Plasmodium 

species. Whereas P. falciparum, P. vivax and P. ovale complete their intra-

erythrocytic cycle in around 48 hours, it takes 72 hours to P. malariae. Conversely, 

P. knowlesi needs only 24-28 hours to multiply, making it fairly dangerous as high 

parasitemia can be rapidly reached (Singh and Daneshvar, 2013). 

1.3.3 Sexual differentiation and transmission stage 

During each round of intra-erythrocytic schizogony, a small fraction of parasites 

commits to sexual differentiation, in a process called gametocytogenesis (Figure 

1.1d), resulting in the formation of male and female gametocytes. The switch from 
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asexual to sexual replication seems to be under the control of a combination of 

factors. Environmental cues such as stress (Chaubey et al., 2014), nutrient 

availability (Brancucci et al., 2017), exposure to antimalarial compounds (Peatey et 

al., 2009) and high parasite burden (Bruce et al., 1990, Nacher et al., 2002) have 

been shown to be correlated with in vitro and in vivo gametocyte production. 

Additionally, cell-cell communication between parasites through exosome-like 

extracellular vesicles containing DNA, RNA and/or proteins has been demonstrated 

to promote gametocytogenesis (Regev-Rudzki et al., 2013, Mantel et al., 2013). 

Whatever the trigger may be, the conversion to sexual stages has been shown to be 

controlled epigenetically by the AP2 domain transcription factor AP2-G (Kafsack et 

al., 2014, Sinha et al., 2014). Upstream of AP2-G, the Gametocyte Development 

Protein 1 (GDV1) (Eksi et al., 2012, Filarsky et al., 2018), has been demonstrated to 

control AP2-G expression. The mechanism controlling GDV1 expression, and 

therefore inducing or inhibiting gametocytogenesis, is currently unknown.  

Once committed, male and female gametocytes mature through 5 different stages 

while undergoing morphological changes. The maturation period varies according to 

the Plasmodium species. Interestingly, P. falciparum and other Laverania species 

display a relatively long period of gametocyte development (7-15 days for P. 

falciparum) compared to other malaria species (Ngotho et al., 2019). Stage I 

gametocytes are indistinguishable from ring stage asexual parasites and 

deformable. This allows them to penetrate the vertebrate host’s bone marrow where 

they will sequester and mature until stage V. This sequestration is achieved by 

increasing the rigidity of the gametocyte infected erythrocyte (GIE) (Tiburcio et al., 

2012) and prevents splenic clearance (Joice et al., 2014). Once gametocytes are 

mature, they become deformable again and are released from the bone marrow into 

the blood stream where they will be taken up by a mosquito during a blood meal. The 

GIE deformability has been shown to be controlled, in part, by the phosphorylation 

of a parasite’s STEVOR (SubTelomeric Variable Open Reading frame) protein which 

is inserted within the GIE cytoskeleton where it interacts with ankyrin (Naissant et 

al., 2016). 

When mature male and female gametocytes are ingested by a mosquito, 

environmental signals inside the mosquito midgut, such as temperature drop, pH 

increase and the presence of the mosquito-derived xanthurenic acid activate them 

to differentiate into gametes (Kawamoto et al., 1991, Billker et al., 1997, Billker et al., 
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1998) and egress from the RBC (Figure 1.1e). Male gametocytogenesis involves 3 

rounds of DNA replication followed by mitosis, during a process called exflagellation, 

ending with the formation of 8 flagellated males microgametes. Fusion of a male 

microgamete with a female macrogamete results in the formation of a diploid (2n) 

zygote within the mosquito midgut. An additional round of DNA replication transforms 

the diploid zygote into a tetraploid (4n) and mobile ookinete capable of actively 

crossing the midgut epithelium and subsequently forming an oocyst in the basal 

lamina (Figure 1.1f). Upon maturation, the oocyst undergoes several rounds of DNA 

replication, meiosis and cytokinesis to form thousands of haploid sporozoites 

(Rosenberg and Rungsiwongse, 1991). After around 2 weeks of maturation, the 

oocyst bursts releasing motile sporozoites within the mosquito haemocoel where 

they will migrate through the haemolymph to the mosquito salivary glands. Once in 

the mosquito salivary glands, and after a final maturation step, sporozoites are ready 

to be transmitted to a new vertebrate host upon a mosquito blood meal. 
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Figure 1.1 Plasmodium falciparum lifecycle 

Infection of the human host starts with the bite of an infected female Anopheles mosquito 
injecting sporozoites into the host’s dermis (a). Sporozoites travel through the 
vasculature until reaching the liver where they traverse the sinusoid vessels endothelial 
cells and Kupffer cells to reach hepatocytes where the parasite will multiply by 
schizogony. Merozoite daughter cells are released into the vasculature in hepatocyte 
membrane-derived merosomes (b). Once in the blood stream, merozoites infect RBCs 
to start the asexual reproductive cycle (c). A proportion of these merozoites can also 
differentiate into male and female gametocytes (d). Upon a blood meal, a mosquito 
ingests gametocytes which are then activated inside the mosquito midgut to egress from 
the RBC and mate to form a zygote (e). Maturation of the zygote results in the formation 
of a mobile ookinete which traverses the mosquito midgut epithelium and encysts in the 
basal lamina to form an oocyst (f). Several rounds of DNA replication culminate in the 
formation of thousands of sporozoites which are released into the mosquito haemocoel 
where they migrate to the mosquito salivary glands ready to infect a new human host. 
Figure taken from (Cowman et al., 2016). 
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1.4 Malaria pathogenesis 

The pre-erythrocytic stage, starting with the injection of sporozoites and ending with 

the release of merozoite-containing merosomes from hepatocytes is considered 

symptomatically silent. Only the asexual stages of Plasmodium parasites are 

responsible for symptoms. However, not all malaria infections lead to clinical 

manifestations. Most adults living in endemic areas are semi-immune, which holds 

parasite growth under control. Protection can also be conferred by genetic 

predispositions of the host, such as haemoglobinopathies or mutations in receptors 

(Nagel, 1990, Langhi and Bordin, 2006). Clinical malaria manifests itself with a range 

of symptoms and the severity varies according to parasite, host and environment 

factors, such as the Plasmodium species, the host immunity and the area 

transmission rate (Miller et al., 2002, Milner, 2018). 

1.4.1 Uncomplicated malaria 

Replication of parasites and egress from RBCs lead to the release of malaria 

endotoxins, such as haemozoin and parasite DNA, within the blood stream. These 

parasite replication waste products are subsequently phagocytosed by circulating 

macrophages and monocytes. Additionally, iRBCs circulating in the blood traverse 

the spleen where they are identified and eliminated by splenic macrophages. These 

macrophages, triggered by the presence of the parasite, produce large amounts of 

pro-inflammatory cytokines, such as Tumor Necrosis Factor-a (TNF-a) and 

Interleukin 1-b (IL-1b) (Kwiatkowski, 1990, Karunaweera et al., 1992). These pyretic 

cytokines are released in parallel to the parasite cyclic replication and, therefore, are 

responsible for the periodic waves of fever, characteristic for malaria. Because 

different Plasmodium species have different lifecycle durations, the fever period is 

part of malaria symptomatology. Non-specific manifestations of malaria include 

generalised malaise, rigors, headache, nausea, chills, diarrhoea and vomiting.  

In the absence of treatment, the illness continues for a period of several weeks to 

several months where parasitemia is controlled at a low level by the immune system 

with resurgence of symptoms at regular intervals. Gradually, parasite replication is 

curbed and symptoms are less pronounced until the infection resolves. 
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1.4.2 Severe malaria 

In a proportion of untreated individuals (1-3%), the disease is not controlled and can 

progress to severe, or complicated, malaria (WHO, 2018). Why the disease 

exacerbates in some individuals while most experience uncomplicated mild 

symptoms is currently unknown (Wassmer et al., 2015). Nevertheless, the immune 

system is believed to play a key role. For example, severe malaria is very rare in 

adults living in endemic areas due to naturally acquired immunity caused by multiple 

infections in the past. Adults and children in lower transmission areas, and children 

under the age of 5 in endemic areas, are at risk of severe malaria as they have not 

developed an immunity (Phillips et al., 2017). 

Severe malaria is commonly caused by P. falciparum, but can occasionally occur 

with P. vivax and P. knowlesi (Price et al., 2007, Cox-Singh et al., 2008). It results 

from the pressure imposed to several organs and systems by the presence of a 

rapidly multiplying parasite and involves complications such as coma, severe 

anaemia, respiratory distress syndrome with metabolic acidosis and pulmonary 

oedema, hypoglycaemia, acute kidney injury, preterm delivery and low birth weight.  

Key to severe P. falciparum malaria physiopathology is the sequestration of iRBCs 

to the vascular endothelium. In order to avoid clearance by the spleen, the parasite 

developed the ability to bind to adhesion molecules expressed by endothelial cells 

(Baruch et al., 1996). Cytoadhesion to the vascular endothelium is mediated by the 

parasite protein Plasmodium falciparum Erythrocyte Membrane Protein 1 (PfEMP1) 

encoded by the polymorphic var multigene family (Baruch et al., 1995, Su et al., 

1995). Only one of the approximately 60 PfEMP1 variants is expressed at a given 

time on the iRBC surface, determining adhesion to a specific host receptor (Smith et 

al., 1995). Adhesion molecules bound by PfEMP1 include InterCellular Adhesion 

Molecule-1 (ICAM-1) (Berendt et al., 1989), Cluster of Differentiation 36 (CD36) 

(Oquendo et al., 1989), Endothelial Protein C Receptor (EPCR) (Turner et al., 2013) 

and Chondroitin Sulfate A (CSA) (Salanti et al., 2004). This sequestration of iRBCs 

leads to the activation of the endothelium which creates a strong local inflammation 

response. Additionally, PfEMP1, along with other surface exposed parasite proteins, 

is also involved in a process called rosetting. By binding to receptors such as heparan 

sulfate (Vogt et al., 2003), Complement Receptor 1 (CR1) (Rowe et al., 1997) and 

carbohydrates from ABO blood group antigens (Carlson and Wahlgren, 1992) these 
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surface exposed parasite proteins are responsible for the formation of rosettes where 

iRBCs adhere to uRBCs. A similar phenomenon called platelet-mediated clumping 

has been observed with platelets (Pain et al., 2001). Adherence to the endothelium, 

strong local inflammation and rosetting/clumping can result in the formation of blood 

clots potentially impairing blood flow, particularly in small vessels such as capillaries, 

causing tissue hypoxia and lactic acidosis. 

Several organs can be affected by this phenomenon, especially highly vascularised 

ones: 

- Brain: When it affects the brain, cerebral malaria is an invariably fatal 

condition in children in the absence of treatment. The association of reduced 

tissue perfusion and local inflammation results in impaired consciousness, 

with coma being the most severe manifestation, and swelling of the brain 

leading to herniation and respiratory arrest in fatal cases (Seydel et al., 2015). 

- Lungs: Obstruction of pulmonary capillaries associated with local 

inflammation can result in a pulmonary oedema and respiratory distress 

(Taylor et al., 2012). 

- Kidneys: Severe malaria has also been reported to affect kidneys with tissue 

inflammation and cytoadherence process leading to renal impairment and 

metabolic acidosis (Barsoum, 2000). 

- Placenta: Placental malaria is mediated by parasites expressing a particular 

var gene called var2csa and coding for a PfEMP1 protein binding to CSA on 

syncytiotrophoblasts of the placenta (Fried and Duffy, 1996). Primigravid 

women who did not develop immunity against this specific PfEMP1 are 

particularly at risk of foetal distress, miscarriage, premature labour, stillbirth 

and low birth weight. 

- Hematopoietic system: Severe malarial anaemia corresponds to a 

haemoglobin concentration below 5g/dl. It is believed to be the result of a 

combination of factors including dyserythropoiesis mediated by pro-

inflammatory cytokines (Haldar and Mohandas, 2009), excessive splenic 

elimination of RBCs (Buffet et al., 2009) and phagocytosis of uRBCs 

neighbouring iRBCs (Jakeman et al., 1999). 
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1.5 Antimalarial interventions 

The goal of antimalarial measures is to interrupt the lifecycle of the parasite in order 

to prevent its transmission resulting in the long-term elimination of the disease. 

These measures are based on 2 key tenets which are: 

- The use of antimalarial chemotherapies to treat the patients 

- And the implementation of control strategies against malaria 

1.5.1 Antimalarial chemotherapies 

Several drugs are part of the antimalarial armamentarium (WHO, 2018). 

Nevertheless, the emergence of parasite resistances to all of them calls for the 

development of new compounds with new mechanisms of action. 

Most of the currently available drugs act by killing the blood stage parasites. 

Therefore, by reducing the parasite burden they prevent the clinical symptoms of 

malaria (chapter 1.4) (Miller et al., 2013). However, most antimalarial drugs lack 

activity on sexual stages which can be taken up by mosquitoes to complete the 

parasite lifecycle allowing transmission of the disease. 

1.5.1.1 Quinine and quinoline-containing antimalarials 

Quinine 
Quechua people, who were indigenous to Peru, Bolivia and Ecuador, used the bark 

of the Cinchona tree to soothe fever (Brady, 1874). This was discovered by the 

conquistadors upon exploration of the Americas and imported back to Europe at the 

end of the 16th century. It was first used to treat malaria in Rome in 1631 (Achan et 

al., 2011) and became popular after curing King Charles II at the end of the 17th 

century. The active substance, quinine, is an arylamino alcohol which contains a 

quinoline group (Figure 1.2a) and was first isolated from the Cinchona bark in 1820. 

It is used since then as an antimalarial treatment. However, the particularly complex 

chemical synthesis of quinine limited the manufacturing capacity and, therefore, 

required extraction from its natural source (Woodward and Doering, 1944). This, in 

addition to the numerous and severe side effects and the extended treatment 

regimens (5 to 7 days) motivated the development of various derivatives such as 

chloroquine and mefloquine (Achan et al., 2011). Nonetheless, quinine is still used 
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nowadays in combination with doxycycline, tetracycline or clindamycin as second-

line treatment for uncomplicated malaria upon failure or unavailability of first-line 

treatment and in the treatment of severe malaria in its intravenous formulation (Miller 

et al., 1989). Interestingly, resistance to quinine is a rare event and is usually low-

grade, generally extending the duration of treatment rather than causing complete 

resistance. Furthermore, quinine possesses gametocidal activity on P. vivax and P. 

malariae (Achan et al., 2011), making it attractive for its transmission blocking 

potential. However, it has not shown activity on P. falciparum gametocytes. 

 

Chloroquine 
Chloroquine is a synthetic 4-aminoquinoline (Figure 1.2a) developed in 1934. 

Because of its better safety profile, its low cost of production and its efficacy 

(Greenwood et al., 2005), it rapidly became the gold standard treatment for malaria 

during the second World War where it was used by American troops on the North 

Africa, South East Asia and Pacific fronts. 

Chloroquine, as well as quinine, are believed to kill intraerythrocytic asexual 

parasites by interfering with the haemoglobin digestion and detoxification process 

(Slater, 1993). Chloroquine is a weak base which selectively accumulates within the 

acidic digestive vacuole where it binds to haem forming a highly toxic complex. It is 

also believed to prevent haem polymerisation into the inert haemozoin by inhibiting 

the parasite’s haem polymerase (Slater and Cerami, 1992). Both the chloroquine-

haem complex and the non-polymerised haem are toxic to the parasite resulting in 

its lysis (Fitch et al., 1982). Quinine mechanism of action is similar with a predominant 

activity on the haem polymerase than on the haem binding (Slater, 1993). Quinine 

has also been shown to act on the parasite’s Purine Nucleoside Phosphorylase 

(PfPNP) and therefore to interfere with the parasite’s purine salvage pathways 

(Dziekan et al., 2019). 

After the world war, chloroquine continued to be extensively used to treat malaria 

worldwide. This resulted in the emergence of resistance in at least 4 instances, 

independently (Wootton et al., 2002), the first ones being recorded in South America 

in 1959, and in Cambodia in 1960 (Slater, 1993) and even occurred for Plasmodium 

vivax (Baird, 2004). Chloroquine resistance is provided by mutations in the Pfcrt gene 

coding for the chloroquine resistance transporter located on the digestive vacuole 

membrane (Fidock et al., 2000). Mutation of the transporter allows the efflux of the 
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drug from the digestive vacuole preventing its toxic activity. Pfmdr1 (P. falciparum 

multidrug resistance 1) is another gene coding for a digestive vacuole membrane 

transporter, the P-glycoprotein homolog 1 (Pgh1) (Cowman et al., 1991). Mutations 

of Pfmdr1 have also been associated with chloroquine resistance (Foote et al., 

1990). Interestingly, these resistances have been found to be detrimental to the 

parasite as, 10 years after removal of chloroquine as a front-line drug, parasites from 

previously resistant areas were shown to be sensitive again (Kublin et al., 2003, 

Mwai et al., 2009, Gharbi et al., 2013). 

 

Mefloquine 

Mefloquine is a quinoline-containing molecule (Figure 1.2a) indicated for the 

treatment of mild to moderate forms of malaria. It is of particular interest as it appears 

to be safe during the second and third trimesters of pregnancy and during breast-

feeding (Schlagenhauf et al., 2010). Moreover, it has been shown to be effective 

against all human Plasmodium species, including P. knowlesi (Schlagenhauf et al., 

2010). Mefloquine acts on the parasite cytoplasmic 80S ribosome preventing protein 

synthesis (Wong et al., 2017). Resistance to mefloquine is common in South-East 

Asia and can derive from mutations of the target (Wong et al., 2017) or from an 

increased Pfmdr1 gene copy number (Cowman et al., 1994, Price et al., 2004). 

Mefloquine prescription should be considered with caution regarding its numerous 

neurological and psychiatric side-effects, including depression leading to suicide 

(Weinke et al., 1991, Croft, 2007) 

 

8-aminoquinolines 

8-aminoquinoline compounds such as primaquine or tafenoquine (Figure 1.2a) are 

very valuable as they are the only ones targeting the intrahepatic dormant 

hypnozoites produced by P. vivax and P. ovale (Wells et al., 2010). Additionally, 

primaquine is the only antimalarial in general use that has shown a substantial 

activity on mature gametocytes (White, 2013).  

Contraindications to the use of 8-aminoquinolines include the enzymopathy Glucose-

6-Phosphate Dehydrogenase (G6PD) deficiency (Recht et al., 2018). Repeated 

primaquine administration to G6PD-deficient patients can lead to life-threatening 

haemolysis (Beutler, 1996). This limits the prescription of these drugs, especially in 

many malaria-endemic regions, where the G6PD deficiency has been selected for 
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by providing protection against the adverse effects of malaria (Luzzatto and Bienzle, 

1979, Ruwende and Hill, 1998, Santana et al., 2013). Despite the contraindications, 

tafenoquine can be used in G6PD-deficient patients because of its short half-life and 

its single-dose efficiency (Llanos-Cuentas et al., 2014, Lacerda et al., 2019). 

1.5.1.2 Antifolate antimalarials 

The folate pathway is essential in Plasmodium parasites for DNA synthesis and the 

metabolism of certain amino acids. 2 enzymes are fundamental in this pathway, the 

dihydropteroate synthase (DHPS), producing dihydropteroate from 

hydroxymethyldihydropterin, and the dihydrofolate reductase (DHFR) catalysing the 

reduction of tetrahydrofolate into dihydrofolate in a NADPH-dependent reaction. 

Sulfadoxine and pyrimethamine (Figure 1.2b) are antifolate drugs interfering with this 

pathway by competing with hydroxymethyldihydropterin and tetrahydrofolate 

respectively for access to the enzymes’ active sites, preventing folates metabolism. 

DNA synthesis and amino acid production being essential throughout the lifecycle of 

the parasite, both sulfadoxine and pyrimethamine are active against ring, trophozoite 

and schizont stages, as well as early gametocytes. Because of their synergism in 

targeting 2 different enzymes of the folate pathway, the 2 drugs are used in 

combination (Richards, 1966). 

Unfortunately, the useful therapeutic lifespan of the antifolate antimalarials was short 

lived with resistance emerging soon after commercialisation (Sibley et al., 2001). 

This resistance involved the accumulation of non-synonymous point mutations in 

both DHPS and DHFR coding genes (Peterson et al., 1988, Triglia et al., 1997, Kublin 

et al., 2002). Copy number polymorphism has also been shown to be involved in the 

parasite resistance to antifolate drugs. By amplifying the expression of the first 

enzyme in the folate pathway, GTP-cyclohydrolase 1 (GCH1), the parasite increases 

its production of folate intermediates, hence reducing the efficacy of antifolate drugs 

(Nair et al., 2008). 

Because of its high safety profile, the sulfadoxine-pyrimethamine combination is now 

used for intermittent prophylactic treatment involving the sporadic administration of 

a curative dose to high risk individuals in malaria endemic regions, such as pregnant 

women or children, regardless of whether they are infected or not (WHO, 2007). 
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1.5.1.3 Artemisinin and Artemisinin-based Combination Therapies (ACTs) 

Similar to the Cinchona bark being used to assuage fever in the Americas, extracts 

of the sweet wormwood plant, Artemisia annua, known historically as quinghao, were 

used in traditional Chinese medicine as a febrifuge for hundreds of years. The active 

principle, artemisinin, was first isolated in 1972 by Professor Youyou Tu, and its 

structure was published in 1977 (Tu, 2011). The discovery of artemisinin’s 

antimalarial activity was awarded with a joint Nobel Prize for medicine in 2015. 

Because of its poor bioavailability, semi-synthetic derivatives were developed 

including artemether, dihydroartemisinin and artesunate, the latter being injectable 

and used for severe malaria. Artemisinin and its derivatives are characterised by the 

presence of an endoperoxide bridge (Figure 1.2c) essential to the antiparasitic 

activity. Interaction with the Fe2+ of haem leads to the reductive scission of the 

endoperoxide bridge and the formation of free radicals (Meshnick et al., 1991, 

Posner et al., 1994, Blasco et al., 2017). These free radicals covalently bind to 

numerous essential parasite proteins and lipids resulting in an increased oxidative 

stress killing the parasite (Wang et al., 2015) 

High and rapid efficacy is achieved using artemisinin and its derivatives against 

sensitive parasites (White, 1997). However, their short half-life and the anxiety over 

the emergence of resistance led to the development of ACTs which combine a potent 

and fast-acting artemisinin derivative with a less potent and slow-acting partner drug. 

The rationale for this is to prevent the emergence of resistance by ensuring a long-

lasting and potent parasite killing. The fast-acting artemisinin derivative is 

responsible for the rapid and large killing of parasite leaving little room for the 

development of resistances to partner drugs. Likewise, if artemisinin resistance 

emerges, the slow-acting partner drug would eliminate the resistant parasites. 

Several partner drugs have been used including amodiaquine, lumefantrine, 

mefloquine, piperaquine, pyronaridine and the antifolate combination sulfadoxine-

pyrimethamine (Tilley et al., 2016). Because of their efficacy, ACTs are the current 

front-line treatment for uncomplicated P. falciparum malaria infection in endemic 

regions. Moreover, their efficacy against all human malaria species makes them 

interesting for the treatment of non-falciparum infection (Visser et al., 2014). 

In what is now a familiar tale, resistance to ACTs emerged and was first recorded at 

the beginning of the 21st century, around the Thailand-Cambodia border (Jambou et 
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al., 2005, Vijaykadga et al., 2006, Noedl et al., 2008) and is now observed across 

South East Asia (Thu et al., 2017). This resistance is considered partial so far as it 

consists in a delayed parasite clearance rather than an outright resistance. Still, a 

100-fold decrease in resistant parasite clearance rate was observed (Dondorp et al., 

2009), raising concerns as parasites surviving artemisinin exposure will have more 

time to develop resistance to partner drugs but also more time to develop stronger 

resistance to artemisinin itself. Another cause for concern is the recrudescence 

observed for resistant parasites whereby ACTs treatment clears infection and 

symptoms, only to return following cessation of the treatment (Zhang et al., 2017). 

Point mutations in the propeller domain of the Kelch13 parasite protein have been 

identified as a molecular marker of partial artemisinin resistance (Ariey et al., 2014, 

Straimer et al., 2015). These mutations have been linked to altered DNA replication, 

reduced protein translation, increased cellular stress, activation of the unfolded 

protein response and increased production of phosphatidylinositol-3-phosphate by 

the parasite (Mok et al., 2015, Rocamora et al., 2018, Gibbons et al., 2018, Mbengue 

et al., 2015, Dogovski et al., 2015), however, the exact resistance mechanism is 

unknown. The latest hypothesis is that Kelch13 mutations reduce haemoglobin 

uptake thereby reducing the amount of haem available for artemisinin activation 

(Birnbaum et al., 2020). This explains the delayed parasite growth observed in 

artemisinin-resistant parasites as haemoglobin digestion is the parasite’s main 

source of amino acids. An alternative mechanism has also been proposed for 

artemisinin resistance involving the phosphorylation of the parasite elongation factor 

2a (elF2a) by the parasite Protein Kinase 4 (PK4) leading to the repression of 

general translation and induction of latency (Zhang et al., 2017). The objective is the 

same as the Kelch13 mutation, withstanding the short efficacy window of artemisinin. 

So far, partial resistance to ACTs has been detected only in South East Asia. 

Mutations associated with artemisinin resistance have been observed in Africa 

(Tacoli et al., 2016, Uwimana et al., 2020) but do not seem to affect the efficacy of 

the treatment yet (WHO, 2018). Nevertheless, novel antimalarials are now needed 

more than ever as if artemisinin resistance spreads in Africa it would reverse the 

progress made on the malaria front for the past two decades. 

 

While scientists are working on new antimalarials, one solution considered is to use 

triple artemisinin combination therapies (TACTs) (Dini et al., 2018) in which an 
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artemisinin derivative is used in association with 2 slow-acting partner drugs which 

present opposite resistance mechanisms, such as lumefantrine and amodiaquine 

(Humphreys et al., 2007). A clinical trial has been performed for 3 years in 8 different 

countries and found that TACTs are efficacious, well tolerated and safe for the 

treatment of uncomplicated P. falciparum malaria. Additionally, TACTs efficacy was 

shown in areas with artemisinin and partner drug resistances. 
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Figure 1.2 Chemical structures of antimalarial compounds 
(a) Chemical structures of quinine and quinoline-containing molecules. The heterocyclic 
aromatic quinoline group is highlighted in yellow. (b) Chemical structures of antimalarials 
targeting the parasite’s folate pathway. (c) Chemical structures of artemisinin and 
artemisinin-derived antimalarials. The endoperoxide bridge essential to their 
antiparasitic activity is highlighted in green. 
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1.5.1.4 Future antimalarial chemotherapies 

The Medicine for Malaria Venture (MMV) was founded in 1999 with the objectives to 

discover, develop and deliver new, effective and affordable antimalarial drugs. The 

molecules are classified by MMV into 5 different profiles: molecules that clear 

asexual blood-stage parasitemia, molecules with activity against hypnozoites, 

molecules with activity against hepatic schizonts, molecules that block transmission 

by targeting the parasite gametocytes and molecules that block transmission by 

targeting the vector. The drug candidates must meet several requirements such as 

being safe in the largest variety of people including pregnant women, children, 

immunocompromised and malnourished people, being active against several 

species and current resistant isolates, and finally the drug candidates must be 

effective enough, or have a long enough half-life, that only a single dose is required 

to clear an infection. 

Several strategies can be used to discover new drug candidates (Rosenthal, 2003, 

Flannery et al., 2013). Firstly, existing antimalarial molecules can be improved upon, 

for example by modifying a compound scaffold to circumvent parasite resistance or 

improve bioavailability. Chemical modifications of quinine led to chloroquine and 

mefloquine (Rosenthal, 2003) and more recently, medicinal chemistry has been used 

to develop artefenomel from artemisinin and has just completed a Phase IIb clinical 

trial in combination with ferroquine (Phyo et al., 2016). 

Another approach to identify potential antimalarial therapies consists in conducting 

phenotypic screens. By screening molecules for their capacity to interfere with the 

parasite proliferation and survival, new antimalarial compounds have been identified 

(Hovlid and Winzeler, 2016). One possibility is to screen compounds that already 

have, or are currently undergoing clinical trials with the objective to repurpose them 

as antimalarials. One advantage of this approach is that the compounds tested have 

already been proven safe for human use and therefore would be less expensive to 

develop as antimalarials. Such an approach allowed the discovery of the antimalarial 

activity of the antibiotic fosmidomycin in association to piperaquine (Mombo-Ngoma 

et al., 2018), the antidiabetic drug rosiglitazone as an adjunctive treatment for non-

severe P. falciparum malaria (Boggild et al., 2009), imatinib, a tyrosine kinase 

inhibitor used for the treatment of chronic myelogenous leukaemia (Pathak et al., 

2015), sevuparin, a drug derived from heparin and used in the sickle cell disease 
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(Leitgeb et al., 2017) and the antihistaminic astemizole (Chong et al., 2006) among 

others. 

Another possibility for phenotypic screens is to assess the antimalarial activity of 

chemical libraries containing millions of compounds (Gamo et al., 2010, Guiguemde 

et al., 2010). The compounds with drug-like properties that showed a potent activity 

against P. falciparum have been put together in the publicly available MMV “Malaria 

Box” (Spangenberg et al., 2013) and can be used as starting points for the 

development of new antimalarials. 

Lastly, target-based approaches have been employed to design antimalarial 

compounds. Here as well, this can be done by screening molecules to identify 

potential inhibitors of a target of interest or, if a structure of the target is available, 

one can use an in silico approach to design inhibitors that will subsequently be tested 

in vitro. 

Among the most promising targets that are currently the subject of thorough 

investigations, it can be mentioned: 

- The P. falciparum Elongation Factor 2 (PfeEF2), an essential factor for protein 

synthesis catalysing the translocation of tRNA and mRNA (Jorgensen et al., 

2006). The compound M5717 showed antimalarial activity by inhibition of 

PfeEF2 (Baragana et al., 2015, Rottmann et al., 2020) and is currently in a 

first-in-human trial. 

- The P. falciparum P-type cation-transporter ATPase 4 (PfATP4) involved in 

regulating the intraparasitic Na+ concentration (Spillman et al., 2013). By 

inhibiting this transporter, compounds such as MMV253 (Hameed et al., 

2015), (+)-SJ733 (Jimenez-Diaz et al., 2014) and cipargamin (Rottmann et 

al., 2010, White et al., 2014) showed great potential as antimalarials, the latter 

being currently in Phase IIb clinical trials. 

- The P. falciparum Phosphatidylinositol 4-kinase (PfPI4K) which regulates 

intracellular signalling and trafficking by phosphorylating lipids (McNamara et 

al., 2013). 2 compounds, UCT943 and MMV390048, exhibited potent 

antimalarial efficacy by inhibiting PfPI4K (Paquet et al., 2017, Le Manach et 

al., 2016). Because of its toxicity in preclinical trials UCT943 has been 

abandoned but MMV390048 is currently in Phase IIa clinical trials in Ethiopia. 
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- The P. falciparum Dihydroorotate Dehydrogenase (PfDHODH) which is an 

essential enzyme in the pyrimidine biosynthesis pathway by oxidising 

dihydroorotate into orotate (Baldwin et al., 2002). DSM265 targets specifically 

the parasite DHODH (Phillips et al., 2015) and has completed Phase I and 

Phase II clinical trials on its own (McCarthy et al., 2017, Llanos-Cuentas et 

al., 2018) and a Phase I clinical trial in combination with artefenomel 

(McCarthy et al., 2019). 

1.5.2 Antimalarial vaccines 

Vaccines represent the best approach for eradicating infectious diseases by 

generating an immunity against the causative agents. Diseases such as smallpox, 

poliomyelitis, rabies, diphtheria or typhoid fever are now under control thanks to 

campaigns of mass vaccination. However, developing such a vaccine providing 

sterilising immunity to malaria infection turns out to be challenging. The main reason 

for that is the broad antigenic diversity of the malaria parasite which allows it to evade 

the host immune system (Anders and Smythe, 1989, Ferreira et al., 2004). 

Additionally, the malaria parasite has been shown to be able to modulate the host 

immune response (Portugal et al., 2015, Harrison et al., 2020). This translates in the 

real world into only a partial and short-lived immunity that develops upon infection 

but fades off in the absence of continued exposure (Doolan et al., 2009). Therefore, 

current attempts at developing a malaria vaccine have not proven widely effective 

(Schwartz et al., 2012). 

These antimalarial vaccines can be classified into 3 different categories according to 

the stage of the parasite that is targeted: 

- Pre-erythrocytic vaccines 

- Blood stage vaccines 

- Transmission blocking vaccines 

Pre-erythrocytic vaccines 

Pre-erythrocytic vaccines aim to generate an immune response targeting the 

sporozoites and the clinically silent hepatic stages, therefore preventing the 

appearance of blood stage responsible for the symptoms and the transmission of the 

disease. 
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This has been achieved in the early days of malaria vaccine research by 

immunisation with irradiated sporozoites. These radiation-attenuated sporozoites 

were able to invade hepatocytes but not to develop further allowing the host immune 

system to generate a response targeting infected hepatocytes. Interestingly, the 

resulting immunity was sterilising and protective across parasite species (Clyde et 

al., 1973, Hoffman et al., 2002). However, this method of immunisation was highly 

impractical as it required the patients to be bitten by ~1000 infected mosquitoes. 

Moreover, the immunity induced was short-lived. In more recent years, irradiated 

sporozoites were extracted from infected mosquitoes and cryopreserved before 

being injected intravenously as the PfSPZ vaccine. Similar levels of protection could 

be obtained in human controlled infections compared to a mosquito bite inoculation 

(Epstein et al., 2011, Seder et al., 2013). However, the protection granted in field 

studies was inferior (Sissoko et al., 2017). 

An alternative to irradiated sporozoites is the use of genetically attenuated ones. This 

was first shown in mice where inoculation of P. berghei sporozoites knocked out for 

uis3 (upregulated in infective sporozoites 3) or uis4, 2 genes essential for early liver 

stage development, were unsuccessful at establishing a blood stage infection and 

conferred complete protection against a challenge with wild type (WT) sporozoites 

(Mueller et al., 2005a, Mueller et al., 2005b). A similar approach was used in human 

where inoculation with P. falciparum sporozoites knocked out for 3 liver stage 

essential genes, p52 (6-cysteine protein 52), p36 (6-cysteine protein 36) and sap1 

(sporozoite asparagine-rich protein 1), resulted in the generation of a sterilising 

immunity (Mikolajczak et al., 2014, Kublin et al., 2017). 

 

A limiting factor to these sporozoite-based vaccines is the amount of parasite needed 

for each vaccination, hindering to scale up the manufacturing. The “C-vac” strategy, 

which consists in injecting infective sporozoites to volunteer taking an antimalarial 

chemoprophylaxis circumvent in part the problem as it requires less sporozoites 

(Roestenberg et al., 2009, Behet et al., 2014, Mordmuller et al., 2017). However, the 

spread of antimalarial resistance makes this strategy hazardous. 

 

The drawbacks of whole parasite vaccines led scientists to investigate protein-based 

vaccines. 
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The RTS,S/AS01 vaccine is composed of the highly repetitive region of the 

sporozoite protein PfCSP, which contains immunodominant B cell epitopes, along 

with the C-terminal region of the same protein, which contains both B and T cell 

epitopes, and the hepatitis B surface antigen known as antigen S (Casares et al., 

2010). A Phase III clinical trial found that RTS,S/AS01-induced immunity in children 

was only partial and short-lived, reducing by 36.3% the incidence of clinical malaria 

in the first year but decreasing to 27% after 20 months and to 18% after 4 years (Rts, 

2015). Slightly lower efficacy was observed in infants. Additionally, it did not provide 

protection against P. vivax infection. 

It was later shown that the antibody titres resulting from the vaccination were above 

the effective concentration only for a few months, explaining the absence of long-

lasting immunity (White et al., 2015). The variability of the PfCSP protein is also a 

cause of concern as mutations could drive resistance to the vaccine, the generated 

antibodies not recognising the targeted protein anymore (Neafsey et al., 2015).  

Nevertheless, the RTS,S/AS01 is, to date, the only antimalarial, and antiparasitic, 

vaccine commercially available. 

 

Blood stage vaccines 

The rationale behind an antimalarial blood stage vaccine comes from the observation 

that people living in malaria endemic areas develop an immunity against the disease. 

This immunity is mediated, at least in part, by antibodies as demonstrated by 2 IgG 

transfer studies (Cohen et al., 1961, Sabchareon et al., 1991). The aim of a blood 

stage vaccine is similar to most antimalarial chemotherapies described earlier, 

preventing the parasite asexual replication responsible for the symptoms and 

averting the production of gametocytes responsible for its transmission. 

To do that, current blood stage vaccine candidates target merozoite surface proteins 

and/or parasite proteins exhibited on the surface of the iRBC. Among the proteins 

targeted it can be mentioned MSP1, MSP2, MSP3, AMA1, SERA5 (Serine Repeat 

Antigen 5), RESA (Ring-infected Erythrocyte Surface Antigen) and GARP (Glutamic-

Acid Rich Protein) (Miura, 2016, Raj et al., 2020). However, the genetic diversity of 

Plasmodium hinders the development of reliable blood stage vaccine.  

Targeting the highly conserved and essential PfRH5 protein seems to offer a viable 

alternative as anti-PfRH5 IgG antibodies showed cross-strain neutralisation by 

preventing merozoite attachment to erythrocytes and induced effective protection in 
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Aotus monkeys (Douglas et al., 2011, Douglas et al., 2014, Douglas et al., 2015). 

Similarly, a vaccine targeting the PfEMP1 protein Var2CSA, responsible for placental 

malarial, is currently undergoing clinical trials (Sirima et al., 2020). This Var2CSA 

protein is only expressed by parasites infecting pregnant women and the CSA 

binding domain is highly conserved. Multigravida women exposed to the parasite 

develop Var2CSA antibodies protecting them and their foetus from bad outcomes 

(Fried and Duffy, 2015). 

 

Finally, a vaccination with chemically attenuated whole blood stage parasites 

showed promising results. iRBCs stalled in their replication by treatment with seco-

cyclopropyl pyrrolo indole analogues, which irreversibly alkylate DNA, were injected 

to mice. This led to the generation of a relatively long-lasting and cross-species 

antimalaria immunity (Good et al., 2013). 

 

Transmission Blocking Vaccines (TBVs) 
TBVs target antigens expressed during mosquito parasite stages. They prevent the 

completion of the parasite lifecycle in the arthropod vector (Carter and Chen, 1976, 

Gwadz, 1976). Antigens used in TBVs tested in clinical trials include Pfs25 (P. 

falciparum Ookinete surface protein P25), its P. vivax ortholog Pvs25, and Pfs230 

(Malkin et al., 2005, Wu et al., 2008, Farrance et al., 2011). However, the low 

antibody titres generated by these vaccines in human is, so far, a limiting factor to 

their further development. 

An interesting alternative is the immunisation against mosquito proteins. The 

Anopheles gambiae Alanyl aminopeptidase N1 (AgAPN1) is hijacked by the parasite 

for ookinete invasion of the mosquito midgut. IgG targeting AgAPN1 strongly 

inhibited ookinete development of both P. berghei and P. falciparum in several 

mosquito species (Dinglasan et al., 2007). 

1.5.3 Vector control strategies against malaria 

Mosquitoes are vectors of numerous infectious diseases in addition to malaria such 

as dengue, zika, chikungunya and yellow fever. Therefore, reducing mosquito 

populations and preventing them from biting human beings represent a highly 

beneficial goal in term of population health. 
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Destroying mosquito breeding sites is one way of reducing mosquito populations. As 

female mosquitoes lay their eggs in stagnant water, strategies such as draining 

swamps and oiling or adding detergent to ponds proved to be efficient at reducing 

malaria cases in Southern Europe and the USA (Williams, 1963). A more 

environment-friendly method consists in introducing larvivorous fishes in stretches of 

water concealing mosquito breading sites. 

Another way of reducing mosquito populations is through the use of insecticides. 

DDT, or dichlorodiphenyltrichloroethane, is an organochlorine insecticide that was 

widely used in the 1940s and 1950s. DDT-based IRS successfully eliminated malaria 

from 37 countries around the world (Russell et al., 2013). Because of the 

development of physiological resistances in the mosquito populations (Brown, 1958) 

and concerns over its impact on the environment and on human health (Longnecker 

et al., 1997), DDT was banned in the 1970s. Nowadays its use is restricted to IRS in 

the absence of a better alternative. 

5 main classes of insecticides with 3 different modes of action are currently licensed 

for malaria control. In addition to the organochlorines, the pyrethroids are insecticides 

acting as sodium channels modulators. Organophosphates and carbamates 

insecticides are acetylcholinesterase inhibitors. And neonicotinoids are competitive 

inhibitors of the nicotinic acetylcholine receptors. All 5 classes are indicated for IRS 

but only pyrethroids are approved for long-lasting insecticidal nets (LLINs). As for 

DDT, physiological resistance has been observed in mosquitoes for all 5 classes of 

insecticides (WHO, 2012). In addition to a physiological resistance, mosquitoes 

developed a behavioural resistance. IRS and LLINs killed mosquitoes that were 

predominantly feeding indoor and at dusk and therefore selected for insects which 

tend to feed outdoor and during the day (Steinhardt et al., 2017, Sougoufara et al., 

2017). Hence, these exophilic and exophagic mosquitoes are no longer targeted by 

the current insecticide-based vector control strategies and require new methods of 

control. 

 

Among the alternative strategies developed for vector control it can be mentioned: 

- The mass administration of ivermectin to human populations (Foy et al., 

2011). Ivermectin is a common antihelminthic drug well tolerated in humans 

but toxic to mosquitoes if ingested in sufficient quantity during a blood meal 
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(Sylla et al., 2010, Smit et al., 2018). Additionally, ivermectin has been shown 

to inhibit oocyst and sporozoite formation in A. gambiae (Kobylinski et al., 

2012). In clinical trials, frequently repeated mass administration of ivermectin 

reduced malaria cases (Foy et al., 2019). However, the risk to select for 

resistant mosquitoes, as well as resistant helminths, has to be considered. 

- The Sterile Insect Technique (SIT) coupled to a gene drive system. The SIT 

has been used in the past to reduce the populations of the agricultural pest 

Cochliomya hominivorax (screwworm) (Knipling, 1955) and of tsetse flies 

(genus Glossina), vector of Trypanosoma parasites (Vanderplank, 1947). It 

consists in releasing large numbers of X-ray sterilised males which will mate 

with native females driving their reproduction potential down and ultimately 

leading to the local elimination of the population. However, it requires a 

colossal number of sterile insects and is effective only in restricted areas. 

The gene drive system allows to circumvent these limitations. By inducing a 

higher-than-normal rate of inheritance, the gene drive system can spread a 

genetic modification throughout a population in a few generations (Burt, 

2003). It has been used to generate sterile female mosquito populations 

(Kyrou et al., 2018) and more recently to produce a male only population 

(Simoni et al., 2020) both leading to the collapse of the populations. 

Consequently, the potential of this method to eradicate an entire population 

must call for caution when using it. 

- Finally, a more ecological approach might be the infection of mosquito 

populations with bacteria of the genus Wolbachia. Mosquitoes infected with 

Wolbachia bacteria have been shown to harbour less oocysts in their midgut 

(Hughes et al., 2011, Bian et al., 2013) making this method a potential 

biocontrol tool in the fight against malaria. 

1.6 Host-cell remodelling by P. falciparum 

1.6.1 Why does the parasite remodel its host cell? 

Asexual replication of P. falciparum leads to several host cell morphological and 

structural changes transforming the once discoid and flexible uRBC into a more 

spherical and rigid iRBC (Nash et al., 1989). As stated previously, this rigidification 

prevents the passage of infected erythrocytes through the narrow slits of the spleen 
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(Deplaine et al., 2011) which leads to their elimination by splenic macrophages. To 

overcome splenic clearance, the parasite developed the ability to cytoadhere to the 

vascular endothelium in order to remove itself from the blood stream. As described 

in chapter 1.4, this can be responsible for P. falciparum severe malaria 

physiopathology by blocking the blood supply to certain organs and creating a strong 

local inflammation. Adherence of iRBCs to the vascular endothelium is mediated by 

P. falciparum’s major cytoadherence factor, PfEMP1. PfEMP1 is inserted into the 

RBC membrane and anchored to parasite-derived structures, called knobs, which 

are located underneath the erythrocyte membrane. Additionally, throughout its 

intraerythrocytic lifecycle, the parasite needs to import nutrients from the blood 

plasma and to dispose of toxic metabolite wastes. It does so by creating new 

permeation pathways into the erythrocyte membrane (Desai et al., 2000) but it is also 

believed to exploit existing RBC membrane channels (Huber et al., 2005, Merckx et 

al., 2008). 

To carry out this remodelling of the iRBC, the parasite exports, in addition to PfEMP1, 

approximately 10% of its proteome beyond the PV, selectively trafficking proteins to 

various locations within the RBC (Cooke et al., 2001). Of the proteins that comprises 

the “exportome” of P. falciparum, at least 70 are likely to interact with the iRBC 

cytoskeleton and to play a role in remodelling (Sargeant et al., 2006). 

1.6.2 P. falciparum’s export machinery 

As the parasite resides within a terminally differentiated cell containing no organelles 

and lacking the capacity to synthesise proteins or lipids (Moras et al., 2017), it must 

rely on its own set of proteins and exomembrane structures to achieve successful 

protein export and trafficking (Sherling and van Ooij, 2016). To gain access to the 

host cytosol, exported proteins must first cross several membranes including the 

parasite plasma membrane (PPM) and the PVM (Marti and Spielmann, 2013) (Figure 

1.3). 

Secretion represents the transit of proteins produced by the parasite through the 

PPM whereas export describes the transport of proteins beyond the PVM. Therefore, 

exported proteins must first be secreted outside the parasite into the PV before being 

exported into the host cell cytosol. Most secreted proteins contain a conserved 

hydrophobic N-terminal signal peptide which is recognised by the signal recognition 
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particle addressing the protein to the parasite Endoplasmic Reticulum (ER) for 

trafficking through the classical secretory pathway. By default, the presence of solely 

the hydrophobic N-terminal signal sequence targets the protein to the PV lumen 

(Wickham et al., 2001). Proteins destined to be exported beyond the PVM present 

an additional signal sequence referred to as the Plasmodium Export Element 

(PEXEL) (Marti et al., 2004) or the Vacuolar Transport Signal (VTS) (Hiller et al., 

2004). This PEXEL/VTS motif consists of the canonical sequence RxLxE/Q/D, where 

x represents any non-charged amino acid, and is usually found around 20 amino 

acids downstream of the hydrophobic signal sequence. Cleavage of the PEXEL motif 

by the ER-resident aspartic acid protease Plasmepsin V (Boddey et al., 2010, Russo 

et al., 2010) takes place after the third leucine (RxL¯xE/Q/D) and leads to the 

formation of a dipeptide motif (xE/Q/D) which is subsequently acetylated by an 

unknown N-acetyl transferase (Chang et al., 2008).  

Non-canonical PEXEL motifs, such as RxLxxE (Boddey et al., 2013) or 

R/K/HxL/IxE/Q/D (Schulze et al., 2015) have also been identified. Additionally, some 

proteins found to be exported do not possess a PEXEL motif and are called PEXEL-

Negative Exported Proteins (PNEPs) (Spielmann et al., 2006, Spielmann and 

Gilberger, 2010, Heiber et al., 2013). Except for transmembrane domains, PNEPs 

do not have a clear conserved signal for export, making it difficult to identify them. 

One example of such a PNEP is PfEMP1 which lacks both a PEXEL motif and a 

classical hydrophobic signal sequence and nevertheless is exported onto the iRBC 

surface (Boddey and Cowman, 2013). Current estimation of P. falciparum 

exportome, including PEXEL-containing proteins and PNEPs, comprises 

approximately 550 proteins (Spielmann and Gilberger, 2015). 

Cleaved PEXEL-containing proteins are then trafficked within transport vesicles to 

the PPM where fusion of the vesicles with the membrane releases proteins inside 

the PV. For transmembrane PNEPs, vesicular delivery to the PPM results in the 

incorporation of the protein to the membrane. Subsequent extraction of the PNEPs 

from the PPM is happening albeit the mechanism is not known. 

 

Once in the PV, exported proteins must still traverse the PVM to enter the host cell 

cytosol. This is made possible by the Plasmodium Translocon of Exported Proteins 

(PTEX) (de Koning-Ward et al., 2009) which is spanning across the PVM. Proteins 

destined to be exported are thought to be unfolded (Gehde et al., 2009) and carried 
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across the PVM through the PTEX in an ATP-dependent manner (Ansorge et al., 

1997). 5 parasite proteins have been identified so far as components of the PTEX. 

- The Exported Protein 2 (EXP2) is thought to constitute the protein-conducting 

channel, or pore, of the PTEX complex within the PVM (Kalanon et al., 2016, 

Mesen-Ramirez et al., 2016) because of its structural similarity to the pore 

forming bacterial toxin haemolysin E (de Koning-Ward et al., 2009). 

- PTEX 150 is considered to have a structural role bringing together EXP2 and 

the other core component of the PTEX complex, Hsp101, as it has been 

shown to be essential for the complex stability (Elsworth et al., 2016). 

- The third core component is the Heat Shock Protein 101 (Hsp101). This 

ClpA/B type AAA+ ATPase is believed to be the molecular motor of the PTEX 

complex responsible for unfolding exported proteins before pushing them 

through the EXP2 pore (Beck et al., 2014). 

These proteins constitute the ternary complex core of the PTEX translocon and 

neither of them has been successfully disrupted demonstrating their essentiality 

(Beck et al., 2014, Elsworth et al., 2016, Garten et al., 2018, Ho et al., 2018). 

Interestingly, knockdown of the PTEX components prevented the export of both 

PEXEL-containing proteins and PNEPs, indicating that both classes of proteins 

share a PTEX-mediated crossing of the PVM (Elsworth et al., 2014). 

In addition to these 3 core elements, 2 accessory proteins have been shown to be 

non-essential components of the PTEX (Matz et al., 2013). 

- Thioredoxin 2 (TRX2) is assumed to contribute to the cleavage of disulfide 

bonds facilitating the unfolding of proteins and therefore their export 

(Matthews et al., 2013). 

- The last component of the PTEX is PTEX88. Its exact function has not been 

identified yet. Knockdown of its expression did not affect parasite viability in 

vitro but led to a decrease in cytoadherence (Chisholm et al., 2016). However, 

disruption of PTEX88 did not cause any obvious defect in protein export 

suggesting a limited role for it (Matz et al., 2013). 

How exported proteins are identified by the PTEX translocon is not well described. 

One hypothesis is that proteins destined to be exported are trafficked to specific 

compartments of the PVM which contain the PTEX (Wickham et al., 2001). Another 
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hypothesis proposed that signals such as the acetylated N-terminus of PEXEL-

cleaved proteins could be recognised by the components of the PTEX. Recently, a 

complex called Exported Proteins-Interacting Complex (EPIC) has been 

hypothesised to shuttle proteins destined for export to the PTEX (Batinovic et al., 

2017). 

 

Once in the erythrocyte cytosol, exported proteins need first to be refolded after 

translocation through the PTEX. The machinery performing this refolding is currently 

unknown. When refolded, exported proteins reach their final subcellular localisation 

using different trafficking systems. The most studied of them involves exomembrane 

structures called Maurer’s Clefts (MCs) (Lanzer et al., 2006, Bhattacharjee et al., 

2008). MCs are described as flattened membranous disc-like compartments of 

around 500-600nm in length, believed to function as sorting platforms for parasite 

proteins exported to the RBC membrane. This is because many exported proteins 

known to localise at the RBC surface or cytoskeleton have been detected in the MCs. 

This includes KAHRP (Knob-Associated Histidine-Rich Protein) (Wickham et al., 

2001), PfEMP1 (Kriek et al., 2003, Wickert et al., 2003) and members of the STEVOR 

(Kaviratne et al., 2002, McRobert et al., 2004, Przyborski et al., 2005) and RIFIN 

(Repetitive Interspersed Families of polypeptides) families (Khattab and Klinkert, 

2006). Additionally, the MCs appear to bud from the PVM just after invasion and have 

been shown to gradually travel through the erythrocyte cytosol towards the RBC 

membrane during the parasite intraerythrocytic lifecycle (Spycher et al., 2006, 

Gruring et al., 2011). 

Several parasite proteins have been shown to be essential for MCs formation and 

stability. For example, the deletion of the Ring Exported Protein 1 (REX1), the 

megadalton protein Pf332, the Parasite-Infected Erythrocyte Surface Protein 2 

(PIESP2, recently renamed PFE60) and the P. falciparum Trafficking Protein 1 

(PfPTP1) has been shown to decrease the number of MCs, to lead to the formation 

of stacked MCs and/or to change their morphology (Hanssen et al., 2008a, Dixon et 

al., 2011, Rug et al., 2014, Zhang et al., 2018a). The deletion of these proteins, along 

with other MC-resident proteins such as Membrane-Associated Histidine-Rich 

Protein 1 (MAHRP1), Skeleton-Binding Protein 1 (SBP1) and several other 

uncharacterized proteins, also led to the disruption of MCs functions with protein 
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cargo no longer delivered to the RBC membrane (Cooke et al., 2006, Maier et al., 

2007, Maier et al., 2008, Spycher et al., 2008). 

MCs have been shown to be motile organelles in early parasite stages but become 

fixed in the vicinity of the RBC membrane in later stages (McMillan et al., 2013). This 

is believed to be due to their attachment to the RBC cytoskeleton by tether-like 

structures (Hanssen et al., 2008b). These tether-like structures are electron dense 

tubes of approximately 200nm in length and 25nm in width that are constituted mainly 

of the parasite protein MAHRP2 (Pachlatko et al., 2010). It has also been shown that 

upon infection of the RBC the parasite reorganises the host cell cytoskeletal actin to 

create long actin filaments (~500nm in length) that connect the MCs to the RBC 

cytoskeleton in the vicinity of the knob structures (Shi et al., 2013, Millholland et al., 

2011, Cyrklaff et al., 2011). 

The final step of trafficking requires the transfer of proteins from the MCs to the RBC 

membrane or cytoskeleton as there is no direct connection between them. This is 

believed to be performed by vesicles. 2 kinds of vesicles have been described 

transporting proteins from MCs to the RBC periphery: the 25nm uncoated vesicles 

and the 80-100nm coated electron dense vesicles (EDVs) (Hanssen et al., 2008b). 

These vesicles are believed to bud from the MCs, attach to the MAHRP2 tethers and 

actin filaments to then deliver their content to the RBC membrane or cytoskeleton. 

PfPTP2 is a marker of the EDVs (Regev-Rudzki et al., 2013) which have also been 

shown to contain PfEMP1 (McMillan et al., 2013). It is also believed that some 

proteins do not need vesicular transport between the MCs and the RBC membrane 

and could travel along the tethers freely as anti-PfEMP1 antibodies have been shown 

to label the tethers (McMillan et al., 2013). 

Interestingly, the number of MCs formed during the 48 hours asexual lifecycle of the 

parasite remains constant with around 15 per iRBC (Gruring et al., 2011) suggesting 

that there is no further formation of these organelles after their initial appearance. 

The content of the MCs has been shown to change throughout the organelle 

maturation despite the lack of a physical connection between the PVM and the MCs. 

It has therefore been hypothesised that a mechanism of transport must exist between 

the PV and the MCs once the latter are formed. This is believed to be performed by 

vesicles called J-dots. J-dots contain parasite heat shock proteins such as Hsp70-x 

and 2 members of the Hsp40 family (PF3D7_0501100 and PF3D7_0113700) (Kulzer 

et al., 2012) and have been hypothesised to be part of the refolding mechanism 
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intervening after export through the PTEX. J-dots have also been shown to carry a 

proportion of PfEMP1 delivered to the RBC surface indicating that these vesicles can 

fuse with the MCs or directly transport their cargo to the RBC membrane. 

Finally, after crossing the PVM, some soluble proteins travel on their own to their 

final destination, be it the RBC membrane or cytoskeleton, the MCs or the RBC 

cytosol, such as the Glycophorin-Binding Protein 130 (GBP130) (Meyer et al., 2018), 

the protein GARP (Davies et al., 2016) or Plasmodium falciparum PfEMP1 

Trafficking Protein 3 (PfPTP3) (Maier et al., 2008). 

 

 
Figure 1.3 Plasmodium falciparum’s export machinery  

To gain access to the host cell cytosol, exported proteins must first cross several 
membranes including the parasite plasma membrane (PPM) and the parasitophorous 
vacuole membrane (PVM). To cross the latter, exported proteins rely on the parasite-
derived translocon called PTEX (Plasmodium Translocon of Exported Proteins) 
composed of 3 core proteins: EXP2, PTEX150 and Hsp101; and 2 accessory proteins: 
PTEX88 and TRX2. Once in the erythrocyte, proteins are refolded by an unknown 
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mechanism and transported to their final subcellular destination via vesicles such as the 
Maurer’s clefts (MCs) and the Electron Dense Vesicles (EDV) or via chaperone-
containing J-dots. Figure taken from (de Koning-Ward et al., 2016) 

 

1.6.3 The human RBC cytoskeleton 

The main role of erythrocytes is to provide tissues with oxygen. Oxygen loading 

occurs in the lungs due to the iron-containing biomolecule haemoglobin, after which 

it is delivered to different parts of the body. Therefore, erythrocytes have to travel 

through the circulatory system and reach the capillary network and the splenic 

sinusoids. The passage through blood vessels that have a diameter smaller than that 

of the erythrocyte requires a high deformability from the cell. This flexibility is 

conferred by the unique cytoskeleton of the erythrocyte.  

The RBC cytoskeleton is a 2-dimensional lattice located just underneath the RBC 

plasma membrane and attached to it by transmembrane protein complexes. It forms 

a pseudohexagonal meshwork composed of spectrin filaments which are connected 

at their end by short actin filaments. Spectrin is a long and flexible protein composed 

of 2 parallel chains (a- and b-spectrin monomers) binding to each other 

electrostatically to form heterodimers. These dimers then interact in a head-to-head 

manner to form tetramers. Each spectrin tetramer is connected to a b-actin 

protofilament at the junctional complex. Up to 6 spectrin tetramers can bind to b-

actin, forming the hexagonal meshwork. Other components of the junctional complex 

include, non-exhaustively, dematin, adducin, protein 4.1R, MPP1/p55, tropomyosin 

and tropomodulin, for which the main function is to stabilise and reinforce the 

interaction between spectrin, actin and other components of the junctional 

complexes. The junctional complex also comprises transmembrane proteins such as 

Kell, Glycophorin C and D, Glut1 and the protein Band3, linking the cytoskeleton to 

the erythrocyte plasma membrane (Lux, 2016). 

At the tetramerisation site between 2 spectrin heterodimers, ankyrin and Band4.2 

attach the cytoskeleton to Band3 and other transmembrane proteins to create an 

additional transmembrane protein complex linking the RBC cytoskeleton to the RBC 

membrane and called the Ankyrin complex (Lux, 2016). 

The particular flexibility of the erythrocyte cytoskeleton is believed to come from the 

relative weakness of the electrostatic interaction between spectrin monomers, 
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allowing them to slide past each other when the molecule is stretched (Li et al., 2007). 

Additionally, it has been shown that the weak interaction between spectrin dimers at 

the tetramerisation site leads to possible dissociation under shear stress, adding 

another level of flexibility (An et al., 2002). Finally, under native conditions, spectrin 

filaments are intertwined into a compact network of ~60-70nm strands (Shen et al., 

1986) because of their springlike behaviour. When fully stretched their length can 

almost triple to reach ~200nm (Liu et al., 1987). 

1.6.4 RBC cytoskeleton and membrane remodelling by P. falciparum 

One of the first exported parasite protein interacting with the RBC cytoskeleton after 

invasion is the Plasmodium Helical Interspersed SubTelomeric (PHIST) protein 

RESA (Silva et al., 2005). This protein has been shown to interact with b-spectrin, 

leading to an increase in cell rigidity (Mills et al., 2007) and to stabilise the spectrin 

network under febrile temperature at ring stage (Pei et al., 2007). Another 

remodelling event that takes place promptly after invasion is the insertion of 

members of the high molecular weight rhoptry protein (RhopH) family into the RBC 

cytoskeleton, participating to the formation of new permeation pathways for nutrients 

acquisition by the parasite (Sherling et al., 2017, Counihan et al., 2017). 

Phosphorylation of cytoskeletal components has also been shown to occur early on 

the parasite lifecycle with phosphorylation of Band3 on tyrosine residues (Pantaleo 

et al., 2010). This observation is rather counter-intuitive. First of all, because, so far, 

no Plasmodium tyrosine kinase has been identified (Doerig et al., 2015), suggesting 

that the parasite hijacks host kinases. Secondly, because phosphorylation of Band3 

Tyr residues 8 and 21 has been shown to destabilise the RBC cytoskeleton by 

dissociating Band3 from the spectrin-actin scaffold (Ferru et al., 2011). This process 

has been hypothesised by Pantaleo and colleagues to help rupture the RBC 

membrane at the end of the parasite lifecycle. The question is, why is the 

phosphorylation happening so early in the lifecycle? An alternative explanation could 

be that Band3 phosphorylation contributes to the parasite energetic metabolism as 

it has been shown to release glycolytic enzymes bound to Band3 (Puchulu-

Campanella et al., 2016). 

Later on during the parasite intraerythrocytic lifecycle, RESA appears to be removed 

from the host cytoskeleton and to be replaced by MESA, the Mature parasite-infected 
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Erythrocyte Surface Antigen (Coppel et al., 1988). MESA has been shown to 

destabilise the RBC cytoskeleton by competing with the host protein MPP1/p55 for 

binding to protein 4.1R, 2 members of the cytoskeleton junctional complexes. This is 

believed to impair spectrin-actin interaction generating free spectrin ends, 

subsequently used to anchor knob structures to the RBC cytoskeleton (Pei et al., 

2005). Additionally, the free actin filaments engendered are believed to be 

repurposed to connect MCs to the RBC cytoskeleton (see chapter 1.6.2). At this 

point, knob protrusions start to be visible on the iRBC surface. Electron tomography 

revealed that they are composed of a spiral scaffold of unknown composition coated 

by an electron-dense layer of proteins consisting for the most part of KAHRP 

(Watermeyer et al., 2016, Rug et al., 2006). KAHRP is an exported parasite protein 

which self-assembles underneath the RBC membrane where it has been shown to 

interact with several cytoskeletal proteins including spectrin, actin, protein 4.1R and 

ankyrin (Cooke et al., 2001, Weng et al., 2014). The deletion of KAHRP resulted in 

the loss of the knob protrusions and to a decrease in rigidity and cytoadhesion 

overflow (Crabb et al., 1997, Glenister et al., 2002). 

The relation between knobs and cytoadhesion derives from the function of knobs in 

anchoring PfEMP1, P. falciparum’s major cytoadherence factor, onto the iRBC 

surface. PfEMP1 adhesins are composed of a conserved intracellular acidic terminal 

sequence (ATS) and a variable extracellular domain determining the host receptor 

targeted (Hviid and Jensen, 2015). It has been shown that the ATS domain of 

PfEMP1 is attached to the RBC cytoskeleton through a PHIST protein called Lysine-

rich Membrane-associated PHISTb (LyMP) protein (Oberli et al., 2014, Proellocks et 

al., 2014, Oberli et al., 2016) and knob protrusions act as a clustering point 

concentrating ~4 PfEMP1 molecules per knob to maximise the binding avidity (Cutts 

et al., 2017, Sanchez et al., 2019). (A model of the knob structure is shown in Figure 

3.7a). In addition to LyMP, more PHIST proteins were shown to interact with the RBC 

cytoskeleton (Tarr et al., 2014) and to bind the ATS domain of PfEMP1 (Mayer et al., 

2012).  

Furthermore, PfEMP1 is not the only family of protein displayed on the iRBC surface. 

Members of both the STEVOR and RIFIN protein families were shown to be exposed 

on the erythrocyte membrane and, along PfEMP1, to mediate rosetting to RBCs 

(Niang et al., 2014, Goel et al., 2015). Another protein family, called SURFIN 
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(SURFace-associated INterspersed protein), has also been shown to be displayed 

on the iRBC surface, however little is known about its role (Alexandre et al., 2011). 

Several proteins initially found in the MCs seem to associate with the RBC 

cytoskeleton later during the 48h parasite lifecycle. For example, PfEMP3 has been 

shown to interact with spectrin (Knuepfer et al., 2005, Waller et al., 2007) and its 

deletion led to a decrease in iRBC rigidity (Glenister et al., 2002) and in PfEMP1 

surface trafficking (Waterkeyn et al., 2000). On the other hand, Pf332 has been 

shown to interact with actin (Waller et al., 2010) but its deletion led to an increase in 

iRBC rigidity (Glenister et al., 2009) suggesting a role in regulating parasite-induced 

rigidification. 

Throughout the parasite lifecycle the number of knobs on the iRBC surface increases 

linearly until 36 hours post-invasion (h.p.i) (Gruenberg et al., 1983, Quadt et al., 

2012). After 36 h.p.i the parasite starts disassembling components of the RBC 

cytoskeleton, in anticipation to egress. Proteins such as adducin and tropomyosin 

are removed from the cytoskeleton (Millholland et al., 2011) resulting in its 

destabilisation and a decrease in the number of knobs. 

Last but not least, many post-translational modifications (PTMs) of both parasite and 

host cell proteins have been recorded during the intraerythrocytic development of the 

parasite (Doerig et al., 2015) with phosphorylation appearing as an important 

mechanism of parasite-induced host cell remodelling across all stages (Wu et al., 

2009, Treeck et al., 2011, Lasonder et al., 2012, Pease et al., 2013, Bouyer et al., 

2016). Understanding the roles of these phosphorylation events and their mediators 

hold the promise to elucidate novel regulatory mechanisms at the parasite – host cell 

interface. 

1.7 Kinases in P. falciparum 

1.7.1 What is a kinase? 

A kinase is an enzyme responsible for the covalent attachment of phosphate groups 

from ATP (or, in some cases, GTP (Ventimiglia and Wool, 1974)) to specific 

molecules, whether it be a protein, a lipid or a carbohydrate, in a process called 

phosphorylation. This can result in conformational changes of the phosphorylated 

substrates leading to modifications in their activity, stability, interaction properties or 

subcellular localisation (Beltrao et al., 2013, Holt, 2012, Pawson and Scott, 2005). 
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Protein phosphorylation in eukaryotes occurs predominantly on amino acids with a 

hydroxyl group such as serine, threonine or tyrosine. Other amino acids that do not 

carry a hydroxyl group, such as histidine or aspartic acid, can also be 

phosphorylated, notably, but not exclusively, in prokaryotes (Fuhs and Hunter, 2017, 

Lai et al., 2017). 

Kinases are composed of at least one accessory domain tethered to a catalytic 

kinase domain. A wide variety of accessory domains exists and they have been 

shown to function as adapter or regulatory modules, aiding substrate recruitment and 

specificity, but can also serve as a scaffold or play a role in the subcellular localisation 

of the kinase (Deshmukh et al., 2010). 

Conversely, the catalytic kinase domain is largely conserved among kinases and can 

be divided into 12 smaller subdomains (I-XII) (Hanks and Hunter, 1995). This kinase 

domain is formed of 2 structurally and functionally distinct lobes (the N-lobe and the 

C-lobe) connected through a hinge region (Figure 1.4). The smaller N-lobe 

comprises the subdomains I, II, III and IV. It is composed of 5 b-stranded sheets 

coupled to the a-helix C. Its main function is the binding and orientation of the ATP 

molecule for catalysis. Among the most important features of the N-lobe, it can be 

mentioned the Glycine-rich loop (GxGxxG) located between b-sheets 1 and 2 which 

is important for ATP binding by folding over the nucleoside and positioning the g-

phosphate of ATP for catalysis (Hemmer et al., 1997). This Glycine-rich loop 

constitutes the first kinase subdomain. The next subdomain (II) is defined by an 

invariant lysine residue located in the b3 strand. This lysine interacts with an invariant 

glutamic acid of the aC-helix contributing to the stabilisation of the ATP a- and b-

phosphates (Endicott et al., 2012, Kornev and Taylor, 2015). Towards the end of the 

N-lobe, the aC-helix is anchored to the C-lobe by the b4 and b5 strands which 

continue into the hinge region.  

N-terminal to the hinge region is an important residue called the “gatekeeper” 

residue, which, by its size and polarity, controls the access to the ATP-binding pocket 

of the kinase (Liu et al., 1998). Many kinase inhibitors act as ATP analogues 

preventing the binding of ATP to the ATP-binding pocket. Therefore, mutations of the 

“gatekeeper” residue is often observed in kinases resistant to such inhibitors (Liu et 

al., 1999, Blencke et al., 2004). For example, mutation of the “gatekeeper” residue 

threonine of the human tyrosine kinase BCR-ABL to isoleucine was sufficient to 
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confer resistance to imatinib, the first protein kinase inhibitor approved for treatment 

of chronic myeloid leukaemia (Gorre et al., 2001). The mutation of the “gatekeeper” 

residue has also been elegantly exploited to unveil the function of some kinases. 

PfPKG (P. falciparum cyclic-Guanosine-Monophosphate (cGMP)-dependent Protein 

Kinase) has been shown to be selectively inhibited over its mammalian homologue 

by the trisubstituted pyrrole Compound 1. The replacement of PfPKG “gatekeeper” 

residue threonine with a bulkier glutamine conferred high degree of resistance to 

Compound 1 and allowed the identification of PfPKG essential role in 

gametocytogenesis (McRobert et al., 2008). 

The larger C-lobe comprises subdomains VI to XII and is mainly a-helical with 7 a-

helices and 4 short b-strands (Figure 1.4) (Hanks and Hunter, 1995). It binds the 

protein substrate and encompasses much of the catalytic machinery necessary to 

perform the phosphate transfer. The catalytic loop is located between b-stands 6 and 

7 and contains the HRDxxxxN motif defining subdomain VIB where the aspartic acid 

functions as a proton acceptor from the hydroxyl group of the substrate amino acid 

allowing the phosphate transfer (Taylor and Kornev, 2011). The asparagine in the 

motif stabilises the aspartic acid and chelates the secondary Mg2+ ion that bridges 

the a- and g-phosphates of ATP (Hanks and Hunter, 1995). The next important motif 

in the C-lobe is the DFG motif located in the loop between b8 and b9 strands and 

defining subdomain VII. The aspartic acid serves to chelate the Mg2+ ion between 

the b- and g-phosphates of ATP and thereby helps to orient the g-phosphate for 

transfer. The DFG motif delimits the start of a sequence referred to as the activation 

segment which extends until the APE motif of subdomain VIII. The activation 

segment comprises a loop called the activation loop that controls the activity of the 

kinase. In inactive kinases, this loop prevents phosphorylation by obstructing the 

catalytic site (Nolen et al., 2004). Phosphorylation of the activation loop, either by 

autophosphorylation or phosphorylation by another kinase, changes its 

conformation, disengaging it from the catalytic site which becomes available to the 

substrate (Johnson et al., 1996). This can also be achieved by accessory regulatory 

proteins (Cowan-Jacob et al., 2009). By exploiting that, kinases can act as signalling 

mediators integrated within signalling cascades essential for cell survival. 

Dysregulation of these signalling cascades in human cells has been shown to be a 

leading cause for neoplasia and neurodegenerative disorders (Cohen, 2001). 
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Interestingly, parasites can interfere with these signalling pathways, disrupting the 

proper functioning of the host cell (Ong et al., 2010). 

Subsequent subdomains (IX-XII) are composed of a-helices and are structurally 

important for the stability of the kinase domain. 

 

More recently, an additional level of regulation has been discovered by Local Spatial 

Pattern (LSP) alignment of many eukaryotic protein kinase structures, in the form of 

2 hydrophobic “spines” connecting the N-lobe and the C-lobe. The first one is called 

the regulatory spine, or R-spine (Kornev et al., 2006). It is composed of 4 non-

consecutive hydrophobic residues: 2 from the N-lobe in the b4 strand and in the aC-

helix, and 2 from the C-lobe including the phenylalanine from the DFG motif and one 

residue from the catalytic loop. These 4 residues form a highly conserved spatial 

motif found in every active kinase but if one residue is misaligned the kinase loses 

its activity. 

The other hydrophobic spine is called the catalytic spine, or C-spine (Kornev et al., 

2008). It also comprises 4 residues distributed throughout the kinase domain but, 

unlike the R-spine, it is completed by the adenine ring of ATP. 

 

 
Figure 1.4 Structure of the conserved eukaryotic protein kinase core  
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The eukaryotic protein kinase domain has a conserved bilobal fold which consists of a 
small N-terminal lobe (N-lobe, top) formed of 5 b-stranded sheets (b1 to b5) and the aC-
helix; and a larger and mainly helical C-terminal lobe (C-lobe, bottom). The ATP molecule 
is shown in black and binds in the N-lobe whereas the substrate would bind in the 
catalytic site located between the 2 lobes. b-stranded sheets are indicated in teal blue, 
a-helices are coloured in red and loops essential for kinase activity are marked in yellow. 
Figure taken from (Taylor and Kornev, 2011).  

 

1.7.2 The eukaryotic kinome 

The near-complete sequencing of the human genome in the year 2000 allowed the 

classification of eukaryotic protein kinases in 7 major groups on the basis of their 

kinase domain sequences (Manning et al., 2002a): 

- The AGC group, named after 3 representative families, the cyclic-Adenosine-

Monophosphate (cAMP)-dependent Protein Kinase (PKA), the cyclic-

Guanosine-Monophosphate (cGMP)-dependent Protein Kinase (PKG) and 

the Protein Kinase C (PKC). AGC kinases are cyclic-nucleotide and 

calcium/phospholipid regulated kinases mainly involved in signalling. 

- The CMGC group is constituted of Cyclin-Dependent Kinases (CDK), 

Mitogen-Activated Protein Kinases (MAPK), Glycogen Synthase Kinases 

(GSK) and CDK-Like Kinases (CLK). CMGC kinases are associated with cell 

cycle control, stress signalling and metabolic regulation. 

- The Casein-Kinase 1 group (CK1). Highly divergent from most other kinase 

groups, CK1 kinases play a role in diverse cellular processes such as cell 

cycle control and signal transduction.  

- The Calcium/Calmodulin-dependent protein Kinase group (CaMK). It is a 

group of enzymes regulated by calcium- and calmodulin-binding. 

- The STE kinases group, which includes protein kinases involved in the MAPK 

pathways (i.e., MAPKK, MAPKKK and MAPKKKK). However, MAPKs belong 

to the CMGC group. 

- The Tyrosine Kinase group (TK), which, as its name indicates, specifically 

phosphorylates tyrosine residues. 

- And the Tyrosine Kinase-Like group (TKL), which is related to the TK group 

but TKL enzymes are serine/threonine kinases.  
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Eukaryotic protein kinases that do not cluster in any of these group are called “Other 

Protein Kinase” (OPK).  

These 7+1 groups form the typical eukaryotic protein kinases. Additionally, “atypical 

protein kinase” or “orphan protein kinases” have been identified and described as 

enzymes possessing a kinase activity that do not share clear sequence homology 

with typical eukaryotic protein kinase (Manning et al., 2002a).  

 

Genes coding for protein kinases represent approximately 2% of the total number of 

genes in eukaryotes. This corresponds to more than 500 out of the >21000 genes in 

humans (Manning et al., 2002a, Kostich et al., 2002) and 117 kinase coding genes 

are found in the 5770 genes of the baker’s yeast Saccharomyces cerevisiae genome 

(Hunter and Plowman, 1997, Rubenstein and Schmidt, 2007), confirming the critical 

importance of phosphorylation in eukaryotic cellular processes. 

1.7.3 The P. falciparum kinome 

The P. falciparum kinome is much smaller than that of metazoans, with 86, 91 or 99 

protein kinases according to different studies (Ward et al., 2004, Anamika et al., 2005, 

Talevich et al., 2011). This reduction of the kinome is consistent with the gene loss 

and general compaction of the genome observed in intracellular parasites (Lawrence, 

2005). P. falciparum’s kinome represents between 1.59 and 1.83% of its ~5400 

genes, which is in line with other eukaryotes. 

Many of the P. falciparum kinases can be assigned to one of the AGC, CMGC, CK1, 

CaMK or TKL groups previously described for eukaryotes. However, important 

divergence with the human host has also been reported. This is due to the hundred 

million years of independent evolution and the succession of a photosynthetic and 

then a parasitic lifestyle for Plasmodium ancestors. Among the noticeable differences 

is the absence of an important kinase group, the TK group (Ward et al., 2004). TKs 

have been shown to function mainly as hormone-response receptors playing a 

critical role in intercellular communication in multicellular organisms. As P. falciparum 

is a unicellular organism, it seems coherent that it does not possess any TK. However, 

several unicellular eukaryotes such as Chlamydomonas, Entamoeba, Phytophthora 

and Toxoplasma have been shown to possess putative TKs (Shiu and Li, 2004, Ong 

et al., 2010).  
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Furthermore, Plasmodium parasites possess a STE kinases group reduced to a 

single member with a total absence of key components of the MAPK phosphorylation 

cascade such as MAP4K, MAP3K or MAPKK. The presence of 2 members of the 

MAPK family, the last stage of the MAPK cascade belonging to the CMGC group, 

suggests that this pathway is still functional in P. falciparum, although the upstream 

regulators are not known (Talevich et al., 2012). 

Conversely, 2 kinase families present in P. falciparum’s kinome have no orthologs in 

metazoans. These include the Calcium-Dependent Kinases (CDPK), a family of 

kinases belonging to the CaMK group which are present only in plants and alveolates 

(algae) (Zhang and Choi, 2001). CDPK are characterised by the presence of a 

calcium-binding regulatory domain fused to the kinase domain and are thought to 

originate from the photosynthetic lifestyle of the parasite ancestors (Ghartey-

Kwansah et al., 2020). The other kinase family present in P. falciparum but not found 

in metazoans is the FIKK kinase family. This family is strictly restricted to 

Apicomplexa parasites and will be further detailed in chapter 1.7.4. 

In addition to these 2 specific families, the P. falciparum kinome comprises many 

individual kinases, approximately 25%, that do not cluster with any of the protein 

kinase groups and therefore are classified as “orphan” kinases (Brochet et al., 2015). 

It appears that one possible origin for these “orphan” kinases in P. falciparum is the 

creation of “composite” kinases which display the features of 2 established kinase 

families. For example, the “orphan” kinase PfPK7 (P. falciparum Protein Kinase 7) 

possesses a C-terminal lobe with features of a MAPKK and a N-terminal region 

related to PKA, a member of the AGC group (Dorin et al., 2005). In line with its 

absence in Metazoa, this enzyme has been shown to be involved in the regulation 

of the number of daughter merozoites, a process specific to parasites. Finally, the 

divergence between parasite and metazoan kinomes can be explained by the unique 

characteristics of some of the parasite kinases. Such features include long and often 

disorganised C-terminal or N-terminal extensions of the catalytic domain as well as 

insertions within the catalytic domain (Brochet et al., 2015). Because such insertions 

occur in the loops between secondary structures elements, they are thought not to 

interfere with the classical kinase fold (Halbert et al., 2010) 

 

2 different studies, one in P. falciparum and one in P. berghei, a mouse malaria 

species, identified that approximately half of the parasite kinome is essential for intra-
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erythrocytic replication (Tewari et al., 2010, Solyakov et al., 2011). Furthermore, of 

the kinases that were dispensable for asexual replication, several were shown to be 

required for specific steps in sexual development (Dorin-Semblat et al., 2008, Hopp 

et al., 2012).  

Protein kinases are highly druggable targets. 48 ATP-analogue kinase inhibitors 

have been developed for cancer chemotherapy (Bhullar et al., 2018, Roskoski, 2019). 

The essentiality of parasite kinases for replication and transmission, and the 

profound divergence between human and parasite kinomes, make the P. falciparum 

kinome an attractive target for selective intervention (Lucet et al., 2012). 

1.7.4 FIKK kinases 

Using bioinformatics tools, it has been found that the FIKK kinase family is exclusive 

to protozoan parasites of the phylum Apicomplexa (Ward et al., 2004). While most 

apicomplexan species, including most Plasmodium spp., Toxoplasma gondii and 

Cryptosporidium parvum possess a single fikk gene (orthologous of fikk8 in P. 

falciparum), an expansion and diversification occurred in P. falciparum to give a 

family of 21 paralogs, 2 of which are considered pseudogenes (Figure 1.5) (Tewari 

et al., 2010). Moreover, a recent genomic study (Sundararaman et al., 2016) 

identified that this expansion of the FIKK kinase family is restricted to a particular 

subgenus of Plasmodium, called the Laverania, which includes P. falciparum and 

multiple related species that infect great apes (Proto, 2016). Specific features of the 

Laverania that are not shared by other Plasmodium species are a large exportome 

of PEXEL proteins and PNEPs (Sargeant et al., 2006), a relatively long 

gametocytogenesis and the remodelling of the iRBC membrane leading to its 

rigidification and to a strong cytoadherence to the vascular endothelium via surface 

virulence factors such as PfEMP1 (Otto et al., 2014, Larremore et al., 2015). In 

contrast, non-Laverania species export fewer proteins and do not remodel the iRBC 

to the same extent and so are considered less virulent. Therefore, it has been 

hypothesised that the expanded FIKK kinase family could play a role in P. falciparum 

virulence compared to other non-Laverania human malaria species. 

The name FIKK derives from a conserved Phenylalanine (F) – Isoleucine (I) – Lysine 

(K) – Lysine (K) motif located within the second subdomain of their catalytic kinase 

domain (Kooij et al., 2005, Schneider and Mercereau-Puijalon, 2005). P. falciparum 
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fikk genes are found on 12 out of the 14 chromosomes of the parasites, usually in 

the subtelomeric regions, in the vicinity of other multigene families coding for proteins 

destined to be exported to the RBC membrane and involved in the remodelling of the 

iRBC, such as the var multigene family coding for PfEMP1 (Ward et al., 2004, 

Schneider and Mercereau-Puijalon, 2005). 

18 out of the 19 FIKK kinases from P. falciparum (excluding the 2 pseudogenes 

fikk7.2 and fikk14) possess a signal sequence for entry into the ER and a PEXEL 

motif, suggesting that most PfFIKK kinases are destined to be exported outside the 

PV. This has been verified for some FIKK members which were found to have 

different subcellular localisations within the iRBC. Specifically, FIKK4.1, FIKK9.3 and 

FIKK9.6 were found both in ring and trophozoite stages to localise to the MCs. 

FIKK12 was also found in the MCs during the ring stage of parasite development but 

was observed throughout the erythrocyte plasma membrane in the later trophozoite 

and schizont stages (Nunes et al., 2007). It should be mentioned that some of the 

antibodies used in this publication probably cross-reacted with other exported 

proteins. More recently, FIKK4.2 was found to localise in a novel and distinct 

parasite-derived compartment in the iRBC cytoplasm called K-dots (Kats et al., 

2014). In contrast, both FIKK8 (the orthologous member conserved in apicomplexan 

parasites) and FIKK9.2 were found to be retained within the parasite (Nunes et al., 

2007, Lin et al., 2017b) consistent with the lack of signal sequence for FIKK9.2 and 

the lack of both PEXEL motif and signal sequence for FIKK8. Finally, in a recent 

publication, Siddiqui and colleagues found that FIKK9.1, FIKK10.1 and FIKK10.2 

were localised to the MCs whereas FIKK3 was associated with the rhoptries and 

FIKK9.5 was localised in the parasite nucleus despite the presence of a PEXEL motif 

and a signal sequence. 

Despite the fact that these FIKK kinases have been identified more than 15 years 

ago, little is known about their substrates or their functions. Deletion of FIKK4.2 

revealed its role in knob architecture and consequently in cytoadhesion of iRBCs 

(Kats et al., 2014). In contrast, the deletion of FIKK7.1 and FIKK12 had no detectable 

effect on cytoadherence but RBCs infected with knockout (KO) parasites were less 

rigid than RBCs infected with WT parasites (Nunes et al., 2010). Through the use of 

ghost erythrocytes, potential substrates for the FIKK kinases were identified. FIKK4.1 

was found to be able to phosphorylate dematin (Brandt and Bailey, 2013), a protein 

belonging to the junctional complex linking the RBC cytoskeleton to the RBC 
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membrane (Salomao et al., 2008), whereas FIKK7.1 and FIKK12 were shown to 

phosphorylate 2 distinct proteins of >250 and 80kDa respectively (Nunes et al., 2010). 

Thus, the different functions identified for the few FIKK kinases studied so far along 

with their different localisation within the iRBC suggested non-redundant functions. 

Moreover, the fact that most FIKK kinases have been conserved in highly syntenic 

loci across the Laverania subgenus since its appearance more than 1 million years 

ago is a further argument for a non-redundant and key role of the FIKK kinases in 

the Laverania biology. While several studies have looked into their subcellular 

localisation and their roles in host cell remodelling, the identification of their targets 

holds the promise to elucidate novel regulatory mechanism on host-cell proteins. 

 

 
Figure 1.5 Phylogenetic trees of Plasmodium protein kinase domains. 

Phylogenetic trees depicting the kinome of 2 Plasmodium species, P. berghei ANKA and 
P. falciparum 3D7, according to protein kinase domains. Coloured branches represent 
kinases belonging to the same group. Grey branches represent orphan kinases that do 
not cluster in any group. Characteristics that distinguish P. falciparum kinome from that 
of P. berghei are highlighted in blue. Highlighted in yellow are the genes that have been 
disrupted in the study from where that figure was taken (Tewari et al., 2010) .
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Chapter 2. Materials & Methods 

2.1 P. falciparum cell culture 

2.1.1 In vitro maintenance and synchronisation of Plasmodium parasites 

Human erythrocytes infected with P. falciparum asexual stages were cultured at 

37°C in complete medium. Complete medium consists of 1L RPMI-1640 medium 

supplemented with 5g AlbuMAX II (ThermoFischer Scientific) to act as a serum 

substitute, 0.292g L-glutamine, 0.05g hypoxanthine, 2.3g sodium bicarbonate, 

0.025g gentamycin, 5.957g HEPES and 4g dextrose. A haematocrit of 1-5% was 

used and the blood was from anonymous donors, provided through the UK Blood 

and Transfusion service. According to standard procedures, parasites were grown in 

a gas atmosphere consisting of 90%N2, 5%CO2 and 5%O2 (Trager and Jensen, 

1976). Thin blood smears fixed with 100% methanol, air-dried and stained with 

Giemsa were routinely used to assessed parasitemia and developmental stages by 

light microscopy. P. knowlesi parasites in the asexual RBC stages were cultured in 

complete medium supplemented with 10% horse serum as described previously 

(Moon et al., 2013). Parasite cultures were synchronised by Percoll (GE Healthcare) 

isolation of mature schizont-stage parasites. Purified schizonts were incubated in 

complete medium at 37°C with fresh RBCs for 4 hours in a shaking incubator. Any 

remaining schizonts were removed with a second Percoll purification to leave only 

tightly synchronized ring-stage parasites in the flask. 

2.1.2 Freezing and thawing of iRBCs 

Parasite cultures with at least 3% ring stages were pelleted and re-suspended in an 

equal amount of sterile malaria freezing solution (111mM NaCl, 3% D-sorbitol and 

28% glycerol) before being transferred to cryovials (ThermoFischer Scientific). 

Cryovials were then stored in liquid nitrogen until needed. 

 

Thawing of frozen vials was perform in 3 steps. First, vials were warmed at 37°C in 

a water bath until the content was thawed. Secondly, the equivalent of 1/10th the total 

volume of thawing solution A (12% NaCl) was added drop by drop. After 5 minutes 

incubation, 10 times the total volume of thawing solution B (1.6% NaCl) was added. 
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Finally, iRBCs were gently pelleted by centrifugation, re-suspended in pre-warmed 

complete medium and cultured as standard. 

2.1.3 Transfection of P. falciparum 

P. falciparum transfections were performed as described before (Collins et al., 

2013a, Jones et al., 2016). Briefly, 50-150µg of plasmids 

pfikk4.1:LoxPint:HA:T2A:Neo:GFP, pfikk7.1:LoxPint:HA:T2A:Neo:GFP, 

pfikk10.1:LoxPint:HA:T2A:Neo:GFP and pfikk11:LoxPint:HA:T2A:Neo:GFP were 

obtained by midiprep from E. coli TOP10 cells and ethanol precipitated by adding 0.1 

volume of 3M Sodium Acetate (pH 5.2) and 2 volumes of 100% ethanol, followed by 

at least 2 hours incubation at -20°C. DNA was subsequently centrifuged at 4°C for 

30 minutes and washed twice with 70% ethanol. To finish, DNA pellets were air-dried 

and resuspended in 10µl Tris-EDTA (TE) buffer. In parallel, highly synchronised 

segmented schizonts (48 h.p.i) of NF54 DiCre-expressing parasites were collected 

by Percoll-enrichment and washed once with RPMI. The DNA constructs in TE buffer 

were mixed with 90µl P3 Primary cell solution (Lonza) and used to resuspend 

segmented schizonts which were subsequently transferred to a chilled transfection 

cuvette. Transfection was performed by electroporation using the FP158 programme 

of an Amaxa 4D Electroporator machine (Lonza). Following transfection, the 

parasites were transferred to pre-warmed flasks containing 2 ml complete medium 

and 300µl fresh uRBCs. After 40 minutes of gentle shaking into a shaking incubator 

at 37°C, 8 ml complete medium were added to each flask. Transfected parasites 

were incubated normally for 24 hours, then selection was first performed with 2.5nM 

WR99210 (Jacobus Pharmaceuticals). After WR99210 resistant parasites emerged, 

they were further selected with 225µg/ml G418 (Gibco by LifeTechnology). Correct 

integration of the plasmids into the parasite genome was confirmed by Polymerase 

Chain Reaction (PCR) (see chapter 2.2.4) using the primers described in Appendix 

Table 1. 

2.1.4 Rapamycin treatment of condKO parasite lines 

To induce Cre-driven LoxP site recombination, synchronised ring-stage parasites 

were treated with either 100nM rapamycin (RAP) (Sigma) in 1% (v/v) 

dimethylsulfoxyde (DMSO) or an equivalent volume of DMSO only to act as a vehicle 
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control, for 4 hours at 37°C in a shaking incubator. Parasites were subsequently 

washed twice with warmed RPMI and returned to culture in complete medium. 

Samples for nucleic acid extraction (see chapter 2.2.3) were taken at least 24 hours 

after RAP treatment, and samples used for proteins extraction (see chapter 2.3.2) 

were taken at least one replication cycle (48 hours) after RAP treatment. 

2.1.5 Magnetic purification 

Magnet racks were designed in-house by Heledd Davies and accommodated 5 CS-

MACS (Miltenyi Biotec) magnetic columns each. Columns were filled with RPMI 

medium from a two-way stopcock and then inserted into the magnet-holder. The 

columns were washed with 10ml RPMI before use and attached to 23-gauge blunt-

ended needle to control the flow speed. The iRBC suspension was added to the 

columns at a haematocrit below 20% and then washed with RPMI. Once the flow-

through ran clear, the columns were washed with an additional 20ml RPMI. The 

columns were removed from the magnet racks and placed above 15ml tubes. Late-

stage iRBCs were eluted with 10ml RPMI, with the needle still attached. The purity 

of both the eluate and the flow-through were checked with a Giemsa smear. If 

parasitemia in the elution was under 90%, the columns were returned to the magnet 

-holder and the eluate was passed through once again, with 10ml RPMI for washing, 

before a final elution with 10ml RPMI. The columns were washed with 100ml H2O 

followed by 10ml 100% EtOH and stored in 100% EtOH  

2.1.6 Plaque assay assessment of parasite growth and cloning 

Parasite lines were tightly synchronised to a 4-hours window using Percoll (GE 

Healthcare). Synchronous parasite cultures at ring stage were treated with either 

DMSO or RAP as described above. Plaque assays were performed as previously 

described by Thomas and colleagues (Thomas et al., 2016a). DMSO- and RAP- 

treated parasites were plated in the same flat-bottomed 96-well plates (Corning 

3596) using the central 60 wells of the plate – 30 for DMSO – and 30 for RAP-treated 

culture (10 parasites per well, 200µl complete medium, 0.75% haematocrit). 

Evaporation was limited by adding sterile phosphate-buffered saline (PBS) to the 

outer wells. The plates were incubated in a gassed chamber (C.B.S. Scientific 

Culture Chamber M-312) filled with parasite gas (90% N2, 5% CO2 and 5% O2) for 
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12 days. The plates were imaged using a Perfection V750 scanner (Epson) in top-

down transmission light mode, saving images as 4,800dpi TIFF files. The wells of 

interest were selected using the Magic Wand tool (tolerance setting = 75) of Adobe 

Photoshop CC 2018. Finally, the number of plaques and plaque area for each well 

were quantified using the “Analyse Particles” tool in Fiji (Schindelin et al., 2012) (size 

= 10 – 750 pixels; circularity = 0.2 – 1.00). GraphPad Prism version 8 was used for 

the statistical analysis of plaque assay data using an unpaired Welch’s t-test 

assuming a Gaussian distribution. The number of cells counted for FIKK4.1, FIKK7.1, 

FIKK10.1 and FIKK11 condKO lines is shown in Figure 3.4bii, p<0.05 was considered 

statistically significant. 

Cloning was performed using the same protocol but aiming for 0.3 parasite per well. 

After 14 days incubation, the number of plaques per well was assessed and any 

wells containing a single plaque were transferred to round-bottomed 96-well plates 

and supplemented with fresh blood to 2% haematocrit. After approximately another 

14 days, the wells were checked by Giemsa smear and samples from positive well 

were transferred to T25 flasks, each containing individual clones. 

2.1.7 Flow cytometry analysis of parasite growth 

For parasitemia measurement by flow cytometry, parasites were tightly synchronised 

to a 2 hours window by Percoll synchronisation. Following synchronisation, FIKK 

condKO ring stage parasites were treated for 4 hours with either DMSO or RAP 

followed by 2 washes with complete medium. The cultures were then adjusted to 

0.5% parasitemia and 4% haematocrit in triplicate in 96-well plates and incubated in 

a gassed chamber. For GSK2181306A resistant parasites, starting parasitemia was 

adjusted to approximately 0.1% and cultures were kept in complete medium 

supplemented or not with 1 time GSK2181306A EC50 (0.1218µM for P. falciparum 

Dd2 line and 0.4116µM for P. falciparum NF54 line) for the duration of the 

experiment. Samples (20µl) were taken every 24 hours and fixed in 2% 

paraformaldehyde (PFA) + 0.2% glutaraldehyde (GA) in PBS for 1 hour in the dark 

at 4°C. Fixative was subsequently washed out with PBS and samples were stained 

with SYBR Green or Hoechst 33342 for 15 minutes in the dark at 37°C. After a final 

wash, parasitemia was counted by flow cytometry on a BD LSR Fortessa flow 

cytometer (Becton Dickinson) using the FACS Diva software. Data were analysed 
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using the FlowJo 10 analysis software (Becton Dickinson). Statistical analysis for 

FIKK condKO lines was performed by two-way ANOVA with Tukey correction for 

multiple comparisons. 

2.1.8 Determination of RNA/DNA ratio of GSK2181306A resistant parasites 

Samples taken to assess parasitemia by flow cytometry of GSK2181306A resistant 

parasites were stained after fixation with 2mM Hoechst 33342 (NEB) and 2mM RNA 

dye 132A (Cervantes et al., 2009) for 30 minutes at 37°C in the dark. Samples were 

then directly analysed by flow cytometry as described above using the following 

lasers and filters: Hoechst – Violet laser, 450/50 filter; RNA dye 132A – blue laser, 

610/20 filter. 

2.1.9 FIKK inhibitors EC50s determination 

Half maximal effective concentration (EC50) of the different compounds tested was 

determined either by flow cytometry or by fluorescence assay. 2-fold dilutions of the 

compounds were plated in triplicate in 96-well plates. 200µl of parasite solution 

containing 1% parasitemia and 2% haematocrit was added to each well and plates 

were incubated for 72 hours at 37°C in a sealed gassed chamber. After incubation, 

parasite growth was assessed either by flow cytometry as described previously, or 

by using an adapted version of Smilkstein and colleagues’ SYBR Green growth 

inhibition assay (Smilkstein et al., 2004). For that, parasites were lysed by adding 

50µl 5X lysis buffer (20mM Tris-HCl, 5mM EDTA, 0.16% Saponin and 1.6% Triton 

X-100, pH 7.5) and 1X SYBR Green I (Molecular Probes) to each well. Plates were 

incubated in the dark for 2 hours at room temperature and fluorescence of the 

samples was determined using a FLUOStar Omega Plate reader (BMG Labtech) 

with excitation and emission filters of 485nm and 520nm, respectively. Data were 

analysed using GraphPad Prism version 8 and EC50s were calculated from a four-

parameters logistical fit of the data. 

2.1.10 Generation of drug resistant parasites 

Drug resistance was generated as described before (Schlott et al., 2019). The same 

protocol was used to generate Dd2 and NF54 drug resistant parasites. For each 

drug, 9 independent WT parasite clones were cultured in 9 different wells of flat 
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bottomed 6-well plates (Corning 3516) in a sealed gassed chamber. 1.108 ring stage 

parasites of each clones were cultured in 5ml complete medium supplemented with 

3.5 times the drug EC50 (3.5 x 0.3059 » 1.07µM for GW779439X; 3.5 x 0.4009 » 

1.40µM for GSK2177277A and 3.5 x 0.1613µM » 0.565µM for GSK 2181306A). The 

cultures were fed daily with drug-containing complete medium for 6 days and every 

other day thereafter. Parasitaemia was carefully monitored by Giemsa smear, daily 

initially, to confirm killing and then weekly to control for re-emergence. Cultures were 

given fresh RBCs (equivalent to 0.5% haematocrit) at day 7 and at day 14, and 

weekly thereafter, approximately 25% of the culture volume is discarded and 

replaced with fresh RBCs and drug-containing medium to prevent lysis. Culture were 

kept under drug pressure for 60 days or until resistant parasite emerged. After 60 

days, the experiment was stopped if no parasites were observed. For successful 

drug resistance generation (GSK2181306A), 3 independent clones were selected 

and used for all further experiments.  

2.2 Molecular biology techniques 

2.2.1 Gibson assembly, bacterial cloning and transformation 

DNA fragments used for Gibson assembly were amplified either from P. falciparum 

NF54 genomic DNA or from plasmid DNA using the polymerases KOD Hot Start 

(Sigma-Aldrich), Phusion (NEB) or proofreading Q5 (NEB) according to the supplier’s 

instructions. Backbone plasmids were linearised by treatment with restriction 

enzymes in excess (1U enzyme/1µg DNA/50µl reaction) for at least 1 hour at 37°C. 

All DNA fragments due to be assembled by Gibson cloning were previously extracted 

from the PCR reaction either by PCR purification (Monarchâ PCR & DNA clean up 

kit) or by gel electrophoresis purification (Monarchâ Gel Extraction kit). Gibson 

assembly (Gibson et al., 2010) was performed by mixing 0.1 to 0.5pmol DNA in 

equimolar concentrations in a maximum volume of 5µl. Deionised water was added 

if the final volume was inferior to 5µl. To these 5µl were added 15µl Gibson assembly 

mix (NEB) before incubation for 1 hour at 50°C. The Gibson reaction was diluted with 

80µl deionised H2O and 5µl of the diluted reaction was used to transformed 

competent TOP10 Escherichia coli bacteria (ThermoFischer) by incubation on ice for 

20 min followed by a heat shock at 42°C for 45 seconds and transferred back on ice 
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for 3 min. Transformed bacteria were then grown in SOC (Super Optimal broth with 

Catabolite repression) medium for 1 hour at 37°C while shaking prior to being spread 

on agar plates with the appropriate selection antibiotic (100µg/ml ampicillin or 

50µg/ml kanamycin) and let overnight at 37°C. Individual colonies were selected and 

grown overnight in 2ml LB (Lysogeny Broth) medium with appropriate selection 

antibiotic, shaking at 37°C. DNA plasmids were isolated using a MiniPrep kit 

(Qiagen) and sequenced by Sanger sequencing (GATC/Eurofins) to verify correct 

plasmid sequence. Once verified, DNA plasmids destined for parasite transfection 

were transformed again and larger bacterial cultures were used to isolate DNA with 

a MidiPrep kit (Macherey-Nagel). 

2.2.2 FIKK condKO plasmids generation 

All plasmids made in this study for the generation of FIKK condKOs are based on 

the pARL1a(+) plasmid containing a GFP cassette and a resistance cassette to 

DHFR inhibitors (Haase et al., 2009) (a kind gift from Dr. Tobias Spielmann, 

Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany). This plasmid 

was digested with restriction enzymes BglII and NcoI to introduce the 5’ Homology 

Region (HR) of FIKK4.1 and a recodonised version of FIKK4.1 kinase domain with a 

LoxPint module (Jones et al., 2016) at the 5’ end of the recodonised gene and 3 

adjacent HA-tag epitopes at the 3’ end followed by a T2A:Neomycin cassette ending 

with a STOP codon and a second LoxPint module (ordered from IDT as a “custom 

gene”). The 5’ HR was PCR-amplified from P. falciparum NF54 genomic DNA and 

the FIKK4.1 recodonised kinase domain fused to 3 HA-tags and a T2A:Neomycin 

cassette flanked by 2 LoxPints was PCR amplified from the IDT “custom gene”. All 

fragment were assembled by Gibson assembly to form the plasmid 

pfikk4.1:LoxPint:HA:T2A:Neo:GFP (see Figure 3.2). This final plasmid was 

sequenced to confirm correct assembly. 

The presence of an unique BglII restriction site 5’ to the FIKK4.1 HR and the 

presence of an unique SalI restriction site 3’ to the HA-tag epitopes fused to the 

recodonised kinase domain allow to remove these FIKK4.1 HR and FIKK4.1 

recodonised kinase domain by restriction digest of 

pfikk4.1:LoxPint:HA:T2A:Neo:GFP with BglII and SalI. Gibson assembly of the other 

PCR-amplified FIKK HR and FIKK recodonised kinase domain fragments (ordered 
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from IDT) allowed to obtain the plasmids pfikk7.1:LoxPint:HA:T2A:Neo:GFP, 

pfikk10.1:LoxPint:HA:T2A:Neo:GFP and pfikk11:LoxPint:HA:T2A:Neo:GFP. 

Transfection of these plasmids into a P. falciparum NF54 line (Tiburcio et al., 2019) 

allowed to study FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 kinases. See Appendix 

Table 2 for the full recodonised FIKK kinase domain sequences and Appendix Table 

3 for the primers used to amplify DNA fragments. 

2.2.3 P. falciparum genomic DNA extraction 

Parasite cultures at minimum 4% parasitemia were centrifuged at 1,835 x g for 3 min. 

Pelleted iRBCs were treated with at least 5 pellet volumes of 0.15% (w/v) saponin 

(Sigma-Aldrich) in PBS for 5 min at room temperature. After centrifugation at 

13,000rpm for 5 min, the haemoglobin-rich supernatant was discarded and pelleted 

parasite material was utilised for genomic DNA extraction using the DNeasy Blood 

and Tissue Kit (Qiagen) as per the manufacturer’s instructions. 

2.2.4 Diagnostic PCR for integration and excision event  

P. falciparum genomic DNA was isolated as described above from FIKK4.1, FIKK7.1, 

FIKK10.1 and FIKK11 condKO parasite lines. LoxP-containing constructs integration 

was assessed by PCR using a Phusion polymerase according to the manufacturer’s 

instructions and the primer pairs Int1 – Int2 for 5’ integration and Int4 – Int5 for 3’ 

integration. RAP-induced excision of LoxP-flanked DNA was detected by PCR using 

the Phusion polymerase and the primer pair Ex1 – Int3. The presence of WT 

parasites was investigated using the primer pair Int1 – Int5. DNA amplification was 

carried out in a thermocycler with annealing temperatures and extension times 

optimised for each reaction. PCR products were analysed by agarose gel 

electrophoresis as standard. Primers were purchased from IDT and used at 500nM. 

See Appendix Table 1 for a list of the diagnostic primers used in this study. 

2.2.5 qRT-PCR determination of var gene transcription 

RNA from NF54 wild type, FIKK4.1 condKO and NF54 GSK2181306A resistant 

parasites synchronised at ring stage was extracted with Trizol following the 

manufacturer’s instructions (RNeasy Minikit Qiagen). cDNA synthesis was 

performed by random primers after DNase I treatment (TURBO DNase, Ambion) 
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using the Script III First Stand Synthesis system (Invitrogen). Primers pairs to 

analyse var gene expression have been previously described (Rask et al., 2010). 

Quantitative real-time PCR reactions were performed on a CFX 96 thermocycler 

(Biorad). Transcriptional level of each var gene was normalised using the house 

keeping control gene serine-tRNA ligase (PlasmoDB ID: PF3D7_0717700) 

(Aurrecoechea et al., 2009) 

2.3 Biochemical assays 

2.3.1 Immunoprecipitation of FIKK7.1::HA 

FIKK7.1 HA-expressing parasites were cultured in 10ml complete medium at 5% 

haematocrit and 5% parasitemia. After centrifugation, they were washed once in PBS 

and lysed in 5ml RIPA buffer ((50mM NaCl, 1.0% IGEPALÒ CA-630, 0.5% sodium 

deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0) (ThermoFischer Scientific) 

supplemented with cOmplete EDTA-free protease inhibitor (Roche) and Phos Stop 

phosphatase inhibitor (Roche)) by incubation on ice for 20-30 min. In the meantime, 

100µl anti-HA affinity matrix (Sigma-Aldrich) per condition was washed 3 times in 

RIPA buffer. After incubation, 1ml of parasite lysate was centrifuged at 15,000 x g 

for 30 min at 4°C. Subsequently, the supernatant from the lysate was mixed together 

with washed anti-HA affinity matrices and left to incubate at 4°C for 2-3 hours on a 

rotating wheel. Matrices were washed 3 times in RIPA buffer, boiled for 10 minutes 

in protein loading buffer and the bound proteins were recovered in the supernatant 

after centrifugation. Samples were frozen at -20°C until fractionated by SDS-PAGE 

and subjected to Western blotting. 

2.3.2 Parasite protein extraction for Western blotting 

If not subjected to immunoprecipitation, other FIKK::HA expressing parasite lines 

were purified by Percoll-enrichment of schizont stages and washed once with 1x 

PBS. Parasite pellets were then resuspended in PBS, solubilised in 5x protein 

loading buffer (250mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol, 5% b-

mercaptoethanol, 0.02% bromophenol blue) and denatured at 95°C for 10 min. 

Following centrifugation, supernatant containing parasite proteins were frozen at-

20°C until fractionated by SDS-PAGE and subjected to Western blotting. 
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2.3.3 Immunoblotting 

Parasite extracts and immunoprecipitated samples were subjected to SDS-PAGE, 

transferred onto TransblotÒ TurboÔ Mini-size nitrocellulose membranes (Biorad) and 

blocked overnight in 5% skimmed milk in PBS with 0.2% Tween-20 at 4°C. For FIKK 

condKO integration and excision check (Figure 3.3) the membranes were probed 

with rat anti-HA high-affinity (clone 3F10, Roche, 1:1,000) and rabbit anti-MAHRP1 

(a gift from J. Rayner and L. Parish; 1:2,000) antibodies, followed by incubation with 

the relevant secondary fluorochrome-conjugated antibodies (donkey anti-rabbit 

IRDye 680LT (LI-COR), 1:20,000; goat anti-rat IRDye 800CW (LI-COR), 1:20,000). 

For Western blots investigating adducin S726 phosphorylation (Figure 4.15b), the 

membranes were probed with rabbit anti-MAHRP1 (1:2,000), mouse anti-a-adducin 

(Abcam; 1:2,000) and rabbit anti-a-adducin p726 (Abcam; 1:1,500). The same 

secondary fluorochrome-conjugated rabbit antibody was used as above in addition 

to a goat anti-mouse IRDye 800CW (LI-COR) (1:20,000). 

The antibody reactions were carried out in 5% skimmed milk in PBS with 0.2% 

Tween-20 and membranes were washed 3 times between each antibody staining in 

PBS with 0.2% Tween-20. After a final wash in PBS, the antigen-antibody reactions 

were visualized using the Odyssey infrared imaging system (LI-COR Biosciences). 

2.3.4 Recombinant protein expression and purification  

The DNA sequences coding for P. falciparum 3D7 FIKK kinase domains (Table 2) 

were obtained from PlasmoDB (https://plasmodb.org/plasmo/) (Aurrecoechea et al., 

2009) and were codon optimised for E. coli expression (IDT). They were 

subsequently inserted into a pET-28a vector (Novagen) to produce a N-terminal 

thrombin cleavable His6 tag fusion 

(MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGS, where the sequence in 

bold is the His6 tag, the underlined sequence is the thrombin site and the sequence 

in italics is the T7 tag). The insert sequence was verified by DNA sequencing. For 

expression in E. coli, BL21-Gold (DE3) cells (Stratagene) were transformed with 

pET-28a-FIKK vectors and grown over 1 day at 30°C in ZYM-505 media 

supplemented with 50µg.ml-1 kanamycin. Before adding isopropyl-b-D-

thiogalactoside (IPTG), the temperature in the incubator was dropped to 20°C and 
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protein expression was induced by adding 0.5mM IPTG. The cultures were grown at 

20°C for a minimum of 16 hours, after which the cells were harvested by 

centrifugation. In a typical preparation, 10g of cells were resuspended in 100ml lysis 

buffer (50mM Tris-HCl pH 7.5, 500mM NaCl, 1mM TCEP, 20mM imidazole, 10mM 

MgSO4, 10% glycerol and 2 protease inhibitor cocktail tablets (cOmplete, EDTA free, 

Roche)), lysed by sonication and clarified by centrifugation at 20,000g for 30 min at 

4°C. The supernatant was loaded into a 1ml HisTrap column (GE Healthcare) and 

the bound proteins were eluted in 50mM Tris-HCL pH 7.5, 500mM NaCl, 1mM TCEP, 

300mM imidazole and 10% glycerol. After concentration, the samples were loaded 

on a Hi-Load Superdex 200 16/600 column (GE Healthcare) equilibrated with 50mM 

Tris-HCl pH7.5, 250mM NaCl, 1mM TCEP and 10% glycerol. The fractions 

containing the different recombinant FIKK kinase domains were analysed by SDS-

PAGE stained by Coomassie. 

2.3.5 In vitro kinase assays 

2.3.5.1 ADP-Glo assay 

Recombinant FIKK kinase domains activity was measured using the ADP-Glo kinase 

assay (Promega), which quantifies the amount of ADP produced during the kinase 

reaction. Briefly, the kinase reaction was conducted at room temperature for 1 hour 

by mixing 100nM recombinant FIKK kinase domain with 10µM ATP and with 10µM 

substrate when specified, in 40µl kinase buffer (20mM MOPS, 10mM magnesium 

chloride and 10mM manganese chloride, pH 7.4, Alfa Aesar). When kinase inhibition 

by ATP analogues was assessed, compounds (diluted in DMSO, final concentration 

≤1%) were tested at 10µM by incubation for 15 min with the recombinant FIKK kinase 

domain prior to addition of ATP ± substrate. ADP-Glo reagent (40µl) was added to 

stop the kinase reaction and deplete the unconsumed ATP. After incubation at room 

temperature for another hour, 80µl kinase detection reagent was added and 

incubated for 30 min at room temperature. Luminescence was measured using the 

multi-mode microplate reader FLUOstar Omega (BMG Labtech). 

2.3.5.2 ATP and substrate Km determination 

For the Km for ATP, the kinase reaction was performed with a fixed concentration of 

enzyme (20nM for FIKK8 recombinant kinase domain and 150nM for FIKK7.1 
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recombinant kinase domain), a fixed concentration of substrate in excess (100µM PO 

for FIKK8 recombinant kinase domain, no substrate available for FIKK7.1) and 

varying concentrations of ATP (starting concentration was 3mM from which 15 2-fold 

dilutions were made and tested, ATP concentrations range = 3mM – 91.6nM) in a 

total volume of 6µl. Kinase activity was assessed using the ADP-Glo kinase assay, 

as described above, by adding 6µl ADP-Glo reagent and 12µl kinase detection 

reagent. The data were plotted in GraphPad Prism version 8 and Km for ATP was 

determined using the Michaelis-Menten model. Only the data up to an ATP 

concentration of 187.5µM were used as higher concentrations interfered with the 

readout, the ADP-Glo reagent not being able to deplete the remaining ATP left after 

the kinase reaction was stopped. 

For the substrate Km, the kinase reaction was performed with a fixed concentration 

of enzyme (same as previously), a fixed concentration of ATP in excess (100µM) 

and varying concentrations of substrate (only for PO, no substrate available for 

FIKK7.1 recombinant kinase domain, starting concentration was 100µM from which 

14 2-fold dilutions were made and tested, final well was a negative control with no 

substrate, substrate concentration range = 100µM – 0µM) in a total volume of 6µl. 

Kinase activity was assessed as described for the Km for ATP. The data were plotted 

in GraphPad Prism version 8 and the substrate Km was determined using the 

Michaelis-Menten model. 

2.3.5.3 PKIS screen and Structure Activity Relationship assays 

PKIS and SAR compounds at 1mM in 60nl DMSO were plated in white opaque, flat-

bottomed, 384-well microplates (Greiner Bio-One). Columns 6 and 18 served as 

controls. Column 6 = positive control (Enzyme + Peptide + ATP without compounds). 

Column 18 = negative control (Enzyme + Peptide – ATP). 3µl kinase at 40nM in 

kinase reaction buffer (20mM MOPS, 10mM magnesium chloride and 10mM 

manganese chloride, pH 7.4, Alfa Aesar) was dispensed in each well using a 

MultidropÔ Combi Reagent dispenser (ThermoFischer Scientific). Kinases were left 

to incubate in the presence of the compounds for 15 min at room temperature. 3µl 

Peptide + ATP (or only ATP for FIKK7.1) at 20µM each, diluted in kinase reaction 

buffer, was dispensed in each well except in column 18 in which 3µl of peptide 

without ATP was dispensed. Kinase reaction was left to occur for 1 hour and was 
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stopped with 6µl ADP-Glo reagent. Kinase activity was assessed after addition of 

12µl Kinase Detection reagent by measuring luminescence on a multi-mode 

microplate reader FLUOstar Omega (BMG Labtech). Z’ factor was calculated from 

the data obtained as 𝑍! = 1 −	"	×	(&'!"#$%&(&''%()#*+,$-)
*+!"#$%&,+'%()#*+,$-*

 where SD represents Standard 

Deviation and M represents Median. “Signal” corresponds to the positive control and 

“background” corresponds to the negative control. 

2.3.5.4 In vitro measurement of compounds IC50 

In vitro half-maximal inhibitor concentrations of PKIS and SAR compounds was 

determined by testing recombinant kinase domains activity in the presence of 

increasing concentrations of compounds. 

White opaque, flat-bottomed, 384-well microplates (Greiner Bio-One) containing 

compounds in a range of concentrations starting from 25µM to 0.4nM (1 in 3 serial 

dilutions) were ordered from GSK in Stevenage. Compounds were dispensed in the 

plates at the required concentration in 60nl DMSO. Kinase activity in the presence 

of the compounds was measured as described above. Briefly, 3µl kinase at 40nM in 

kinase reaction buffer was dispensed in each well using a MultidropÔ Combi Reagent 

dispenser (ThermoFischer Scientific). Kinases were left to incubate in the presence 

of the compounds for 15 min at room temperature. 3µl Peptide + ATP (or only ATP 

for FIKK7.1) at 20µM each, diluted in kinase reaction buffer, was dispensed in each 

well. Kinase reaction was left to occur for 1 hour and was stopped with 6µl ADP-Glo 

reagent. Kinase activity was assessed after addition of 12µl Kinase Detection 

reagent by measuring luminescence on a multi-mode microplate reader FLUOstar 

Omega (BMG Labtech). Data were analysed using GraphPad Prism version 8 and 

IC50s were calculated from a four-parameters logistical fit of the data. 

2.3.5.5 Substrate specificity assessment by OPAL array 

Oriented Peptide Array Library (OPAL) synthesis was performed by the Francis Crick 

Institute Peptide Chemistry Science Technology Platform as described previously 

(Rodriguez et al., 2004, Turk et al., 2006). Briefly, peptide arrays were synthesised 

on an Intavis ResRepSL automated peptide synthesiser (Intavis Bioanalytical 

Instruments, Germany) by cycles of N(a)-Fmoc amino acids coupling via activation 

of the carboxylic acid groups with diisopropylcarbodiimide in the presence of 
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ethylciano-(hydroxyamino)-acetate (Oxyma pure) followed by removal of the 

temporary a-amino protecting group by piperidine treatment. Subsequent to chain 

assembly, side chain protection groups are removed by treatment of membranes 

with a deprotection cocktail (20ml 95% trifluoroacetic acid, 3% triisopropylsilane and 

2% H2O) for 4 hours at room temperature, then washing (4 x dichloromethane, 4 x 

ethanol, 2 x H2O and 1 x ethanol) prior to being air dried. 

The final product is a cellulose membrane containing a library of 9-mer peptides with 

the general sequences: A-X-X-X-X-S-X-X-X-X-A; A-X-X-X-X-T-X-X-X-X-A or A-X-X-

X-X-Y-X-X-X-X-A. For each peptide, one of the 20 naturally occurring proteogenic 

amino acids was fixed at each of the 9 positions surrounding the phosphorylated 

residue (S, T or Y), with the remaining positions, represented by X, degenerate 

(approximately equimolar amount of the 16 amino acids excluding cysteine, serine, 

threonine and tyrosine). A layout of the membrane can be seen in Figure 5.1.  

Cellulose membranes were placed in an incubation trough and moisten with a few 

ml ethanol. They were subsequently washed twice with 50ml kinase buffer (kinase 

buffer V, 20mM MOPS, 10mM magnesium chloride and 10mM manganese chloride, 

pH7.4, Alfa Aesar) and incubated overnight in 100ml reaction buffer (kinase buffer + 

0.2mg/ml BSA (BSA Fraction V, Sigma) + 50µg/ml kanamycin). The next day, the 

kinase buffer was removed and the membranes were incubated at 30°C for 1 hour 

in 30ml blocking buffer (kinase buffer + 1mg/ml BSA + 50µg/ml kanamycin). After 

incubation, the blocking buffer was replaced with 30ml reaction buffer supplemented 

with 300µl 10mM ATP and 125µCi [g-32P]-ATP (Hartmann Analytics, Germany). The 

reaction was started by adding 100nM of the recombinant FIKK kinase domain 

studied and left to incubate for 20 min at 30°C with gentle agitation. After incubation, 

the reaction buffer was removed and the membranes were washed 10 x 15 min with 

100ml 1M NaCl, 3 x 5 min with 100ml H2O, 3 x 15 min with 5% H3PO4, 3 x 5 min with 

100ml H2O and 2 x 2 min with 100ml ethanol. The membranes were left to air dry 

before being wrapped up in plastic film and exposed overnight to a PhosphorScreen. 

The radioactivity incorporated into each peptide was then determined using a 

Typhoon FLA 9500 phosphorimager (GE Healthcare) and quantified with the 

program ImageQuant (version 8.2, Cytiva LifeScience). Data corresponding to the 

“signal above background” was used for determination of Position Weight Matrices 

(see Chapter 2.7.5). 
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2.3.6 Solubility assay 

Late stage FIKK4.1 condKO parasites were enriched using a 60% Percoll gradient. 

After 3 washes in 1x PBS, iRBCs were lysed in 2ml pre-chilled 0.03% saponin in 

PBS for 10 min on ice. After 3 additional washes in 1x PBS, saponin-lysed iRBCs 

were resuspended in 5mM Tris-HCl, pH 8.0 supplemented with cOmplete EDTA-free 

protease inhibitor (Roche) and Phos Stop phosphatase inhibitor (Roche) and 

incubated for 30 min on ice with intermittent mixing. Hypotonic lysis was then 

performed with 3 freeze/thaw cycles. After the last thaw, samples were split into 3 

different tubes and spun at 15,000 x g for 5 min at 4°C. The supernatant from tube 1 

was transferred to a new tube, to which 5x protein loading buffer was added. The 

sample was boiled for 5 min and conserved at -80°C (SN1 = soluble proteins). The 

pellet from tube 1 was resuspended into 100µl PBS, to which 5x protein loading 

buffer was added. The sample was boiled for 5 min and conserved at -80°C (P1 = 

total pellet). The supernatants from tube 2 and 3 were resuspended into one each of 

the following solutions: tube 2 in 0.1M Na2CO3, pH 11.5; and tube 3 in 1% Triton X-

100 in PBS; both containing protease and phosphatase inhibitor cocktails (Roche). 

The samples were incubated on ice for 30 min and centrifuged at 15,000 x g for 5 

min at 4°C. The supernatants containing extracted proteins were transferred to new 

tubes to which 5x protein loading buffer was added. The samples were boiled for 5 

min and conserved at -80°C (SN2 = Na2CO3 extracted proteins; SN3 = Triton X-100 

extracted proteins). The pellets from tubes 2 and 3 were washed once in 1x PBS, 

resuspended in 1x PBS and solubilised with 5x protein loading buffer. The samples 

were boiled for 5 min and conserved at -80°C (P2 = Na2CO3 insoluble proteins; P3 

= Triton X-100 insoluble proteins). 10µl of each sample (SN1-3 and P1-3) were 

analysed by SDS-PAGE and Western blotting as described above. The membranes 

were probed with rat anti-HA high affinity (clone 3F10, Roche, 1:1,000), mouse anti-

Band3 (SantaCruz Biotechnology, 1:1,000) and mouse anti-spectrin antibodies 

(clone B-12, SantaCruz Biotechnology, 1:10,000). 
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2.4 Parasite phenotypic assays 

2.4.1 Membrane contour detection and flickering spectroscopy 

Membrane contour detection and flickering spectroscopy were performed in 

collaboration with Dr. Viola Introini at Cavendish Laboratory, University of 

Cambridge. 

P. falciparum NF54 WT and FIKK4.1 condKO parasite cultures DMSO- or RAP-

treated were synchronised to a 1-hour window by Percoll synchronisation before 

imaging. The parasites were then diluted in complete medium at 0.01% haematocrit 

and transferred to a SecureSeal hybridisation chambers (Sigma-Aldrich). A custom-

built temperature-control system was used to maintain the optimal culture 

temperature of 37°C during the imaging experiments. The samples were placed in 

contact with a transparent glass heater driven by a PID temperature controller in a 

feedback loop with the thermocouple attached to the glass slide. A Nikon Eclipse Ti-

E inverted microscope was used with a Nikon x60 Plan Apo VC (1.40 numerical 

aperture) oil immersion objective kept at physiological temperature through a heated 

collar. The motorized functions of the microscope were controlled via custom 

software written by Cavendish Laboratory scientists. Videos were acquired for 

around 20 seconds in bright field using a CMOS camera (model GS3-U3-23S6M-C, 

Point Grey Research/FLIR Integrated Imaging Solutions (Machine Vision), Ri Inc.) at 

514 frames.s-1 and an exposure of 0.8ms. For each condition (NF54 + DMSO, NF54 

+ RAP, FIKK4.1 condKO + DMSO and FIKK4.1 condKO + RAP), the parasites were 

recorded at 20, 24, 28, 32 and 36 h.p.i by Dr. Viola Introini and me using two 

microscopes at the same time. Recordings of uninfected erythrocytes were also 

taken in the same period of time. The erythrocyte contours were detected for each 

frame with sub-pixel resolution using an optimised algorithm developed by 

Cavendish Laboratory scientists. To obtain biophysical parameters such as bending 

modulus, tension, radius, and viscosity of cells, the flickering spectroscopy technique 

was employed. Detailed explanations of the contour-detection algorithm and the 

membrane-fluctuation analysis have been extensively described in previous works 

(Pecreaux et al., 2004, Yoon et al., 2009, Shimobayashi et al., 2015, Koch et al., 

2017, Davies et al., 2020). Data from two biological replicates were analysed and 
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significant variances were calculated with unpaired t-tests assuming Gaussian 

distribution in GraphPad Prism version 8.  

2.4.2 Cytoadhesion assay 

Circles large enough to accommodate a sample size of 20µl were drawn at the 

bottom of a Petri dish using a delimiting Dako pen (Agilent technology). 20µl of CSA 

(Sigma-Aldrich) (1mg/ml in PBS) or 1% BSA control (BSA Fraction V, Sigma-Aldrich) 

in PBS were added to each spot and left to incubate for at least 3 hours at 4°C. Spots 

were then washed 3 times with PBS and blocked with 1% BSA in PBS for an hour at 

room temperature. After 3 additional washes with PBS, 20µl of a suspension of 

magnet purified trophozoite iRBCs (30-34 h.p.i) at 1.106 parasites/ml in PBS was 

applied to each spot and allowed to settle for one hour at room temperature. 

Unbound RBCs were washed off the Petri dish by gently adding 25ml PBS to the 

centre of the Petri dish followed by 2 min rocking on an orbital shaker (50rpm). After 

5 washes, bound cells were fixed with 2% glutaraldehyde in PBS for at least 2 hours 

at 4°C. Glutaraldehyde was subsequently removed from the Petri dish with a final 

wash with PBS. Phase contrast images of spots were collected using an EVOSÔ XL 

inverted microscope. Bound cells were counted using the Analysis Particles tool in 

Fiji (size = 10 – 200 pixels, circularity = 0.2 – 1.00). The results were statistically 

tested with a two-way ANOVA test plus a multiple comparison Sidak test comparing 

all means in GraphPad PrismÒ 8. The data presented are as mean±SEM, n = 5 

biological replicates for FIKK condKOs and n = 4 biological replicates for NF54 

GSK2181306A resistant parasites, each with at least 2 technical replicates, which 

were averaged before statistical analysis. 

2.4.3 Var2CSA surface expression 

Var2CSA surface expression experiments were performed by flow cytometry on 

magnet-purified DMSO- or RAP-treated FIKK condKO parasites. iRBCs were diluted 

to 3 x 106 cells.ml-1 and 100µl of each sample was distributed into a 96-wells plate, 

including one unlabelled and one secondary-only control. The iRBCs were washed 

once with PBS and resuspended in 1% BSA in PBS for 1 hour. After centrifugation 

of the plate at 300 x g for 1 min, the supernatant was removed and the iRBCs were 

resuspended in 50µl rabbit anti-Var2CSA antibody diluted 1/100 in 1% BSA in PBS 
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and incubated with agitation for 1 hour at 50rpm in a shaking incubator. After 

centrifugation and 2 washes with 1% BSA in PBS, the iRBCs were resuspended in 

50µl anti-rabbit antibody conjugated to phycoerythrin (PE) diluted 1/100 in 1% BSA 

in PBS and incubated in the dark for 1 hour. The iRBCs were washed twice with PBS 

before fixing with 4% PFA and 0.2% GA in PBS for 1 hour. After washing, the 

parasites were stained with Hoechst dye (1:1,000 in PBS) for 30 min before 

cytometry using high-throughput acquisition on a BD LSR Fortessa cell analyser. PE 

fluorescence was detected with a 561nm (yellow-green) excitation laser and a 

586/15 bandpass filter. Using FlowJo software, the population was first gated on 

single cells based on the side and forward scatter, then on Hoechst-positive iRBCs 

before the median fluorescence intensity of the PE fluorescence was calculated for 

each line. Due to the variation in fluorescence intensity between different 

experiments, the ratio of RAP/DMSO fluorescence intensity was calculated for each 

experiment (n = 4 for FIKK4.1 and FIKK10.2 condKO, n = 3 for NF54 WT), and the 

ratios for NF54 WT, FIKK4.1 and FIKK10.2 condKOs were compared using a Sidak-

corrected multiple-comparison ANOVA using GraphPad Prism version 8. 

2.5 Microscopy techniques 

2.5.1 Immunofluorescence assays  

22 x 22mm coverslips (VWR International) were coated with 200µl of Concanavalin 

A (SantaCruz Biotechnology; 5mg/ml in water) during 20 minutes in a humid 

chamber at 37°C. In the meantime, iRBCs from culture were washed twice with 1ml 

of pre-warmed PBS by centrifugation at 400 x g for 2 min and diluted to 1% 

haematocrit still in pre-warmed PBS. The coverslips were washed with 200µl pre-

warmed PBS and 200µl of the 1% haematocrit iRBCs solution was added onto the 

coverslips. After 15 minutes incubation at 37°C, the unbound cells were gently 

washed off with PBS and the remaining cells were fixed with freshly prepared 2% 

PFA in PBS for 20 min at room temperature. The fixative was then removed and the 

fixed cells were rinsed 3 times with PBS. The cells were permeabilized with 0.1% 

Triton X-100 diluted in PBS for 20 min, followed by 3 washes with PBS. The cells 

were blocked with 3% BSA in PBS for 1 hour at room temperature. Labelling of the 

cells was performed for at least 1 hour at room temperature with primary antibody 

diluted in PBS with 1% BSA as follows: high affinity anti-HA (clone 3F10, Roche; 
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1:1,000); anti-MAHRP1 (gift from J. Rayner and L. Parish; 1:1,000), anti-KAHRP 

(purchased from EMRR; 1:1,000), anti-PTP2 (gift from A. Cowman; 1:250) (Regev-

Rudzki et al., 2013); anti-Hsp70-x (gift from J. Przyborski; 1:200) (Kulzer et al., 2012). 

After 3 washes with PBS, the coverslips were incubated with the relevant Alexa Fluor 

secondary antibodies (1:2,000 in PBS with 1% BSA) at room temperature for 1 hour 

in the dark. After 3 final washes with PBS, the coverslips were mounted in Prolong 

Gold antifade reagent (Invitrogen) containing the DNA dye 4’, 6-diamidino-2-

phenylindole (DAPI) and sealed with nail polish. Images were taken using a Ti-E 

Nikon microscope using a x100 TIRF objective at room temperature equipped with 

a LED-illumination and Orca-Flash4 camera. The images were processed using the 

Nikon Elements software (Nikon). 

2.5.2 Scanning Electron Microscopy (SEM) 

Parasites were synchronised to a 1-hour window and RAP/DMSO-treated at the ring 

stage. The iRBCs were purified by magnetic purification enrichment, as described 

above, 5 days after treatment, at approximately 40 h.p.i. Approximately 1 x 107 iRBCs 

were fixed in 2.5% GA and 4% PFA in PBS for 1 hour at 37°C, washed twice with 

PBS and then resuspended in 200µl PBS. Coverslips (13mm) were coated with poly-

L-lysine for 15min, washed with dH2O and left to dry for 1 hour. The iRBCs 

suspension (50µl) was added to the dry coverslips and allowed to settle for 10 min. 

the unattached cells were removed by gentle washing with 2 washes with PBS and 

then 2 washes with dH2O. The iRBCs were dehydrated by washing with 70% EtOH, 

90% EtOH and 100% EtOH for 5 min each without allowing the cells to dry. The 

coverslips were submerged in acetone and dried in a Lecia EM CPD300 critical-point 

drier. The coverslips were attached to stubs, coated with 4nm platinum using a 

Quorum 150R S sputter coated and imaged using a Phenom ProX scanning 

tunnelling microscope. 

2.5.3 Electron micrographs of knobs 

Mature FIKK4.1 condKO schizonts (3µl; 50% haematocrit) were applied to a glow-

discharged (35mA per 30s) carbon-coated copper (200 mesh) finder grid (EMS) and 

incubated at room temperature for 1 min. The grids were blotted to remove excess 

cells and washed twice in Tris-buffered saline (Sigma), blotting after each wash. The 
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cells were lysed by passing the grid in and out of the meniscus of a drop of 30x 

diluted Tris-buffered saline for 1 min. After blotting the excess buffer, the grids were 

stained with 2% (wt/vol) uranyl acetate before blotting dry. WT 3D7 cells were 

prepared using the same method, but 10µm gold fiducials were also applied to the 

grids before staining. The grids were mounted on a Model 2040 dual-axis 

tomography holder (Fischione Instruments) and membrane patches were located at 

low magnification using a Tecnai T12 120kV electron microscope (FEI) equipped 

with a 4k x 4k Ultrascan 4000CCD camera (Gatan). Dual-axis tilt series were 

acquired at a magnification of x42,000 (2.5Å per pixel) from -60° to +60° with an 

increment of 2° using SerialEM (Mastronarde, 2003). Processing was carried out 

using the eTomo workflow from IMOD (Kremer et al., 1996, Mastronarde, 1997, 

Mastronarde and Held, 2017). Images were aligned using either patch tracking or 

tracking of the gold fiducials for the FIKK4.1 condKO or WT 3D7 samples, 

respectively. Tomograms were reconstructed by back-projection with 15 rounds of 

simultaneous iterative reconstruction technique-like (SIRT-like) filtering. Non-

anisotropic diffusion filtering (K=50, iterations=25) was applied to the final trimmed 

tomograms. Average of 5 Z-slices were produced using Slicer in 3dmod 

(Mastronarde, 1997). 

2.5.4 Transmission Electron Microscopy (TEM) coupled to Equinatoxin II 
(EqtII) pre-treatment of iRBCs 

Percoll purified mature stage iRBCs (108 cells) were fixed with 2% (v/v) PFA in 0.1M 

PB for 10 min at room temperature, washed twice with 0.1M PB and then treated 

with EqtII (2HUs) in 0.1M PB for 6 min at room temperature. After an additional wash 

with 0.1M PB, cells were re-fixed with 4% (v/v) PFA + 2.5% (v/v) GA in 0.1M PB for 

30 min at room temperature. Cells were then washed once with 0.1M PB to remove 

fixative and stored in 1% PFA in 0.1M PB at 4°C until used. 

Cells were washed 5 x 3 min in dH2O and then incubated in 2% reduced osmium 

(2% OsO4, 1.5% K3FE(CN)6) for 1 hour on ice. Cells were then washed 3 x 5 min in 

dH2O at room temperature and then incubated in 1% ThioCarboHydrazide (TCH) 

solution for 20 min at room temperature. Cells were washed 5 x 3 min in dH2O at 

room temperature and then incubated in 2% aqueous OsO4 for 30 minutes at room 
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temperature. Cells were washed 5 x 3 min in dH2O at room temperature and then 

incubated in 1% uranyl acetate overnight at 4°C. 

The next day, cells were washed 5 x 3 min in dH2O at room temperature and then 

incubated in lead aspartate for 30 min at 60°C. Cells were then washed 5 x 3 min in 

dH2O at room temperature before being dehydrated with pre-chilled 20%, 50%, 70%, 

90% and 100% dilutions of EtOH in dH2O, 5 min each, on ice. Cells were then 

dehydrated further with anhydrous 100% EtOH for 5 min on ice then fresh anhydrous 

100% EtOH for 10 min at room temperature. 

Cells were then incubated in propylene oxide (PO) for 5 min at room temperature, 

incubated in 50:50 PO:Epon (Taab 812) for 60 min at room temperature followed by 

2 changes of pure Epon resin for 90 min each before being baked for 24 hours at 

60°C.  

70nm sections were collected on a UC6 Ultramicrotome (Leica Microsystems, UK) 

Samples were viewed in a Tecnai G2 Spirit BioTWIN 120 kV transmission electron 

microscope and images were taken with an Orius CCD camera (Gatan, UK). 

2.6 Mass spectrometry 

2.6.1 Cell culture, lysis and protein digestion 

Across all experiments, iRBCs were enriched by magnet purification at 40-46 h.p.i 

for P. falciparum iRBCs (condKO and drug resistant lines) and ~24 h.p.i for P. 

knowlesi iRBCs, to a purity of between 95-99% parasitemia. Flow-through uRBC 

samples contained <1% infected cells. The samples were immediately lysed in ice-

cold 8M urea in 50mM HEPES pH8.5 supplemented with protease (cOmplete mini, 

EDTA-free, Roche) and phosphatase (Phos Stop, Roche) inhibitors, and snap frozen 

in liquid nitrogen for storage at -80°C. Once thawed, the samples were further 

solubilized by sonication (30% duty cycle, 3x30 seconds bursts, on ice). The protein 

concentration was then calculated using a BCA protein assay kit (Pierce), by first 

diluting 50µl sample aliquot from all lysates 1:3 in 50mM ammonium bicarbonate to 

reduce the concentration of urea and then following the instructions included in the 

kit. The lysates (1mg each) were subsequently reduced with 5mM dithiothreitol (DTT) 

for 30 min at 56°C and alkylated in the dark with 14mM iodoacetamide for 30 min at 

room temperature. Following iodoacetamide quenching with 5mM DTT for 15 min in 
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the dark, the lysates were diluted with 50mM ammonium bicarbonate to <4M urea 

and digested with LysC (Promega) for 2-3 hours at 37°C. The lysates were further 

diluted with 50mM ammonium bicarbonate to <2M urea and digested overnight with 

trypsin (Promega) at 1:50 (enzyme:protein) at 37°C. 

2.6.2 Sep-Pak desalting 

The samples were acidified with trifluoroacetic acid (TFA) (Thermo Fischer Scientific) 

to a final concentration of 0.4% (v/v) and left on ice for 10 min. All insoluble material 

was removed by centrifugation (1,600 x g, 10 min, 4°C) and the supernatants were 

desalted on Sep-Pak lite C18 cartridges (Waters) in conjunction with a vacuum 

manifold. The columns were first washed with 3ml acetonitrile, conditioned with 1ml 

of 50% acetonitrile and 0.5% acetic acid in H2O, and then with 3ml of 0.1% TFA in 

H2O. The acidified samples were loaded, desalted with 3ml of 0.1% TFA in H2O, 

washed with 1ml of 0.5% acetic acid in H2O and finally eluted with 1.2ml of 50% 

acetonitrile and 0.5% acetic acid in H2O. Each sample was then dried by vacuum 

centrifugation. 

2.6.3 TMT labelling 

Samples were dissolved at 1 mg.ml-1 in 50mM Na-HEPES pH 8.5 and 30% 

acetonitrile (v/v) and labelled with the respective TMT reagents (Thermo Fischer 

Scientific; 2.5mg reagent per 1mg sample) for 1 hour at room temperature. The 

labelling was then quenched with 0.3% hydroxylamine for 15 min at room 

temperature and the samples were acidified (pH ~ 2) with formic acid. Subsequently, 

2µl aliquots of each labelled sample were mixed in 200µl of 1% formic acid, stage-

tipped (see section 2.6.6), and a test LC-MS/MS run was performed on a Q-Exactive 

mass spectrometer (see section 2.6.7) to verify the labelling efficiency. If the reporter 

intensity ratios between samples were <1.5, the lysates were mixed at a 1:1 ratio, 

vacuum dried and desalted on Sep-Pak C18 cartridges (2 columns per 10mg protein) 

as described earlier. 

2.6.4 Phosphopeptide enrichment 

Samples were solubilised in 1ml loading buffer (80% acetonitrile, 5% TFA and 1M 

glycolic acid) and mixed with 5mg TiO2 beads (Titansphere, 5µm; GL Sciences 
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Japan). The samples were incubated for 10 min with agitation, followed by 

centrifugation at 2,000 x g for 1 min to pellet the beads. The supernatant was 

removed and used for a second round of enrichment as explained below. The beads 

were washed with 150µl loading buffer, followed by 2 additional washes – the first 

with 150µl of 80% acetonitrile and 1% TFA and the second with 150µl of 10% 

acetonitrile and 0.2% TFA. The beads were pelleted by centrifugation (1 min at 2,000 

x g) after each wash and the supernatant was discarded. The beads were dried in a 

vacuum centrifuge for 30 min, followed by 2 elution steps at a high pH. For the first 

elution step, the beads were mixed with 100µl of 1% ammonium hydroxide (v/v) and 

for the second elution step with 100µl of 5% ammonium hydroxide (v/v). The beads 

were incubated for 10 min with agitation and pelleted at 2,000 x g for 1 min at each 

elution step. The 2 elutions were removed following each centrifugation and 

subsequently pooled together before undergoing vacuum drying. The supernatant 

from the TiO2 enrichment was desalted on 2 Sep-Pak columns and a High Select Fe-

NTA phosphopeptide enrichment kit (Thermo Fischer Scientific) was used according 

to the manufacturer’s instructions for a second round of enrichment. The supernatant 

containing all non-phosphorylated peptides (total proteome) was removed and 

stored at -80°C. 

2.6.5 High pH sample fractionation 

Combined TiO2 and Fe-NTA phosphopeptides eluates were fractionated using the 

Pierce High pH Reverse-Phase kit (Thermo Fischer Scientific) according to 

manufacturer’s instructions 

2.6.6 Stage-tip desalting 

All samples were desalted before LC-MS/MS using Empore C18 discs (3M). Briefly, 

each stage tip was packed with one C18 disc, conditioned with 100µl of 100% 

methanol, followed by 200µl of 1% TFA. The sample was loaded in 100µl of 1% TFA, 

washed 3 times with 200µl of 1% TFA and eluted with 50µl of 50% acetonitrile and 

5% TFA. The desalted peptides were vacuum dried in preparation for LC-MS/MS 

analysis. 
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2.6.7 LC-MS/MS and data processing 

Samples were resuspended in 0.1% TFA and loaded on a 50cm Easy-Spray 

PepMap column (inner diameter, 75µm; particle size, 2µm; Thermo Fischer 

Scientific) equipped with an integrated electrospray emitter. Reverse phase 

chromatography was performed using the RSLC nano U3000 (Thermo Fischer 

Scientific) with a binary buffer system (solvent A: 0.1% formic acid and 5% DMSO; 

solvent B: 80% acetonitrile, 0.1% formic acid and 5% DMSO) at a flow rate of 

250nl.min-1. The samples were run on a linear gradient of 5-60% solvent B over 150 

min (Lumos) or 2-35% of solvent B over 155 min (Q-Exactive), with a total run time 

of 180 min including column conditioning. The nanoLC was coupled to mass 

spectrometers using an Easy-Spray nano source (Thermo Fischer Scientific). The 

Orbitrap Lumos was operated in data-dependent mode using the Xcalibur software. 

MS2 and MS3 acquisition methods were adapted from those described previously 

(Jiang et al., 2017). Briefly, for the MS2 method, higher-energy collisional 

dissociation (HCD) MS/MS scans (R = 50,000) were acquired after a MS1 survey 

scan (R = 120,000) using a MS1 target of 4x105 ions and MS2 target of 2x105 ions. 

The number of precursors ions selected for fragmentation was determined by the 

‘Top Speed’ acquisition algorithm with a cycle time of 3 sec and a dynamic exclusion 

of 60 sec. The maximum ion-injection time utilised for the MS2 scans was 86ms and 

the HCD collision energy was set at 38. For the MS3 method, collision-induced 

dissociation MS/MS scans (R = 30,000) were acquired after a MS1 survey scan with 

the parameters as above. The MS2 ion target was set at 5x104 with multistage 

activation of the neutral loss (H3PO4) enabled. The maximum ion-injection time 

utilised for MS2 scans were 80ms and the collision-induced-dissociation collision 

energy was set at 35. The HCD MS3 scans (R = 60,000) was performed with 

synchronous precursor selection enabled to include up to five MS2 fragment ions. 

The ion target was 1x105, the maximum ion-injection time was 105ms and the HCD 

collision energy was set at 65. The Q-Exactive was operated in data-dependent 

mode acquiring HCD MS/MS scans (R = 35,000) after a MS1 survey scan (R = 

70,000) on the ten most-abundant ions using a MS1 target of 1x106 ions and MS2 

targets of 2x105 ions. The maximum ion-injection time utilised for the MS2 scans was 

120ms, the HCD normalised collision energy was set at 33 and the dynamic 
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exclusion was set at 30 sec. The peptide-match and isotope-exclusion functions 

were enabled. 

Acquired raw data files were processed using MaxQuant (Cox and Mann, 2008) 

(version 1.5.2.8) and peptides were identified from the MS/MS spectra searched 

against P. falciparum, P. knowlesi (PlasmoDB, 2018 (Aurrecoechea et al., 2009)) 

and Homo sapiens (UniProt, 2018) proteomes using the Andromeda (Cox et al., 

2011) search engine. The TMT-based experiments in MaxQuant were performed 

using the “reporter ion MS2 or MS3” built-in quantification algorithm with the reporter 

mass tolerance set to 0.003Da. Cysteine carbamidomethylation was selected as a 

fixed modification. Methionine oxidation, acetylation of the protein N-terminus, 

deamidation (NQ) and phosphorylation (S, T, Y) were selected as variable 

modifications. The enzyme specificity was set to trypsin with a maximum of 2 or 3 

missed cleavages, depending on the experiment. The precursor mass tolerance was 

set to 20ppm for the first search (used for mass recalibration) and to 4.5ppm for the 

main search. The “Match between runs” option was enabled (time window of 0.7 min) 

for fractionated samples. The datasets were filtered on posterior error probability to 

achieve a 1% false discovery rate at the protein, peptide and site level. 

2.7 Bioinformatics 

2.7.1 Mass spectrometry data analysis 

The mass-spectrometry datasets were first input into Perseus (Tyanova et al., 2016) 

for the annotation of protein names and the organism of origin. The data were filtered 

to remove common contaminants and IDs originating from reverse decoy sequences. 

To generate a list of all quantified phosphosites, the reporter intensities were filtered 

for 1 valid value. Subsequent data analysis was done using R programming in R 

studio. The general-usage R packages used were readxl, xlsx, matrixStats, 

gridExtra, VennDiagram, ggplot2, gplots, RColorBrewer and svglite. 

The TMT label-intensity values were log2 transformed for each experiment. The data 

were normalized by median ratio normalisation, which is appropriate for count data 

(Love et al., 2014). Briefly, the mean log2 intensities were calculated for each 

phosphopeptide where values were observed across all 10 samples in a given 

experimental run (mean of each row). This row mean was then subtracted from each 

original log2 intensity in a given row. A median was taken of each column of these 
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data to obtain a scaling factor for each sample, which was then subtracted from the 

original log2 intensities in a given column to get the normalised intensities. For the 

comparison of P. falciparum versus P. knowlesi phosphoproteomes, phosphosites 

from human, P. falciparum and P. knowlesi were normalised using a scaling factor 

calculated from human RBC phosphosites only, as this was assumed to remain 

approximately constant for each sample. For the FIKK condKO phosphoproteomes, 

the scaling factor was calculated individually for human and P. falciparum 

phosphosites to account any differences in the purity of iRBC between samples. 

For the comparison of P. falciparum versus P. knowlesi phosphoproteomes, the TMT 

label intensities of each sample were averaged across technical replicates and the 

log2 fold change values were calculated by pairwise comparisons of human 

phosphosites between P. falciparum- and P. knowlesi-iRBCs, P. falciparum-iRBCs 

and -uRBCs, and P. knowlesi-iRBCs and -uRBCs. The log2 fold change and -log10 p 

values (Welch’s two-tailed t-tests assuming a Gaussian distribution; n = 3) were 

calculated individually for each of the three mass-spectrometry runs and then 

averaged. Phosphosites were considered significantly changed if they exceeded a 

nonlinear threshold based on the log2 fold change and p values. The threshold was 

defined as 𝑦 = 	 -
|/|,/.

, where 𝑦 is -log10[p value]; 𝑥 is log2 fold change; 𝑥0 is log2 fold 

change threshold (set to 1.5) and 𝑐 is the curvature constant (set to 1.5). 

A DISCO plot of P. knowlesi (P.k) and P. falciparum (P.f)-induced changes to RBC 

phosphosites was plotted with the log2 fold change (L2FC) values of P.k 

iRBCs/uRBCs against P.f iRBCs/uRBCs. The DISCO scores for each phosphosite 

were calculated using (Domaszewska et al., 2017): 

𝐷𝐼𝑆𝐶𝑂	𝑠𝑐𝑜𝑟𝑒 = 2𝐿2𝐹𝐶1.3 −	𝐿2𝐹𝐶1.46 × 2−𝑙𝑜𝑔10	𝑝1.3 +	−𝑙𝑜𝑔10	𝑝1.46 

For the FIKK condKO phosphoproteomes, log2 fold change values were calculated 

between DMSO- and RAP-treated samples. The significance threshold was set at 4x 

standard deviation of the log2 fold change values for a given FIKK kinase. Violin plots 

were created using the R package ‘ggplots2’. Proteins were annotated as exported 

if they had an exporpred score >1 (PlasmoDB (Aurrecoechea et al., 2009)) or were 

annotated with Gene ontology-components terms that contained the words “host cell” 

or “Maurer’s clefts”. 
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2.7.2 Motif-x 

All phosphorylation sites identified to be dependent for a given FIKK were analysed 

for a specific phosphorylation motif using rmotif-x (Wagih et al., 2016) using the 

standard parameters. All phosphorylation sites identified in all experiments were set 

as background and phosphorylation sites that were reduced in phosphorylation state 

upon FIKK deletion were used as the foreground dataset. 

2.7.3 Bioinformatic analysis of FIKK kinase amino acid sequences 

Amino acid proportions and charge of the FIKK kinases N-terminal regions were 

obtained using PEPSTATS (www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/) from 

the European Molecular Biology Open Software Suite (EMBOSS). Was considered 

as FIKK kinases N-terminal region the amino acid sequence starting on the fourth 

amino acid of the PEXEL motif and finishing on the first amino acid of the kinase 

domain (see Table 2). 

2.7.4 OPAL data analysis with PeSA software 

Raw OPAL data were analysed with the PeSA (Peptide Specificity Analyst) software 

according to instructions from the developer (Topcu and Biggar, 2019). Briefly, 32P 

incorporation data were loaded into the software using the OPAL library tab. The 

maximum value for each position within the peptide was automatically identified and 

used as the normalisation value to determine the final weight of each residue at a 

specific position. Amino acids that have a normalised value greater than the user-

defined threshold (arbitrarily settled at 0.25) are then selected to be used in the 

creation of the motif. The height of the letter representing an amino acid is 

proportional to its calculated weight. If no amino acid has a weight above the user-

defined threshold, a single character “X” is displayed. Amino acid colours are set as: 

Acidic polar (D, E) Red; Basic polar (R, K, H) Green; Neutral polar (N, Q, S, T, Y) 

Blue; Nonpolar (A, I, L, M, F, W, V) Pink, Special (C, G, P) Black 

2.7.5 Position Weight Matrices generation from OPAL data 

Position Weight Matrices (PWM) were constructed from the raw OPAL data using a 

standard approach presented in Mok et al. and Miller et al. (Mok et al., 2010, Miller 
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et al., 2019). First, raw OPAL values for S, T and Y amino acids were replaced with 

average (median) values for each corresponding peptide position to control for the 

possibility of spurious phosphorylation in flaking region. The OPAL values were then 

normalised per position to give a mean PWM score of 1 per amino acid and a total 

score of 20 per position. The raw OPAL data from S, T and Y libraries was then 

combined to generate a S/T/Y PWM. This was achieved by summing OPAL scores 

– after correcting flanking S/T/Y scores – from each of the peptide libraries. The 

OPAL data was then normalised as before to yield a mean PWM score of 1 per amino 

acid and a total PWM score of 20 per position. The relative scores between S, T and 

Y at position 0 was calculated by taking the ratio of the total OPAL scores for the S, 

T and Y libraries. For ease of visualisation, the PWM logos display only amino acids 

with scores above the arbitrary threshold of 2.5. 

2.7.6 Laverania FIKK kinase domain sequences analysis 

All FIKK kinase amino acid sequences were extracted from the PlasmoDB database 

(https://plasmodb.org/plasmo/) (Aurrecoechea et al., 2009). Domain sequences for 

each kinase were extracted using the ‘Protein kinase’ annotation from Uniprot. 

Domain sequences were then aligned using the MAFFT L-INS-i method (Katoh et 

al., 2005). Poorly aligned regions of the multiple sequence alignment were removed 

by trimAI using the automated1 option (Capella-Gutierrez et al., 2009). 

The maximum likelihood (ML) estimate of the FIKK phylogeny was generated for all 

sequences using RAxML-NG (Kozlov et al., 2019). The phylogeny was generated 

using 10 randomised starting parsimony trees and the LG substitution matrix, with 

empirical amino acid frequencies taken from the alignment. The heterogeneity of 

rates across site was accounted for by modelling invariant sites and using a gamma 

model with 4 rate categories (G4+1). To assess branch support, 100 bootstrap 

replicates were generated in RAxML-NG and then the transfer bootstrap expectation 

(TBE) calculated for each bipartition (Lemoine et al., 2018). 

A Bayesian phylogeny of the 19 P. falciparum sequences was reconstructed using 

Bali-Phy (Redelings, 2014). The kinase domain sequences were aligned using 

MAFFT L-INS-i and the alignment columns filtered using trimAI (Katoh et al., 2005, 

Capella-Gutierrez et al., 2009). 4 Markov Chain Monte Carlo (MCMC) runs were 

executed independently using the same model as for the ML reconstruction (LG 
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substitution matrix, empirical amino acid frequencies, and a Gamma[4]+Invariant 

rate model). Insertions and deletions were also modelled using the RS07 model. 

After ~20,000 iterations for each chain, the R package ‘R We There Yet’ was used 

to ensure appropriate convergence and mixing for the MCMC runs (Warren et al., 

2017).
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Chapter 3. FIKK4.1 plays a role in infected 
erythrocyte remodelling 

3.1 Introduction 

RBC have been shown to be extensively phosphorylated upon infection by 

Plasmodium falciparum (see chapter 1.6.4). These PTMs may directly modulate the 

rigidification and the formation of cytoadherence structures observed in the host cell 

upon infection. However, little is known about the kinases modulating these changes. 

To investigate the role of phosphorylation in the remodelling of the iRBC, the 

phosphoproteomes of RBCs infected with two different human malaria species, P. 

falciparum and P. knowlesi, were compared. This revealed a substantial increase in 

serine/threonine phosphorylation of RBC proteins upon infection by P. falciparum 

compared to P. knowlesi (Figure 3.1a). 20 phosphosites showed an increase in 

phosphorylation and 9 a decrease following infection with P. knowlesi. 90 

phosphosites showed a significant increase in phosphorylation upon infection with 

P. falciparum and 6 phosphosites showed a decrease. A concordance-discordance 

(DISCO) plot (Domaszewska et al., 2017) directly correlating the protein residues 

phosphorylated by the two species revealed that, while some residues are 

phosphorylated more when infected with either species, possibly due to a host kinase 

responding to the altered environment, many more residues are phosphorylated 

more upon infection with P. falciparum (Figure 3.1b). 

As discussed in chapter 1.7.4, unlike P. knowlesi and other human malaria species, 

P. falciparum belongs to the Laverania subgenus. Accordingly, P. falciparum is the 

only human malaria species that possesses an expanded family of predicted 

exported FIKK kinases (Figure 3.1c). Therefore, it was hypothesised a role for the 

expanded FIKK kinase family in the extensive phosphorylation of RBC components 

observed upon infection by P. falciparum. 

At the onset of this project in 2016, little was known about the predicted exported 

FIKK kinases. Only 3 members of the family (FIKK7.1, FIKK12 (Nunes et al., 2010) 

and FIKK4.2 (Kats et al., 2014)) had been deleted by conventional methods and 

phenotypically studied. None of these FIKK kinases was found to be essential for the 

parasite asexual replication. Although one could argue that, as a result, a 
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conventional KO method would seem appropriate to investigate the biological 

functions of the FIKK kinases, genes coding for non-essential exported proteins are 

often lost during genetic modifications (Mackinnon et al., 2009, Claessens et al., 

2017), weakening the confidence one could have in an observed phenotype. It was 

therefore decided in this work to use a conditional strategy based on the 

DiCre/LoxPint technology (Jones et al., 2016). The DiCre/LoxPint system is a widely 

applicable method allowing a rapid, highly regulated and site-specific removal of 

genomic sequences of essential and non-essential genes in order to study their 

biological functions. Unlike other conditional methods available in P. falciparum 

(glmS ribozyme-based conditional knockdown (Prommana et al., 2013); tetracycline-

repressible transactivator-based conditional knockdown (Pino et al., 2012); 

relocalisation of the protein of interest by knocksideways (Hughes and Waters, 

2017)) the DiCre/LoxPint system is the only one achieving a total deletion of the 

targeted gene excluding the possibility of a leaky expression, which may confound 

the interpretation of intermediate phenotypes. Additionally, it allows the deletion of a 

genetic element within a single parasite generation (~48 hours) preventing the 

parasite to set up any genetic adjustments. It is based on the phage-derived Cre 

recombinase, which is split into two separate and enzymatically inactive 

polypeptides, each fused to a different rapamycin (RAP)-binding protein (Chen et al., 

1995, Choi et al., 1996, Collins et al., 2013a). The addition of RAP brings the two 

Cre recombinase polypeptides together leading to the restoration of the recombinase 

activity (Jullien et al., 2007). Once activated, the Cre recombinase recognises short 

34bp sequences called LoxP sites. When a DNA sequence is flanked by two of these 

LoxP sites, recombination between them leads to the excision of the flanked DNA. 

To circumvent the problem inherent to the placement of LoxP sites into the P. 

falciparum genome (such as scarcity of introns and a highly A-T rich genome making 

targeted modifications using UTR sequences difficult) Jones and colleagues (Jones 

et al., 2016) developed an artificial intron containing a LoxP sequence that can 

replace endogenous introns or can be placed in open reading frames, enabling the 

flanking of critical segments of genes with “silent” LoxP sites without compromising 

protein expression.  

This conditional knockout (CondKO) method was used to delete the kinase domains 

of several FIKK kinases in a NF54 gametocytes-producing and DiCre-expressing P. 

falciparum parasite line developed in the lab (Tiburcio et al., 2019). 
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Figure 3.1 Infection of RBCs with P. falciparum or P. knowlesi induces species-
specific changes to the phosphorylation state of RBC proteins 

(a) Volcano plots depicting the change in phosphosite intensity between uRBCs and 
RBCs infected with P. falciparum (left-hand side plot) or P. knowlesi (right-hand side plot). 
A positive log2 fold change (L2FC) value indicates that a protein residue is more 
phosphorylated in iRBCs than in uRBCs. The log10 of the p values (Welch’s two tailed t-
test; n=3) between technical replicates are indicated. The p values were used to 
calculate technical variability but are not a direct indication of significance. The red lines 
represent a nonlinear significance threshold based on the L2FC and the -log10 p values 
(see chapter 2.7.1). The red dots represent the sites that are more phosphorylated 
following infection; the blue dots represent sites that are less phosphorylated following 
infection; unchanging sites are represented by black dots. Volcano plots generated by 
Heledd Davies from data generated by me and Heledd Davies and processed by Heledd 
Davies and Malgorzata Broncel. (b) DISCO plot representing P. falciparum 
iRBCs/uRBCs versus P. knowlesi iRBCs/uRBCs L2FC. The discordance score is shown 
(see chapter 2.7.1). The circled points indicate phosphosites significantly changed 
following infection with either P. falciparum or P. knowlesi. DISCO plot was generated 
by Xingda Ye from data generated by me and Heledd Davies and processed by Heledd 
Davies and Malgorzata Broncel. (c) Maximum-likelihood phylogenetic tree of 
Plasmodium species with clades group together. The silhouettes show the host 
specificity. Divergence was calculated on the sequence of fikk8 from each species. The 
numbers in the white and black circles are the number of active FIKK kinases and 
pseudogenes respectively. Figure panel generated by Heledd Davies. 
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Experimental and data generation contribution: 

P. knowlesi and P. falciparum iRBCs phosphoproteomes were generated in 

collaboration with Heledd Davies. Concordance-discordance analysis was 

performed by Xingda Ye. 

FIKK condKOs mass spectrometry data analysis with MaxQuant and Perseus 

computer programs was performed by Heledd Davies and Malgorzata Broncel. 

TEM imaging was performed by Anne Weston from the Francis Crick Institute 

Electron Microscopy STP. 

Flickering analysis was performed by me in collaboration with Viola Introini at the 

Cavendish Laboratory, University of Cambridge. 

qRT-PCR determination of var gene expression was performed by Dominique Dorin-

Semblat at the Institut National de la Transfusion Sanguine, Paris. 

Cytoadhesion assays in petri dishes were performed in collaboration with Heledd 

Davies. 

SEM and flow cytometry assay assessing Var2CSA surface-exposition were 

performed by Heledd Davies. 

Negative-stain electron tomography was performed by Claudine Bisson from the 

Institute of structural and molecular biology at Birkbeck College. 
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3.2 Systematic conditional deletion of 4 exported P. falciparum 
FIKK kinases 

3.2.1 Design of a plasmid strategy for DiCre-mediated gene knockout of 
FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 kinase domains. 

To conditionally knockout the kinase domains of FIKK kinases, a general plasmid 

was created, called pfikk:LoxPint:HA:T2A:Neo:GFP (see Figure 3.2). Upon 

integration, this plasmid allows the flanking of a FIKK kinase domain with two LoxPint 

modules and C-terminal HA-tagging in a single transfection step. As shown in Figure 

3.2, the plasmid comprises a Dihydrofolate Reductase (DHFR) cassette allowing the 

selection of parasites that incorporated the plasmid, either episomally or 

endogenously, by WR99210 treatment, a homology region to the fikk gene studied 

(FIKK HR) that allows integration of the plasmid into the parasite genome by single 

homologous recombination (Figure 3.3a), and the recodonized kinase domain of the 

FIKK gene studied, fused to three adjacent HA-tag epitopes. To increase 

homologous integration rates, a strategy developed by Birnbaum et al. (Birnbaum et 

al., 2017) called Selection-Linked Integration (SLI) was employed. This strategy 

consists of the fusion of a T2A:Neomycin cassette to the 3’ end of the gene of interest 

allowing the selection of parasites having correctly integrated the plasmid by G418 

treatment. Since the T2A:Neomycin cassette does not have any promoter in the 

plasmid, it is only expressed upon integration, in-frame, with another gene. 

Therefore, the SLI strategy increases the likelihood of plasmid integration into the 

correct endogenous locus (Figure 3.3b). RAP treatment of DiCre expressing 

parasites with correct integration of the plasmid leads to the excision of the C-

terminally HA-tagged FIKK kinase domain along with the T2A:Neomycin cassette 

(Figure 3.3c). The plasmid also displays a GFP expression cassette located after the 

second LoxPint module. Upon DiCre-mediated excision, the GFP cassette comes in 

frame with the FIKK homology region (Figure 3.3c), serving as a reporter for excision. 

The basic backbone of the vector allows for removal of the FIKK homology region 

and recodonized kinase domain using BglII and SalI restriction enzymes (Figure 3.2). 

New targeting constructs can readily be generated by cloning the homology region 

of another fikk gene along with a recodonized, LoxPint-flanked and C-terminally HA-

tagged, version of the corresponding kinase domain using single step Gibson 
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assembly. Here, condKO targeting vectors have been generated for FIKK4.1, 

FIKK7.1, FIKK10.1 and FIKK11. Most of the additional predicted exported FIKK 

kinases were targeted using the same method by Heledd Davies, post-doc in the lab 

(Davies et al., 2020). Some of the resulting parasite lines were used as well in this 

study. 

 

 
 
Figure 3.2 Schematic of the pfikk:LoxPint:HA:T2A:Neo:GFP general plasmid used 
to conditionally knockout P.falciparum FIKK kinasesThe plasmid comprises a 
homology region to the fikk gene studied (FIKK HR, silver grey) for single homologous 
recombination allowing integration within the parasite genome; a LoxPint module 
(SERA2 intron + LoxP site, orange) followed by a recodonized version of the kinase 
domain of the FIKK studied (dark grey) fused to a triple HA-epitope tag (red); a T2A skip 
peptide (blue) and a Neomycin-resistance cassette (yellow) allow for the selection of 
parasites having incorporated the construct into the correct endogenous fikk locus. 
Finally, a second LoxPint module is located downstream of the Neomycin-resistance 
cassette followed by a GFP coding sequence (green). A pARL plasmid containing a WR-
resistance (for selection in the parasite) and an ampicillin-resistance (for selection in E. 
coli) cassettes was used as a backbone to develop this plasmid. BglII and SalI represent 
the restriction enzymes cutting sites allowing easy permutation of the FIKK homology 
region and recodonized kinase domain. Red hexagons represent STOP codons. 
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Figure 3.3 Use of the DiCre/LoxPint strategy allows for the conditional knockout 
of FIKK kinase family members 
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(a) Overview of the strategy to flank the recodonized FIKK kinase domain with two 
LoxPint modules in a single transfection step using the SLI method (Birnbaum et al., 
2017) to increase homologous integration rates. (b-c) Schematic of the fikk locus 
structure after integration of the plasmid pfikk:LoxPint:HA:T2A:Neo:GFP (b) and after 
excision of the recodonized kinase domain (c) along with the primers used to confirm 
correct integration and excision. Primers used were Int1 (yellow), Int2 (green), Ex1 (red), 
Int3 (dark blue), Int4 (pink) and Int5 (light blue). Primer pair Int1-Int2 was used to confirm 
5’ integration of the constructs, Int4-Int5 was used to confirm 3’ integration, Ex1-Int3 was 
used to confirm correct excision of the kinase domain after RAP treatment and Int1-Int5 
was used to check for the presence of WT parasites within the transfected population. 
(d) PCR gels confirming correct integration of the different 
pfikk:LoxPint:HA:T2A:Neo:GFP constructs into their respective loci and correct excision 
of the recodonized kinase domain induced by RAP treatment along with the expected 
sizes of the various amplicons for dimethylsulfoxyde (DMSO)- and RAP-treated 
parasites. Lane 1: PCR using specific primers to verify 5’ integration; Lane 2: PCR using 
specific primers to demonstrate excision; Lane 3: PCR using specific primers to verify 3’ 
integration; Lane 4: PCR using specific primers checking for the presence of WT 
parasites. (e) Western blots confirming correct expression and excision of the FIKK 
kinases following RAP treatment. The MAHRP1 antibody (bottom) demonstrates equal 
loading. FIKK7.1 samples were obtained by HA-immunoprecipitation. The arrowheads 
represent FIKK bands of the expected sizes and expected sizes of the different FIKK 
proteins are indicated in the table. 

 

3.2.2 Generation of FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 conditional 
knockout cell lines 

The plasmids pfikk4.1:LoxPint:HA:T2A:Neo:GFP, 

pfikk7.1:LoxPint:HA:T2A:Neo:GFP, pfikk10.1:LoxPint:HA:T2A:Neo:GFP and 

pfikk11:LoxPint:HA:T2A:Neo:GFP were transfected into a NF54 DiCre-expressing P. 

falciparum parasite line developed in the laboratory (Tiburcio et al., 2019). The first 

selection was performed by addition of the antifolate drug WR99210 to cell culture 

starting on the day following transfection. After approximately three weeks of 

treatment, drug resistant parasites were generally observed. Once a stable parasite 

culture was obtained, a second round of drug selection using G418 led to the 

selection of parasites in which integration of the plasmids had taken place into the 

respective endogenous fikk locus and the elimination of parasites with only episomal 

plasmids (Figure 3.3b). Correct integration of the plasmids into the parasite genome 

was confirmed by PCR. The primer pair Int1-Int2 (yellow arrow-green arrow, Figure 

3.3b) tests for 5’ integration of the plasmid into the endogenous locus whereas the 

pair Int4-Int5 (pink arrow-light blue arrow, Figure 3.3b) tests for 3’ integration. As 

shown in Figure 3.3d – dimethylsulfoxyde (DMSO) panels, bands of the expected 
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sizes were obtained for all transfected lines confirming integration of all constructs 

into the endogenous loci. The primer pair Int1-Int5 was used to assess the proportion 

of WT parasites present in each condKO line. Either no band or a very faint band 

could be observed, indicating the presence of a very small proportion of WT parasites 

(Figure 3.3d, lanes 4).  

To further confirm integration and expression of the HA-tagged FIKK isoforms, 

Western blots were performed using anti-HA antibodies. FIKK4.1, FIKK10.1 and 

FIKK11 could readily be identified while FIKK7.1 could not be visualized without 

enrichment using anti-HA sepharose beads. As seen in Figure 3.3e – DMSO lanes, 

Western blot analysis of the four FIKK condKO lines showed HA-positive bands at 

the predicted sizes, confirming correct integration of the plasmids and expression of 

the FIKK-HA chimeric proteins. An additional protein band could be observed 

approximately 25kDa above the predicted sizes. This is likely the result of an 

incorrect skipping of the T2A peptide by the ribosome, leading to a minor population 

of FIKK-Neomycin fusion proteins.  

RAP treatment of the newly generated cell lines led to the activation of the Cre 

Recombinase and to the excision of the kinase domains, the triple HA-tag and the 

T2A-Neomycin cassette (Figure 3.3c). Correct excision of the kinase domains was 

further confirmed by PCR using the primer pair Ex1-Int3 (red arrow-dark blue arrow). 

As shown in Figure 3.3d – RAP panels, the size of the DNA band in lane 2 decreased 

upon addition of RAP for all parasite lines, confirming the excision of the LoxPint-

flanked DNA sequences. The disappearance of the HA-signal observed by Western 

blot in RAP-treated parasites verifies the excision of the FIKK4.1, FIKK7.1, FIKK10.1 

and FIKK11 kinases on the protein level (Figure 3.3e). 

 

3.3 FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 are exported and not 
essential to sustain parasite growth 

While most FIKK kinases are predicted to be exported due to the presence of a 

PEXEL motif within their amino acid sequences (Marti et al., 2004, Hiller et al., 2004), 

experimental evidence for this was missing. To verify that, RBCs infected with 

FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 condKO parasite lines were fixed and FIKK 

kinases detected and localised by virtue of the HA-tag through immunofluorescence 
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assays (IFAs). As predicted, all four proteins were found to be clearly transported 

into the host cell. As previously described, FIKK10.1 was found to colocalize with MC 

markers MAHRP1 and SBP1 (Figure 3.4a) (Jones et al., 2016, Siddiqui et al., 2020, 

Spycher et al., 2006, Blisnick et al., 2000). FIKK7.1 and FIKK11 were detected with 

a diffuse pattern along with some punctate dots within the erythrocyte cytosol. The 

absence of clear localization for both proteins could result from their low level of 

expression, making it harder to distinguish a clear pattern from the background noise. 

FIKK4.1 was localized to the RBC periphery suggesting a possible association with 

the iRBC membrane and/or cytoskeleton. This in line with the observation made by 

Brandt and colleagues that FIKK4.1 phosphorylates the cytoskeletal protein Dematin 

(Brandt and Bailey, 2013).  

A role in parasite growth was assessed for these four exported FIKK kinases by 

comparing growth rates of DMSO- and RAP-treated FIKK condKO lines over 5 days 

using flow cytometry. No significant difference could be observed for any of the four 

exported FIKK condKO lines over this period of time (Figure 3.4b). The same was 

true when assessed by plaque assay (Thomas et al., 2016a), indicating that none of 

these 4 exported FIKK kinases seem to play a role in intraerythrocytic parasite 

growth. This is in line with data from the piggybac study which found these 4 genes 

to be dispensable for asexual blood stage growth in vitro (Zhang et al., 2018b). 
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Figure 3.4 Exported FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 are not involved in P. 
falciparum intraerythrocytic growth under standard culture conditions 

(a) Subcellular localization of FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 investigated by 
IFA using anti-HA antibodies (red) targeting the C-terminal HA-tag fused to each FIKK 
kinase domains; antibodies targeting two MC markers (green): MAHRP1 (left-hand side) 
and SBP1 (right-hand side); and DAPI as a nuclear staining (blue). Scale bar = 5µm. (b) 
Replication assay and plaque assay of FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 condKO 
lines. (i) Parasite growth curves for FIKK condKO lines. Starting parasitemia was 
adjusted to 0.5% and samples were fixed every 24 hours for 120 hours. Parasitaemia 
was measured by flow cytometry on 3 biological replicates for all FIKKs and the 
mean±SD is shown. Statistical analysis was done by two-way ANOVA with Tukey 
correction for multiple comparisons. No significant difference in parasite growth could be 
observed (p values > 0.05 for all FIKKs for all timepoints). (ii) Scatter plots showing the 
area of plaques obtained by plaque assay for FIKK condKO lines, DMSO- (left) or RAP-
treated (right). Horizontal bars indicate the mean plaque area±SD. Statistical significance 
was determined by a two-tailed t-test with no adjustment for multiple comparisons: 
FIKK4.1 DMSO vs RAP (p = 0.4306); FIKK7.1 DMSO vs RAP (p = 0.7201); FIKK10.1 
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DMSO vs RAP (p = 0.5686); FIKK11 DMSO vs RAP (p = 0.7912). n = number of plaques, 
ns, not significant. 

 

3.4 Quantitative phosphoproteome analysis between WT and 
KO parasites allows for the identification of potential targets 
for the exported FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11 

Having established that no significant difference in parasite growth could be 

observed upon knockout of FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11, a quantitative 

phosphoproteome analysis between DMSO- and RAP-treated FIKK condKO lines 

was performed with the objective to identify the signalling pathways downstream of 

these 4 exported FIKK kinases. DMSO- and RAP-treated WT parasites were also 

included to assess the effect of rapamycin on the phosphoproteome. Parasites were 

tightly synchronized to a 4-hours window, treated at ring stage with either DMSO or 

RAP and harvested 2 cycles later by magnet purification of late stages (Kim et al., 

2010) prior to tandem mass-tagging (TMT) and phosphopeptide enrichment (Figure 

3.5a). Phosphosites less phosphorylated upon knockout were identified both on RBC 

and on parasite proteins, indicating a direct or indirect interaction with the exported 

FIKK studied. 75 phosphosites were significantly differently phosphorylated upon 

RAP treatment of WT parasites (see Appendix Table 4 for a list of phosphosites 

differently phosphorylated upon RAP treatment of WT parasites) indicating that RAP 

does have an effect on the phosphorylation status of some proteins. Phosphosites 

changing upon RAP treatment of WT parasites have been taken into consideration 

in future analyses (see Appendix Table 5 for a list of phosphosites significantly 

changing in both WT and FIKK condKO parasite upon RAP treatment). Another 

possible explanation for this difference in phosphorylation would be that these 

phosphosites are very sensitive to a slight desynchronisation between DMSO- and 

RAP-treated parasite. 

Changes in phosphorylation could be observed upon RAP treatment for all 4 

exported FIKK condKO lines. The number of significantly changing phosphosites 

varied between FIKK kinases and generally correlated with the expression level of 

the kinase; the deletion of the highly expressed FIKK4.1 resulted in the highest level 

of differential phosphorylation, whereas deletion of the barely detectable FIKK7.1 
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affected very few phosphosites (Figure 3.5b). Comparing the phosphoproteome of 

DMSO- and RAP-treated FIKK7.1, FIKK10.1 and FIKK11 condKO lines showed 

differential phosphorylation predominantly in non-exported parasite proteins which 

are unlikely direct targets of exported FIKK kinases. In contrast, a vast majority of 

residues with reduced phosphorylation upon FIKK4.1 deletion was on parasite 

proteins predicted to be exported (Figure 3.5b). The deletion of FIKK4.1 and 

FIKK10.1 resulted in a reduction in phosphorylation of the kinase itself, either due to 

their truncation or loss of autophosphorylation. 

 

3.5 Analysis of FIKK4.1 potential direct targets suggests an 
important role in P. falciparum virulence 

An insight into the function of each FIKK kinase can be gained through analysis of 

their potential substrates. Whereas no obvious pattern could be identified for 

FIKK7.1, FIKK10.1 and FIKK11, a substantial concentration of FIKK4.1 targets 

belongs to parasite proteins known to be important for modulating cytoadherence to 

host receptors, Maurer’s clefts architecture and the formation of knobs. Additionally, 

it was found that the phosphorylation of several proteins from the junctional complex 

of the erythrocyte cytoskeleton is dependent on FIKK4.1 (see Table 1 for a list of 

FIKK4.1 targets previously shown to play a role in parasite virulence; see Appendix 

Table 4 for a list of all peptides identified as differently phosphorylated upon deletion 

of FIKK4.1, FIKK7.1, FIKK10.1 and FIKK11). It was therefore hypothesised that 

FIKK4.1 plays a key role in P. falciparum virulence. 

To test whether the identified proteins are phosphorylated by a single kinase, and 

are therefore potential direct targets, or indirectly phosphorylated through multiple 

kinases, the kinase motif was extracted using motif-x (Wagih et al., 2016). A very 

strong enrichment for a basic phosphorylation motif with an arginine in the -3 position 

was identified for FIKK4.1-dependent phosphosites (Figure 3.5c). No motif could be 

extracted for any of the other FIKK kinases. Of the FIKK4.1-dependent phosphosites 

found on RBC and parasite proteins exported into the host cell, 71% contained an 

arginine or a lysine at the -3 position (see Appendix Table 4). This represents a 

significant overrepresentation compared to the expected 33% identified for all P. 

falciparum phosphosites (Treeck et al., 2011). A basic phosphorylation motif has also 
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been identified for FIKK8 using an artificial substrate called PO (RRRAPSFYRK) 

(Osman et al., 2015). To test whether FIKK4.1 can phosphorylate some of the 

identified substrates directly, a kinase assay was performed using a recombinant 

version of FIKK4.1 kinase domain and synthetic peptides from PIESP2 

(PIESP2_267: EIRQESRTLIL), PfPTP4 (PTP4_1091: HTRSMSVANTK) and 

KAHRP (KAHRP_345: GSRYSSFSSVN), all of which contained an arginine at the   

-3 position relative to the phosphorylated serine. All of the predicted substrates were 

phosphorylated by recombinant FIKK4.1 kinase domain (Figure 3.5d); however, it 

was unable to phosphorylate the peptide PO or the protein kinase C synthetic peptide 

substrate PEP (QKRPSQRSKYL) (Yasuda et al., 1990) which contains a basic lysine 

at the -3 position. This suggests that most of the targets identified for FIKK4.1 are 

potentially direct targets of the kinase although this needs to be further validated. 

Additionally, it suggests that the arginine residue at the -3 position is necessary but 

not sufficient for phosphorylation by FIKK4.1, and that the FIKK kinases differ in their 

substrate preference. This is explored more thoroughly in Chapter 5. 
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Figure 3.5 Quantitative phosphoproteome analysis of FIKK condKO lines allows 
for the identification of FIKK4.1 arginine-based phosphorylation motif 

(a) Experimental workflow for phosphoproteomics of FIKK condKO lines. The coloured 
circles represent the ten tandem-mass tags. (b) Violin plots depicting the L2FC in 
phosphorylation intensity between DMSO- and RAP-treated FIKK condKO lines on RBC 
(left) and parasite proteins (right). A positive L2FC indicates that phosphorylation is 
reduced upon FIKK deletion. The red horizontal lines represent the significance 
thresholds (4 x SD). The red points represent exported parasite proteins that are 
significantly changing upon FIKK deletion. Represented by the violin plots are the density 
and the range of the data. Below: pie charts representing the proportion of phosphosites 
which are significantly changing upon deletion of a particular FIKK and which belong to 
exported parasite proteins (red) or non-exported parasite proteins (grey). Violin plots 
were generated by Heledd Davies from data generated by me and Heledd Davies and 
analysed by Heledd Davies and Malgorzata Broncel. (c) Arginine-based phosphorylation 
motif identified by sequence motif analysis of residues phosphorylated by FIKK4.1 using 
motif-x (Wagih et al., 2016). (d) Recombinant FIKK4.1 kinase domain activity on 
substrates PO, PIESP2_267, PTP4_1091, KAHRP_345 and PKC PEP. The results are 
represented as the mean±SD fold change compared with the no substrate luminescence 
signal obtained using the ADP-Glo assay. Statistical significance was determined using 
a one-way ANOVA followed by Tukey’s multiple comparison post-test; no substrate vs 
PO, p = 0.9994; no substrate vs PKC PEP, p = 0.9933; n=3 biologically independent 
experiment each including 3 technical replicates. ****, p<0.0001; ns, not significant. 
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FIKK4.1 
parasite 

substrate 
Gene name 

Role previously 
reported in the 

literature 

Site identified (Log2 
FC) 

PF3D7_0731100 PfPTP2 

Cell-Cell 

communication 

(Regev-Rudzki et al., 

2013) 

PfEMP1 surface 

presentation (Maier et 

al., 2008) 

231(3.03); 255(2.59); 

257(2.54); 159(2.04); 

498(1.59); 279(1.29) 

PF3D7_1478600 PfPTP3 

PfEMP1 surface 

presentation and 

iRBC rigidification 

(Maier et al., 2008) 

673(1.85) 

PF3D7_0730900 PfPTP4 

PfEMP1 surface 

presentation (Maier et 

al., 2008) 

1198(2.70); 1091(2.66); 

2098(2.41); 1677(2.38); 

2082(2.24); 1906(2.02); 

2097(1.91); 1197(1.88); 

1972(1.86); 1485(1.83); 

1884(1.52); 1486(1.49); 

334(1.27); 1495(1.26) 

PF3D7_1401300 EH2 

Cytoadherence and 

iRBC rigidification (da 

Silva et al., 2016) 

Vasoactivity (Spillman 

et al., 2016) 

111(2.48) 

PF3D7_0831700 Hsp70-x 

PfEMP1 surface 

presentation, 

Cytoadherence and 

iRBC rigidification 

(Charnaud et al., 

2017) 

110(2.90); 296(2.23); 

108(2.09); 114(1.22) 
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PF3D7_0501200 
PFE60 

(PIESP2) 

Maurer's cleft 

architecture and 

Pf332 localisation 

(Zhang et al., 2018a) 

267(3.35) 

PF3D7_0202000 KAHRP 

Knob formation and 

Cytoadherence 

(Crabb et al., 1997)                                                             

PfEMP1 surface 

presentation 

(Horrocks et al., 

2005) 

iRBC rigidification 

(Glenister et al., 

2002) 

345(2.48); 348(2.18); 

344(1.46); 347(1.20); 

634(1.05) 

PF3D7_0424600 

Plasmodium 

exported 

protein 

(PHISTb) 

Cytoadherence and 

Knob formation 

(Maier et al., 2008) 

124(1.75) 

PF3D7_0201900 PfEMP3 

PfEMP1 surface 

presentation 

(Waterkeyn et al., 

2000) 

iRBC rigidification 

(Glenister et al., 

2002) 

72(1.36) 

PF3D7_0632400 Rifin 

Cytoadherence and 

Rosetting (Goel et al., 

2015) 

69(1.31) 
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Table 1 Proteins identified as FIKK4.1 potential substrates and previously shown 
to play a role in malaria pathogenesis 

The gene ID is indicated along with the protein name, the role previously reported in the 
literature and the position of the significantly changing phosphosites with the L2FC in 
parentheses. 

 

3.6 Phenotyping of FIKK4.1 condKO parasites 

3.6.1 The deletion of FIKK4.1 kinase domain does not seem to have an impact 
on the architecture of characteristic intracytoplasmic structures such 
as Maurer’s clefts or J-dots and does not appear to influence the 
localisation of some of its targets: Hsp70-x and PfPTP2 

Several FIKK4.1-dependent phosphosites are found on proteins that have been 

shown to be important for the formation or integrity of the MCs. One of the targets is 

PFE60 (PF3D7_0501200), the deletion of which leads to a significantly higher 

percentage of stacked MCs (Zhang et al., 2018a). It was therefore hypothesised that 

phosphorylation of PFE60 by FIKK4.1 may be important for its function. This was 

investigated by Transmission Electron Microscopy (TEM) of Equinatoxin II (EqtII)-

treated iRBCs (Jackson et al., 2007). EqtII is a eukaryotic pore-forming toxin, 

targeting sphingomyelin-containing membranes. It binds preferentially the RBC 

membrane and leaves the parasite PV intact, resulting in the diffusion of soluble 

intracytoplasmic proteins, including haemoglobin. This leads to a substantial 

increase in the contrast of TEM images of iRBCs. No clear difference in MCs 

architecture could be detected upon deletion of FIKK4.1 kinase domain (Figure 3.6a) 

suggesting that phosphorylation by FIKK4.1 does not influence PFE60 function. 

FIKK4.1 human 
substrate 

 
Gene name 

Role previously 
reported in the 

literature 

Site identified (Log2 
FC) 

Q9UEY8 g-adducin 

Components of the 

RBC cytoskeleton 

(Salomao et al., 

2008) 

651(2.64) 

Q08495 Dematin 
85(2.51); 81(1.51); 

87(1.29) 

Q00013 MPP1/p55 344(2.28) 

P11171 Protein 4.1 84(1.99); 551(1.76) 

P23276 Kell 25(1.59); 15(1.34) 

P35611 a-adducin 482(1.30) 
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To assess whether FIKK4.1 plays a role in trafficking or localisation of proteins, the 

trafficking of additional putative FIKK4.1 targets was investigated by IFA (Figure 

3.6b). Hsp70-x (PF3D7_0831700) is the only member of the P. falciparum Hsp70 

family exported into the host erythrocyte cytosol and was found to be located in 

subcellular structures called J-dots (Kulzer et al., 2012). PfPTP2 (PF3D7_0731100) 

has been shown to be part of electron-dense vesicles (EDVs) (Regev-Rudzki et al., 

2013), which with J-dots and other vesicles-like structures make the connection 

between the PV or the MCs and the iRBC membrane and play a role in PfEMP1 

trafficking (Taraschi et al., 2003, Kriek et al., 2003, Hanssen et al., 2008b, McMillan 

et al., 2013). Some colocalization of FIKK4.1 with Hsp70-x and PfPTP2 was 

observed close to the periphery of the iRBCs. However, neither Hsp70-x nor PfPTP2 

localisation was affected by FIKK4.1 deletion. Moreover, the overall appearance of 

J-dots and EDVs seemed conserved despite FIKK4.1 kinase domain deletion. 

Taken together, these data suggest that FIKK4.1 kinase domain deletion does not 

substantially affect MCs, J-dots or EDVs architecture.  

 

 
 
Figure 3.6 FIKK4.1 does not play a role in the establishment of internal structures 
and does not affect Hsp70-x and PfPTP2 localisation 
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(a) TEM imaging of RBC infected with DMSO-treated (left) or RAP-treated (right) 
FIKK4.1 condKO parasites. P = parasite, FV = Food Vacuole, MC = Maurer’s clefts, ER 
= Endoplasmic reticulum. No difference in internal structures organisation could be 
identified between DMSO- and RAP-treated parasites. TEM sample generation was 
performed by me. Sample processing and imaging was performed by Anne Weston. (b) 
IFAs of FIKK4.1 condKO line DMSO- (top) or RAP-treated (bottom) using anti-Hsp70-x 
Abs (green, left-hand side), anti-PTP2 Abs (green, right-hand side), anti-HA Abs (red) 
and DAPI staining of parasite nucleus. Some colocalization of FIKK4.1 with both Hsp70-
x and PfPTP2 could be observed at that stage. No changes in the localization of Hsp70-
x and PfPTP2 could be observed when FIKK4.1 was deleted. Scale bar = 5µm. 

 

3.6.2 FIKK4.1 appears to be associated with the RBC cytoskeleton 

The rim-like signal observed by immunofluorescence at the RBC periphery for 

FIKK4.1 suggested a possible association with the RBC membrane and/or 

cytoskeleton (Figure 3.4a, Figure 3.6b). Additionally, FIKK4.1 has been found to be 

palmitoylated (Jones et al., 2012). Palmitoylation is a PTM important for protein 

localisation and membrane-binding (Linder and Deschenes, 2007, Resh, 2006). 

Furthermore, the deletion of FIKK4.1 led to changes in phosphorylation mainly on 

host cytoskeletal components and parasite proteins known to be in the vicinity of the 

RBC cytoskeleton (Table 1, Figure 3.7a). To narrow down FIKK4.1 subcellular 

localisation, solubility extraction experiments were performed on erythrocytes 

infected with FIKK4.1 condKO parasites. First, a hypotonic lysis of iRBCs was 

performed with low-salt buffer (5mM Tris-HCl, pH = 8.0) followed by 3 freeze-thaw 

cycles. This allowed to separate soluble components of the erythrocyte cytoplasm 

by centrifugation (supernatant = SN) from membrane-bound and cytoskeletal 

components (pellet). Subsequent treatment of the pellet with either sodium 

carbonate (Na2CO3) or 1% Triton X-100 (TX-100) allows to dissect between proteins 

integral to the membrane and membrane-associated proteins. Na2CO3 creates an 

alkaline pH that decreases non-covalent protein-protein interactions allowing to 

release peripheral membrane proteins without disrupting the integrity of the 

membranes (Fujiki et al., 1982). Treatment with detergents such as TX-100 

solubilises lipids and proteins within the erythrocyte membrane but does not affect 

cytoskeletal proteins which remain in the pellet fraction. The fractions obtained with 

these different treatments were analysed by Western blot. Anti-HA antibodies were 

used to follow the fate of the HA-tagged FIKK4.1 kinase domain. Anti-Band3 and 

anti-spectrin antibodies were used as controls for an integral membrane protein and 
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a cytoskeletal peripheral membrane protein, respectively. All 3 proteins were found 

in the pellet fraction after hypotonic lysis confirming that all 3 proteins are associated 

with RBC membrane and/or cytoskeleton (Figure 3.7b). As expected for a 

cytoskeletal protein, spectrin was partially solubilised by Na2CO3 and additionally 

found in the pellet after TX-100 treatment. The integral protein Band3 was not 

sensitive to Na2CO3 extraction but solubilised partially by TX-100. FIKK4.1 was found 

to be extractable with sodium carbonate but not with TX-100 indicating that FIKK4.1 

is a peripheral membrane protein. In addition to its localisation, this suggests a direct, 

or indirect, association with the RBC cytoskeleton. 

Another argument in favour of FIKK4.1 association with the host cell cytoskeleton is 

its close localisation to the parasite protein KAHRP (Figure 3.7c). KAHRP, or Knob 

Associated Histidine-Rich Protein, is the major component of knob structures and 

has been shown to self-assemble underneath the iRBC membrane and to bind to 

many cytoskeletal proteins such as spectrin, actin, protein 4.1 and ankyrin (Kilejian 

et al., 1991, Oh et al., 2000, Pei et al., 2005, Weng et al., 2014). However, the 

resolution achieved by IFA does not allow to conclude on FIKK4.1 exact localisation. 

If FIKK4.1 directly interacts with the RBC cytoskeleton, it likely does so through its 

charged N-terminal region. By analysing the amino acid composition of FIKK4.1 N-

terminal region it has been found that it has the highest proportion of lysine residues 

compared to other FIKK kinases N-terminal regions (28% of FIKK4.1 N-terminal 

region amino acids are lysine residues) (Figure 3.7d). Consequently, FIKK4.1 is the 

FIKK kinase with the most positively charged N-terminal region (Figure 3.7e). 

Positively charged residues, such as lysine, have been found to be important for P. 

falciparum protein localisation at the iRBC periphery (Davies et al., 2016). 

Furthermore, spectrin, which is the host cytoskeleton main component, is known to 

interact with other cytoskeletal proteins via charged regions (Ipsaro et al., 2009).  

Taken together, these data suggest an association of FIKK4.1 with the RBC 

cytoskeleton with a possible tethering to spectrin via its positively charged N-terminal 

region and/or N-terminal palmitoylation. The hypothesis is that FIKK4.1, bound to the 

cytoskeleton, phosphorylates host cytoskeletal components and parasite proteins 

delivered in the vicinity by MCs, J-dots and EDVs. 
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Figure 3.7 FIKK4.1 seems to be associated with the RBC cytoskeleton thanks to 
its charged N-terminal region 

(a) Graphical representation of FIKK4.1 substrates identified by mass spectrometry 
(depicted with a yellow star). The representation focuses on the knob structures. A 
substantial concentration of FIKK4.1 potential substrates belongs to the 4.1R 
junctional complex of the erythrocyte cytoskeleton. Additionally, many parasite 
proteins previously shown to be located in the knob area and to be involved in 
cytoadherence and knob formation were identified as potential FIKK4.1 targets. 
Illustration made by Heledd Davies and taken from (Davies et al., 2020) (b) 
Sequential fractionation of RBCs infected with FIKK4.1 condKO parasites. Cells were 
first hypotonically lysed and centrifuged to separate the cytoplasm content in the 
supernatant (SN) from the membranes and cytoskeleton in the pellet. This pellet was 



Chapter 3 Results 

 

116 

 

subsequently treated with either sodium carbonate (Na2CO3) or TX-100 and 
centrifuged to obtain the different fractions. Protein solubility was investigated by 
Western blot probed with anti-spectrin, anti-Band3 and anti-HA antibodies. (c) IFA 
looking at the subcellular localisation of FIKK4.1 using antibodies against the C-
terminal HA-tag fused to its kinase domain (red) and KAHRP antibodies (green). 
DAPI (blue) was used for nuclear staining. Scale bars, 5µm. (d) Graph representing 
the percentage of lysine residues in the N-terminal regions of exported FIKK kinases. 
Has been considered as the N-terminal region the amino acid sequences starting on 
the 4th amino acid of the PEXEL motif to the 1st amino acid of the kinase domain. 
FIKK7.2, FIKK8 and FIKK14 were not analysed as they are pseudokinases or non-
exported kinases. Amino acid sequences were obtained from PlasmoDB and amino 
acid proportions were calculated using PEPSTATS 
(https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). (e) Overall charge of the 
FIKK kinases N-terminal regions. Overall charge was determined using PEPSTATS. 
 

3.6.3 FIKK4.1 plays a role in iRBC rigidification 

The 4.1R junctional complex tethers the spectrin filaments together and links them 

to the RBC plasma membrane (Salomao et al., 2008). It is thus very important for 

the iRBC structural integrity. As several members of the 4.1R junctional complex are 

phosphorylated by FIKK4.1 (Table 1, Figure 3.7a) it was hypothesised that FIKK4.1 

may be involved in the rigidification of the host cell observed upon infection. 

Additionally, several potential parasite targets of FIKK4.1, such as KAHRP, PfEMP3, 

PfPTP3, EH2 and Hsp70-x, have been identified as modulating iRBC rigidity 

(Glenister et al., 2002, Maier et al., 2008, da Silva et al., 2016, Charnaud et al., 2017). 

To test whether these phosphorylation events affect the structural properties of the 

iRBC, a membrane fluctuation analysis (flicker spectroscopy) (Yoon et al., 2009, 

Koch et al., 2017) was performed on RBCs infected with NF54::DiCre or FIKK4.1 

condKO parasites treated with either DMSO or RAP. Flicker spectroscopy allows a 

direct measurement of RBC membrane mechanics such as membrane tension, 

bending modulus, the radius of the RBC and its viscosity. It is well established that 

RBC membrane tension is primarily related to the RBC cytoskeleton, whereas the 

bending modulus is modulated by changes in the membrane lipid bilayer (Yoon et 

al., 2009). As expected, a gradually increasing rigidification of the iRBC membrane 

was observed for both NF54 and FIKK4.1 condKO parasite lines treated with DMSO 

(Figure 3.8a). No significant difference was observed for NF54::DiCre infected RBCs 

treated with RAP compared to the DMSO control. This indicates that rapamycin does 

not have an effect on the RBC rigidity by itself. For RBCs infected with FIKK4.1 

condKO parasites, a reduction in membrane tension was observed from 32 h.p.i 
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onwards upon RAP treatment (Figure 3.8a, b, mean reduction in membrane tension 

= 25.10% at 32 h.p.i, 26.94% at 36 h.p.i) demonstrating that FIKK4.1 is indeed 

important for modulating iRBC rigidity. Some increase in rigidity was still observed 

upon FIKK4.1 deletion, indicating that other factors are also involved. None of the 

other parameters measured by flickering analysis (bending modulus, viscosity and 

radius) changed upon FIKK4.1 deletion (Figure 3.8c) confirming that FIKK4.1 acts 

specifically on the RBC cytoskeleton and not on the composition of the RBC 

membrane.  

 

 
Figure 3.8 FIKK4.1 is important for the modulation of iRBC rigidity 
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(a) Time-course flicker spectroscopy measuring the membrane tension of uRBCs, 
NF54::DiCre (left) and FIKK4.1 condKO (right) iRBCs treated with either DMSO or RAP. 
The horizontal lines in the boxes represent the median and the whisker boundaries 
represent the 10th and 90th percentiles. The points represent outliers. Statistical 
significance was determined using a two-tailed t-test. n=2 biologically independent 
samples. *** p<0.001; ns, not significant. Flickering data were generated in collaboration 
with Viola Introini. (b) Representative flickering spectra of DMSO- (in green) or RAP-
treated (in blue) FIKK4.1 condKO parasites at increasing time post-invasion. Mean 
square amplitude of fluctuations remains similar for DMSO-treated FIKK4.1 condKO 
parasites throughout parasite development, while fluctuations in FIKK4.1 knockout 
parasites decrease significantly at 32 and 36 h.p.i. Fitted modes 5-14. The error bars are 
calculated as 𝑆𝐷/$(𝑛 × 𝑑𝑡)/𝜏5/	, where SD is the standard deviation, n total number of 

frames (»10000 frames per cell), dt time gap between each frame, and 𝜏5/the relaxation 
time for each mode. n=2 biologically independent experiments. Figure panel generated 
by Viola Introini from data generated by me and Viola Introini. (c) Time-course flicker 
spectroscopy comparing the membrane bending modulus, the radius and the viscosity 
of uRBCs and RBCs infected with NF54::DiCre and FIKK4.1 condKO DMSO- or RAP-
treated parasites. Horizontal line within the box represents the median and whisker 
boundaries represent the 10th and 90th percentile. Points represent outliers. Statistical 
significance was determined by a two-tailed t-test. n=2 biologically independent samples. 
Flickering data were generated in collaboration with Viola Introini. * p<0.05; NS, not 
significant 

 

3.6.4 FIKK4.1 deletion causes reduced cytoadhesion and PfEMP1 surface 
translocation 

In addition to RBC rigidity, the preponderance of FIKK4.1-dependent 

phosphoproteins involved in PfEMP1 trafficking predicted a phenotype in 

cytoadhesion. As different PfEMP1 variants bind to different host receptors, 

quantitative RT-PCR was used to determine which variant was expressed in the 

NF54::DiCre and FIKK4.1 condKO parasite lines. At least 98% of the transcripts 

detected originated from var2csa in both parasites lines, which encodes for a 

PfEMP1 variant strongly binding to chondroitin sulphate (CSA) (Figure 3.9a). This 

allowed to test cytoadhesion in petri dishes coated with CSA or BSA as a control. 

NF54::DiCre and FIKK10.2 condKO lines were included as controls, as cytoadhesion 

was not predicted to be affected for both (see (Davies et al., 2020) for a list of 

FIKK10.2-dependent phosphosites). Upon deletion of FIKK4.1, a 55% reduction in 

iRBCs cytoadhesion was observed relative to the DMSO control (mean reduction in 

cytoadhesion = 55.01±1.94%; mean±sem; n = 5) (Figure 3.9b). No significant 
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differences were observed for RAP-treated NF54::DiCre or FIKK10.2 condKO, 

indicating that rapamycin alone does not have an effect on cytoadherence of iRBCs. 

As the major knob component KAHRP was differentially phosphorylated upon 

FIKK4.1 deletion, it was hypothesised that the reduction in cytoadhesion may be a 

result of a defect in knob formation. However, scanning electron microscopy (SEM) 

did not reveal any abnormality in knobs between DMSO- and RAP-treated RBCs 

infected with FIKK4.1 condKO parasites (Figure 3.9c). To test whether the finer 

structure of knobs was affected when FIKK4.1 was deleted, negative-stain electron 

tomography (Watermeyer et al., 2016) was performed on RBC ghosts infected with 

RAP-treated FIKK4.1 condKO parasites and compared to 3D7 WT parasites. No 

difference in size, shape, distribution or structural features of knobs could be 

observed between the two parasite lines (Figure 3.9d), suggesting that FIKK4.1 does 

not play a role in knob architecture. As knob formation appeared normal, PfEMP1 

trafficking to the surface was tested which, if affected, would result in a cytoadhesion 

defect. Quantification of surface-exposed Var2CSA by flow cytometry revealed a 

46.7% reduction in the median fluorescence intensity observed in RAP-treated 

FIKK4.1 condKO line but not in the NF54::DiCre or FIKK10.2 condKO lines (mean 

reduction = 46.7±3.04%; mean±sem; n = 4) (Figure 3.9e). As PfEMP1 was still 

observed to some extent on the surface of most iRBCs, it is likely that a reduction in 

avidity due to fewer PfEMP1-CSA interactions is responsible for the cytoadhesion 

defect observed upon FIKK4.1 deletion. 
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Figure 3.9 FIKK4.1 is important for modulating iRBC cytoadherence by playing a 
role in PfEMP1 surface translocation 

(a) Var gene transcription profile of NF54::DiCre and FIKK4.1 condKO parasites 
determined by real-time qPCR. Transcriptional level of each var gene was normalised 
with the house-keeping gene seryl-tRNAtransferase. Data and figure panel generated 
by Dominique Dorin-Semblat. (b) Percentage of iRBCs bound to CSA or BSA compared 
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with the positive control (DMSO-treated parasites on CSA). The mean±SD cytoadhesion 
compared to the control is shown. Statistical significance was determined using a two-
way ANOVA test with a multiple-comparison Sidak’s tests comparing all means. n=5 
biologically independent samples, each with at least two technical replicates, which were 
averaged before statistical analysis. Cytoadhesion data generated in collaboration with 
Heledd Davies. (c) SEM images of the surface of erythrocytes infected with DMSO or 
RAP-treated FIKK4.1 condKO parasites (scale bar = 1µm). Data and figure panel 
generated by Heledd Davies. (d) Upper panels, electron micrographs of knobs on 
detergent-treated, negatively-stained RBC ghosts from WT 3D7 (left panel) and FIKK4.1 
KO (right panel) schizonts imaged at low magnification. Red arrows indicate position of 
knobs, which show up as circular dark patches on the membrane fragment (scale bar = 
200nm). Middle panels, in top view of knobs (XY), the knob-coat is outlined with a red 
dashed line and the underlying knob spiral is indicated by red arrow heads. In these 
examples of knobs, the underlying spiral is left-handed (indicated by the blue spiral 
symbol) showing that the knob is pointing upwards from the plane of the grid. A side view 
(XZ) of the same knob show that the height and diameter of the knobs in WT 3D7 
schizonts and FIKK4.1 KO schizonts is similar. Bottom panels, in both WT 3D7 and 
FIKK4.1 KO schizonts, knobs with a right-handed spiral (green) were also visible on 
membrane patches. The knobs are pointing downwards and are compresses against the 
surface of the grid, hence more rings of the spiral structure are visible in the plane of the 
tomogram. Images are an average of 5 central slices of the tomogram (scale bar = 50nm) 
Data and figure panel generated by Claudin Bisson. (e) Normalized flow cytometry 
histograms showing phycoerythrin (PE) fluorescence, which reflects the amount of 
Var2CSA on the cell surface for each line. The experiment was repeated 3 times with 
similar results. Graph represents the percentage of PE fluorescence intensity (mean±SD 
in RAP-treated parasites compared with the control (DMSO-treated) n=3 (NF54) and 4 
(FIKK4.1 and FIKK10.2). Statistical significance was determined using a multiple-
comparison ANOVA. Data and figure panel generated by Heledd Davies. *** p<0.001; 
**** p<0.0001; ns, not significant. 
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Chapter 4. One compound to inhibit them all: the 
search for a pan-FIKK inhibitor 

4.1 Introduction 

As all kinases, the FIKK family members possess a bipartite structure. They 

comprise a highly variable N-terminal accessory domain unique to each paralog with 

no significant homology with any other P. falciparum gene (Schneider and 

Mercereau-Puijalon, 2005), followed by a highly conserved C-terminal kinase 

domain containing the eponymous quartet of residues Phe – Ile – Lys – Lys. Figure 

4.1 represents the conservation score obtained by alignment of the P. falciparum 

FIKK kinase sequences. The conservation score for the N-terminal accessory 

domain (no shading) is low, mainly around zero, indicating no conservation in the 

primary sequence, whereas it is much higher for the kinase domain (green shading) 

depicting the higher conservation.  

The conserved FIKK kinase domains contain all 12 subdomains shared by eukaryotic 

protein kinases (see chapter 1.7.1) (Hanks and Hunter, 1995). Most of the 

catalytically important residues necessary for typical protein kinase activity are 

present, with the exception of the glycine triad (GxGxxG) constituting the kinase 

subdomain I involved in positioning the ATP molecule within the catalytic cleft. The 

lack of the glycine triad has been observed in a number of kinases with demonstrated 

protein kinase activity from many organisms (including P. falciparum) indicating that 

ATP-binding and phosphotransfer abilities are not entirely dependent on this glycine 

triad (Dorin et al., 2005).  

How ATP is bound in these kinases is not known. The lack of the conserved glycine 

triad indicates that it occurs in a slightly different way than in the majority of kinases 

and suggests that FIKK kinases belong to an unusual protein kinase type with a 

different ATP-binding pocket. The absence of a FIKK crystal structure prevents the 

investigation of the FIKK kinases mode of ATP-binding, but several recombinant, as 

well as parasite-derived, FIKK kinases have been reported to be active (Nunes et 

al., 2010, Brandt and Bailey, 2013, Kats et al., 2014, Osman et al., 2015).  
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Over the last decade, resistance to ACTs, the recommended treatment for P. 

falciparum malaria, has begun to emerge (Ashley et al., 2014, Fairhurst and 

Dondorp, 2016, Lu et al., 2017). Therefore, new treatments are urgently needed, 

especially drugs with novel mechanisms of action. Phosphorylation of RBC and 

parasite proteins has been shown to be crucial for parasite development and thus 

malaria kinase inhibitor development is a field of active research (Doerig et al., 2010, 

Gamo et al., 2010, Baker et al., 2017, Alam et al., 2019, Gaur et al., 2020).  

The atypical FIKK kinases ATP-binding loop suggests that they may bind ATP in a 

slightly different manner than typical eukaryotic kinases. Therefore, it may be 

possible to develop ATP analogues targeting the FIKK kinases specifically. 

Moreover, most P. falciparum FIKK kinases (16 out of the 19 active FIKK kinases) 

have a small and polar amino acid (S, T or C) as a “gatekeeper” residue where the 

vast majority (~90%) of eukaryotic serine/threonine kinases have a large and 

hydrophobic residue at this position (Dar and Shokat, 2011). The presence of a small 

and polar amino acid in the “gatekeeper” position is a structural feature that can be 

exploited to develop selective inhibitors less likely to interact with kinases of the 

human host (McRobert et al., 2008). In addition, the high conservation of the kinase 

domain across the FIKK family may enable the development of a single molecule 

targeting simultaneously multiple members of the FIKK kinase family. Such a 

molecule would be a very powerful weapon to combat malaria, as, in order to develop 

resistance, multiple FIKK mutants would have to evolve concurrently.  

Even if the FIKK kinases do not turn out to be good drug targets to tackle malaria, a 

molecule inhibiting several of them simultaneously would be an invaluable chemical 

tool to study their combined role in malaria biology. 
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Figure 4.1 Bipartite structure of the P. falciparum FIKK kinase family 
Graphic representing the conservation among the PfFIKK kinase amino acid sequences. 
Sequence alignment of the PfFIKK kinase amino acid sequences and determination of 
the conservation scores were performed using the PRALINE Multiple Sequence 
Alignment software. Green shading illustrates the FIKK kinase domain, which is highly 
conserved among FIKK members. Yellow depicts an example of an insertion within the 
kinase domain. Conservation scores that reach zero within the kinase domain can be 
attributed to insertions. The conserved FIKK motif is represented in red. 
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Experimental and data generation contribution: 

Two of the recombinant FIKK kinase domains (FIKK7.1 and FIKK8) were expressed 

and purified by me. Subsequently, either Vangelis Christodoulou from the Structural 

Biology STP of The Francis Crick Institute or David A. Jones, laboratory research 

officer in the Treeck laboratory, expressed and purified more recombinant FIKK 

kinase domains (FIKK1, FIKK3, FIKK4.1, FIKK4.2, FIKK5, FIKK9.1, FIKK9.3, 

FIKK10.1, FIKK10.2, FIKK11, FIKK12 and FIKK13). 

Screening of the PKIS library and subsequent SAR assay were performed at GSK 

Stevenage under the supervision of David House, Andrew Powell, David J. Powell 

and Sandra Kümper. 

Processing of the WGS samples was performed by the Advanced Sequencing STP 

at the Francis Crick Institute. Analysis of the WGS data was performed by Aengus 

Stewart from the Bioinformatics and Biostatistics STP at the Francis Crick Institute 

and by Marc-Antoine Guery and Antoine Claessens from the Laboratory of 

Pathogen-Host Interaction, Montpellier. 

Data processing of GSK2181306A resistant parasites phosphoproteome was 

performed by Malgorzata Broncel. 

qRT-PCR determination of var gene expression, cytoadhesion assays and flow 

cytometry assessment of PfEMP1 surface exposition were performed by Dominique 

Dorin-Semblat at the Institute National de la Transfusion Sanguine, Paris. 

Cysteine-reactive compounds screening was performed by Jonathan Pettinger from 

the Crick/GSK Biomedical LinkLabs. 
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4.2 Generation of recombinant FIKK kinase domains 

FIKK kinases have a highly variable N-terminal region and a highly conserved kinase 

domain (Schneider and Mercereau-Puijalon, 2005). In order to identify the 

approximate beginning of their kinase domains, all the P. falciparum FIKK kinase 

protein sequences were aligned. As shown in Figure 4.2, a clear difference in amino 

acid conservation can be observed between the N-terminal region and the kinase 

domain. The amino acid used as a start for the kinase domain was determined in 

concordance with what has been used in two previous studies which successfully 

expressed FIKK4.1 and FIKK8 kinase domain recombinantly (Brandt and Bailey, 

2013, Osman et al., 2015). The estimated starting amino acids of the respective 

kinase domains for all FIKK kinases expressed can be found in Table 2. All coding 

sequences for the predicted FIKK kinase domains were ordered as recodonised 

versions, optimised for recombinant expression in E. coli. The DNA fragments were 

cloned into the expression vector pET28 that was linearised with the restriction 

enzymes HindIII and BamHI using Gibson assembly, in frame with a N-terminal His-

tag. Using these vectors, the recombinant FIKK kinase domains for FIKK1, FIKK3, 

FIKK4.1, FIKK4.2, FIKK5, FIKK7.1, FIKK8, FIKK9.1, FIKK9.3, FIKK10.1, FIKK10.2, 

FIKK11, FIKK12 and FIKK13 were expressed in E. coli. Recombinant proteins were 

purified using a previously described method (Vedadi et al., 2007) based on His-tag 

affinity chromatography and size exclusion chromatography. All recombinant FIKK 

kinases were soluble and showed the correct predicted size after purification (Figure 

4.3).  
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Figure 4.3 Coomassie-stained gel of purified recombinant FIKK kinase domains  
Protein ladder is depicted on the left-hand side of the gel in kilodalton. Predicted sizes 

of the purified recombinant kinase domains with N-terminal His-tag are indicated in 

Dalton in the table. Protein expression and purification were performed by me, Vangelis 

Christodoulou and David A. Jones. 

FIKK 

kinase 

Kinase domain starting 

amino acid 

FIKK1 M (191) 

FIKK3 L (202) 

FIKK4.1 Y (215) 

FIKK4.2 V (240) 

FIKK5 L (188) 

FIKK7.1 Y (390) 

FIKK8 M (1049) 

FIKK9.1 L (133) 

FIKK9.3 L (227) 

FIKK10.1 N (199) 

FIKK10.2 K (463) 

FIKK11 L (144) 

FIKK12 L (158) 

FIKK13 K (149) 
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 Table 2 Recombinantly expressed FIKK kinase domains starting amino acids 
Amino acids used as starting points for the recombinant kinase domains of the respective 
FIKK kinases and determined by alignment of all FIKK kinase sequences (see Figure 
4.2). 

 

4.3 FIKK7.1 and FIKK8 recombinant kinase domains are active 
but have different substrate preferences 

The first two FIKK kinase domains to be recombinantly expressed and purified were 

FIKK7.1 and FIKK8. Their capacity to phosphorylate different substrates was 

assessed using a luminescent ADP detection assay called ADP-Gloä assay 

(Zegzouti et al., 2009). As illustrated in Figure 4.4, the recombinant FIKK8 kinase 

domain showed a marked ATP-dependent phosphorylation of the previously 

identified artificial peptide PO (optimised peptide with the sequence RRRAPSFYRK 

(Osman et al., 2015)) but not of its non-phosphorylatable isoform PD (central serine 

replaced by an alanine). In contrast, recombinant FIKK7.1 kinase domain was not 

able to phosphorylate PO or PD. A peptide of the erythrocyte protein dematin 

(RSPGIISQASAPR) has previously been identified as a substrate for FIKK4.1 

(Brandt and Bailey, 2013) and it was tested whether FIKK7.1 or FIKK8 show 

substrate preference overlap with FIKK4.1. Neither FIKK7.1 nor FIKK8 recombinant 

kinase domains were able to phosphorylate the dematin peptide. Subsequently, the 

activity of the FIKK7.1 and FIKK8 kinase domains was assessed on Myelin Basic 

Protein (MBP), given that for FIKK7.1 no suitable substrate has been identified. MBP 

is a standard artificial substrate for serine/threonine kinases (Haubrich and Swinney, 

2016) previously shown to be phosphorylated by recombinant FIKK4.2 (Kats et al., 

2014), recombinant FIKK8 (Osman et al., 2015) as well as FIKK4.1 and FIKK12 

immunoprecipitated from cell lysates (Nunes et al., 2007). No significant activity 

could be observed for the recombinant FIKK7.1 kinase domain on any of these 

substrates. In contrast, MBP was confirmed as a potential artificial substrate for 

recombinant FIKK8 kinase, even if the signal obtained is approximately six times 

weaker than for PO. No luminescent signal was obtained in the absence of ATP, 

confirming the nature of these recombinant proteins as kinases. In the absence of 

substrate, a low level of ATP hydrolysis could be observed for FIKK8, but also 

FIKK7.1. This could result from the autophosphorylation of the kinases, or from the 
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intrinsic ATPase activity kinases display in the presence of ATP and absence of 

substrates. Since ATP hydrolysis was also observed for FIKK7.1, it is likely that it is 

also an active kinase, but none of the substrates tested matched its substrate 

preference.  

 

 
Figure 4.4 Recombinant FIKK7.1 and FIKK8 kinase domains present different 
activity profiles  

Kinase activity determined using the ADP-Gloä assay quantifying the ADP produced 
during the kinase reaction. This activity was assessed against different substrates: 
Substrate Po (RRRAPSFYRK); Dead Substrate PD (RRRAPAFYRK); Dematin 
(RSPGIISQASAPR), Dead Dematin (RSPGIIAQASAPR), MBP and without substrate in 
the presence or absence of ATP. The results are represented as the mean±SD fold 
change compared with the no-substrate + ATP luminescent signal of the corresponding 
FIKK. Statistical significance was determined using a one-way ANOVA followed by 
Dunnett’s multiple comparison post-test. n=1 biological replicate including at least 3 
technical replicates. Because of the small amount of Dematin and Dead Dematin 
peptides available only 1 replicate was performed to test FIKK8 activity on these 
substrates ± ATP. **** P < 0.0001. 
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4.4 Screening of a small library of ATP analogues identifies 
recombinant FIKK8 kinase domain inhibitors 

As recombinant FIKK8 kinase domain proved to be active on the artificial substrate 

PO, it was initially used to screen the Protein Kinase Inhibitor Set (PKIS) library of 

ATP analogues (Dranchak et al., 2013, Drewry et al., 2014, Drewry et al., 2017). 

4.4.1 Prerequisites to a High-Throughput Screening (HTS) assay 

Three prerequisites are necessary before performing a HTS assay: 

- Determining the minimal enzyme concentration for robust readout of the 

assay 

- Measuring the enzyme Km for ATP and for the substrate 

- Identifying a positive control inhibitor in order to assess the Z’ factor of the 

assay 

 

• Determining the minimal enzyme concentration  

The ADP-Gloä assay used as a readout for the HTS is a three steps assay (see 

Figure 4.5a). The first step consists in incubating the kinase with the substrate and 

ATP. In the second step, after the kinase reaction has occurred, the ADP-Gloä 

Reagent is added, which will stop the kinase reaction and deplete the remaining ATP, 

leaving only ADP. In the third and final step, the Kinase Detection Reagent is added 

to convert ADP back into ATP which is measured using a luciferase/luciferin reaction. 

The luminescence generated is proportional to the ADP produced during the kinase 

reaction, and therefore, to the kinase activity.  

The second and third steps of the reaction, involving the ADP-Gloä Reagent and the 

Kinase Detection Reagent, are fixed in the protocol by the supplier. However, the 

kinase reaction incubation period along with the minimal enzyme concentration 

needed to be optimised in order to produce sufficient signal-to-noise ratios. Using 

serial dilutions of recombinant FIKK8, the optimal enzyme concentration was 

narrowed down to between 9.1 and 36.4nM. Three different concentrations of kinase 

(9.1, 18.2 and 36.4nM) were incubated in the presence of excess ATP and substrate 

(PO or PD) for 0, 20, 40 and 60 minutes respectively before stopping the reaction and 

measuring the luminescence signal. Based upon the results shown in Figure 4.5b, a 
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kinase concentration of 20nM and a kinase reaction incubation time of one hour was 

chosen as the most suitable conditions for the screen. 

 
• Measuring the enzyme Km for ATP and for the substrate 
To perform the HTS assay, appropriate concentrations of ATP and substrate needed 

to be identified for the 20nM kinase concentration previously chosen. To achieve this, 

the enzyme kinetics of the kinase domain was assessed and the Km for the substrate 

interpolated (see Materials & Methods). The Km, or Michaelis-Menten constant, 

corresponds to the concentration of substrate required to reach half the maximal 

velocity of an enzyme reaction. The same measure can be done for ATP. This can 

be determined by using the Michaelis-Menten equation (𝑉𝑜 = 𝑉𝑚𝑎𝑥	 × [&]
[&](89

) (Berg 

JM, 2002), graphically (Figure 4.5c) or by using a software, such as PRISM. The 

data obtained indicated a Km for ATP of ~10µM and a Km for the substrate of ~5µM. 

For convenience, a concentration of 10µM both for ATP and the substrate was used 

in the HTS assay. These ATP and substrate concentrations were used throughout 

this thesis, unless stated otherwise. 

 

• Identification of a positive control inhibitor in order to assess the Z’ factor 
of the assay 

The Z’ factor is a statistical measure used to assess the quality of a HTS assay 

(Zhang et al., 1999, Iversen et al., 2006). The method of Z’ factor calculation is 

detailed in Materials & Methods. It is a dimensionless parameter indicating the 

relative separation between the signal and background populations. It ranges from 1 

(infinite separation) to <0. When Z’=0, background and signal start to overlap. The 

minimal acceptable value for a HTS is Z’>0.4 but most assays aim for a Z’>0.6. In 

order to determine the Z’ factor of this HTS assay, a compound inhibiting 

recombinant FIKK8 kinase domain, that could be used as a positive control, needed 

to be identified. Firstly, 6 different Staurosporine analogues were tested. 

Staurosporine is a very broad range kinase inhibitor acting by competing with ATP 

for access to the ATP-binding pocket (Meggio et al., 1995, Tanramluk et al., 2009). 

As shown in Figure 4.5d, none of the 6 Staurosporine analogues were active on the 

recombinant FIKK8 kinase domain, even at concentrations up to 100µM. These 6 

inhibitors normally inhibit ~95% of the human kinome. These data indicated that the 
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FIKK kinase domain, or at least the ATP-binding pocket, is different from the majority 

of human kinases. In 2016, the PKA inhibitor Triciribine has been shown to 

completely block the activity of the only Plasmodium berghei FIKK kinase (Jaijyan et 

al., 2016). This was also tested on FIKK8, but no inhibition was observed (Figure 

4.5d). In the absence of an effective inhibitor for FIKK8 that could be used as a 

positive control, it was decided to use the recombinant kinase domain in the 

presence of PO but in the absence of ATP. This solution offers the best alternative 

as it mimics the effect of an ATP-analogue inhibitor. Using this method, a Z’ factor of 

0.737 (Figure 4.5e) was obtained and the assay was deemed suitable for a HTS of 

inhibitors on FIKK8.  

 

 
Figure 4.5 Prerequisites to PKIS library HTS on recombinant FIKK8 kinase domain  
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(a) Schematic depicting the ADP-Gloä assay principle. Step 1: The kinase reaction takes 
place. Products of the reaction are a phosphorylated substrate, ADP and some 
remaining ATP. Step 2: The ADP-Gloä Reagent terminates the kinase reaction by 
depleting any remaining ATP. Step 3: The Kinase Detection Reagent converts ADP to 
ATP and a luciferin/luciferase reaction produces light from the newly synthesised ATP. 
The signal produced is proportional to the ADP generated during the kinase reaction and 
therefore to the kinase activity. Figure adapted from (Zegzouti et al., 2009). (b) 
Assessment of the minimal concentration of recombinant FIKK8 kinase domain giving a 
good enough signal-to-noise ratio. Signal (Enzyme + PO + ATP)-to-noise (Enzyme + PD 
+ ATP) ratio was determined for 3 different enzyme concentrations: 36.4nM (diamonds), 
18.2nM (squares) and 9.1nM (triangles); and at 4 different time points: 0, 20, 40 and 60 
minutes. Indicated on the chart are the trendline equations and the R-squared values. 
n=1 biological singlicate including 3 technical replicates. (c) Recombinant FIKK8 kinase 
domain Km for ATP (ci) and for the substrate (cii). Dose/response experiment measuring 
recombinant FIKK8 kinase domain activity in the presence of increasing concentration 
of ATP (ci) and peptide PO (cii). Plain lines represent Michaelis-Menten curves. Dashed 
lines are for illustration purpose only and represent arbitrarily Vmax and Vmax/2 on the Y 
axis, and Km on the X axis. n=1 biological singlicate including 3 technical replicates. 
Shown is the mean±SD. (d) Six different Staurosporine analogues (GW272220X, SB-
219551, GW442389X, GW471214X, GW470969X and SB-505576) and Triciribine do 
not inhibit recombinant FIKK8 kinase domain activity. Assessment of recombinant FIKK8 
kinase domain activity in the presence of increasing concentration of potential inhibitors. 
n=1 biological singlicate including at least 6 technical replicates for each inhibitor. Shown 
is the mean±SD. (e) Graph representing data used to calculate the Z’ factor of the PKIS 
screen. See Materials & Methods for the Z’ factor calculation method. n=368 for negative 
controls; n=16 for positive controls. 

 

4.4.2 12 molecules from the PKIS library inhibit recombinant FIKK8 

As all prerequisites necessary to perform a HTS were satisfied, the PKIS library of 

compounds (Drewry et al., 2014, Drewry et al., 2017) was screened in collaboration 

with GlaxoSmithKline. The PKIS library contains 868 compounds, all previously 

published as ATP analogues targeting at least 254 human kinases. Despite the 

primary purpose of these compounds as human kinase inhibitors, the results of this 

screen would allow to answer two questions (a) are the FIKK kinases targetable by 

ATP analogues despite their unusual ATP-binding pocket; and (b) how similar is the 

FIKK kinase domain to human kinase domains, i.e., is selectivity achievable?  

Screening the PKIS library at 10µM identified 12 compounds able to inhibit the 

recombinant FIKK8 kinase domain activity by =/> 75% (Figure 4.6). The half maximal 

inhibitory concentration (IC50) for these 12 compounds was determined using 

recombinant FIKK8 and ranged from 11nM for the most potent compound, 

GW779439X, to 332nM for GW780056X (Table 3).  
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Taken together, these data confirm that FIKK kinases can be targeted by ATP 

analogues despite their atypical ATP-binding pocket lacking the glycine triad. 

Moreover, the very low number of PKIS molecules inhibiting recombinant FIKK8 

kinase domain and the IC50s obtained suggest a difference between FIKK kinase 

domains and most human kinases (PKIS molecules IC50s on human kinases are in 

the picomolar/low nanomolar range). These encouraging results suggest that 

compounds with selectivity for the FIKK kinases over human kinases may be 

identified/ generated. 

 

 
Figure 4.6 12 PKIS compounds decrease recombinant FIKK8 kinase domain 
activity by more than 75% when tested at 10µM 

Graph illustrating the results of the PKIS screen on recombinant FIKK8 kinase domain. 
PKIS compounds are ranked according to their activity (percentage inhibition) on 
recombinant FIKK8 kinase domain. Bottom dotted line delineates 0% inhibition. Data 
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points below this line represent compounds for which an increase in recombinant FIKK8 
kinase activity was observed; data points above this line represent compounds for which 
a decrease in recombinant FIKK8 kinase domain activity was observed. Top dotted line 
delineates 75% inhibition. Following GSK scientist’s advice, the threshold for compound 
activity was set to 75% or more percentage inhibition. Using this threshold, a total of 12 
PKIS compounds inhibiting recombinant FIKK8 kinase domain was identified. The 
experiment was performed in biological duplicate. Each data point represents the mean 
of percentage inhibition obtained for each compound in both replicates. 

 

4.5 Most of recombinant FIKK8 kinase domain inhibitors are 
also active against recombinant FIKK7.1 kinase domain 

As the screening of the PKIS library led to the identification of several inhibitors of 

recombinant FIKK8 kinase domain, the same strategy was employed for 

recombinant FIKK7.1 kinase domain, with the caveat that no substrate for FIKK7.1 

has yet been identified. Therefore, the intrinsic ATPase activity of FIKK7.1 was used 

to assess the PKIS library compounds activity. In the absence of a substrate much 

less ADP is generated. Consequently, a higher concentration of enzyme (150nM) 

was used to perform the HTS in order to assure a sufficient signal-to-noise ratio 

(Figure 4.7a). Using this concentration of enzyme and varying concentrations of ATP, 

as previously described, the Km for ATP was determined to be ~20µM (Figure 4.7b). 

As screening the entire 868 compounds from the PKIS library required too much 

FIKK7.1 recombinant kinase domain, only 350 PKIS compounds were screened, in 

duplicate. These compounds were selected because they were contained within a 

plate which contained most hits against FIKK8. Of these 350 compounds, only one 

(GSK2188764A) met the criteria for more than 75% inhibition of the enzyme activity. 

This compound was also identified as active on FIKK8 recombinant kinase domain. 

All the compounds previously identified as FIKK8 inhibitors and present in this screen 

showed some activity on FIKK7.1, however the inhibition observed was below the 

75% inhibition threshold (Figure 4.7c). It is believed that the discrepancy in the 

results between FIKK8 and FIKK7.1 is due to the higher enzyme and ATP 

concentration used for the latter.  

The assessment of all 12 compounds identified as FIKK8 inhibitor on recombinant 

FIKK7.1 kinase domain showed that 9 of the 12 compounds were also active on 

FIKK7.1 with IC50s below 1µM (Table 3). While they showed comparably higher IC50s 

on FIKK7.1, likely because of suboptimal assay conditions in the absence of a true 
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FIKK7.1 substrate, this provided proof of concept that a single compound can target 

at least two FIKK kinases, with the potential to inhibit more FIKKs, if not all. 

 

Going forward, two different paths were followed in parallel: 

- A Structure-Activity Relationship (SAR) assay was performed to identify 

chemical entities and scaffolds which determine specificity to FIKK kinases. 

This can be very useful information to design more specific compounds, 

especially when crystal structures or structural models become available. 

- The 3 most potent inhibitors (GW779439X, GSK2177277A and 

GSK2181306A) were tested for their antiplasmodial activity on P. falciparum 

and P. knowlesi in cell culture. 

 

 
Figure 4.7 PKIS library screen on recombinant FIKK7.1 kinase domain 
(a) Assessment of the minimal concentration of recombinant FIKK7.1 kinase domain 
giving a good enough signal-to-noise ratio. Signal (Enzyme + ATP)-to-noise ratio was 
determined for 7 different enzyme concentrations: 574.5nM (dark blue), 287.28nM (red), 
143.64nM (green), 71.82nM (purple), 35.91nM (light blue), 17.95nM (orange) and 
8.98nM (yellow); and at 4 different time points: 0, 20, 40 and 60 minutes. Indicated on 
the chart are the trendline equations and the R-squared values. n=1 biological singlicate 
including 3 technical replicates. (b) Recombinant FIKK7.1 kinase domain Km for ATP. 
Dose/response experiment measuring recombinant FIKK7.1 kinase domain activity in 
the presence of increasing concentration of ATP. Plain lines represent Michaelis-Menten 
curve. Dashed lines are for illustration purpose only and represent arbitrarily Vmax and 
Vmax/2 on Y axis, and Km on X axis. n=1 biological singlicate including 3 technical 
replicates. Shown is the mean±SD. (c) Graph illustrating the results of the PKIS screen 
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on recombinant FIKK7.1 kinase domain. Shown is the mean luminescence obtained for 
recombinant FIKK7.1 kinase domain in the presence of a PKIS compound (circles) or for 
positive controls (recombinant FIKK7.1 kinase domain - ATP; squares). Dotted line 
delineates 75% inhibition. Compound names are of those also inhibiting recombinant 
FIKK8 kinase domain. The experiment was performed in biological duplicate. 

 

Compounds IC50 FIKK8 (µM) IC50 FIKK7.1 (µM) 

GW779439X 0.01152 0.0498 

SB-229482 0.02357 0.2534 

GSK2181306A 0.03094 0.1128 

GSK2177277A 0.04789 0.03591 

GSK2188764A 0.05977 0.2851 

GSK1558669A 0.08886 1.694 

SB-226605 0.09816 0.812 

SB-675259-M  0.1681 0.386 

SB-226879 0.1756 0.2452 

SB-739245-AC 0.2384 2.452 

GSK2197149A 0.315 N.A 

GW780056X 0.332 0.2104 

Table 3 Half maximal inhibitory concentration (IC50) of the twelve PKIS compounds 
identified as inhibitors of FIKK8 and FIKK7.1 recombinant kinase domains 

Kinase activity was measured with the ADP-GloTM assay in presence of increasing concentration 
of inhibitors. IC50s were determined using a four-parameter dose-response model with the 
software Prism. The experiment was performed in biological duplicate. N.A: not applicable. 

 

4.6 Structure-Activity Relationship assay of the most potent 
FIKK7.1 and FIKK8 inhibitors 

ATP-competitive inhibitors are very likely to have off-target effects. Having multiple 

series of structural analogues is always helpful as they may have different spectrum 

of off-target activities. Compounds from the same chemical template but with 

different range of activities on the protein of interest are also helpful in order to assess 

the influence of chemical entities on the compound activity. SAR allow to study this 

relationship between the chemical structure of a compound and its biological activity. 
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As stated earlier, the PKIS library contains 868 compounds that belong to more than 

one hundred different chemotypes. 8 of the 9 PKIS compounds able to inhibit both 

recombinant FIKK7.1 and FIKK8 belong to only 3 different chemotypes. SAR 

analysis on these 8 compounds identified significant changes in potency in response 

to small structural changes. The PKIS compounds, their chemotypes and the 

compounds identified by SAR along with their IC50s on recombinant FIKK8 kinase 

domain are illustrated in Figure 4.8.  

In the PKIS library only 3 compounds belong to the PDPK1 (3-phosphoinositide-

dependent protein kinase 1) inhibitor chemotype (GSK2177277A, GSK2181306A 

and GSK2188764A) and all 3 compounds were identified in the screen as potent 

inhibitors of both recombinant FIKK7.1 and FIKK8 kinase domains. The SAR 

analysis allowed the identification of 2 isomers with differences in inhibitory activity 

by approximately 100-fold (GSK2236790B IC50 FIKK8 = 14.4nM and GSK2235668B 

IC50 FIKK8 = 1532.5nM).  

Two other compounds from the PKIS library (GW779439X and GW780056X) were 

derived from a CDK2/CDK4 (Cyclin-Dependent Kinase 2/4) inhibitor template. 6 

additional structural analogues from this chemotype were also present in the PKIS 

library but were not active on recombinant FIKK7.1 or FIKK8 kinase domains. From 

this template, the SAR assay confirmed the high potency of GW779439X (IC50 FIKK8 

= 10.6nM) and predicted compound GSK3184025A to be much less active, which 

was subsequently confirmed with ~1600-fold reduced potency (IC50 FIKK8 = 

17816.8nM). 

The last chemotype identified was the p38 mitogen-activated kinase inhibitor 

chemotype. 3 PKIS compounds (SB-229482, SB-226605 and SB-226879) belonged 

to this chemotype and possessed IC50s on recombinant FIKK8 below 200nM. SAR 

analysis followed by in vitro kinase assays confirmed SB-229482 as an active 

compound (IC50 FIKK8 = 29.2nM), predicted SB-227783 as another active 

compound (IC50 FIKK8 = 57.6nM) and SB-236687 as inactive (IC50 FIKK8 = 

7110.6nM). 

The 4 remaining PKIS compounds were single examples of different chemical 

templates and were not explored further in the SAR assay. 
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Figure 4.8 Structure-Activity Relationship assay identifies closely related 
compounds with different behaviours towards recombinant FIKK8 kinase domain 
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333 compounds were identified by GSK scientists from the three original PKIS chemical 
templates. IC50 on recombinant FIKK8 kinase domain was measured in biological 
triplicate for each one of the compounds and are indicated here for the selected ones. 
Green and red represent groups changing between active and inactive SAR compounds 
(green in active compounds; red in inactive compounds). 

 

4.7 PKIS- and SAR-derived compounds activity assessment on 
recombinant FIKK kinase domains 

From the PKIS screen and the subsequent SAR assay, 8 compounds were 

attempted to be synthesised. Initially, 3 compounds were tested on the recombinant 

FIKK kinase domains available at the time of the experiment (FIKK1, 3, 4.1, 4.2, 5, 

7.1, 8, 9.1, 9.3, 10.1, 10.2, 11, 12 and 13). Based on their activity profile on FIKK8 

observed in chapter 4.6, the compounds GW779439X and GSK2181306A were 

considered as potent FIKK inhibitors. GSK3184025A, which is closely related to 

GW779439X, was considered inactive. As no substrate could be identified for all the 

recombinant FIKK kinase domains, and in order to use similar conditions, the 

inhibitors potency was assessed in the absence of substrate, thus on the intrinsic 

ATPase activity. Therefore, all reactions were performed using 100nM recombinant 

enzymes in the presence of 10µM ATP and 10µM inhibitors. 

As shown in Figure 4.9a, most recombinant FIKK kinase domains tested were 

inhibited by either GW779439X or GSK2181306A (potent compounds). On the 

contrary, in the presence of the inactive GSK3184025A, no substantial difference in 

kinase activity could be observed compared to the “no inhibitor” level. Interestingly, 

2 recombinant FIKK kinase domains, FIKK9.3 and FIKK13, were not sensitive to any 

of the inhibitor tested. Because both kinases possess a small “gatekeeper” residue, 

this is not the cause for the compounds inactivity. 

The inhibition levels observed for this experiment, using 10µM inhibitors, were 

surprisingly low compared to what one could expect from the IC50 values obtained 

previously, especially for GW779439X. This is most likely due to the fact that the 

compounds were tested in the absence of substrate. In a second experiment, more 

compounds were tested on the recombinant FIKK kinases for which a substrate had 

been identified. FIKK1 was found to phosphorylate the PKA substrate 
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(GRTGRRNSI), a peptide previously used as a PfPKG substrate (Penzo et al., 2019), 

and FIKK8 was known to phosphorylate PO (Figure 4.4). As expected, in the 

presence of a substrate, the inhibition levels of the predicted potent compounds 

(GW779439X, GSK2181306A, GSK2236790B, SB-229482 and SB-237783) were 

more substantial (Figure 4.9b) and in agreement with what one could expect based 

on the IC50 values previously obtained (Figure 4.8). 

Finally, the inhibitory potential of Emodin was assessed on the recombinant FIKK 

kinase domains. Emodin has been found to inhibit P. vivax FIKK kinase (Lin et al., 

2017a) and P. falciparum FIKK8 (Lin et al., 2017b). When tested, Emodin was found 

to inhibit all the recombinant FIKK kinase domains, including FIKK9.3 and FIKK13 

(Figure 4.9c). This is interesting as Emodin has been shown to inhibit both 

serine/threonine kinases (Battistutta et al., 2000) and tyrosine kinases (Jayasuriya 

et al., 1992). 

Overall, these results confirm the pan-FIKK kinase inhibition by the compounds 

selected. Intriguingly, it was found that FIKK9.3 and FIKK13 behaved differently from 

the other recombinant FIKK kinase domains in the presence of the PKIS and SAR-

derived inhibitors. Furthermore, these results suggest that Emodin is a reasonable 

alternative to the PKIS and SAR-derived compounds for the pan-FIKK inhibition, as 

it seems to be active on all recombinant FIKK kinase domains. This extends the data 

previously shown for Emodin activity against PfFIKK8 (IC50PfFIKK8 = 2µM (Lin et al., 

2017b)) and PvFIKK (IC50PvFIKK = 1.9 ± 0.7µM (Lin et al., 2017a)). 

 

 

 

 

 

 



Chapter 4 Results 

 

143 

 

 
Figure 4.9 PKIS screen and SAR assay identify compounds allowing for pan-FIKK 
inhibition 

(a) Heatmap representing GW779439X, GSK3184025A and GSK2181306A percentage 
inhibition of recombinant FIKK kinase domains activity. Recombinant FIKK kinase 
domains activity was assessed in the absence of substrate. Percentage inhibition was 
obtained by comparing the activity level in the presence of a compound to the “no 
inhibitor” activity. n=1 biological singlicate including 3 technical replicates. (b) More 
compounds (GSK2236790B, GSK2235668B, SB-229482, SB-227783 and SB-236687) 
were tested on recombinant FIKK1 and FIKK8 kinase domains. FIKK activity was 
assessed without substrate or on PKA substrate for FIKK1 and on PO for FIKK8. The 
activity level of each kinases in the different conditions is normalized to its intrinsic activity 
measured in the absence of substrate. The dotted line represents this intrinsic kinase 
activity. n=1 biological singlicate including 3 technical replicates. Shown is the mean fold 
change±SD. (c) Assessment of Emodin potency on the recombinant kinase domains 
activity. Activity was assessed in the absence of substrate. n=1 biological singlicate 
including 3 technical replicates. The mean fold change±SD is shown. Statistical 
significance was assessed using a two-way ANOVA followed by a Sidak’s multiple 
comparison test comparing the Emodin activity level to the no inhibitor activity level for 
each FIKK kinase. **** p<0.0001. 
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4.8 FIKK inhibitors show antiplasmodial activity on 
Plasmodium parasites in culture 

The three most potent FIKK inhibitors identified in the PKIS screen, GW779439X, 

GSK2177277A and GSK2181306A (Table 3), were taken further for in vitro testing 

on a P. falciparum 1G5 line derived from the P. falciparum 3D7 line (Collins et al., 

2013a). All three compounds showed potency against P. falciparum with EC50s 

below 1µM (EC50=0.3059µM, 0.4009µM and 0.1413µM respectively, Figure 4.10a). 

As none of the exported FIKK kinases from P. falciparum are essential for parasite 

growth (see chapter 3.3 and (Davies et al., 2020)), it was hypothesised that the 

phenotype observed following drug treatment to either be the result of the 

simultaneous inhibition of several FIKK kinases or to be due to an off-target effect. 

To gain insight into the specificity of the compounds, they were tested on 

Plasmodium knowlesi. P. knowlesi is a simian parasite responsible for an increasing 

number of human infections and has been adapted to continuous culture in human 

erythrocytes (Moon et al., 2013). As a non-Laverania Plasmodium species, it 

possesses only one FIKK kinase which is not predicted to be exported outside of the 

PV and is not expected to be essential (PbFIKK and TgFIKK orthologues are not 

essential (Skariah et al., 2016, Schwach et al., 2015)). If the compounds lead to the 

collective inhibition of the FIKK kinases at the concentrations used, and the FIKK 

kinases play an important role in P. falciparum biology, then an important shift in 

EC50 would be expected between P. falciparum and P. knowlesi. 

As illustrated in Figure 4.10b, all 3 compounds inhibited P. knowlesi growth, with 2 

of the compounds tested appearing more active on P. knowlesi than on P. falciparum 

(GW779439X EC50 P. falciparum = 0.3059µM, EC50 P. knowlesi = 0.0391µM; 

GSK2177277A EC50 P. falciparum = 0.4009µM, EC50 P. knowlesi = 0.1399µM). The 

third compound, GSK2181306A, showed a greater activity against P. falciparum than 

P. knowlesi (EC50 of 0.1613µM and 0.8071µM respectively). However, the shift in 

EC50 observed between P. falciparum and P. knowlesi was not sufficient to suggest 

that GSK2181306A was targeting specifically the FIKK kinases in culture. Moreover, 

P. knowlesi parasites were still dying in the presence of the compound, despite 

PkFIKK not being predicted to be essential. 

Taken together, these data strongly suggest that the compounds tested target 

additional P. falciparum proteins resulting in the death phenotype observed in 
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culture. By their very nature as human kinase inhibitors, the inhibition of an 

erythrocyte kinase essential to parasite growth cannot be excluded (Adderley et al., 

2020). 

 

 
Figure 4.10 The three most potent FIKK inhibitors kill Plasmodium parasites in 
culture 

Half maximal effective concentration (EC50) in vitro determination for GW779439X, 
GSK2177277A and GSK2181306A towards P. falciparum 1G5 (a) and P. knowlesi (b) 
parasites. Parasitaemia was assessed by flow cytometry using Hoechst staining of 
parasite nucleus after a 72 hours incubation period in the presence of different 
concentration of compounds. EC50s were determined using a four-parameter dose-
response model with the software PRISM. Data are shown as the mean±SD for 3 
technical replicates. Curves represent dose-response curves of FIKK inhibitors inhibition 
of P. falciparum (black) and P. knowlesi (grey). 

 

4.9 Investigation of FIKK inhibitors specificity 

In order to identify the potential additional targets of the compounds, an attempt to 

raise resistant parasites was initiated. Under drug pressure, point mutations that alter 

the compound binding site or gene duplication of the target genes that effectively 

raise the EC50 of a drug are frequently observed and can be identified with a Whole 

Genome Sequencing (WGS) analysis of the resistant mutants. This has been 

successfully used in the past to identify drug targets (Ariey et al., 2014, Cowell et al., 

2018). However, this is not always successful, as, instead of mutating the target, the 

parasite can upregulate its transcription and translation in order to produce more of 
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the targeted protein resulting in a suboptimal concentration of inhibitor (Nair et al., 

2008). The parasite can also repurpose one of its proteins to metabolise the drug or 

develop an efflux mechanism (Krogstad et al., 1987) which would not be seen at the 

genomic level. 

4.9.1 Raising resistant parasites to FIKK inhibitors 

An attempt to raise resistant parasites to GW779439X, GSK2177277A and 

GSK2181306A was made in a first instance on cloned P. falciparum Dd2 parasites. 

For each drug, 9 individual parasite clones were subjected to 3.5 times the EC50 of 

the compounds for a continuous period of 2 months (Wellems et al., 1990, Schlott et 

al., 2019) (Figure 4.11a). No resistance could be generated for GW779439X and 

GSK2177277A, suggesting that essential parasite proteins are among the additional 

targets of these compounds. Indeed, a recombinant version of 2 essential 

Plasmodium kinases, CDPK1 and PK6, were demonstrated to be targeted in vitro by 

these 2 compounds (Crowther et al., 2016). However, this was not genetically 

confirmed and therefore the inhibition of other kinases could be responsible for the 

phenotype observed in culture.  

Of the 9 WT clones treated with GSK2181306A, 7 became resistant within the 2 

months of treatment. 3 resistant clones were selected and were subsequently 

subcloned. 1 subclone for each resistant clone was selected for further 

characterisation. GSK2181306A resistant parasites showed a ~10-fold higher EC50 

compared to the original Dd2 line (Dd2 WT EC50 = 0.1218µM; Dd2 GSK2181306R 

EC50 = 1.144µM) (Figure 4.11bi). These resistant parasites were used for WGS (see 

chapter 4.9.4).  

Dd2 P. falciparum line is missing several of the key elements orchestrating the 

remodelling of the iRBC (Lanzer et al., 1994). Therefore, resistance to 

GSK2181306A was subsequently raised using the same method in a NF54 P. 

falciparum line which seemed more appropriate to perform experiments assessing 

FIKK inhibition by studying their roles in remodelling. As for Dd2 parasites, resistant 

parasites were obtained in the NF54 line (NF54 WT EC50 = 0.4116µM; NF54 

GSK2181306R EC50 = 2.369µM) (Figure 4.11bii). However, the resistance 

mechanism in NF54 parasites seems to have a fitness cost as, in the presence of 



Chapter 4 Results 

 

147 

 

the drug, resistant parasites grew less than WT parasites, even at very small 

concentration of compounds (<100nM). 

 

 
Figure 4.11 Raising resistant parasites to GSK2181306A 
(a) Schematic summarizing the process used to generate resistant parasites to FIKK 
inhibitors. Cloned WT parasites were subjected to 3.5 times the EC50 of the compounds 
for a continuous period of 2 months. GSK2181306A resistant parasites appeared after 
43 days. No resistant parasites could be obtained after 2 months of treatment with either 
GW779439X or GSK2177277A. (b) GSK2181306A EC50 measurement on P. falciparum 
Dd2 WT (orange) and GSK2181306A resistant parasites (brown) (i) and P. falciparum 
NF54 WT (orange) and GSK2181306A resistant parasite (brown) (ii). EC50 was 
determined using the SYBR Green fluorescent assay (Smilkstein et al., 2004) and a four-
parameter dose-response model to analyse the data with the software PRISM. Data 
shown are the mean±SD for 3 biological replicates including each 3 technical replicates 
for Dd2. Only 1 biological singlicate including 3 technical replicates for NF54. Curves 
represent the dose-response curve of GSK2181306A inhibition of parasites. 

 

4.9.2 Characterisation of GSK2181306A resistance 

In order to study the stability of the newly developed drug resistance, Dd2 

GSK2181306A resistant parasites were kept in RPMI without any drug pressure for 

2 months. As shown in Figure 4.12ai, Dd2 GSK2181306A resistant parasites grown 

in the absence of drug regained sensitivity to drug pressure (Dd2 WT EC50 = 

0.1573µM; Dd2 GSK2181306R kept in RPMI for 2 months EC50 = 0.2182µM; Dd2 
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GSK2181306R kept in GSK2181306A for 2 months EC50 = 1.066µM). The same was 

observed for NF54 (Figure 4.12aii; NF54 WT EC50 = 0.4116µM; NF54 GSK2181306R 

kept in RPMI for 2 months EC50 = 0.4553µM, NF54 GSK2181306R kept in 

GSK2181306A for 2 months EC50 = 2.369µM). Interestingly, the growth defect 

observed for NF54 GSK2181306A resistant parasites in the presence of the drug 

was reversed in its absence, confirming the resistance fitness cost observed earlier 

for NF54 parasites. 

To investigate the growth defect observed in the NF54 drug resistant line, a 

replication assay was conducted on WT parasites, resistant parasites in RPMI and 

resistant parasites in the presence of the drug. As expected, NF54 GSK2181306A 

resistant parasites in the presence of the drug grew less compared to the untreated 

controls (Figure 4.12bii). When the same experiment was performed on Dd2 

parasites, Dd2 GSK2181306A resistant parasites grew equally well in the presence 

of the drug at a concentration equal 3.5 x Dd2 WT EC50 (0.426µM) or in its absence 

(Figure 4.12bi).  

To identify where in the lifecycle of NF54 GSK2181306A resistant parasites the 

growth defect is occurring, a measurement of RNA/DNA ratios was performed. To 

achieve this, the RNA and DNA contents of iRBCs were assessed with the RNA dye 

132A (Cervantes et al., 2009) and Hoechst, respectively. DNA helps to follow 

parasitemia over time whereas RNA is a marker of parasite lifecycle stage as 

transcription varies during the intraerythrocytic parasite development with high level 

of transcription in young stages (rings) and low level in late stages (schizonts). 

Hence, a high RNA/DNA ratio indicates young parasites and a low RNA/DNA ratio 

correlates with late parasite stages. As shown in Figure 4.12c, no difference in 

RNA/DNA ratio could be observed over time between NF54 WT and NF54 

GSK2181306A resistant parasites in the presence or absence of the drug, indicating 

no delay in the parasite replication cycle. The cause of the growth defect is not 

currently known. Potentially, a reduced number of merozoites per schizont, a defect 

in invasion or the continuous death of some resistant parasites in the presence of 

the drug could be responsible for the growth defect observed. 
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Figure 4.12 GSK2181306A resistance is not stable through time and has a fitness 
cost in a NF54 P. falciparum line 

(a) GSK2181306A EC50 measurement on WT (orange), GSK2181306A resistant 
parasites kept in RPMI for 2 months (beige) and GSK2181306A resistant parasites kept 
in the presence of the drug for 2 months (brown) for P. falciparum Dd2 (i) and P. 
falciparum NF54 (ii). n=1 biological singlicate including 3 technical replicates for Dd2 WT 
and all NF54 conditions; n=3 biological replicates including 3 technical replicates each 
for Dd2 GSK2181306R parasites kept in RPMI for 2 months and Dd2 GSK2181306R 
kept in GSK2181306A for 2 months. (b) Replication assay of WT (orange), 
GSK2181306A resistant parasites kept in RPMI for 2 months (beige) and GSK2181306A 
resistant parasites kept in GSK2181306A for 2 months (brown) for P. falciparum Dd2 (i) 
and P. falciparum NF54 (ii). Statistical significance was assessed using a two-way 
ANOVA comparing GSK2181306A resistant parasitemia +/- drug to WT parasitemia for 
each time point. (c) RNA/DNA ratio over time for P. falciparum NF54 parasites. DNA and 
RNA contents were measured by flow cytometry using Hoechst to stain DNA and 132A 
dye to stain RNA (Cervantes et al., 2009). n=1 singlicate for WT parasites. n=3 biological 
replicates for GSK2181306A resistant parasites in the presence or absence of the drug. 
Data shown are the mean±SD for all graphs. ns, not significant, **** p<0.0001. 
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4.9.3 GSK2181306A resistance does not confer resistance to other FIKK 
inhibitors and investigation of PfPKG as a potential target 

It was reasoned that resistance to GSK2181306A may also cause resistance to other 

FIKK inhibitors if those would act on the same targets. Therefore, GW779439X was 

tested on both Dd2 and NF54 GSK2181306A resistant parasite lines. No difference 

in EC50 compared to WT lines could be identified (Figure 4.13ai, ii) suggesting that 

these two compounds have separate additional targets.  

P. falciparum cGMP-dependent Protein Kinase (PfPKG) was also investigated as a 

potential target of GSK2181306A, as PfPKG and most FIKK kinases share the 

presence of a small “gatekeeper” residue (McRobert et al., 2008, Lin et al., 2017a). 

To do that, a P. falciparum line expressing a mutated version of PfPKG 

(PfPKG_T618Q), where the small “gatekeeper” residue has been replaced with a 

bulkier one, was used. This addition of a large amino acid at the entrance of the ATP-

binding pocket confers insensitivity to some inhibitors. As shown in Figure 4.13b, the 

PfPKG mutation does not lead to changes in the compound EC50 on this parasite 

line, indicating that PfPKG is not a target of GSK2181306A. 

 

 
Figure 4.13 Assessment of GSK2181306A resistant parasites sensitivity to other 
FIKK inhibitors and mutation of PfPKG gatekeeper residue does not confer 
resistance to GSK2181306A 
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(a) GW779439X EC50 assessment on P. falciparum Dd2 (i) and NF54 (ii) WT (orange) 
or GSK2181306A resistant (brown). n=1 biological singlicate including 3 technical 
replicates for WT parasites; n=3 biological replicates including 3 technical replicates 
each for GSK2181306A resistant parasites. (b) GSK2181306A EC50 measurement on P. 
falciparum Dd2 WT (orange) and P. falciparum 3D7 PKG_T618Q (black). n=1 biological 
singlicate including 3 technical replicates. 

 

4.9.4 Whole Genome Sequencing of GSK2181306A resistant parasites 

Often, drug pressure selects for gene mutations mediating drug resistance. The 

identification of these mutations by WGS allows to deduce a drug’s targets. To 

investigate whether the resistance to GSK2181306A is caused by a mutation in a 

gene, 2 clones of the parental Dd2 line as well as the 3 resistant subclones were 

sequenced with the objective to identify a genomic marker that could explain the 

resistance. A genomic marker could be a Single-Nucleotide Polymorphism (SNP), a 

Copy Number Variation (CNV) or other variations such as a gene inversion, gene 

translocation or gene insertion or deletion. Ideally, a genomic marker that is shared 

between the 3 resistant clones but not present in the parental clones would be 

identified. The analysis of the WGS data did not identify any SNPs in genes which 

could explain the resistance and shared between the 3 mutants. 

However, the CNV analysis identified a reduction in the number of reads for all 

apicoplast genes in the 3 resistant clones compared to the parental clones (Figure 

4.14). This is not expected to be the cause of the resistance but an effect of the 

compound which might inhibit a kinase responsible for apicoplast replication.  

We also observed that the 3 independent resistant clones presented 3 independent 

breaks in the chromosome 5 subtelomeric region. However, none of the genes lost 

on this segment are predicted ATP-hydrolysing enzymes (Table 4). Culture 

adaptation of P. falciparum is a known phenomenon (Claessens et al., 2017) with 

genes coding for exported proteins often lost and it was hypothesised that loss of 

this chromosomal locus gives the parasites a growth benefit under selective 

pressure, but this needs to be independently verified in the future. 

In summary, the absence of genomic markers explaining the resistance to 

GSK2181306A and the transience of the resistance led to the hypothesis that it might 

be due to a transcriptional response leading to the efflux or the catabolism of the 

drug. An RNA-sequencing experiment to investigate changes in gene expression 

was considered but has not been performed yet.  
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Figure 4.14 CNV of nucleus and apicoplast genes in GSK2181306A resistant 
parasites 

Violin plots representing the number of reads per gene obtained by WGS of P. falciparum 
Dd2 WT (orange) and GSK2181306A resistant (brown) parasites. Nuclear genes and 
apicoplast genes are indicated for both parasite lines. Shown as dashed lines are the 
means for each condition. Dotted lines represent the quartiles. n=2 biological replicates 
for WT; n=3 biological replicates for GSK2181306A resistant parasites. Violin plots 
generated by me from samples processed by the Advanced Sequencing STP at the 
Francis Crick Institute and data analysed by Aengus Stewart, Marc-Antoine Guery and 
Antoine Claessens. Nucleus genes p=0.0226; apicoplast genes p<0.0001. * p<0.05; **** 
p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 Results 

 

153 

 

 

Gene ID Description 

PF3D7_0532300 Plasmodium exported protein (PHISTb), unknown function 
 

PF3D7_0532400 Lysine-rich membrane-associated PHISTb protein 
 

PF3D7_0532500 Plasmodium exported protein, unknown function 
 

PF3D7_0532600 Plasmodium exported protein, unknown function 
 

PF3D7_0532700 Erythrocyte membrane protein 1 (PfEMP1), pseudogene 
 

PF3D7_0532800 Stevor, pseudogene 
 

PF3D7_0532900 Rifin 
 

PF3D7_0533000 Rifin, pseudogene 
 

PF3D7_0533100 Erythrocyte membrane protein 1 (PfEMP1), pseudogene 
 

Table 4 List of genes contained in chromosome 5 subtelomeric region and lost in 
P. falciparum Dd2 GSK2181306A resistant parasites 

 

4.10  GSK2181306A is not active on the FIKK kinases in culture 
under the conditions used 

Having strong suspicion that GSK2181306A has off-targets, the question that 

needed to be answered was, does it act on the FIKK kinases in culture? To answer 

that question two similar approaches were used, capitalizing on the 

phosphoproteome data obtained from the individual FIKK kinases condKOs (see 

Chapter 3 and (Davies et al., 2020)). First, the phosphoproteomes of GSK2181306A 
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resistant parasites were compared in the presence and in the absence of the drug. 

It was hypothesised that, if GSK2181306A acts on the FIKK kinases in culture, 

changes in the phosphorylation of RBC and parasite proteins should be observed, 

at least to the same extent to what was obtained for the different individual FIKK 

condKOs. As the compounds are highly toxic to WT parasites, we used the resistant 

parasites for this experiment with the hypothesis that the FIKK kinases are, under 

these conditions, amenable to the compound. Resistant parasites were grown in 

triplicates in the presence or in the absence of GSK2181306A at a concentration of 

3.5 x NF54 WT EC50 (1.44µM), harvested at schizont stage by magnetic purification 

(Ribaut et al., 2008) and lysed for phosphoproteome analysis. As controls, two 

replicates of uninfected RBCs (uRBCs) in the presence or absence of the drug were 

produced by collection of the flow-through. This investigated the possible inhibition 

of a RBC kinase by the drug. As shown in Figure 4.15a, very few phosphosites were 

identified as significantly changing in the presence of the drug, both on RBC proteins 

(only 9 phosphosites changing) and on P. falciparum proteins (77 phosphosites 

changing). If the FIKK kinase family in its entirety were inhibited by the drug, one 

would expect substantially more phosphosites to be differently phosphorylated. Of 

the 9 phosphosites identified as differently phosphorylated on RBC proteins, 4 were 

previously identified as potentially FIKK-mediated (Figure 4.15ai, Appendix Table 6) 

(Davies et al., 2020). Of the 77 phosphosites changing on parasite proteins, 9 were 

previously identified as FIKK-mediated (Figure 4.15aii, Appendix Table 6). It appears 

that the compound inhibited some FIKK-mediated phosphorylation events, however 

these events represent only 1.49% of the 871 FIKK-dependent phosphosites 

identified with the FIKK individual condKOs. Furthermore, the majority of 

phosphosites observed on P. falciparum proteins belongs to non-exported proteins. 

This strongly suggests that GSK2181306A shows very little activity on the FIKK 

kinases in culture at the concentration tested and might actually target a non-

exported parasite kinase. Additionally, the few RBC proteins differently 

phosphorylated upon addition of GSK2181306A suggests that the compound has no 

effect on a host kinase in the RBC.  

The second approach used consisted of investigating the cytoadherence properties 

of RBCs infected with GSK2181306A resistant NF54 parasites in the presence or 

absence of the drug. It was hypothesised that, if at least FIKK4.1 is inhibited by 

GSK2181306A in culture, a decrease in PfEMP1 surface translocation should be 
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observed leading to a reduction in cytoadherence (see chapter 3.6). As for the NF54 

FIKK condKO lines, quantitative PCR showed that almost all parasites in the 

GSK2181306A resistant population were expressing var2CSA, the PfEMP1 variant 

binding to CSA (Viebig et al., 2005) (Figure 4.15b). Cytoadhesion to CSA was 

therefore tested in Petri dishes. No difference was found between treated and 

untreated iRBCs (Figure 4.15c). As expected, quantification of surface-exposed 

var2CSA by flow cytometry did not identify that PfEMP1 trafficking to the surface was 

affected by the drug (Figure 4.15d). Taken together the data from the two 

approaches suggest that GSK2181306A is not active on the FIKK kinases in culture 

in the resistant parasite lines. Whether this is a result from the high ATP 

concentration in the RBC, or whether in the mutant parasites import or influx of the 

drug is decreased is not currently known and requires further investigation.  

 

Cytosolic erythrocyte ATP concentration is very high (2-5mM) (Xu et al., 2019) and 

therefore, it was investigated how the inhibitors act on the FIKK kinases in the 

presence of such a high ATP concentration. Two recombinant FIKK kinase domains, 

FIKK1 and FIKK8, were incubated with 10µM of inhibitor and increasing 

concentrations of ATP ranging from 10nM to 1mM. As shown in Figure 4.15e, the 

activity of both recombinant kinase domains in the presence of 10µM inhibitor + 1mM 

ATP (purple bars) is similar to their activity level in the absence of any inhibitor, 

indicating that, at such a high ATP concentration, the compounds are outcompeted 

by ATP and are not active on the FIKK kinases. 

In summary, these results indicate that GSK2181306A, and probably the other FIKK 

inhibitors tested so far, do not inhibit the exported FIKK kinases at the concentration 

tested, because of the high intra-erythrocytic ATP concentration. They most likely 

act primarily on non-exported and essential parasite kinases, as the ATP 

concentration is lower within the parasite. 
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Figure 4.15 Identified inhibitors fail to inhibit FIKK kinases in culture 
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(a) Volcano plots depicting the change in phosphosite intensity on RBC proteins (i) and 
on P. falciparum proteins (ii) in RBCs infected with GSK2181306A resistant parasites in 
the presence of the inhibitor compared to in its absence. A positive log2 fold change value 
indicates that a phosphosite is less phosphorylated upon addition of the drug. Indicated 
on the Y axis is the -log10 p value between biological replicates (two tailed t-test; n=3). 
Phosphosites were considered significantly changed (green dots) if they exceeded a 
non-linear threshold based on FDR<0.05 and log2 fold change (3 x median absolute 
deviation) illustrated by black lines on the volcano plots. Grey dots indicate unchanging 
sites. Below the volcano plots are horizontal stacked bar graphs indicating the proportion 
of significantly changing phosphosites previously identified as FIKK-mediated (Davies et 
al., 2020). Also indicated is the proportion of significantly changing phosphosites on 
exported (red) and non-exported (blue) P. falciparum proteins. Volcano plots generated 
by Malgorzata Broncel from data generated by me and processed by Malgorzata Broncel. 
(b) Histogram representing the var gene transcription profile of NF54 GSK2181306A 
resistant parasites determined by real-time qPCR. Transcriptional level of each var gene 
was normalised with the house-keeping gene seryl-tRNA transferase. The pie chart 
provides another representation of the results including the percentage of iRBCs 
expressing each PfEMP1. PFL0030c = var2csa, PFD0625c = PF3D7_0412700. Data 
and figure panel generated by Dominique Dorin-Semblat. (c) Total number of RBCs 
infected with NF54 GSK2181306A resistant parasites bound to CSA when in the 
presence or not of GSK2181306A. The mean±SD total number of adhered cells per 
replicate is shown. Statistical analysis was determined using a two-tailed t-test. n = 4 
biological independent replicates. Data generated by Dominique Dorin-Semblat. (d) Flow 
cytometry histograms showing phycoerythrin (PE) fluorescence which reflects the 
amount of Var2CSA on the cell surface for each cell line. Data and figure panel 
generated by Dominique Dorin-Semblat. (e) Recombinant FIKK1 and FIKK8 kinase 
domain activity assessed in the presence of 10µM inhibitors (GW779439X or 
GSK2181306A) and with increasing concentration of ATP and fixed concentration of 
substrate (PKA substrate for FIKK1 and PO for FIKK8). Also indicated are the activity of 
the recombinant kinase domains in the absence of substrate (100nM enzyme + 10µM 
ATP) and in the absence of inhibitor (100nM enzyme + 10µM ATP + 10µM substrate). 
Dotted lines represent no substrate activity (lower one) and no inhibitor activity (upper 
one). Shown is the mean±SD. n=1 biological singlicate including at least 3 technical 
replicates per conditions. 

 

4.11  SAR-identified compounds and Emodin are not active on 
the FIKK kinases in culture 

As demonstrated in the previous paragraph, at the concentration tested, the PKIS 

compounds were assumed to act primarily on essential and non-exported parasite 

kinases before inhibiting the FIKK kinases. The SAR assay allowed the identification 

of more compounds from different chemotypes with in vitro pan-FIKK inhibition 

capacity (Figure 4.8, Figure 4.9). As the compounds were from different chemotypes, 

it was hypothesised that they would have different off-targets from previously tested 

compounds, allowing their use at higher concentration on iRBCs in order to 
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overcome the intra-erythrocytic ATP concentration. GSK2236790B and its structural 

isomer GSK2235668B from the PDK1 inhibitor template; GW779439X and the 

closely related GSK3184025A from the CDK2/CDK4 inhibitor template, SB-229482, 

SB-227783 and SB-236687 from the p38 inhibitor template, along with Emodin, were 

tested on P. falciparum NF54 WT parasites to assess their EC50s. All the compounds 

identified by SAR showed EC50s higher than the previously tested PKIS compounds 

(Figure 4.16a) implying that they can be used at higher concentration without 

deleterious effect on the parasite. NF54 P. falciparum parasites were subsequently 

treated with the compounds at ½ EC50 for 48 hours or at ¼ EC50 for 96 hours. The 

readout used to assess FIKK kinases inhibition was the phosphorylation of adducin 

S726 which was shown to be mediated by FIKK1 (Davies et al., 2020). As shown in 

Figure 4.16b, no difference in adducin S726 phosphorylation could be observed 

under any of the conditions tested. Therefore, it was concluded that, similar to the 

PKIS compounds tested, the compounds identified by SAR target essential and non-

exported parasite kinases and are most likely outcompeted by the intra-erythrocytic 

ATP concentration preventing them to act on the FIKK kinases in culture. 
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Figure 4.16 Assessment of in culture FIKK inhibition by SAR-identified 
compounds and Emodin 
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(a) Half maximal effective concentration determination of GSK2236790B, 
GSK2235668B, GW779439X, GSK3184025A, SB-229482, SB-227783, SB-236687 and 
Emodin on NF54 P. falciparum. EC50 was determined using the SYBR Green fluorescent 
assay and a four-parameter dose-response model to analyse the data with the software 
PRISM. Data shown are the mean±SD for 3 technical replicates. Curves represent the 
dose-response curve of compound inhibition of parasites. (b) Western blot investigating 
Adducin S726 phosphorylation in iRBC treated with SAR-identified compounds and 
Emodin at ½ EC50 for 48h (left panel) or ¼ EC50 for 96h (right panel) as a readout for 
FIKK kinases inhibition. The MAHRP1 antibody (bottom) demonstrates equal loading. 

 

4.12  Cysteine-reactive compounds as an alternative to ATP 
analogues for pan-FIKK inhibition 

As suggested by the results obtained so far in this chapter, ATP analogues might not 

be the best option to target exported FIKK kinases due to the high intra-erythrocytic 

ATP concentration (2-5mM), as they would be required to show very high specificity 

with IC50s in the picomolar range or to be irreversible inhibitors to outcompete ATP 

and inhibit the FIKK kinases. One solution could be to design ATP analogues that fit 

their particular ATP-binding pocket in silico, however, a FIKK kinase crystal structure 

is yet to be produced.  

An alternative to competitive inhibitors such as ATP analogues is compounds that 

bind covalently to the protein of interest. For example, these can be molecules that 

target cysteine residues. The role of cysteines as catalytic and regulatory residues 

for enzymatic activity has long been known, but there is an increasing appreciation 

of cysteine oxidation in kinase and phosphatase regulation (Byrne et al., 2020).  

Interestingly, in addition to containing multiple cysteine residues, all members of the 

P. falciparum FIKK kinase family possess 2 conserved cysteine residues delimiting 

their activation loop (see chapter 1.7.1). In the absence of a crystal structure, it is not 

yet known whether these 2 cysteine residues are accessible to small molecules, but 

preliminary data suggest that FIKK kinases activity is redox sensitive. This suggests 

that interfering with the FIKK kinases cysteine residues might be a suitable strategy 

for pan-FIKK inhibition. Furthermore, these 2 cysteine residues flanking the kinases’ 

activation loop are found only in the FIKK kinases implying that some specificity could 

be achieved. 
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It was recently described that reactive cysteine residues can be targeted using 

fragment-based covalent ligand (Kathman et al., 2014). This feature has been 

exploited to synthesise and screen a small library of cysteine-reactive compounds 

and identify inhibitors of the human linear ubiquitin chain assembly complex (LUBAC) 

catalytic subunit HOIP (Johansson et al., 2019). The screening is performed by 

incubating the protein of interest with cysteine-reactive compounds and the readout 

is performed by mass spectrometry measuring the shift in the molecular weight of 

the protein of interest due to the binding of the cysteine-reactive compound. 

Therefore, one of the prerequisites to such a screening is to have a protein of interest 

giving a strong and homogenous signal by mass spectrometry. The second 

prerequisite is to have a protein of interest with accessible but not hyper-reactive 

cysteines.  

FIKK8 and FIKK10.2 recombinant kinase domains were assessed for their suitability 

in these assays. Both recombinant kinase domains showed extensive labelling with 

a positive control (GSK220193A) and no labelling with a negative control 

(GSK3734348A) (Figure 4.17). However, the heterogeneity of the mass-

spectrometry signal obtained prevented to automatise the analysis of the results and 

obtain clear evidence for binding of the probes to the kinases. This heterogeneity 

resulted from the differential phosphorylation states of the recombinant FIKK kinase 

domains (adducts of ~80Da between peaks). 

Taken together, these data support the feasibility of the cysteine-reactive compounds 

screening on the FIKK kinases as they have accessible reactive cysteines (react with 

positive control) but no hyper-reactive ones (no reaction with negative control). 

However, the heterogeneity of the signal coming from the autophosphorylation 

behaviour of the enzymes prevented to proceed with the screening. 
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Figure 4.17 MS1 mass spectra of FIKK8 and FIKK10.2 investigating cysteine-
reactive compounds binding 

MS1 mass spectra of FIKK8 and FIKK10.2 obtained for the protein alone (left panels), 
after treatment with a negative control compound (GSK3734348A) (middle panels) and 
after treatment with a positive control compound (GSK220193A) (right panels). A shift in 
the proteins molecular weight (+679Da for FIKK8, +300kDa for FIKK10.2) can be 
observed after treatment with GSK220193A indicating binding to reactive cysteine within 
the proteins. No sign of labelling could be observed after treatment with GSK3734348A 
revealing the absence of hyper-reactive cysteines. Adducts of 79Da can be observed for 
both proteins suggesting the presence of differential phosphorylation states within the 
samples. Data and figure generated by Jonathan Pettinger. 

 

4.13  Mutation of a key catalytic residue generates a recombinant 
FIKK kinase-dead mutant and partially prevent 
autophosphorylation 

The autophosphorylation of the recombinant FIKK kinase domains prevented to carry 

out the cysteine-reactive compounds screening and may interfere with the 

crystallisation of the kinases as it leads to a heterogenous protein population. To 

generate kinases for cysteine-reactive compound screening and crystallisation 

studies, the catalytic aspartate (D) from the FIKK kinases HLD motif (equivalent to 

the catalytic HRD motif in eukaryotic kinases) was mutated to an asparagine (N) in 

the recombinant FIKK4.1 kinase domain. The aspartate in this motif is required for 

the transfer of the phosphoryl group to the substrate (Hanks and Hunter, 1995) and 

the mutation to an asparagine is known to inactivate the kinase (Skamnaki et al., 
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1999, Strong et al., 2011). As shown in Figure 4.18, the mutation of the catalytic 

aspartate inactivates FIKK4.1. FIKK4.1 WT strongly phosphorylated three peptides 

identified in chapter 3.5 (PIESP2_267, KAHRP_345 and PTP4_1091). In contrast, 

only a weak activity could be observed for the FIKK4.1 D443N mutant. Furthermore, 

in the absence of a substrate, a significant decrease in the intrinsic FIKK4.1 kinase 

activity could be observed.  

To investigate the impact of the D443N mutation on the FIKK4.1 autophosphorylation 

profile, both FIKK4.1 and FIKK4.1 D443N were analysed by mass spectrometry. 

FIKK4.1 WT was found to be phosphorylated on 3 different serine residues (S265, 

S361 and S523). These phosphorylation events were not identified in FIKK4.1 

D443N, or they were identified with very low intensities.  

The residual enzymatic activity in the FIKK4.1 D443N mutant is currently not fully 

understood. It could be a particular feature of the FIKK kinases which, as stated 

before, present some differences in the active site’s amino acids (HLD motif instead 

of HRD for eukaryotic kinases). Therefore, it could be that the FIKK kinases are less 

reliant on an individual residue for phosphotransfer activity. This would be in line with 

the small activity observed for the mutant with the ADP-Glo assay. However, for this 

particular assay, the signal could be background signal coming from non-enzymatic 

ATP hydrolysis. 

Taken together, these data indicate that mutating FIKK4.1 catalytic domain greatly 

decreases the enzyme activity and therefore seems to reduce its 

autophosphorylation behaviour.  

Interestingly, S265 and S523 autophosphorylation sites were also identified by mass 

spectrometry analysis of FIKK4.1 condKO parasite lines (see chapter 3.4 and 

Appendix Table 4) suggesting that these 2 residues are true autophosphorylation 

sites. S361 phosphorylation could be an artefact from the recombinant nature of the 

kinase domain and could not be biologically relevant. 
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Figure 4.18 D443N mutation leads to reduced FIKK4.1 recombinant kinase domain 
activity 

FIKK4.1 and FIKK4.1 D443N recombinant kinase domain activity determined using the 
ADP-Gloä assay. This activity was assessed against different substrates: PIESP2_267 
(EIRQESRTLIL), KAHRP_345 (GSRYSSFSSVN) and PTP4_1091 (HTRSMSVANTK). 
The results are represented as the mean luminescence±SD. Statistical significance was 
determined using a two-way ANOVA followed by Sydak’s multiple comparison post-test. 
n=1 biological singlicate including 3 technical replicates. * p<0.05; **** p < 0.0001. 
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Chapter 5. FIKK kinases exhibit different substrate 
specificities 

5.1 Introduction 

Phosphorylation is the most widespread PTM in eukaryotes. It is involved in many 

cellular processes including metabolism, cell division, cell differentiation, motility, 

organelle trafficking and immunity (Manning et al., 2002a, Manning et al., 2002b). 

Therefore, dysregulation of a kinase is often associated with the occurrence of 

diseases (Lahiry et al., 2010). 

It has been estimated that, for any given eukaryotic protein kinase there are 

~700,000 potential phosphorylation sites that it might encounter (Ubersax and 

Ferrell, 2007). As a result, the specificity of a kinase, i.e., the set of substrates that it 

can phosphorylate under physiological conditions, is of utmost importance and 

understanding it allows one to identify its potential substrates and to predict the 

possible effects of its chemical inhibition (Cheng et al., 2014). 

In P. falciparum, as in all eukaryotic species, the substrate specificity of a kinase is 

determined by several criteria, such as: 

- Its localisation. A kinase and its potential substrates must be colocalised to 

interact in vivo. For example, the cyclin B1-CDK1 and the cyclin B2-CDK1 are 

2 mitotic cyclin-CDK1 complexes in vertebrate cells that have similar 

substrate specificities. Because of their different localisation (nucleus and 

cytoplasm for B1-CDK1 and Golgi apparatus for B2-CDK1) these complexes 

have been shown to target different proteins (Jackman et al., 1995, Hagting 

et al., 1999). 

- The concentration of the different potential substrates can also play a role in 

kinase specificity. If a high-affinity substrate is present in high concentration 

in the vicinity of a kinase it is likely to competitively inhibit the phosphorylation 

of low-affinity substrates (Ubersax and Ferrell, 2007). This is interesting in the 

context of malaria where iRBCs present compartmentalised membranous 

structures such as the MCs or the different sets of vesicles (see Chapter 

1.6.2) where a kinase would be in the presence of fewer substrates in higher 

concentration. 
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- The presence of adaptor or scaffold proteins. By binding to a kinase, these 

proteins can modulate its subcellular localisation and/or recruit potential 

substrates (Schechtman and Mochly-Rosen, 2001, Schulman et al., 1998). 

- The presence of substrate docking sites. A substrate docking site is an 

allosteric site, located either in the kinase domain or in an accessory domain, 

that directly interacts with the substrate and helps recruiting it for 

phosphorylation. It is noteworthy that docking sites are more often located in 

the kinase domain in serine/threonine kinases and in accessory domains in 

tyrosine kinases (Ubersax and Ferrell, 2007). 

- And last but not least, the structural characteristics of the kinase active site. 

Features such as the depth of the catalytic site and the charge and/or 

hydrophobicity of the amino acids that are situated immediately N-terminal 

and C-terminal to the phosphorylation site on the peptide play an important 

role in kinase specificity. This specificity at the active site is often referred to 

as “peptide specificity”. 

o The depth of the active site is involved in the phosphoacceptor 

specificity. Eukaryotic protein kinases phosphorylate either serine, 

threonine or tyrosine residues. Tyrosine kinases have a deeper 

catalytic cleft than that of serine/threonine kinases to accommodate 

the bulkier side chain of tyrosine (Hubbard, 1997, Brown et al., 1999). 

This phosphoacceptor specificity in not absolute as exemplified by 

dual-specificity kinases. Several Ser/Thr kinases have been shown to 

be able to phosphorylate tyrosine residues (Zhu et al., 2000). In the 

majority of cases, this tyrosine phosphorylation by Ser/Thr kinases 

occurs in the activation loop by auto- or transphosphorylation and it 

has been shown that phosphorylation in the activation loop is often not 

representative of the kinase specificity (Miller et al., 2008, Pike et al., 

2008). On the other hand, tyrosine kinases phosphorylating serine and 

threonine residues are much rarer. 

o Peptide specificity. Usually, the active site of a kinase interacts with 4 

amino acids on either side of the phosphorylation site on the substrate 

(Ubersax and Ferrell, 2007). These interactions are governed by 

charged residues located in the kinase domain catalytic site that 

accommodate the substrate by opposite-charge complementarity 
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(arginine, lysine and histidine are basic residues positively charged 

whereas aspartate and glutamate are acidic residues negatively 

charged). Other amino acids can also play a role in specificity through 

their hydrophobicity, their size or their capacity to generate hydrogen 

bonds. For example, the protein kinase PKA possesses 2 glutamate 

residues in its sequence requiring oppositely charged residues in 

positions P-3 and P-2 of the substrate (that is 3 and 2 amino acids N-

terminal of the phosphorylation site). Additionally, PKA contains a 

hydrophobic pocket in its kinase domain that promotes the 

phosphorylation of substrates with a hydrophobic residue in the P+1 

position (Zheng et al., 1993, Taylor et al., 2005). Consequently, PKA 

preferred phosphorylation motif is R-R-X-S/T-F (Songyang et al., 

1994) (where R represents an arginine residue and F represents a 

hydrophobic residue). 

 

Several methods can be used to infer preferred kinase phosphorylation motifs. One 

approach consists in performing a quantitative phosphoproteome analysis 

comparing a kinase knockout mutant or a cell treated with a kinase inhibitor to a WT 

counterpart (Kettenbach et al., 2011, Davies et al., 2020) (see Chapter 3). A kinase 

preferred phosphorylation motif can occasionally be identified by looking at the 

peptides less phosphorylated upon knockout where some residues are over-

represented compared to what would be expected by chance. However, this method 

identifies both direct and indirect targets of a kinase and requires follow-up 

experiments to ascertain a direct interaction. 

An alternative approach uses random peptide libraries to identify a kinase preferred 

phosphorylation motif without previous knowledge of its physiological substrates. 

Positional scanning peptide libraries (Hutti et al., 2004), such as OPAL arrays 

(Rodriguez et al., 2004), contain 9-mer peptides with a central serine, threonine or 

tyrosine residue flanked by degenerate amino acids. For each peptide, a specific 

amino acid is fixed at each of the position surrounding the phosphorylatable residue 

(Figure 5.1). Incubation of the OPAL array in the presence of radioactive ATP and 

the kinase of interest leads to the transfer of radioactive phosphate to the central 

residue if the surrounding amino acids result in a suitable interaction with the 

substrate-binding pocket of the kinase. 
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Finally, several computationally based methods are available to predict kinase 

substrates and specificity. These methods rely on sequence or structural homology 

of the query kinase to a set of reference kinases for which specificity has been 

experimentally determined. However, these methods are only predictive and 

necessitate the query kinase to have enough similarity with a reference kinase. 

 

The rapid expansion of the FIKK kinase family from a single, non-exported ancestor 

to ~20 exported members in the Laverania subgenus seems to have occurred ~1 

million years ago when the Plasmodium parasite crossed from avian species to great 

apes (Figure 3.1c) (Otto et al., 2018). The conservation of the expanded FIKK kinase 

family among the Laverania, most members being conserved in syntenic loci, implies 

important and largely non-overlapping functions (Sundararaman et al., 2016). It is 

not yet known whether the functions of the FIKK kinases are separated by expression 

timing, by localisation and/or by substrate preference. 

Data from PlasmoDB (www.plasmodb.org) (Aurrecoechea et al., 2009) and from the 

Malaria Cell Atlas (www.sanger.ac.uk/tool/mca) (Howick et al., 2019) suggest that 

some FIKK kinases are expressed at different timepoints during the parasite asexual 

replication cycle and potentially during different lifecycle stages. Additionally, cellular 

biology data from Chapter 3 and from Davies et al. (Davies et al., 2020) confirm 

different subcellular localisations for some of them. 

However, nothing is known regarding the substrate specificities of the exported FIKK 

kinases. In combination with the FIKK-dependent phosphorylation sites identified in 

Chapter 3, this will enable the elaboration of more accurate predictions about direct 

versus indirect substrates for individual FIKK kinases. Furthermore, deciphering the 

FIKK kinases substrate specificities will inform on their possible redundancy and will 

allow to study their evolution and how specificity arose in a family of kinases with 

highly conserved kinase domains. 

Because of the lack of a FIKK structure or homology to any kinase with an 

experimentally determined specificity, the use of computationally based approach 

was suboptimal. Therefore, in this chapter, the substrate preference of the FIKK 

kinases was studied using OPAL peptide libraries. 

 

 

 



Chapter 5. Results 

 

169 

 

Experimental and data generation contribution: 

OPAL libraries were generated by Dhira Joshi from the Francis Crick Institute 

Peptide Chemistry STP. 

Position Weight Matrices and the phylogenetic tree of Laverania FIKK kinase 

domains were generated by David Bradley from the Landry lab at Laval University. 
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5.2 PfFIKK8 is a basophilic Ser/Thr kinase with a preference for 
arginine residues in the -3 and +3 positions 

FIKK8 is the ancestral FIKK kinase, conserved in most apicomplexans, from which 

all the other FIKK kinases evolved in Laverania species. Its substrate specificity was 

studied using an OPAL random peptide library and revealed that it is a promiscuous 

Ser/Thr kinase with a minor preference for Ser over Thr as a phosphoacceptor 

residue (Figure 5.1a, top and middle panels). The signal observed for Tyr-based 

residue (Figure 5.1a, bottom panel) probably comes from the Ser or Thr fixed 

residues and does not reflect a tyrosine phosphorylation activity.  

Analysis of the 32P incorporation data revealed that basic residues (Arg, Lys or His) 

in position P-3 and P+3 are important for the kinase activity, as the presence of other 

residues at these positions seems to be deleterious to the kinase activity (Figure 

5.1a, b). For the other positions, many amino acids seem to be well tolerated except 

maybe for Val, Pro and Cys in several positions and Glu and Asp in position P+1. 

Position Weight Matrices (PWM) generated from the FIKK8 OPAL raw data confirm 

the overall basophilicity of FIKK8 and the importance of basic residues in position   

P-3 and P+3 (Figure 5.1c). 

Similar results were found by Osman and colleagues who used their data to generate 

the FIKK8 optimal peptide PO (RRRAPSFYRK) and showed that replacing any of the 

Arg in position P-3 or P+3 reduces the activity of the kinase (Osman et al., 2015). 

FIKK8 substrate specificity was tested in our hands by assessing its activity on PO, 

the PKA substrate (GRTGRRDSI), a substrate identified for FIKK1 (see chapter 4.7), 

and several FIKK4.1 substrates identified in Chapter 3.5 (KAHRP_345 

(GSRYSSFSSVN), PTP4_1091 (HTRSMSVANTK) and PIESP2_267 

(EIRQESRTLIL)) all possessing an Arg in position P-3 but none possessing an Arg 

in position P+3 except for PO. As expected, FIKK8 was active on PO but not on any 

of the other peptides, confirming the different substrate specificities of the FIKK 

kinases and supporting the theory that both Arg residues in position P-3 and P+3 are 

important for kinase activity. However, many other residues in the non-

phosphorylated peptides could be responsible for the absence of activity of FIKK8. 
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Figure 5.1 OPAL array assessing PfFIKK8 peptide specificity 
(a) An OPAL membrane constituted of 9-mer peptides with the general sequences:          
A-X-X-X-X-S-X-X-X-X-A (top panel), A-X-X-X-X-T-X-X-X-X-A (middle panel) or         
A-X-X-X-X-Y-X-X-X-X-A (bottom panel), was used to assess FIKK8 preferred 
phosphorylation motif. X represents any natural amino acid except for Ser, Thr, Tyr 
and Cys. For each peptide, one of the 20 naturally occurring amino acids is fixed at 
each of the 8 positions surrounding the phosphorylatable residue (S, T or Y). 
Abbreviations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; L, Leu; M, Met; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, 
Val; W, Trp and Y, Tyr. (b) Data from Figure 5.1a represented as a heat map. The 
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total values of 32P incorporation by FIKK8 were normalised to 20 (number of possible 
natural amino acids) so that a value of <1 would denote negative selection 
(represented by a blue cell). Below each heat map is indicated the preferred 
phosphorylation motif obtained by analysis of the 32P incorporation data with the 
PeSA software (see Materials & Methods). Amino acid colours are set as: Acidic 
polar (D, E) Red; Basic polar (R, K, H) Green; Neutral polar (N, Q, S, T, Y) Blue; 
Nonpolar (A, I, L, M, F, W, V) Pink, Special (C, G, P) Black. (c) PWM generated with 
FIKK8 raw OPAL data. For ease of visualisation, the PWM logo displays only amino 
acids with scores above the arbitrary threshold of 2.5 (see Materials & Methods). 
PWM was generated by David Bradley. (d) FIKK8 activity on different substrates (PO, 
PKA substrate, KARHP_345, PTP4_1091 and PIESP2_267) was assessed using 
the ADP-Glo assay. The activity levels for each peptide are normalised to the intrinsic 
activity measured in the absence of substrate. The dotted line represents the kinase 
intrinsic activity. n=1 biological singlicate including 3 technical replicates. Shown in 
the mean fold change±SD. Statistical significance was determined using a one-way 
ANOVA comparing each condition to no substrate followed by a Dunnett’s multiple 
comparison post-test. **** p < 0.0001. 
 

5.3 Most FIKK kinases evolved towards more specific basic 
phosphorylation motifs 

Subsequently, OPAL arrays were used to study the substrate preferences of 13 

exported P. falciparum FIKK kinases. 

8 of the recombinantly expressed FIKK kinase domains showed a marked preference 

for basic and positively charged amino acids in the vicinity of the phosphorylated 

residue (Figure 5.2). Despite their overall similar preferred phosphorylation motifs, 

some FIKK kinases showed slight differences, possibly explaining their different 

substrate specificities. For example, for FIKK1, the hydrophobic amino acid Leu 

seems to be tolerated as much as Arg or Lys in the P+2 position. This could be in 

line with the capacity of FIKK1 to phosphorylate the PKA substrate (GRTGRRDSI) 

(see chapter 4.7), the hydrophobic residue Ile from the peptide may be interacting 

with a hydrophobic pocket located in FIKK1 kinase domain. For FIKK4.1, an Arg in 

the P-3 position of the substrate seems to be driving substrate specificity. This result 

agrees with observations from Chapter 3 in which a vast majority of FIKK4.1-

dependent phosphosites showed a very strong enrichment for an Arg in the P-3 

position, adding another layer of evidence that most FIKK4.1 targets identified by 

deleting the protein are direct targets. For FIKK11, whereas the overall preferred 

phosphorylation motif is basic, especially for amino acids C-terminal to the 

phosphoacceptor, an acidic and negatively charged amino acid in the P-2 position, 
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namely Glu, appears to be important for kinase activity. Finally, the presence of Arg 

residues in positions P-3 and P+1 of the phosphorylated peptides stands out as 

important for FIKK7.1 activity. 

For other FIKK kinases, their different substrate specificities can possibly be 

explained by their different subcellular localisations. Indeed, FIKK3 and FIKK4.2 

present very similar preferred phosphorylation motifs, indicating possible redundant 

functions. However, FIKK3 has been shown to be located in rhoptries, a secretory 

organelle specific to merozoites (Siddiqui et al., 2020) whereas FIKK4.2 has been 

shown to be located at the iRBC periphery (Davies et al., 2020). 

Interestingly, FIKK10.1 and FIKK10.2, two proteins that have been shown to localise 

at the MCs (see Figure 3.4) (Davies et al., 2020) seem to have very similar preferred 

phosphorylation motifs with positively charged Arg and Lys residues favoured in all 

positions N- and C-terminal to the phosphoacceptor (the phosphorylation of cysteine-

containing peptides by FIKK10.2 is deemed as artefactual). However, entirely 

different sets of targets have been identified when these kinases were deleted 

(Davies et al., 2020). This highlights one of the limitations of the OPAL library. It 

indicates what amino acids are required in a peptide for a kinase to be active. 

However, the extent to which an amino acid prevents kinase activity is poorly defined. 

Therefore, discrimination between FIKK10.1 and FIKK10.2 could be done on the 

basis of amino acids preventing phosphorylation. MCs being compartmentalised 

vesicles (McMillan et al., 2013), discrimination between FIKK10.1 and FIKK10.2 

could also be done on the basis of their different localisations at the MCs. 

Nevertheless, overlapping functions between these 2 kinases cannot be excluded. 

Lastly, several of these basophilic FIKK kinases, such as FIKK3, FIKK4.2, FIKK7.1, 

FIKK10.1, FIKK10.2 and FIKK11 showed a dual specificity activity. The physiological 

relevance of this dual specificity is not currently known. As mentioned in the 

introduction of this chapter, tyrosine phosphorylation in Ser/Thr kinases is mainly 

involved in the activation of the kinase by autophosphorylation but the 

phosphorylation of tyrosine residues on other proteins cannot be ruled out. 
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Figure 5.2 Basophilic FIKK kinases preferred phosphorylation motifs 
Phosphorylation of the 9-mer peptides contained on each dot was assessed by 
measuring the radioactivity incorporation obtained after incubation of the OPAL 
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membranes with the basophilic recombinant FIKK kinase domains (FIKK1, FIKK3, 
FIKK4.1, FIKK4.2, FIKK7.1, FIKK10.1, FIKK10.2 and FIKK11) in the presence of [g-
32P]-ATP. Top panels consist of Ser-based peptides, middle panels of Thr-based 
peptides and bottom panels of Tyr-based peptides. Radioactivity incorporation was 
measured by exposing the OPAL membranes to a PhosphorScreen. This 
PhosphorScreen is constituted of photostimulable phosphors. Upon exposition to a 
radioactive material, they can absorb energy which they will release under the form 
of photons upon stimulation with a laser. The photon is then captured by a 
photomultiplier tube which amplifies and converts the light into an electronic signal. 
The electronic signal is then quantified for each dot on the OPAL membranes and 
the data are used to produce weight-based motifs for Ser-, Thr- and Tyr-based 
peptides with the PeSA software and PWMs as described in the Materials & Methods 
section. For ease of visualisation, the PWM logos display only amino acids with 
scores above the arbitrary threshold of 2.5 (i.e., 2.5 times greater phosphorylation 
levels than the average amino acid). PWMs combining Ser, Thr and Tyr data were 
generated by David Bradley. 
 

5.4 Several FIKK kinases evolved towards acidophilicity 

Whereas most FIKK kinases evolved towards more basic phosphorylation motifs, at 

least 4 of them, FIKK5, FIKK9.1, FIKK9.3 and FIKK12, have been found to 

preferentially phosphorylate acidic peptides. As observed for the basophilic FIKK 

kinases, the acidophilic FIKK preferred phosphorylation motifs show similarity 

between them with negatively charged Asp and Glu residues favoured in many 

positions N- and C-terminal to the phosphoacceptor (Figure 5.3). However, slight 

differences imply unique substrate specificities. For example, for FIKK5, in addition 

to Glu and Asp, the aromatic and hydrophobic amino acids Phe, Trp and Tyr seem 

to be well tolerated in several positions, in particular in the P+1 position. Additionally, 

the small amino acid Gly appears to be favoured in the P-1 position when the 

phosphoacceptor is a serine. 

For FIKK9.1, Phe seems to be tolerated in several positions along Glu and Asp. The 

signal coming from peptides with hydrophobic residues, Phe, Ile or Leu, in position 

P+1 indicates that FIKK9.1 possesses a hydrophobic pocket in the vicinity of the 

catalytic site. 

In the case of FIKK9.3, its phosphorylation profile is similar to FIKK5’s with for 

example a small glycine residue tolerated in the P-1 position. The difference between 

the 2 kinases lies in the P+1 position for which FIKK9.3 favours a negatively charged 

Asp or Glu whereas the same residues abolish FIKK5 activity which prefers a 

hydrophobic residue in that position.  
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Finally, for FIKK12, a positively charged Lys or Arg residue in the P-3 position might 

be important for substrate specificity along with a hydrophobic Ile or Leu in the P+4 

position. 

It is interesting to note that some acidophilic FIKK kinases possess a dual specificity 

as well. Moreover, for the tyrosine phosphorylation by Ser/Thr FIKK kinases, it seems 

that the basophilic substrate specificity is conserved between FIKK kinases with Arg 

and Lys residues predominantly represented. This supports the idea that tyrosine 

phosphorylation by a Ser/Thr kinase is often not representative of a kinase 

specificity. 

It is also interesting to mention that, so far, charged amino acids are predominantly 

responsible for the FIKK kinase substrate specificity whereas hydrophobic 

interactions seem to play only a little role in it. 
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Figure 5.3 Acidophilic FIKK kinases preferred phosphorylation motifs 
See Figure 5.2 caption. 
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5.5 FIKK13 exclusively phosphorylates tyrosine residues 

The assessment of FIKK13 activity on an OPAL array revealed that this kinase 

phosphorylates exclusively tyrosine-based peptides (Figure 5.4a). This is a striking 

result as no bona fide tyrosine kinase were predicted to be expressed by any 

Plasmodium species (Ward et al., 2004). By analysing the radioactivity incorporation 

data, it has been found that FIKK13 is mainly acidophilic with Glu and Asp residues 

favoured in many positions N- and C-terminal to the phosphoacceptor, with the 

exception of the P+1 position for which a hydrophobic residue (Ile or Leu) appears 

crucial for kinase activity. 

Not many RBC proteins are known to be phosphorylated on tyrosine residues upon 

infection by P. falciparum. Interestingly, many of these tyrosine-based phosphosites 

present acidic residues in the vicinity of the phosphoacceptor (Pantaleo et al., 2010). 

However, few present a hydrophobic residue in the P+1 position. For example, the 

most studied tyrosine phosphorylation occurring on RBC proteins upon P. falciparum 

infection is the phosphorylation of the protein Band3 on residues 8, 21, 359 and 904 

(Pantaleo et al., 2010, Ferru et al., 2011, Kesely et al., 2016, Puchulu-Campanella 

et al., 2016). These 4 peptides (Band3_8: LQDDYEDMM, Band3_21: EQEEYEDPD, 

Band3_359: DSSFYKGLD and Band3_904: GRDEYDEVA) present compatible 

surroundings for FIKK13 activity but none of them possess a hydrophobic residue in 

the P+1 position, arguing against a direct phosphorylation by FIKK13. 

It is also interesting to notice that most host tyrosine kinases that have been found 

in RBCs (Syk, Lyn, FGR and Src) possess acidic preferred phosphorylation motifs. 

It is therefore a possibility that FIKK13 interferes with the host signalling pathways 

involving these tyrosine kinases. 

In the absence of a structure for the FIKK kinases it is not known yet whether FIKK13 

has a deeper catalytic cleft than that of other FIKK kinases to accommodate the 

bulkier tyrosine residue. 

Finally, the findings that FIKK13 is a tyrosine kinase might explain why only Emodin, 

a protein kinase inhibitor active on both Ser/Thr and Tyr kinases, is able to inhibit its 

kinase activity (see chapter 4.7). 
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Figure 5.4 FIKK13, an unexpected P. falciparum tyrosine kinase 
(a) 32P signal obtained after incubation of an OPAL array with recombinant FIKK13 
kinase domain. FIKK13 was found to predominantly phosphorylate Tyr-based peptides 
(bottom panel). (b) FIKK13 OPAL data represented as a heat map. See Figure 5.1 
caption for information on how heat maps were generated. Below each heat map is 
indicated the preferred phosphorylation motif obtained by analysis of the 32P 
incorporation data with the PeSA software (see Materials & Methods). Amino acid 
colours are set as: Acidic polar (D, E) Red; Basic polar (R, K, H) Green; Neutral polar (N, 
Q, S, T, Y) Blue; Nonpolar (A, I, L, M, F, W, V) Pink, Special (C, G, P) Black (c) PWM 
generated with FIKK13 raw OPAL data. PWM confirms FIKK13 specificity towards Tyr-
based peptides. PWMs were generated by David Bradley. 
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5.6 FIKK substrate specificity diverges between paralogues but 
not between orthologues 

Phylogenetic analysis of the FIKK kinase domains sequences from all Laverania 

species showed that all orthologue FIKK kinases group together in the different 

branches of the phylogenetic tree, i.e., each branch contains all the Laverania 

sequences for a particular FIKK kinase grouped together (Figure 5.5). This confirms 

that orthologue FIKK kinases are more related to each other between species than 

they are to paralogue FIKK kinases within the same species. For example, FIKK4.2 

from P. falciparum is more related to FIKK4.2 from all other Laverania species than 

to FIKK4.1 from P. falciparum. 

It is interesting to notice that the FIKK kinases tend to cluster according to their 

substrate specificity (the basophilic FIKK kinases cluster with other basophilic FIKK 

kinases and the acidophilic FIKK kinases cluster with other acidophilic FIKK kinases) 

suggesting that substrate specificity can be extrapolated from primary sequences to 

a certain extend. As no Plasmodium species with an intermediate number of FIKK 

kinases has been identified, it is difficult to extrapolate on the evolution mechanisms 

of this kinase family.  

By the time this thesis was written the substrate specificity of FIKK9.7, FIKK9.5, 

FIKK9.6, FIKK9.4 and FIKK9.2 had not been investigated, preventing any comments 

on them. 

The divergence within a specific FIKK clade is represented by the length of the 

triangles in the phylogenetic tree, i.e., the longer a triangle is, the more divergence 

there is within the FIKK clade. To investigate the divergence between Laverania 

species, the substrate specificity of 3 FIKK kinase domains from P. gaboni, one of 

the most distantly related Laverania species to P. falciparum (Figure 3.1c), has been 

determined using OPAL libraries. 2 kinases were chosen as they show little 

divergence between orthologues. These are the basophilic PgFIKK1 and the tyrosine 

kinase PgFIKK13. The acidophilic PgFIKK9.1 was also studied as an example for a 

more divergent FIKK kinase. As shown in Figure 5.6, the overall preferred 

phosphorylation motif of these 3 FIKK kinases are conserved between P. falciparum 

and P. gaboni. For example, PgFIKK1 is a basophilic Ser/Thr kinase as its P. 

falciparum counterpart (Figure 5.2). The tolerance for a hydrophobic residue in the 

P+1 position is still present, albeit the signal is weaker than for PfFIKK1. 
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The fact that PgFIKK13 shows a clear preference for tyrosine-based peptides, as 

PfFIKK13, suggests that the evolution of an exported tyrosine kinase is a conserved 

phenomenon to all Laverania species and that FIKK13 must have evolved to a 

specific bottleneck encountered only in great apes. Additionally, the substrate motif 

is almost identical between PfFIKK13 and PgFIKK13, indicating that FIKK13 targets 

must be highly conserved between humans and other great apes. 

Finally, the divergence in FIKK9.1 kinase domain sequences does not influence its 

preferred phosphorylation motif with acidic and negatively charged residues 

preferred except in position P+1 where a hydrophobic residue (Ile or Leu) is favoured 

both in PfFIKK9.1 and PgFIKK9.1. 

 

Taken together, these results support a strong evolutionary pressure on individual 

FIKK kinases throughout evolution of the Laverania subgenus and a critical role in 

their interaction with the primate host.  
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Figure 5.5 Phylogenetic tree of Laverania FIKK kinase domains 
Maximum-likelihood phylogenetic tree of Laverania FIKK kinase domains. Laverania 
FIKK8 kinases and 2 avian malaria FIKK kinases (P. relictum FIKK kinase 
PRELSG_0112400 and P. gallinaceum FIKK kinases PFAL8A_00108200) were used as 
an outgroup. To assess branch support, transfer bootstrap expectation (TBE) was 
calculated for each bipartition (see Chapter 2.7.6). A TBE score > 0.8 indicates a well-
supported clade. The length of the triangles represents the divergence between FIKK 
kinase domains sequences within a specific clade. Colour code identifies the kinases 
substrate specificities; green = basophilic, red = acidophilic; purple = tyrosine kinase; 
white = uncharacterised. Phylogenetic tree was generated by David Bradley. 
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Figure 5.6 Preferred phosphorylation motifs of Plasmodium gaboni FIKK kinases 
See Figure 5.2 caption
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Chapter 6. Discussion 

Phosphorylation is a key biological process in all living organism. P. falciparum, the 

parasite responsible for the most severe form of human malaria, is no exception with 

extensive phosphorylation of parasite and host proteins occurring upon infection 

(Murray and Perkins, 1989, Wu et al., 2009, Pantaleo et al., 2010, Treeck et al., 2011, 

Bouyer et al., 2016, Davies et al., 2020). Of particular interest is the fact that, contrary 

to other human malaria species such as P. vivax or P. knowlesi, P. falciparum 

belongs to a different subgenus, called the Laverania, grouping Plasmodium species 

infecting great apes (Figure 3.1c). Strikingly, the Laverania evolved from avian 

malaria species whereas other human malaria species evolved from mammalian 

Plasmodium species. These Laverania are characterised by an extended 

gametocytogenesis and by the extensive remodelling of their host iRBCs. 

Furthermore, Laverania parasites are the only Plasmodium species comprising an 

expanded family of exported FIKK kinases. This family comprises only 1 member in 

non-Laverania Plasmodium species, which is not exported outside the PV. In P. 

falciparum, and in other Laverania species, this kinase family expanded and 

diversified to amount to 17 to 23 members, according to the species. This expansion, 

and subsequent conservation of the FIKK kinase family in the Laverania subgenus 

for ~1 million years strongly argues for an important role in modulating host-pathogen 

interactions (Otto et al., 2014, Otto et al., 2018). It also argues for their non-redundant 

functions, as they would have been eliminated throughout evolution otherwise. 

 

The first aim of this work was to understand the functional relevance of the expanded 

FIKK kinase family in P. falciparum, the hypothesis being that it is related to the 

parasite particular virulence in humans. 

 

By using random peptide libraries and recombinant versions of the FIKK kinase 

domains it was found that these enzymes possess different preferred 

phosphorylation motifs, supporting the idea that the FIKK kinases play non-

redundant roles in the parasite biology. This was shown despite the fact that the FIKK 

kinases possess a highly conserved kinase domain. It might therefore be possible to 

pinpoint at specific residues in the FIKK kinases amino acid sequences that are 

responsible for the different substrate specificities observed. These residues are 
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called “specificity determining residues” (SDRs) and they can be identified on an 

enzyme tertiary structure (Bradley and Beltrao, 2019). In the absence of a structure, 

one can try to predict SDRs from structural models and mutate them to see how this 

changes the substrate specificity. 

 

Several FIKK kinases were found to possess very similar preferred phosphorylation 

motifs (e.g., FIKK3 and FIKK4.2). At this stage, redundancy between these proteins 

cannot be excluded. However, their conservation argues against that. The substrate 

specificity of a kinase is not the only determinant of its function. Its subcellular 

localisation and expression profile are equally important. The localisation of the FIKK 

kinases is most probably determined by their N-terminal accessory domain. It could 

be that 2 FIKK kinases possessing similar preferred phosphorylation motifs are 

simply localised in different subcellular compartments, ensuring their non-

redundancy. 

One should bear in mind that the substrate specificity was assessed only for the FIKK 

kinase domains here. It may be the case that the N-terminal accessory domain 

changes the conformation of the kinases and therefore their substrate preferences. 

A full-length version of several FIKK kinases will be recombinantly expressed and 

tested on random peptide libraries to investigate the impact of the N-terminal 

accessory region on the substrate specificity. 

 

The high conservation of the FIKK kinases preferred phosphorylation motifs between 

P. falciparum and P. gaboni is a strong indicator that these kinases have not diverged 

much throughout evolution. Therefore, their targets must also be conserved between 

humans and other great apes, suggesting that the FIKK kinases probably assume 

similar functions in all Laverania species. Another alternative would be that the 

parasites mutated the variable N-terminal accessory domains and therefore changed 

the functions of these kinases by changing their localisations. 

It would be interesting to see if there is a correlation between the divergence of the 

FIKK kinases and the divergence of their targets. For example, are the targets from 

FIKK9.1 or FIKK9.7, 2 of the most divergent FIKK kinases in Laverania species 

(Figure 5.5), divergent to the same extent? In other words, is the divergence between 

humans and great apes’ proteins driving the divergence of the FIKK kinases? 
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An unexpected outcome of this study was the discovery that FIKK13 is a tyrosine 

kinase. Additionally, it was found that several FIKK kinases possess a dual specificity. 

This suggests that tyrosine phosphorylation by P. falciparum is an active 

phenomenon which is not only carried out by hijacking human tyrosine kinases, as 

believed so far (Pantaleo et al., 2010, Kesely et al., 2016). This opens up new 

prospects as no tyrosine kinases were predicted to be expressed by any Plasmodium 

species, and to the knowledge of the author, only 2 P. falciparum kinases have been 

found to possess a dual specificity, although, none of them are exported into the 

iRBC cytoplasm (Low et al., 2012, Ruiz-Carrillo et al., 2018). Therefore, the tyrosine 

phosphoproteome of P. falciparum iRBCs has never been explored thoroughly.  

The fact that P. gaboni FIKK13 is a tyrosine kinase as well demonstrates that tyrosine 

phosphorylation is likely to be important not only for P. falciparum but for all Laverania 

species. Moreover, in general, tyrosine phosphorylation has been shown to be 

involved in signal transduction and it is believed to have evolved as a mean for 

intercellular communication in multicellular organisms (Hunter, 2009). As a 

unicellular protozoan, it was not surprising that Plasmodium does not express any 

tyrosine kinase. The discovery of FIKK13 being a tyrosine kinase could mean that 

the parasite evolved one of its serine/threonine kinase into a tyrosine kinase to 

specifically interfere with key host signalling pathways. The signalling pathways that 

FIKK13 interferes with are not known. Tyrosine phosphorylation is generally at low 

abundance and not efficiently identified using standard phosphopeptide enrichment 

strategies. Because of the predicted absence of tyrosine kinases in the P. falciparum 

kinome, specific enrichment steps for tyrosine phosphorylation using 

phosphotyrosine antibodies have not been performed. Furthermore, in the absence 

of a strong expression of FIKK13 in asexual stages, its contribution in this lifecycle 

stage is not clear. However, it was recently shown that human kinases can be 

activated upon infection by P. falciparum (Adderley et al., 2020) and the evolution of 

a tyrosine kinase could specifically be involved in this process. 

For example, the human protein c-Met (tyrosine-protein kinase Met, also called 

Hepatocyte Growth Factor Receptor) was substantially more phosphorylated on 

tyrosine residues upon infection (Adderley et al., 2020). C-Met is typically activated 

through the binding of Hepatocyte Growth Factor to its extracellular domain, 

prompting activation through homodimerization and tyrosine trans-
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autophosphorylation (Rodrigues and Park, 1994). Its direct phosphorylation by 

FIKK13 could lead to its activation. 

Another example is the phosphorylation of tyrosine residues on the erythrocyte 

transmembrane protein Band3 which has been shown to lead to the displacement 

and activation of glycolytic enzymes such as glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), lactate dehydrogenase (LDH), phosphofructokinase 

(PFK), pyruvate kinase (PK) and aldolase (Puchulu-Campanella et al., 2016). These 

could be used by the parasite for its own metabolic purposes. Phosphorylation of 

Band3 has also been shown to inactivate its anion transporter activity and to 

destabilise the erythrocyte membrane by rupturing the connection between Band3 

and other components of the cytoskeleton such as ankyrin (Puchulu-Campanella et 

al., 2016). By targeting Band3, FIKK13 could be involved in the disruption of the RBC 

cytoskeleton, helping to break down the RBC membrane at the end of the parasite 

lifecycle. 

Finally, it has been observed in T. gondii that the rhoptry kinase ROP16 

phosphorylates the human protein STAT6 on the Tyr-641 residue, leading to the 

downregulation of the Th1 inflammatory response of the host (Saeij et al., 2007, Ong 

et al., 2010). A similar mechanism could be conjectured for PfFIKK13, especially in 

the intra-hepatic stage of the infection, the only stage where the parasite infects a 

nucleated cell. 

As the study of intra-hepatic stages requires expertise that is currently not available 

at the Francis Crick Institute, future work will focus on the intra-erythrocytic stage, 

including gametocytes, for which we recently identified increased expression of 

FIKK13. Additionally, the P. falciparum iRBCs tyrosine phosphoproteome will be 

explored and compared to the tyrosine phosphoproteome of P. knowlesi iRBCs. As 

P. knowlesi does not possess the expansion of the FIKK kinase family, less tyrosine 

phosphorylation of RBC proteins is expected. This will give information on the 

possible existence of a Laverania-specific tyrosine phosphoproteome. Moreover, the 

tyrosine phosphoproteome of FIKK13 KO iRBCs will be investigated and compared 

to WT iRBCs, with the objective to identify FIKK13 targets in iRBCs. 

 

Using the FIKK kinase preferred phosphorylation motifs one can speculate on each 

kinase’s function in vivo. In order to challenge these speculations and further 

characterise how these kinases impact parasite virulence, several FIKK kinase 
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domain condKOs were generated. By comparing the FIKK condKO iRBC 

phosphoproteomes to their WT counterparts it is possible to identify the FIKK kinases 

potential targets. Subsequently, one can try to derive their functions from the data 

obtained. 

By doing that, it was found that each P. falciparum FIKK kinase possesses a unique 

phosphorylation fingerprint (see chapter 3.4 and (Davies et al., 2020)) giving 

additional support to the idea that the FIKK kinases have non-redundant functions. 

It was also observed that several proteins were more phosphorylated upon deletion 

of the FIKK kinases (Figure 3.5b) indicating that some indirect effects occur. The 

FIKK kinases may therefore regulate other kinases or phosphatases or their deletion 

may result in the mislocalisation of other proteins allowing their phosphorylation by 

other kinases. By comparing these phosphoproteome data to the FIKK kinases 

preferred phosphorylation motifs one should be able to deduce which proteins are 

likely direct targets of the FIKK kinases. For example, FIKK4.1 was shown to 

phosphorylate preferentially peptides with an arginine in the P-3 position (Figure 5.2) 

and around 70% of FIKK4.1 targets identified by knocking it out present the same 

motif (Figure 3.5c) indicating that they are likely direct targets of FIKK4.1. 

Interestingly, phosphosites containing an arginine in the P-3 position are typical of 

PKA and PKC substrates. Therefore, many proteins have been predicted to be 

phosphorylated by these kinases (Lasonder et al., 2012). However, this study reveals 

that FIKK4.1, and potentially other FIKK kinases, could actually be responsible for 

these phosphorylation events. 

Further confirmation of a direct interaction can be demonstrated by testing the activity 

of the recombinant FIKK kinase domains on peptides corresponding to the predicted 

substrates, as it was done for FIKK4.1 (Figure 3.5d). However, the impracticality of 

the method to test numerous peptides prevents its use in this case. 

 

The FIKK kinases condKO phosphoproteome data of this study support that, at least 

one FIKK kinase, FIKK4.1, is important for the remodelling of the iRBC. 

The effect of FIKK4.1 on the iRBC rigidity is likely due to its phosphorylation of 

cytoskeletal components. For example, it has been shown that phosphorylation of 

dematin and protein 4.1R, two of FIKK4.1 targets (Table 1), affects cytoskeletal 

rigidity (Koshino et al., 2012, Manno et al., 2005). The phosphorylation of 

Plasmodium proteins previously shown to influence iRBC rigidity, such as KAHRP, 
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PfEMP3, EH2 and PfPTP3, also probably plays a role in the FIKK4.1-mediated iRBC 

rigidification. 

 

FIKK4.1 was also shown to be important for iRBC cytoadhesion by playing a role in 

PfEMP1 surface translocation. This likely takes place through the phosphorylation of 

several PfEMP1-trafficking proteins (PfPTP2, PfPTP3 and PfPTP4) along with other 

proteins previously shown to play a role in PfEMP1 trafficking such as Hsp70-x and 

PfEMP3 (Table 1). The identification of proteins involved in knob formation such as 

KAHRP and the PHIST B protein PF3D7_0424600, as targets of FIKK4.1, could also 

explain the cytoadherence defect observed, although knobs appeared structurally 

fine upon FIKK4.1 KO (Figure 3.9c, d). It could be that FIKK4.1 KO affects the 

anchoring of PfEMP1 to the iRBC cytoskeleton in addition to its trafficking to the iRBC 

surface. A better definition of FIKK4.1 localisation and interacting partners 

throughout the intra-erythrocytic parasite lifecycle using super resolution microscopy 

and proximity labelling (TurboID (Branon et al., 2018)) might help to have a better 

mechanistic understanding of FIKK4.1 involvement in iRBC cytoadhesion. 

The fact that PfEMP1 surface presentation, and consequently iRBC cytoadherence, 

is not totally abolished upon FIKK4.1 KO (see chapter 3.6.4) is currently not fully 

understood. It could be that several kinases present at the periphery are required for 

establishing PfEMP1 surface translocation. This could be FIKK1, FIKK4.1 and 

FIKK4.2, all of which have been shown to traffic to the iRBC periphery and to 

phosphorylate targets important for PfEMP1 surface transport (Davies et al., 2020). 

Another possibility is that FIKK kinases function increases the efficiency, or timing, 

by which PfEMP1 transport occurs. Finally, it could be an indirect effect: by changing 

the rigidity of the cell, forward transport and/or fusion of Maurer’s clefts, J-dots and 

Electron Dense Vesicles, PfEMP1 surface translocation could be impacted by 

FIKK4.1 deletion. 

 

A direct phosphorylation of PfEMP1 by FIKK4.1 is also a possibility to explain its role 

in cytoadherence. It has recently been shown that phosphorylation of PfEMP1 

ectodomain can influence its binding capacity (Dorin-Semblat et al., 2019). However, 

a direct phosphorylation of PfEMP1 by FIKK4.1 could not be demonstrated using our 

method. 
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In this study, it was shown that FIKK4.1 is involved in the surface presentation of a 

particular PfEMP1 protein called Var2CSA. P. falciparum possesses 60 var genes 

coding for different PfEMP1 proteins. It would be interesting to investigate if the 

surface presentation of other PfEMP1 proteins is affected by knocking out FIKK4.1, 

as this would suggest a general mechanism for PfEMP1 surface presentation. The 

contrary would be very interesting, as it would indicate a specialised PfEMP1 surface 

translocation varying according to the PfEMP1 protein expressed. 

In addition to PfEMP1, the FIKK kinases might be involved in the surface 

presentation of other surface expressed antigens such as STEVOR and RIFINs, the 

latter having recently been shown to be important for the modulation of the host 

immune system (Harrison et al., 2020). 

 

Contrary to FIKK4.1, not much change in the iRBC phosphoproteome could be 

observed upon knockout of FIKK7.1, FIKK10.1 and FIKK11. For the latter however, 

changes in the phosphorylation of Glycophorin A could be observed upon deletion. 

The binding of the merozoite protein EBA-175 to Glycophorin A has been shown to 

trigger the phosphorylation of the RBC protein leading to an increase in iRBC 

deformability facilitating merozoite entry (Sisquella et al., 2017). FIKK11 may 

therefore control the phosphorylation of Glycophorin A after the parasite invaded the 

RBC, maybe preventing subsequent invasion events. 

The scarcity of phosphosites changing upon deletion of FIKK7.1 can be explained 

by its low expression level in intra-erythrocytic asexual stages. It could be that some 

of the FIKK kinases are important for a different lifecycle stage. For example, FIKK 

kinases could be important in gametocytes where modifications of the iRBC rigidity 

and morphology have been shown to be important for their sequestration within the 

bone marrow, a phenomenon unique to the Laverania parasites (Naissant et al., 

2016, Tiburcio et al., 2012, Aingaran et al., 2012). As all FIKK condKOs were made 

in a NF54::DiCre parasite line capable of transmitting through mosquitoes (Tiburcio 

et al., 2019), it will be possible in the future to test their roles across all lifecycle 

stages. 

For FIKK10.1 and FIKK11, whereas high expression levels seem to be reached at 

schizont stage (Figure 3.3e), only few changes could be recorded in the 

phosphoproteome of iRBCs. It could be that these proteins are active at a different 

timepoint during the asexual replication cycle. It could also be that some FIKK 
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kinases are active only under specific conditions, such as during fever periods. For 

example, FIKK9.3 deletion has been shown to lead to higher susceptibility of iRBCs 

to higher temperatures (Thomas et al., 2016b). FIKK kinases could also be important 

when encountering an oxidative stress, for example when infecting sickled RBCs 

(Fairhurst et al., 2005, Cyrklaff et al., 2011). 

 

 

The second aim of this study was to assess the potential of the FIKK kinases as 

antimalarial drug targets. The combination of characteristics including the high 

conservation of their kinase domains, their particular ATP-binding pocket and the 

presence of a small “gatekeeper” residue for most of them make the FIKK kinases 

attractive for the development of specific pan-FIKK inhibitors. Such inhibitors would 

constitute invaluable tools to study the collective inhibition of the FIKK kinases but 

could also be considered as partner drugs in combination therapies to ease the 

symptoms of severe malaria. While such drugs are not currently the focus of drug 

development, they could represent an interesting alternative strategy, especially 

regarding the development of resistance where mutations would have to develop in 

all FIKK kinases important for the parasite to survive into the host. 

 

In order to identify FIKK inhibitors, a High-Throughput Screening approach was 

utilised to screen the PKIS library of compounds on 2 recombinant FIKK kinase 

domains. The good quality of the assay is paramount to the capability of hit 

identification. The quality of a HTS assay is measured with a statistical parameter 

called Z’ factor (see chapter 4.4.1). By assessing the mean signal of the negative 

and positive controls, it allows to define the dynamic range of the assay signal. It also 

takes into consideration the standard deviation of positive and negative signals, 

allowing to evaluate the reproducibility and signal variation at the two extremes of 

the activity range. 

In the case of the HTS of the PKIS library, full kinase activity was assessed using the 

recombinant kinase domains with ATP and substrate in the absence of inhibitor. 

As no Staurosporine analogues, prototypical ATP-competitive kinase inhibitors 

active on a wide range of eukaryotic kinases (Karaman et al., 2008) and commonly 

used as positive controls to set the maximal inhibitory boundaries for the Z’-factor 
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calculation, inhibited the recombinant FIKK enzymes, the kinase domains with 

substrate in the absence of ATP were used as positive control for maximal inhibition. 

With the benefit of hindsight, the removal of ATP was not optimal as a positive control 

as it led to an overestimation of the HTS Z’-factor by not taking into consideration the 

background signal coming from non-enzymatic ATP hydrolysis. A better control 

would have been to use a dead version of the recombinant FIKK kinase domains in 

the presence of ATP and substrate.  

The lack of Staurosporine analogues activity on the FIKK kinases is interesting. It is 

thought to be due to the FIKK kinases particular ATP-binding pocket lacking the 

usual glycine triad.  

 

By screening the PKIS library and performing SAR assays, several compounds have 

been identified as in vitro pan-FIKK inhibitors. This constitutes a proof of concept that 

it is possible to inhibit several members of the FIKK kinase family with a single 

compound. However, when tested in culture, no sign of FIKK inhibition could be 

observed (Figure 4.15, Figure 4.16). It is thought that the compounds low specificity 

for the FIKK kinases prevented the inhibition of the enzymes without off-target effects. 

Because of the high intra-erythrocytic ATP concentration in RBCs, potential FIKK 

inhibitors would be required to achieve high specificity, high potency (IC50 in the 

picomolar range) and/or to be irreversible. The compounds screened were 

developed as human kinase inhibitors, probably explaining the lack of specificity for 

the FIKK kinases. To identify inhibitors that show increased specificity for the FIKK 

kinases a SAR analysis was performed. This identified compounds with similar 

potency against the FIKK kinases and inactive analogues from GSK drug 

programmes compound series. However, in cell culture, these newly identified FIKK 

inhibitors did not provide any benefit over the PKIS inhibitors indicating that their off-

target effects are not reduced. 

 

Drug-resistant mutants were then raised in order to decrease the potential off-target 

effects. This would allow to increase drug concentrations to high enough levels to 

inhibit FIKK functions without killing the parasites. A genomic analysis of resistant 

mutants would also help identifying additional targets for the mutants. Unfortunately, 

the WGS was not able to identify a particular genetic change explaining parasite 
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resistance indicating that transcriptional changes are more likely to explain the 

resistance phenotype. 

Resistant parasites kept off the drug for a two-months period gained sensitivity to 

GSK2181306A with EC50 similar to WT parasites (see chapter 4.9.2). The speed at 

which the resistance was lost from the population is indicative of a transient 

resistance mechanism probably involving an epigenetic or transcriptional response 

leading to the efflux or the catabolism of the drug. A similar transient resistance 

mechanism has been identified for Lumefantrine, an antimalarial drug used in 

combination with the artemisinin-derivative artemether (Mwai et al., 2012). A 15-

times increase in Lumefantrine EC50 could be obtained after 16 months of in vitro 

parasite culture under drug pressure. However, after two weeks of culturing in drug-

free medium, Lumefantrine EC50 returned to WT levels. A global transcriptome 

profiling of both Lumefantrine-tolerant and revertant lines was performed and 

identified differential gene expression between the two lines, including known and 

putative transporters such as the multidrug resistance gene 1 (Pfmdr1), the V-type 

H+ pumping pyrophosphatase (Pfvp2) as well as genes associated with fatty acid 

metabolism. 

A similar transcriptome analysis of GSK2181306A resistant parasites cultured in the 

presence and in the absence of drug pressure was considered but not performed. 

 

A good alternative to an in vitro screening would be to solve the crystal structure for 

one FIKK kinase domain, use computational modelling to extrapolate the structure 

for all of them and perform an in silico screening to identify potent pan-FIKK inhibitors 

(Gorgulla et al., 2020). Despite numerous attempts, a FIKK kinase domain structure 

remains elusive. It is thought that the heterogeneity resulting from the 

autophosphorylation behaviour of the FIKK kinases is preventing the formation of 

protein crystals. Co-crystallisation studies using dead kinase domains (see chapter 

4.13) along with substrates designed from the random peptide library data, inhibitors 

identified by screening (see chapter 4.6) and nanobodies (Ingram et al., 2018) might 

help to stabilise the protein and obtain crystals. 

An alternative currently explored is to use cysteine-reactive ligands to target two 

cysteine residues flanking the activation loop and conserved in all FIKK kinase 

domains. Where the cysteine-reactive compounds bind in the FIKK kinase domain is 

currently not known. Identification of the reactive residues can be achieved using 
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specific labelling and mass spectrometry. If cysteine residues in the FIKK kinase 

activation loop are indeed targeted by these cysteine-reactive compounds this would 

give another handle on selective inhibition using fragment libraries. Furthermore, the 

presence of accessible and free cysteine residues in the kinase activation loop may 

indicate that these are regulated by oxidation, similar to other kinases (Byrne et al., 

2020). In the light of the role of reactive oxygen species in parasite infected red blood 

cells, this feature would be very exciting. 
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Chapter 7. Appendices 

7.1 Appendix tables 

 
Appendix Table 1. Primers to check for correct integration of fikk condKO 
plasmids into their respective loci and excision upon RAP-treatment 

 

 

 

 

 

FIKK4.1
Int1 = 5' integration Forward AGTATATATGGAGATACGTTTGTG
Int2 = 5' integration Reverse GGGGGAGATGTCAAGGTGAGACAACCCG
Int4 = 3' Integration Forward CCCCAGGCTTTACACTTTATGCTTCCGGCTC
Int5 = 3' Integration Reverse CCATAACAAAATTCTCTTCACCTAATGAATATTCCCC
Ex1 = Excision Forward GAGCTTCAACATATTTGAACCCAGAATCG
Int3 = Excision Reverse CCTCTCCACTGACAGAAAATTTGTGCC

FIKK7.1
Int1 = 5' integration Forward GAAAACTATGTTCCTCCTCTCTGTTATTAGGTTTCC
Int2 = 5' integration Reverse CCAGGAAACTTAAGACCAAAAATTCCATAACGTAGTTTTCGCCG
Int4 = 3' Integration Forward CCCCAGGCTTTACACTTTATGCTTCCGGCTC
Int5 = 3' Integration Reverse CCATTACATAATTTTCCCCACTATATACATATTCTCC
Ex1 = Excision Forward GGAAGTACAACATCTTAAGGGGTTTACTAGAATTCG
Int3 = Excision Reverse CCTCTCCACTGACAGAAAATTTGTGCC

FIKK10.1
Int1 = 5' integration Forward CATCTATTGAAAATGGAATAATTTATATAGGATATG
Int2 = 5' integration Reverse CACATAGTTTTCTCCGCACAGCACGTATTCGC
Int4 = 3' Integration Forward CCCCAGGCTTTACACTTTATGCTTCCGGCTC
Int5 = 3' Integration Reverse CTTAATAAATAATCCTACTCTATCACTACCATCTC
Ex1 = Excision Forward GGGAAACTGCAAATATGGTATGAGTACAG
Int3 = Excision Reverse CCTCTCCACTGACAGAAAATTTGTGCC

FIKK11
Int1 = 5' integration Forward CTGATGAATATTATTTTGTGAAGATAATAGCACTAAAGTATAAGTG
Int2 = 5' integration Reverse CGATCACTGAGGATGTTGTTGTTCTCCTTTTGACGTTTCTCG
Int4 = 3' Integration Forward CCCCAGGCTTTACACTTTATGCTTCCGGCTC
Int5 = 3' Integration Reverse TTCCTAGAGGTCATGTGCAA
Ex1 = Excision Forward GATAGAGGGTTATAAATCATTGGTTAAAATGTTCGGC
Int3 = Excision Reverse CCTCTCCACTGACAGAAAATTTGTGCC



  Appendices 

201 

 

 

Appendix Table 2. Full sequence of synthetic recodonised genes used to create 
FIKK kinase conditional knockout plasmids 
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Appendix Table 3. Primers used to assemble plasmids for creating FIKK 
conditional knockouts. 
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List of phosphosites differently phosphorylated upon RAP treatment of NF54 WT 
parasites 

 

 

 

 

 

NF54 L2FC DMSO-
RAP

Gene 
Name Protein ID

Position 
in Protein Protein Name

RBC 
Protein 
(Y/N)

Pf 
Protein 
(Y/N)

Exported  
(Y/N)

MC 
Protein 
(Y/N) Sequence Window

2.912725544 PF3D7_0627700 506 transportin N Y N N MMTPNNNHNNNTEDFSDDDLDEKNDEMSSRT
2.546950878 PF3D7_1122500 255 conserved Plasmodium protein, unknown function N Y N N NDDEIDDYKTFLTLDSNQTIFKNKPLKVPDL
2.095119973 MCA3 PF3D7_1416200 930 metacaspase-3, putative N Y N N DGKYLFKNYSVSQNVSDDNSVQDSFFSRTER
2.043580651 PF3D7_0818700 71 DNA helicase, putative N Y N N KKKKKKKKKLRRLLDSSSSDDNNENEEISSK
1.915006096 PF3D7_0110500 672 bromodomain protein, putative N Y N N KSERSNKKENEEENNSDDDDDNDSYNSIEIE
1.878494756 PF3D7_0303100 400 conserved Plasmodium protein, unknown function N Y N N KTLNNYYLLNDVETKSDTYINETISKDVNYH
1.869549497 PF3D7_0529800 1869 conserved Plasmodium protein, unknown function N Y N N NSTSILSSSKTLQKDSLLSNLSKFKFNEELH
1.852190301 cpsSII PF3D7_1308200 1336 carbamoyl phosphate synthetase N Y N N NNICHDISINKNIKVTINNSNNSISNNENVE
1.852190301 cpsSII PF3D7_1308200 1340 carbamoyl phosphate synthetase N Y N N HDISINKNIKVTINNSNNSISNNENVETNLN
1.815554462 PF3D7_0310200 406 phd finger protein, putative N Y N N KHKWFCKKKNVFEYFTDHDFISTREYLNKEG
1.80847559 SBP1 PF3D7_0501300 325 skeleton-binding protein 1 N Y Y Y QNAQQNTQQNTQQQSTTKSTTKTVARET___

1.781047609 Pf332 PF3D7_1149000 3284 antigen 332, DBL-like protein N Y Y Y EVEEQRLVVEEEGSATEGIVEDRLATEGIVD
1.779330914 PF3D7_0726500 2079 ubiquitin carboxyl-terminal hydrolase, putative N Y N N IHDQNDVYDNKKNEDSDSVILCNEDENISSS
1.724883164 PF3D7_1359600 645 conserved Plasmodium protein, unknown function N Y N N IHDQHKILMKDEKNISDNLNINNSEYDIDSN
1.71060509 PF3D7_1234100 1815 bromodomain protein, putative N Y N N FNEEDNIKDTYNNYNSDDVEKYNASNYNSLN

1.633184924 PF3D7_1205600 2 tetratricopeptide repeat protein, putative N Y N N ______________MSEEEVIANDSSNTNVD
1.607514237 HSP70x PF3D7_0831700 416 heat shock protein 70 N Y Y Y AYGAAVQAAILSGDQSSAVKDLLLLDVCPLS
1.599578847 PF3D7_0909900 1011 helicase SKI2W, putative N Y N N NNNNNNKSNNNILSNSVSENINLYENYKNVF
1.582716953 ADD2 P35612 530 Beta-adducin Y N N N PQSQLLASVIAEKSRSPSTESQLMSKGDEDT
1.574980424 KAHsp40 PF3D7_0201800 144 knob associated heat shock protein 40 N Y Y N ADNMFKSISEAYEVLSDEEKRDIYDKYGEEG
1.556858352 ApiAP2 PF3D7_1449500 31 AP2 domain transcription factor AP2-O5, putative N Y N N ENDSHLVKNTSYEKASEIVESDMYESNEDSN
1.540527422 DBP5 PF3D7_1459000 189 ATP-dependent RNA helicase DBP5 N Y N N PSELITKEEKNEDNISTSDTQNVSNNIITKS
1.470168445 cpsSII PF3D7_1308200 1358 carbamoyl phosphate synthetase N Y N N SISNNENVETNLNCVSERAGSHHIYGKEEKS
1.424970964 PF3D7_1359600 1805 conserved Plasmodium protein, unknown function N Y N N DDINTYSSCKDDMNNSDDEESVDNSNKYVQN
1.401698956 MyoF PF3D7_1329100 1198 myosin F, putative N Y N N GNNTHDDPNNVRNCYSTDTNLTNYLNNNKSN
1.394006425 PF3D7_1354300 527 large subunit rRNA methyltransferase, putative N Y N N DQKDDLEIDHYEDTSSETEKLEHLNQLKNSD

1.3806182 PPM2 PF3D7_1138500 797 protein phosphatase PPM2 N Y N N HMNTNNNSDQNEKLKSEDQNNINNEQENILN
1.367163634 RPS4 PF3D7_1105400 137 40S ribosomal protein S4, putative N Y N N KLCKVKKILLRKGRLSIAVTHDGRSIPYIHP
1.36353168 SAS4 PF3D7_1458500 1057 spindle assembly abnormal protein 4, putative N Y N N HKKNNIHKDLEIIYNSSTNTDDGIYNNKIKN

1.353277368 Pf332 PF3D7_1149000 5002 antigen 332, DBL-like protein N Y Y Y IVETESAIEERVEEESATEEVDERESVTEVV
1.347864537 PF3D7_0209500 334 conserved Plasmodium protein, unknown function N Y N N EKKTFHDKKDDMENNTQETKTNIFQDNAVDT
1.342499994 EEF2 PF3D7_1451100;P1363923;23 elongation factor 2 Y Y N N QVREIMNKTKQIRNMSVIAHVDHGKSTLTDS
1.341435003 GARP PF3D7_0113000 83 glutamic acid-rich protein N Y Y N LLKEEKDEKDDVPTTSNDNLKNAHNNNEISS
1.338752686 PF3D7_0931400 46 PUB domain-containing protein, putative N Y N N KTIEDAISWIELLDETENMTDEELKDVNTKD
1.338752686 PF3D7_0931400 50 PUB domain-containing protein, putative N Y N N DAISWIELLDETENMTDEELKDVNTKDEEKG
1.321482392 TIM9 PF3D7_1368600 4 mitochondrial import inner membrane translocase subunit TIM9, putativeN Y N N ____________MEKSLDLSAFNKSDRDKIL
1.276031634 DSK2 PF3D7_1113400 352 ubiquitin domain-containing protein DSK2, putative N Y N N TDNRPPEERYASQLSSLQEMGFLDNAANIQA
1.27470307 PF3D7_1417200 320 NOT family protein, putative N Y N N VTNKISGAKANKGNNSNNNNNKSNNNKTSHN

1.270191278 PF3D7_0522400 3484 conserved Plasmodium protein, unknown function N Y N N NNNNKNNYNNNNKKNYSYSNIPKELSNDLKE
1.269711801 PF3D7_1334100 263 conserved Plasmodium protein, unknown function N Y N N SNEPLFNFTPKKKRKTDSDESPDENDQEERL
1.259852775 PF3D7_0818500 69 zinc finger protein, putative N Y N N DKNMNDTLNNYNNKISEIIEPTFVNEKQTEN
-1.257554367 BDP1 PF3D7_1033700 240 bromodomain protein 1 N Y N N NAQLGNITMLRRNSSSYIAASSPNESNLNNL
-1.259861156 PF3D7_1201000 390 Plasmodium exported protein (PHISTb), unknown functionN Y Y N KEKDEKEKDEKEKKVSNIKNNLRAVPQNSGS
-1.268628202 KAHRP PF3D7_0202000 579 knob-associated histidine-rich protein N Y Y Y TKEASTSKEATKEASTSKGATKEASTTEGAT
-1.270475969 NUF2 PF3D7_0316500 74 kinetochore protein NUF2, putative N Y N N DIQNIRIEEYTGDLKSSLPTVDGLQILPNEG
-1.278000866 PF3D7_0309600;PKNH_0833100109;108 60S acidic ribosomal protein P2 N Y Y N EKKEEEEEEEDDLGFSLFG____________
-1.362938712 RPP1 PF3D7_1103100 115 60S acidic ribosomal protein P1, putative N Y N N EEKVEEEEEEDDLGFSLFG____________
-1.36545899 CEN4 PF3D7_1105500 165 centrin-4 N Y N N EFKKVLLCSWKNDPLSDVDSDS_________
-1.36545899 CEN4 PF3D7_1105500 171 centrin-4 N Y N N LCSWKNDPLSDVDSDS_______________

-1.396606211 PKNH_1270000;PF3D7_1330400275;275 ER lumen protein retaining receptor 1, putative, unspecified productN Y N N GDFIYHYIRCLSKGVSFDNLLNENV______
-1.454669087 HAT1 PF3D7_0416400 257 histone acetyltransferase, putative N Y N N NSPNNAKASHENTSGSLVPTDVLEWDRTVNK
-1.512474174 STARP PF3D7_0702300 143 sporozoite threonine and asparagine-rich protein N Y Y N GNNSTTINTNSTENTSATKKVTENVITNQIL
-1.514712019 PF3D7_1313600 2017 conserved Plasmodium protein, unknown function N Y N N SNFDKKDIIKNIDLLSNIRVTNPNLYSC___
-1.516876462 PF3D7_0504800 5624 conserved Plasmodium protein, unknown function N Y N N LRVIEEKNKNEFIDLSNIPLLTLPKIPPPIS
-1.525031959 PF3D7_0832200;PF3D7_0832200143;143 Plasmodium exported protein (PHISTa-like), unknown functionN Y Y N NYNDLSKQLTLEELHSVLDDLEKSTTKEDLY
-1.529807375 IMC1c PF3D7_1003600 7 inner membrane complex protein 1c, putative N Y N N _________MADSIKSSNSFQKLDNIDAKET
-1.576705728 PF3D7_0303200 105 HAD superfamily protein, putative N Y N N YFVEKTYEDVEEDLETSPLSSPRNEYYYLYD

-1.5875756 EPB42 P16452 609 Erythrocyte membrane protein band 4.2 Y N N N MPEKAEQYQPLTASVSLQNSLDAPMEDCVIS
-1.701561928 PF3D7_1036900 423 conserved Plasmodium protein, unknown function N Y N N KKDLKNKFSHASNLASGHAHFNRYNNFNYHD
-1.765935222 PF3D7_0800600;PF3D7_0115100258;258 Plasmodium exported protein (PHISTa), unknown functionN Y Y N KKIEEIKKLIKSYIEYADAIKKKEYENYIER
-1.771052205 PF3D7_0932100 800 protein MAM3, putative N Y N N TYDKKDPTIQKTKSKTKTNTNTNTKTNTKTN
-1.771052205 PF3D7_0932100 802 protein MAM3, putative N Y N N DKKDPTIQKTKSKTKTNTNTNTKTNTKTNTK
-1.771052205 PF3D7_0932100 804 protein MAM3, putative N Y N N KDPTIQKTKSKTKTNTNTNTKTNTKTNTKWQ
-1.792906121 ATG23 PF3D7_1126700 827 autophagy-related protein 23, putative N Y N N QNEFIHNNVINKSIATNYIENINTSLFKYSK
-1.850848912 PF3D7_0511500 6817 RNA pseudouridylate synthase, putative N Y N N ILKNSSTYSSIYDNNTPTIINKNNNNLKTSV
-1.973665388 ABCI3 PF3D7_0319700 2372 ABC transporter I family member 1, putative N Y N N GIYKYGEKVDSNNYISEDEININNQLNSEGY
-2.008180572 PTP4 PF3D7_0730900 1884 EMP1-trafficking protein N Y Y N HEDHLKGKFVDNREKTLGKHEHHEEYVKGKF
-2.035604747 PF3D7_0619000;PF3D7_06190001703;1704 conserved protein, unknown function N Y N N NNTYDSNYVNIVRCYSSNNDDNISDENVKIH
-2.064704092 HEUL PF3D7_0826100 1407 HECT-like E3 ubiquitin ligase, putative N Y N N FLLDRLSILCRFILSYMKTSWIKNFIHFNGL
-2.120461054 NSUN7 Q8NE18 359 Putative methyltransferase NSUN7 Y N N N CKNIEILHEKFINIESKDHRLQKVKVILLLP
-2.579579481 PF3D7_0214600 870 serine/threonine protein kinase, putative N Y N N IYKSYNFFKSMNMMNSLSKCYHTKTCDYSNY
-2.579579481 PF3D7_0214600 872 serine/threonine protein kinase, putative N Y N N KSYNFFKSMNMMNSLSKCYHTKTCDYSNYDF
-2.853357712 CT62 P0C5K7 91 Cancer/testis antigen 62 Y N N N RKFCSHSSEDMSKMVSRRNVKDSHEVSGSLQ
-2.887743943 PARP14 Q460N5 1359 Poly [ADP-ribose] polymerase 14 Y N N N AEAIIDAIEDFVQKGSAQSVKKVKVVIFLPQ
-3.776018375 FILIP1 Q7Z7B0 503 Filamin-A-interacting protein 1 Y N N N EKAELSLKDDLTKLKSFTVMLVDERKNMMEK
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List of phosphosites differently phosphorylated upon RAP treatment of FIKK4.1 
condKO parasites 
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List of phosphosites differently phosphorylated upon RAP treatment of FIKK7.1 
condKO parasites 

 

 

 

 

 

 

 

FIKK7.1 L2FC 
DMSO-RAP

Gene 
Name Protein ID

Position 
in Protein Protein Name

RBC 
Protein 
(Y/N)

Pf 
Protein 
(Y/N)

Exported  
(Y/N)

MC 
Protein 
(Y/N) Sequence Window

3.486788457 PF3D7_1209000 100 conserved Plasmodium protein, unknown function N Y N N GKLLEEQNRLLTKNTSPNVNINVNTNHNTFS
2.949214911 OVCH1 Q7RTY7 874 Ovochymase-1 Y N N N PTPRYLLDYRGRLECSWVLRVSPSSMAKFTI
2.769381214 SIP2 PF3D7_0604100 92 AP2 domain transcription factor N Y N N VMKSNEEKNDEDDDGSNNVDVVGDNIGNLPN
2.465514765 PF3D7_0529400;PF3D7_05294001387;1307 conserved Plasmodium protein, unknown function N Y N N IKKANIELNVNTDDISIPEINEEDINKFDPS
2.465514765 PF3D7_0529400;PF3D7_05294001383;1303 conserved Plasmodium protein, unknown function N Y N N SLEEIKKANIELNVNTDDISIPEINEEDINK
1.981331937 PF3D7_0909900 1009 helicase SKI2W, putative N Y N N NDNNNNNNKSNNNILSNSVSENINLYENYKN
1.691072123 PF3D7_1209000 99 conserved Plasmodium protein, unknown function N Y N N KGKLLEEQNRLLTKNTSPNVNINVNTNHNTF
1.683327576 LisH PF3D7_1303400 981 LisH domain-containing protein, putative N Y N N FTNKNVSYTQNNVEDSCYEYNEKEKPIFLKN
1.572937325 SPTB P11277 2043 Spectrin beta chain, erythrocytic Y N N N QEPYLASGDFGHTVDSVEKLIKRHEAFEKST
1.523396059 PF3D7_1008100 3555 zinc finger protein, putative N Y N N NNKIFVDDNLTESAVSILSENETEELKSFQN
1.523396059 PF3D7_1008100 3550 zinc finger protein, putative N Y N N VPFKNNNKIFVDDNLTESAVSILSENETEEL
1.341936461 PF3D7_1468900 767 conserved Plasmodium protein, unknown function N Y N N FKNYNHKNSIFKRNKSFINHNLHVLNNTNKN
1.318551968 RPN12 PF3D7_0312300 286 26S proteasome regulatory subunit RPN12, putative N Y N N HIVCKNQTIAVQQLPSLEIINNSIGYATELE
1.287308626 IMC1c PF3D7_1003600 7 inner membrane complex protein 1c, putative N Y N N _________MADSIKSSNSFQKLDNIDAKET
1.251052496 PF3D7_0503500 741 protein kinase, putative N Y N N YHISLPKENMKEENKSPQFISDTNLFNNNNI
1.241124809 ANK1 P16157 1693 Ankyrin-1 Y N N N RGQARITHSPTVSQVTERSQDRLQDWDADGS
1.239167097 PF3D7_0627100 1703 ankyrin-repeat protein, putative N Y N N LSIFRIKKEKKNKIMSYSIENDSIH______
1.22253721 PF3D7_0909900 1011 helicase SKI2W, putative N Y N N NNNNNNKSNNNILSNSVSENINLYENYKNVF

1.182581992 PKNH_1270000;PF3D7_1330400275;275 ER lumen protein retaining receptor 1, putative, unspecified productN Y N N GDFIYHYIRCLSKGVSFDNLLNENV______
1.10829863 PF3D7_0726500 585 ubiquitin carboxyl-terminal hydrolase, putative N Y N N LRDESFSKEQNNTTNSLIDSDTNNNEKNNKY

1.045500536 PPP8 PF3D7_1018200 1816 serine/threonine protein phosphatase 8, putative N Y N N TNQNLNSNKMNRNNNSQLINDMGSVNIYKEV
1.017200667 ITSN2 Q9NZM3 887 Intersectin-2 Y N N N SWQKKSAFTRTVSPGSVSPIHGQGQVVENLK
1.017200667 ITSN2 Q9NZM3 884 Intersectin-2 Y N N N VNTSWQKKSAFTRTVSPGSVSPIHGQGQVVE
0.968277808 PF3D7_0303200 105 HAD superfamily protein, putative N Y N N YFVEKTYEDVEEDLETSPLSSPRNEYYYLYD
0.945016341 cpsSII PF3D7_1308200 1336 carbamoyl phosphate synthetase N Y N N NNICHDISINKNIKVTINNSNNSISNNENVE
0.942536258 Pf332 PF3D7_1149000 971 antigen 332, DBL-like protein N Y Y Y EDIINEKVQEEDESVTEELPEEDIINEKVQE
0.901688357 PF3D7_1343300 723 CDT1-like protein, putative N Y N N EENKVLAHLARTPQESNADDFIVIQDSPIKC
0.863880275 PF3D7_1402800 1297 conserved Plasmodium protein, unknown function N Y N N QLNCNIKETDTELNLSNDTLIYDKRLKVKKN
0.858384472 PF3D7_1036900 423 conserved Plasmodium protein, unknown function N Y N N KKDLKNKFSHASNLASGHAHFNRYNNFNYHD
0.850102097 PF3D7_1437200 822 ribonucleoside-diphosphate reductase large subunit, putativeN Y N N ADGVQITREVSRETISTESTVTQNVCPLRRN
0.847001457 PWP1 Q13610 50 Periodic tryptophan protein 1 homolog Y N N N LIAEAKEKLQEEGGGSDEEETGSPSEDGMQS
-0.847640662 PF3D7_1448300 169 conserved Plasmodium protein, unknown function N Y N N TEGYDENILNDEGNLSDEGEEVEEENVDERD
-0.85530723 PF3D7_1467900 247 rab GTPase activator, putative N Y N N KFLKSKKIDQYLRVASDSVLPYSNNFILKNI

-0.856494256 STIM2 Q9P246 316 Stromal interaction molecule 2 Y N N N ACRLRELREGAECELSRRQYAEQELEQVRMA
-0.861678907 ARID5B Q14865 429 AT-rich interactive domain-containing protein 5B Y N N N DKPLPPIKPRKQENSSQENENKTKVSGTKRI
-0.861678907 ARID5B Q14865 428 AT-rich interactive domain-containing protein 5B Y N N N EDKPLPPIKPRKQENSSQENENKTKVSGTKR
-0.862542059 KASbeta PF3D7_0524000 379 karyopherin beta N Y N N YDIGEESLDRVGKAFSELEEAEFIHILFNKV
-0.876703885 NOT1 PF3D7_1103800 3214 CCR4-NOT transcription complex subunit 1, putative N Y N N NNIKNFNNLNINNFPSNNMNNIKNIDNTYAK
-0.883331088 WNK1 Q9H4A3 11 Serine/threonine-protein kinase WNK1 Y N N N _____MSGGAAEKQSSTPGSLFLSPPAPAPK
-0.88696366 VPS15 PF3D7_0823000 331 serine/threonine protein kinase VPS15, putative N Y N N NKKNGEYQKKYVHALSLPSIKKKKKQIKNEE
-0.93776827 SRPK1 PF3D7_0302100 503 serine/threonine protein kinase N Y N N KNINEPPYVKHKLRPSNSDPSLLTSYSNIHA

-0.938626185 PF3D7_0730500 1239 conserved Plasmodium protein, unknown function N Y N N EQKEERLKITQNISLSNLLSQQKNASSFNDL
-0.948004908 PF3D7_0909000 428 conserved Plasmodium protein, unknown function N Y N N KDNDLQVDVKDMIKYTENNKNKNFKYYDNYK
-0.957543694 MOP PF3D7_0917000 1696 merozoite organizing protein N Y N N KVESINKSKSKYENISSIETNENALSLRSND
-1.00292845 DMT1 PF3D7_0715800 148 drug/metabolite transporter DMT1, putative N Y N N KKKHKNKNTSHGNDKSNNNDKNNNDIINNNI

-1.016190764 Pf332 PF3D7_1149000 4870 antigen 332, DBL-like protein N Y Y Y EERDTDEVLKEKVSPSEEVIEEQASTTEEFV
-1.026395044 AP2-I PF3D7_1007700 735 AP2 domain transcription factor AP2-I N Y N N KGVKRGRGRPPKRKLSEESQMLLDDMEQTLC
-1.030176142 GAPDH PF3D7_1462800 152 glyceraldehyde-3-phosphate dehydrogenase N Y N N NHHQYDTKQLIVSNASCTTNCLAPLAKVIND
-1.099476084 PTP3 PF3D7_1478600 402 EMP1-trafficking protein N Y Y N EGKNPFIDNDLSDKKSNMQDNNKGLKVTTNK
-1.120940045 PF3D7_1026300 1102 conserved Plasmodium protein, unknown function N Y N N KNYSSHILKDEIKHPSVNYDNDIFNYKKCKL
-1.133928445 PF3D7_0309600;PKNH_0833100109;108 60S acidic ribosomal protein P2 N Y Y N EKKEEEEEEEDDLGFSLFG____________
-1.134278462 PTP4 PF3D7_0730900 1884 EMP1-trafficking protein N Y Y N HEDHLKGKFVDNREKTLGKHEHHEEYVKGKF
-1.146498743 PF3D7_1410300 3722 WD repeat-containing protein, putative N Y N N FNDFNKDIRKGITFYSASDSLNSDINEFSYK
-1.152348321 LIPN Q5VXI9 243 Lipase member N Y N N N GTKGFFLEDKKTKIASTKICNNKILWLICSE
-1.152348321 LIPN Q5VXI9 239 Lipase member N Y N N N KAVFGTKGFFLEDKKTKIASTKICNNKILWL
-1.152348321 LIPN Q5VXI9 244 Lipase member N Y N N N TKGFFLEDKKTKIASTKICNNKILWLICSEF
-1.182300084 PF3D7_1428900 95 conserved Plasmodium protein, unknown function N Y N N IDKFNKIIEKNRQEDSNLGYNEDDEIAGNFC
-1.208360031 PF3D7_0804500 1071 conserved Plasmodium membrane protein, unknown functionN Y N N QTIYNTQRNNNFVLSSNQLDYINEHNNNDAC
-1.224874641 ATG23 PF3D7_1126700 827 autophagy-related protein 23, putative N Y N N QNEFIHNNVINKSIATNYIENINTSLFKYSK
-1.372043036 CCT2 PF3D7_0306800 335 T-complex protein 1 subunit beta N Y N N DGMERLANCLDAEIASTFEKDLNIKLGYCDK
-1.372043036 CCT2 PF3D7_0306800 336 T-complex protein 1 subunit beta N Y N N GMERLANCLDAEIASTFEKDLNIKLGYCDKI
-1.492575958 PF3D7_1359600 454 conserved Plasmodium protein, unknown function N Y N N TNHPNSVNSSSTKICSNIYSVNDIGQSNLIS
-1.542191939 Pf332 PF3D7_1149000 4468 antigen 332, DBL-like protein N Y Y Y DGLTIDDFVGLQGSTTEEVVEEDGSAIEKIL
-1.58455039 ABCI3 PF3D7_0319700 2372 ABC transporter I family member 1, putative N Y N N GIYKYGEKVDSNNYISEDEININNQLNSEGY

-1.613139393 GAP45 PF3D7_1222700 129 glideosome-associated protein 45 N Y Y N NASDKLETGTQLTLSTEATGAVQQITKLSEP
-1.618363836 PF3D7_0626400 991 Sec14 domain containing protein N Y N N YVEKGNINCDNMTCESNTICDNSKSENYIPL
-2.252908253 PF3D7_0619400 319 cell division cycle protein 48 homologue, putative N Y N N IFIDEIDSIAPKREKTNGEVERRVVSQLLTL
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List of phosphosites differently phosphorylated upon RAP treatment of FIKK10.1 
condKO parasites 

 

FIKK10.1 L2FC 
DMSO-RAP

Gene 
Name Protein ID

Position 
in Protein Protein Name

RBC 
Protein 
(Y/N)

Pf 
Protein 
(Y/N)

Exported  
(Y/N)

MC 
Protein 
(Y/N) Sequence Window

3.353498731 PF3D7_0214600 870 serine/threonine protein kinase, putative N Y N N IYKSYNFFKSMNMMNSLSKCYHTKTCDYSNY

3.353498731 PF3D7_0214600 872 serine/threonine protein kinase, putative N Y N N KSYNFFKSMNMMNSLSKCYHTKTCDYSNYDF

3.162090396 PF3D7_0932100 802 protein MAM3, putative N Y N N DKKDPTIQKTKSKTKTNTNTNTKTNTKTNTK

3.162090396 PF3D7_0932100 804 protein MAM3, putative N Y N N KDPTIQKTKSKTKTNTNTNTKTNTKTNTKWQ

3.162090396 PF3D7_0932100 800 protein MAM3, putative N Y N N TYDKKDPTIQKTKSKTKTNTNTNTKTNTKTN

2.914027789 HEUL PF3D7_0826100 1407 HECT-like E3 ubiquitin ligase, putative N Y N N FLLDRLSILCRFILSYMKTSWIKNFIHFNGL

2.82858886 NSUN7 Q8NE18 359 Putative methyltransferase NSUN7 Y N N N CKNIEILHEKFINIESKDHRLQKVKVILLLP

2.794076279 PARP14 Q460N5 1359 Poly [ADP-ribose] polymerase 14 Y N N N AEAIIDAIEDFVQKGSAQSVKKVKVVIFLPQ

2.539715553 CT62 P0C5K7 91 Cancer/testis antigen 62 Y N N N RKFCSHSSEDMSKMVSRRNVKDSHEVSGSLQ

2.503110773 PF3D7_1209000 100 conserved Plasmodium protein, unknown function N Y N N GKLLEEQNRLLTKNTSPNVNINVNTNHNTFS

2.477694683 PF3D7_0729100 375 conserved Plasmodium protein, unknown function N Y N N RCSAVRKNIQEVNEDTGPVNEQSDDDNNNNM

2.243293068 NAPL PF3D7_1203700 20 nucleosome assembly protein N Y N N EGNQPIPPEEEKEISSLLESIKIDDDKMTDL

2.218543963 PF3D7_0800600;PF3D7_0115100258;258 Plasmodium exported protein (PHISTa), unknown functionN Y Y N KKIEEIKKLIKSYIEYADAIKKKEYENYIER

2.188778695 ZAK Q9NYL2 673 Mitogen-activated protein kinase kinase kinase MLT Y N N N GFSSGNTDTSSERGRYSDRSRNKYGRGSISL

2.048430784 PF3D7_0619000;PF3D7_06190001703;1704 conserved protein, unknown function N Y N N NNTYDSNYVNIVRCYSSNNDDNISDENVKIH

1.950864924 PF3D7_1205900 655 conserved protein, unknown function N Y N N IKSHIVNKMDIYESESYYDESDMEKHLNHGV

1.950864924 PF3D7_1205900 660 conserved protein, unknown function N Y N N VNKMDIYESESYYDESDMEKHLNHGVPIKAP

1.887534528 PF3D7_0627100 1703 ankyrin-repeat protein, putative N Y N N LSIFRIKKEKKNKIMSYSIENDSIH______

1.789744018 DHFR;DHFRL1P00374;Q86XF0 93;93 Dihydrofolate reductase;Dihydrofolate reductase, mitochondrialY N N N RELKEPPQGAHFLSRSLDDALKLTEQPELAN

1.689004607 PF3D7_0724100 519 conserved Plasmodium protein, unknown function N Y N N NDINEHNNIEGSLSHSNRLRESIKFEDKKKN

1.663107829 FAM124B Q9H5Z6 49 Protein FAM124B Y N N N CICPEVRLFQVSERASPVKYCEKSHSKRSRF

1.659776095 DHFR P00374 168 Dihydrofolate reductase Y N N N DLEKYKLLPEYPGVLSDVQEEKGIKYKFEVY

1.649488954 Pf332 PF3D7_1149000 1460 antigen 332, DBL-like protein N Y Y Y VEVASITEEVEEEEKSVSEEVLEEEGSTTEK

1.636375227 XL1 PF3D7_1001400 240 exported lipase 1 N Y Y N EKNGEENENADDTEYSISKILDYFKDHNNDH

1.594193123 FILIP1 Q7Z7B0 503 Filamin-A-interacting protein 1 Y N N N EKAELSLKDDLTKLKSFTVMLVDERKNMMEK

1.580061005 IL18R1 Q13478 199 Interleukin-18 receptor 1 Y N N N SCVHFLHHNGKLFNITKTFNITIVEDRSNIV

1.578787774 PF3D7_1408800 2 conserved Plasmodium protein, unknown function N Y N N ______________MSKYIKSNSTILNSKKN

1.578787774 PF3D7_1408800 4 conserved Plasmodium protein, unknown function N Y N N ____________MSKYIKSNSTILNSKKNIP

1.520591847 Pf332 PF3D7_1149000 4847 antigen 332, DBL-like protein N Y Y Y EEEKSTTQEILEETQSVNEEIVEEERDTDEV

1.481802546 DDX23 PF3D7_0518500 496 ATP-dependent RNA helicase DDX23, putative N Y N N FNFEWDQSEDTSRNDSNPLYQNRLEPQLLFG

1.477753061 MAGI3 Q5TCQ9 1421 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N ENEKGKKVTTGETSSSNDKIGENVQLSEKRL

1.477753061 MAGI3 Q5TCQ9 1420 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N SENEKGKKVTTGETSSSNDKIGENVQLSEKR

1.477753061 MAGI3 Q5TCQ9 1419 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N VSENEKGKKVTTGETSSSNDKIGENVQLSEK

1.477753061 MAGI3 Q5TCQ9 1418 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N EVSENEKGKKVTTGETSSSNDKIGENVQLSE

1.477753061 MAGI3 Q5TCQ9 1415 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N TSKEVSENEKGKKVTTGETSSSNDKIGENVQ

1.477753061 MAGI3 Q5TCQ9 1414 Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 3Y N N N TTSKEVSENEKGKKVTTGETSSSNDKIGENV

1.452467651 PLIN3 O60664 217 Perilipin-3 Y N N N NHLPLTDAELARIATSLDGFDVASVQQQRQE

1.424925654 PF3D7_1212200 598 conserved Plasmodium protein, unknown function N Y N N LPYEYKNFLQRIRTISCNLNKNRQGEKEIYI

1.300222698 PF3D7_1209000 99 conserved Plasmodium protein, unknown function N Y N N KGKLLEEQNRLLTKNTSPNVNINVNTNHNTF

1.294037801 PF3D7_1366300 3876 conserved Plasmodium protein, unknown function N Y N N TNEFDNSKIGTTKDLSNGLNNTYQNEDIYNK

1.254981891 Pf332 PF3D7_1149000 1451 antigen 332, DBL-like protein N Y Y Y QRASVNDEKVEVASITEEVEEEEKSVSEEVL

1.209408117 MESA PF3D7_0500800 342 mature parasite-infected erythrocyte surface antigen N Y Y N VKITEESKDREGNKVSGPYENSENSNVTSES

1.162734985 IMC1c PF3D7_1003600 7 inner membrane complex protein 1c, putative N Y N N _________MADSIKSSNSFQKLDNIDAKET

1.143898348 Pf332 PF3D7_1149000 1462 antigen 332, DBL-like protein N Y Y Y VASITEEVEEEEKSVSEEVLEEEGSTTEKVV

1.128626074 STXBP3 O00186 323 Syntaxin-binding protein 3 Y N N N MKEISSTKKATEGKTSLSALTQLMKKMPHFR

1.113559922 PF3D7_0504800 264 conserved Plasmodium protein, unknown function N Y N N LSDMNNYITEEYLNSSIHKIRKLSCSDGAIL

1.106470311 FIKK10.1 PF3D7_1016400 102 serine/threonine protein kinase, FIKK family N Y Y N RCLAEFGSVRNIFNWSVFTHVFEKMKNIDLL

1.103953131 PF3D7_0726500 585 ubiquitin carboxyl-terminal hydrolase, putative N Y N N LRDESFSKEQNNTTNSLIDSDTNNNEKNNKY

1.087475632 MTCL1 Q9Y4B5 1434 Microtubule cross-linking factor 1 Y N N N PLSPDDLKYIEEFNKSWDYTPNRGHNGGGPD

1.087475632 MTCL1 Q9Y4B5 1438 Microtubule cross-linking factor 1 Y N N N DDLKYIEEFNKSWDYTPNRGHNGGGPDLWAD

1.085205258 PF3D7_1239800 3226 conserved Plasmodium protein, unknown function N Y N N NQGNTLNNINHKLNDTNEENSTTNILNDNKK

1.067360502 EIF3B PF3D7_0517700 10 eukaryotic translation initiation factor 3 subunit B, putativeN Y N N ______MVRVSDNELSDKELVDFLSEDSDNG

1.061030049 MPP1 Q00013 129 55 kDa erythrocyte membrane protein Y N N N GDEILEINGTNVTNHSVDQLQKAMKETKGMI

1.053628634 PF3D7_1423700 118 conserved Plasmodium protein, unknown function N Y N N NVTQGGHHEKGDDINSVNLNVFPQNCNSNDK

1.035594168 PF3D7_1238500 560 conserved Plasmodium protein, unknown function N Y N N KLSSFTSSTLGKKKNSIGNTSNNIFVFKRNS

1.028589656 PF3D7_1473200 386 DnaJ protein, putative N Y N N PKNEDKKKSKRKKQDSLEELIVAIRNNEERR

1.024744125 PF3D7_1401900 96 conserved Plasmodium protein, unknown function N Y N N KKYKEKKIEEKRKKQYEEEKEIIEQKKKIYE

1.013876415 PF3D7_0529800 1620 conserved Plasmodium protein, unknown function N Y N N YVDNKVTDNNIRNKSYDEKRKKKNYNFISQT

0.980747152 PfD80 PF3D7_0401800 302 Plasmodium exported protein (PHISTb), unknown functionN Y Y Y PSTGSSRLEDYEKEGSNVDITEEEEKEAESV

-0.985583046 PF3D7_0727400 129 proteasome subunit alpha type-5, putative N Y N N ELISELALDFSNLSDSKRKKIMSRPFGVALL

-0.988288392 CCT PF3D7_1316600 389 choline-phosphate cytidylyltransferase N Y N N DKKKSLIFKDKNMKLSPDDLLHFTNPMNSKY

-0.99140428 RPP1 PF3D7_1103100 115 60S acidic ribosomal protein P1, putative N Y N N EEKVEEEEEEDDLGFSLFG____________

-1.02914665 PF3D7_0407800 1606 conserved Plasmodium protein, unknown function N Y N N TLSDTDNNKKYEYQKSKKISSTYLGIDKNNN

-1.051734371 PF3D7_1427900 188 leucine-rich repeat protein N Y N N LSSDEEEEEEYEEDNTLKNFYEADFKDEDDE

-1.065133506 PF3D7_1028200 267 RING zinc finger protein, putative N Y N N LIRSATCPNCKSPIASQGIFMNI________

-1.067196143 PTP4 PF3D7_0730900 1906 EMP1-trafficking protein N Y Y N HEEYVKGKFGDNREKTLGKHEHHEDHLKGKF

-1.109880036 PPM2 PF3D7_1138500 797 protein phosphatase PPM2 N Y N N HMNTNNNSDQNEKLKSEDQNNINNEQENILN

-1.17258778 BTP1 PF3D7_0611600 16 basal complex transmembrane protein 1 N Y N N MKNTNKNNNIQSDTLSVNINNSNDFNKVLHE

-1.192693559 ACS PF3D7_0627800 283 acetyl-CoA synthetase, putative N Y N N PMENPIYNFTSFDSNSAQNFTINNSNDFIQI

-1.220470857 PF3D7_0508900 1974 conserved Plasmodium protein, unknown function N Y N N QKRKTCDISSLSKNQSLNHLLYNNNVNTHVN

-1.227889201 RPB1 PF3D7_0318200 1676 DNA-directed RNA polymerase II subunit RPB1 N Y N N SINSSNNEQVKNINSSPVSNNMHNNNNNNNN

-1.236402806 ApiAP2 PF3D7_1449500 31 AP2 domain transcription factor AP2-O5, putative N Y N N ENDSHLVKNTSYEKASEIVESDMYESNEDSN

-1.240622097 SET3 PF3D7_0827800 1289 SET domain protein, putative N Y N N KVCQDGNFECYDVNESVLVRDIHMEKNNNVE

-1.272522651 PTP4 PF3D7_0730900 1884 EMP1-trafficking protein N Y Y N HEDHLKGKFVDNREKTLGKHEHHEEYVKGKF

-1.316395196 PF3D7_1468900 767 conserved Plasmodium protein, unknown function N Y N N FKNYNHKNSIFKRNKSFINHNLHVLNNTNKN

-1.327711284 AP1M1 PF3D7_1311400 154 AP-1 complex subunit mu-1 N Y N N AHQLTVNNFKIPSALTNSVSWRSEGIKYKKN

-1.354986023 GYPA P02724 148 Glycophorin-A Y N N N TDVPLSSVEIENPETSDQ_____________

-1.356764528 PF3D7_1008100 1330 zinc finger protein, putative N Y N N QRKRKYINPTNNGINSNTDNINNIKSPINKS

-1.386911388 PF3D7_1036900 423 conserved Plasmodium protein, unknown function N Y N N KKDLKNKFSHASNLASGHAHFNRYNNFNYHD

-1.409795859 GYPA P02724 147 Glycophorin-A Y N N N DTDVPLSSVEIENPETSDQ____________

-1.411577101 EPB42 P16452 609 Erythrocyte membrane protein band 4.2 Y N N N MPEKAEQYQPLTASVSLQNSLDAPMEDCVIS

-1.431805798 ATG23 PF3D7_1126700 827 autophagy-related protein 23, putative N Y N N QNEFIHNNVINKSIATNYIENINTSLFKYSK

-1.728820696 PF3D7_1464500 2277 conserved Plasmodium membrane protein, unknown functionN Y N N IFYNVYKNSELDIDRSSFNTDDLSLFQEKKM

-1.875873361 CEN4 PF3D7_1105500 165 centrin-4 N Y N N EFKKVLLCSWKNDPLSDVDSDS_________

-1.875873361 CEN4 PF3D7_1105500 171 centrin-4 N Y N N LCSWKNDPLSDVDSDS_______________

-1.983821354 DCAF6 Q58WW2 657 DDB1- and CUL4-associated factor 6 Y N N N EETSTRDSALQDTDDSDDDPVLIPGARYRAG

-2.154196257 VAR PF3D7_0617400 725 erythrocyte membrane protein 1, PfEMP1 N Y Y N EQEESGGRSLNPDPESDDEEETDNVKENPCA
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List of phosphosites differently phosphorylated upon RAP treatment of FIKK11 
condKO parasites 

 

FIKK11 L2FC 
DMSO-RAP

Gene 
Name Protein ID

Position 
in Protein Protein Name

RBC 
Protein 
(Y/N)

Pf 
Protein 
(Y/N)

Exported  
(Y/N)

MC 
Protein 
(Y/N) Sequence Window

3.831740171 PF3D7_1408800 2 conserved Plasmodium protein, unknown function N Y N N ______________MSKYIKSNSTILNSKKN
3.831740171 PF3D7_1408800 4 conserved Plasmodium protein, unknown function N Y N N ____________MSKYIKSNSTILNSKKNIP
3.804847658 PF3D7_1363000 160 conserved Plasmodium protein, unknown function N Y N N NNNKKIDVKKLENNISYNNFNNNEKYSNNIF
3.382697911 PF3D7_0627700 506 transportin N Y N N MMTPNNNHNNNTEDFSDDDLDEKNDEMSSRT
3.356098056 PF3D7_0214600 870 serine/threonine protein kinase, putative N Y N N IYKSYNFFKSMNMMNSLSKCYHTKTCDYSNY
3.356098056 PF3D7_0214600 872 serine/threonine protein kinase, putative N Y N N KSYNFFKSMNMMNSLSKCYHTKTCDYSNYDF
3.235475806 HEUL PF3D7_0826100 1407 HECT-like E3 ubiquitin ligase, putative N Y N N FLLDRLSILCRFILSYMKTSWIKNFIHFNGL
3.158079335 GYPA P02724 148 Glycophorin-A Y N N N TDVPLSSVEIENPETSDQ_____________
3.071252446 CCAR1 PKNH_1030300;Q8IX12148;319 Cell division cycle and apoptosis regulator protein 1 Y N N N YRSYSRDKIRRRDDRSRERFRSRNRDSYDRR
2.984234727 PF3D7_0619000;PF3D7_06190001703;1704 conserved protein, unknown function N Y N N NNTYDSNYVNIVRCYSSNNDDNISDENVKIH
2.951720598 ZAK Q9NYL2 673 Mitogen-activated protein kinase kinase kinase MLT Y N N N GFSSGNTDTSSERGRYSDRSRNKYGRGSISL
2.883668308 IL18R1 Q13478 199 Interleukin-18 receptor 1 Y N N N SCVHFLHHNGKLFNITKTFNITIVEDRSNIV
2.706099951 PF3D7_0800600;PF3D7_0115100258;258 Plasmodium exported protein (PHISTa), unknown functionN Y Y N KKIEEIKKLIKSYIEYADAIKKKEYENYIER
2.650115809 PF3D7_0406500 2351 NYN domain-containing protein, putative N Y N N MTEKKENMTAEKENMTAEKENMTAEKENMTE
2.650115809 PF3D7_0406500 2344 NYN domain-containing protein, putative N Y N N MTEKKENMTEKKENMTAEKENMTAEKENMTA
2.59147502 PF3D7_0703800 876 conserved Plasmodium protein, unknown function N Y N N INKENSLEIPLNYDHTQENILKNKNNMEDQN
2.59147502 PF3D7_0703800 873 conserved Plasmodium protein, unknown function N Y N N DDNINKENSLEIPLNYDHTQENILKNKNNME

2.562201649 FILIP1 Q7Z7B0 503 Filamin-A-interacting protein 1 Y N N N EKAELSLKDDLTKLKSFTVMLVDERKNMMEK
2.539590516 GYPA P02724 147 Glycophorin-A Y N N N DTDVPLSSVEIENPETSDQ____________
2.513296328 PARP14 Q460N5 1359 Poly [ADP-ribose] polymerase 14 Y N N N AEAIIDAIEDFVQKGSAQSVKKVKVVIFLPQ
2.366199965 CCT PF3D7_1316600 332 choline-phosphate cytidylyltransferase N Y N N KSLSSTFNNIDEYYYSADEEDTRDNSFYRVI
2.362435004 NSUN7 Q8NE18 359 Putative methyltransferase NSUN7 Y N N N CKNIEILHEKFINIESKDHRLQKVKVILLLP
2.333625006 PF3D7_1475600 451 bromodomain protein, putative N Y N N IVDKYKNITDKKNKESKEIITCNIDNDEMTM
2.333625006 PF3D7_1475600 456 bromodomain protein, putative N Y N N KNITDKKNKESKEIITCNIDNDEMTMNLLNY
2.323542092 PF3D7_0520200 324 conserved Plasmodium protein, unknown function N Y N N MVDENMEGKDSFLMDSVDNNFDQNGCKNVDD
2.247934866 PF3D7_0511500 6830 RNA pseudouridylate synthase, putative N Y N N NNTPTIINKNNNNLKTSVGLNSPTSNRNKKS
2.195907506 CCT2 PF3D7_0306800 336 T-complex protein 1 subunit beta N Y N N GMERLANCLDAEIASTFEKDLNIKLGYCDKI
2.195907506 CCT2 PF3D7_0306800 335 T-complex protein 1 subunit beta N Y N N DGMERLANCLDAEIASTFEKDLNIKLGYCDK
2.189165226 TRIM63 Q969Q1 225 E3 ubiquitin-protein ligase TRIM63 Y N N N SQKFDTLYAILDEKKSELLQRITQEQEKKLS
2.187960013 PF3D7_0932100 802 protein MAM3, putative N Y N N DKKDPTIQKTKSKTKTNTNTNTKTNTKTNTK
2.187960013 PF3D7_0932100 804 protein MAM3, putative N Y N N KDPTIQKTKSKTKTNTNTNTKTNTKTNTKWQ
2.187960013 PF3D7_0932100 800 protein MAM3, putative N Y N N TYDKKDPTIQKTKSKTKTNTNTNTKTNTKTN
2.169466738 CT62 P0C5K7 91 Cancer/testis antigen 62 Y N N N RKFCSHSSEDMSKMVSRRNVKDSHEVSGSLQ
2.044686689 LisH PF3D7_1303400 981 LisH domain-containing protein, putative N Y N N FTNKNVSYTQNNVEDSCYEYNEKEKPIFLKN
2.041716777 APH PF3D7_0414600 94 acylated pleckstrin-homology domain-containing protein, putativeN Y N N RRPTYSPTARKINIQSDDEEEDEDDDEKLST
2.038996815 PF3D7_1357900 224 pyrroline-5-carboxylate reductase, putative N Y N N KKSDQPVQQLKDNIVSPGGITAVGLYSLEKN
1.999720937 PF3D7_1401900 96 conserved Plasmodium protein, unknown function N Y N N KKYKEKKIEEKRKKQYEEEKEIIEQKKKIYE
1.954141019 PF3D7_0804500 1071 conserved Plasmodium membrane protein, unknown functionN Y N N QTIYNTQRNNNFVLSSNQLDYINEHNNNDAC
1.928351964 PF3D7_0511500 2205 RNA pseudouridylate synthase, putative N Y N N DGDNNNNKNDNMDDDSYYERNSIFGDNNDDK
1.899900598 PF3D7_1212200 598 conserved Plasmodium protein, unknown function N Y N N LPYEYKNFLQRIRTISCNLNKNRQGEKEIYI
1.887349271 PF3D7_0323100 1129 conserved Plasmodium protein, unknown function N Y N N DISTEDTFFGVMGNVTPLNNNNNNKNEIKIK
1.883266556 PF3D7_1136000 2019 conserved Plasmodium protein, unknown function N Y N N TYMNRNDQNNDCKENYTNKHFNNNNNNKLMY
1.883266556 PF3D7_1136000 2020 conserved Plasmodium protein, unknown function N Y N N YMNRNDQNNDCKENYTNKHFNNNNNNKLMYI
1.865973702 LisH PF3D7_1303400 972 LisH domain-containing protein, putative N Y N N NIFGKDIEFFTNKNVSYTQNNVEDSCYEYNE
1.86095285 ApiAP2 PF3D7_1143100 304 AP2 domain transcription factor AP2-O, putative N Y N N DNINFVNKQSEMCNESDVNNNNINDIRNNSN

1.801584863 OR2B2 Q9GZK3 321 Olfactory receptor 2B2 Y N N N AKSLLNQEIRNMQMISFAKDTVLTYLTNFSA
1.692608058 PF3D7_1201100 267 RESA-like protein with PHIST and DnaJ domains N Y Y N EKHMKTELYKIFNVWYYKKALYMNEYRKLVN
1.692608058 PF3D7_1201100 268 RESA-like protein with PHIST and DnaJ domains N Y Y N KHMKTELYKIFNVWYYKKALYMNEYRKLVNS
1.680439281 PF3D7_0932000 17 conserved Plasmodium protein, unknown function N Y N N TLKKIYNGHFRRVPSSSEKADKSFCSEKSAE
1.678146056 PF3D7_0710200 2869 conserved Plasmodium protein, unknown function N Y N N ENSSFKSSTLKSNNLSELDILSNELNSNTTS
1.634092315 PF3D7_1014900 1178 conserved Plasmodium protein, unknown function N Y N N PHINSPYFNDYMKRFSSINNGILRQDLYPIS
1.633374477 DBP5 PF3D7_1459000 197 ATP-dependent RNA helicase DBP5 N Y N N EKNEDNISTSDTQNVSNNIITKSESDTKQNN
1.621547429 PF3D7_1313600 336 conserved Plasmodium protein, unknown function N Y N N NNKNNNDICDDDNIESNSVDYKIKIYNNLME
1.603206697 PF3D7_0619300 2212 conserved Plasmodium protein, unknown function N Y N N IIIEIFNLIYDNRQYSVENILIIRKFFRVFL
1.603206697 PF3D7_0619300 2211 conserved Plasmodium protein, unknown function N Y N N LIIIEIFNLIYDNRQYSVENILIIRKFFRVF
1.602852616 PTP2 PF3D7_0731100 159 EMP1-trafficking protein N Y Y Y NKQDSFENEGYYRAPSGSLFNSPENFQGGYK
1.594023842 PF3D7_1029200 36 WD repeat-containing protein, putative N Y N N VIFEGIENKNDIIDLSSDDEDDEELYKNSTD
1.569627322 NSM PF3D7_1238600 109 sphingomyelin phosphodiesterase N Y N N NYNDSSSSTGQKDGLSFHSSDTNINIESSRG
1.560156646 FAM124B Q9H5Z6 49 Protein FAM124B Y N N N CICPEVRLFQVSERASPVKYCEKSHSKRSRF
1.55499153 ZNF561 Q8N587 384 Zinc finger protein 561 Y N N N ECGKAFTTSTSLIQHTRIHTGEKPYECVECG

1.538593155 PF3D7_1238500 560 conserved Plasmodium protein, unknown function N Y N N KLSSFTSSTLGKKKNSIGNTSNNIFVFKRNS
1.536203422 PF3D7_1238500 870 conserved Plasmodium protein, unknown function N Y N N VDMSDKISNQIAVDMSDKISNQIAVDMSDKI
1.520013238 PF3D7_1147300 493 conserved Plasmodium protein, unknown function N Y N N PFNHNNNNYKEDINISEDINKCLGELKDNQE
1.51847889 CLAG3.2 PF3D7_0302200 1397 cytoadherence linked asexual protein 3.2 N Y Y N TYIDTEKMNEADSADSDDEKDFDTPDNELMI

1.505220062 PF3D7_1436200 563 conserved Plasmodium protein, unknown function N Y N N EIYMTYIKDETKLMNSESFATSQDMNNSIKE
1.44279711 PF3D7_1359600 653 conserved Plasmodium protein, unknown function N Y N N MKDEKNISDNLNINNSEYDIDSNIRMDVNMF

1.439096223 PFK9 PF3D7_0915400 757 ATP-dependent 6-phosphofructokinase N Y N N NTLNCQKSNTSDVLSSEPVNQGFYEQHASSY
1.434952554 RPA1 PF3D7_0409600 484 replication protein A1, large subunit N Y N N SCYNKNEESSKMYMNSNCLPHTTSIVKLNRC
1.434444869 cpsSII PF3D7_1308200 1358 carbamoyl phosphate synthetase N Y N N SISNNENVETNLNCVSERAGSHHIYGKEEKS
1.428555781 ApiAP2 PF3D7_0613800 2826 AP2 domain transcription factor, putative N Y N N KNSSSPFFINKDLYNSFEDLNESSNDEDTLR
1.42147032 PF3D7_0730500 1239 conserved Plasmodium protein, unknown function N Y N N EQKEERLKITQNISLSNLLSQQKNASSFNDL
1.39675111 PF3D7_1228400 1211 conserved Plasmodium protein, unknown function N Y N N SDLYTNEEYKKNRIYSINNKNNINEYVKNKM

1.393230972 BTP1 PF3D7_0611600 12 basal complex transmembrane protein 1 N Y N N ____MKNTNKNNNIQSDTLSVNINNSNDFNK
1.390041267 PF3D7_1120400 8 alpha/beta hydrolase fold domain containing protein, putativeN Y N N ________MASYSKDSDLGECIKYVHLKEDK
1.385282842 RECQL P46063 445 ATP-dependent DNA helicase Q1 Y N N N VVMENVGQQKLYEMVSYCQNISKCRRVLMAQ
1.350081617 ApiAP2 PF3D7_1107800 1573 AP2 domain transcription factor, putative N Y N N KGKKKANSVVAATSTSSNLIKNNNNNHHHNN
1.348890947 PF3D7_0723300 874 conserved Plasmodium protein, unknown function N Y N N FRSSDKIKEVMKRNLTDECHNI_________
1.334900639 CELF1 PF3D7_1359400 501 CUGBP Elav-like family member 1 N Y N N AYHQNPQAQNFFYSNSNSYRCGPY_______
1.333656516 ADA2 PF3D7_1014600 2508 transcriptional coactivator ADA2 N Y N N NIDLDDKPSKSKKSISSTSTVILNKNEKGKR
-1.347045637 NUP116 PF3D7_1473700 218 nucleoporin NUP116/NSP116, putative N Y N N CLVFEFPIIHNTEEDSTEEDNTEEQNKRRHN
-1.348542153 UT PF3D7_0704600 2306 E3 ubiquitin-protein ligase N Y N N MSKGEITSFDNNINNSDLNNNDNKMNNFDYI
-1.37605023 PF3D7_1110400 1039 RNA-binding protein, putative N Y N N ETENNNVENNEANGDSNANAASGKSQKIDIL

-1.405654805 PF3D7_1357100;PF3D7_1357000;PKNH_1114500;PKNH_1114400363;363;363;363elongation factor 1-alpha N Y N N DCHTAHISCKFLNIDSKIDKRSGKVVEENPK;DCHTSHISCKFLNIDSKIDKRSGKVVEENPK
-1.438595329 PF3D7_1008100 3555 zinc finger protein, putative N Y N N NNKIFVDDNLTESAVSILSENETEELKSFQN
-1.438595329 PF3D7_1008100 3550 zinc finger protein, putative N Y N N VPFKNNNKIFVDDNLTESAVSILSENETEEL
-1.43973997 GAP45 PF3D7_1222700 129 glideosome-associated protein 45 N Y Y N NASDKLETGTQLTLSTEATGAVQQITKLSEP

-1.446742514 FACT-L PF3D7_0517400 555 FACT complex subunit SPT16, putative N Y N N NNGLHKDKKKTGISASILNNAASVIVSDRLR
-1.500012038 LIPN Q5VXI9 243 Lipase member N Y N N N GTKGFFLEDKKTKIASTKICNNKILWLICSE
-1.500012038 LIPN Q5VXI9 239 Lipase member N Y N N N KAVFGTKGFFLEDKKTKIASTKICNNKILWL
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Appendix Table 4. List of significantly changing phosphosites for NF54, FIKK4.1, 
FIKK7.1, FIKK10.1 and FIKK11 DMSO vs RAP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-1.500012038 LIPN Q5VXI9 244 Lipase member N Y N N N TKGFFLEDKKTKIASTKICNNKILWLICSEF
-1.600160369 GYPA P02724 123 Glycophorin-A Y N N N LLISYGIRRLIKKSPSDVKPLPSPDTDVPLS
-1.648238104 KAHRP PF3D7_0202000 193 knob-associated histidine-rich protein N Y Y Y EKYEAANYAFSEECPYTVNDYSQENGPNIFA
-1.657026821 PF3D7_0708400;PKNH_010700017;17 heat shock protein 90 N Y N N SKETFAFNADIRQLMSLIINTFYSNKEIFLR;STETFAFNADIRQLMSLIINTFYSNKEIFLR
-1.677999747 Pf332 PF3D7_1149000 3416 antigen 332, DBL-like protein N Y Y Y EKEGSVSEEIVEEMGSLTEEIVDEERSTSED
-1.780975224 PF3D7_1239800 2270 conserved Plasmodium protein, unknown function N Y N N NFDKNNFSMNYKELSSQILLKVAGKNDMIEE
-1.864369548 PF3D7_1354300 251 large subunit rRNA methyltransferase, putative N Y N N ESYLDNNENYFSDEESNDEEKVGEKIDKKKK
-1.864369548 PF3D7_1354300 247 large subunit rRNA methyltransferase, putative N Y N N ETKQESYLDNNENYFSDEESNDEEKVGEKID
-1.893422931 GYPA P02724 130 Glycophorin-A Y N N N RRLIKKSPSDVKPLPSPDTDVPLSSVEIENP
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Appendix Table 5. List of phosphosites significantly changing in both WT and 
FIKK condKO parasite upon RAP treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene 
Name Protein ID

Position 
in Protein Protein Name

NF54  L2FC DMSO-
RAP

FIKK4.1 L2FC 
DMSO-RAP

FIKK7.1 L2FC 
DMSO-RAP

FIKK10.1 L2FC 
DMSO-RAP

FIKK11 L2FC 
DMSO-RAP

PF3D7_0627700 506 transportin 2.912725544 3.382697911
PF3D7_0818700 71 DNA helicase, putative 2.043580651 -1.149661

cpsSII PF3D7_1308200 1336 carbamoyl phosphate synthetase 1.852190301 0.945016341
cpsSII PF3D7_1308200 1340 carbamoyl phosphate synthetase 1.852190301 -1.085202

PF3D7_0909900 1011 helicase SKI2W, putative 1.599578847 1.22253721
ApiAP2 PF3D7_1449500 31 AP2 domain transcription factor AP2-O5, putative 1.556858352 -1.236402806
cpsSII PF3D7_1308200 1358 carbamoyl phosphate synthetase 1.470168445 1.434444869
PPM2 PF3D7_1138500 797 protein phosphatase PPM2 1.3806182 -1.109880036
DSK2 PF3D7_1113400 352 ubiquitin domain-containing protein DSK2, putative 1.276031634 -1.703288

PF3D7_0309600 109;108 60S acidic ribosomal protein P2 -1.278000866 -1.133928445
RPP1 PF3D7_1103100 115 60S acidic ribosomal protein P1, putative -1.362938712 -0.99140428
CEN4 PF3D7_1105500 165 centrin-4 -1.36545899 -1.875873361
CEN4 PF3D7_1105500 171 centrin-4 -1.36545899 -1.875873361

PF3D7_1330400 275;275 ER lumen protein retaining receptor 1, putative, unspecified product-1.396606211 1.182581992
IMC1c PF3D7_1003600 7 inner membrane complex protein 1c, putative -1.529807375 1.287308626 1.162734985

PF3D7_0303200 105 HAD superfamily protein, putative -1.576705728 0.968277808
EPB42 P16452 609 Erythrocyte membrane protein band 4.2 -1.5875756 -1.411577101

PF3D7_1036900 423 conserved Plasmodium protein, unknown function -1.701561928 0.858384472 -1.386911388
PF3D7_0800600;PF3D7_0115100258;258 Plasmodium exported protein (PHISTa), unknown function-1.765935222 2.218543963 2.706099951
PF3D7_0932100 800 protein MAM3, putative -1.771052205 3.162090396 2.187960013
PF3D7_0932100 802 protein MAM3, putative -1.771052205 3.162090396 2.187960013
PF3D7_0932100 804 protein MAM3, putative -1.771052205 3.162090396 2.187960013

ATG23 PF3D7_1126700 827 autophagy-related protein 23, putative -1.792906121 -1.224874641 -1.431805798
ABCI3 PF3D7_0319700 2372 ABC transporter I family member 1, putative -1.973665388 -1.58455039
PTP4 PF3D7_0730900 1884 EMP1-trafficking protein -2.008180572 1.519403 -1.134278462 -1.272522651

PF3D7_0619000 1703;1704 conserved protein, unknown function -2.035604747 2.048430784 2.984234727
HEUL PF3D7_0826100 1407 HECT-like E3 ubiquitin ligase, putative -2.064704092 2.914027789 3.235475806
NSUN7 Q8NE18 359 Putative methyltransferase NSUN7 -2.120461054 2.82858886 2.362435004

PF3D7_0214600 870 serine/threonine protein kinase, putative -2.579579481 3.353498731 3.356098056
PF3D7_0214600 872 serine/threonine protein kinase, putative -2.579579481 3.353498731 3.356098056

CT62 P0C5K7 91 Cancer/testis antigen 62 -2.853357712 2.539715553 2.169466738
PARP14 Q460N5 1359 Poly [ADP-ribose] polymerase 14 -2.887743943 2.794076279 2.513296328
FILIP1 Q7Z7B0 503 Filamin-A-interacting protein 1 -3.776018375 1.594193123 2.562201649
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 Appendix Table 6. List of significantly changing phosphosites upon treatment 
with GSK2181306A 

Difference Log10(P-
value) +/- GSK2181306A Proteins

Positions within 
proteins Protein names

FIKK identified as potential effector 
of the phosphorylation event

1.302455266 P27105 10 Erythrocyte band 7 integral membrane protein
1.22618103 P11277 1444 Spectrin beta chain, erythrocytic FIKK5

1.057892481 Q96ST8 551 Centrosomal protein of 89 kDa FIKK13
0.997733116 Q5JQC9 262 A-kinase anchor protein 4
0.869244258 P11166 238 Solute carrier family 2, facilitated glucose transporter member 1 FIKK9s
0.812728246 P0C6C1 237 Ankyrin repeat domain-containing protein 34C FIKK1

0.81092453 P11277 2113 Spectrin beta chain, erythrocytic
-0.787321726 P69905 135 Hemoglobin subunit alpha

-1.25829951 P39023 13 60S ribosomal protein L3

1.776819229 PF3D7_1003600 208 inner membrane complex protein 1c, putative
1.56156222 PF3D7_1124300 289 conserved Plasmodium protein, unknown function
1.53953743 PF3D7_1033200 195 early transcribed membrane protein 10.2 FIKK10.2

1.453098297 PF3D7_0207500 105 serine repeat antigen 6 FIKK10.2
1.427106857 PF3D7_0702400 33 small exported membrane protein 1 FIKK10.2
1.399520874 PF3D7_0702500 181 Plasmodium exported protein, unknown function FIKK10.2

1.20018959 PF3D7_0702500 180 Plasmodium exported protein, unknown function
1.182238897 PF3D7_1149000 4891 antigen 332, DBL-like protein FIKK12
1.163586934 PF3D7_0812500 581 RNA-binding protein, putative
1.127594948 PF3D7_1007200 4 rhoGAP GTPase, putative

1.12233003 PF3D7_1149000 4734 antigen 332, DBL-like protein
1.025318782 PF3D7_0316600 304 formate-nitrite transporter
1.009702047 PF3D7_0702500 222 Plasmodium exported protein, unknown function
1.006435394 PF3D7_0308300 70 conserved Plasmodium protein, unknown function
1.003451029 PF3D7_0932000 16 conserved Plasmodium protein, unknown function
0.999384244 PF3D7_0503300 208 serine/arginine-rich splicing factor 12
0.994930267 PF3D7_0202000 502 knob-associated histidine-rich protein

0.99381415 PF3D7_0517400 1027 FACT complex subunit SPT16, putative
0.981174469 PF3D7_1436200 1030 conserved Plasmodium protein, unknown function
0.941503525 PF3D7_1342600 19 myosin A
0.934659958 PF3D7_0202200 160 EMP1-trafficking protein
0.920959473 PF3D7_1023000 155 conserved Plasmodium membrane protein, unknown function
0.889654795 PF3D7_0515700 441 glideosome-associated protein 40, putative
0.883912404 PF3D7_1124600 11 ethanolamine kinase

0.8833402 PF3D7_0503300 209 serine/arginine-rich splicing factor 12
0.873541514 PF3D7_0522400 2552 conserved Plasmodium protein, unknown function
0.868424098 PF3D7_1468800 321 splicing factor U2AF large subunit, putative
0.850591977 PF3D7_0320000 50 protein phosphatase inhibitor 2
0.840429942 PF3D7_0822900 551 conserved Plasmodium protein, unknown function
0.830980937 PF3D7_0618000 254 conserved Plasmodium membrane protein, unknown function FIKK9s

0.82776324 PF3D7_0525800 267 inner membrane complex protein 1g, putative
0.813418388 PF3D7_1149000 5218 antigen 332, DBL-like protein FIKK9s

0.80862999 PF3D7_0202000 584 knob-associated histidine-rich protein
0.807965914 PF3D7_1212700 1066 eukaryotic translation initiation factor 3 subunit A, putative

0.80591774 PF3D7_1447900 300 multidrug resistance protein 2
0.797080676 PF3D7_0802600 553 adenylyl cyclase beta
0.796309153 PF3D7_1223100 68 cAMP-dependent protein kinase regulatory subunit
0.795727412 PF3D7_1366900 341 conserved Plasmodium protein, unknown function

0.78866895 PF3D7_0503300 169 serine/arginine-rich splicing factor 12
0.788034439 PF3D7_0414900 35 armadillo-domain containing rhoptry protein FIKK12+FIKK13
0.785895665 PF3D7_0723300 526 conserved Plasmodium protein, unknown function
0.780296961 PF3D7_1223100 66 cAMP-dependent protein kinase regulatory subunit
0.773714066 PF3D7_0618000 470 conserved Plasmodium membrane protein, unknown function
0.762588501 PF3D7_1149000 4498 antigen 332, DBL-like protein FIKK10.2
0.753494898 PF3D7_0919800 582 TLD domain-containing protein
0.741827011 PF3D7_0611600 147 conserved Plasmodium protein, unknown function
0.740001043 PF3D7_1025900 1175 conserved Plasmodium protein, unknown function
0.734428406 PF3D7_0515700 343 glideosome-associated protein 40, putative
0.724549611 PF3D7_0604500 861 conserved Plasmodium protein, unknown function

-0.729541143 PF3D7_1004400 137 RNA-binding protein, putative
-0.761969248 PF3D7_1338700 149 conserved Plasmodium protein, unknown function
-0.770683924 PF3D7_1248700 1339 conserved Plasmodium protein, unknown function
-0.792761485 PF3D7_1338700 188 conserved Plasmodium protein, unknown function

-0.79464976 PF3D7_0723800 850 conserved Plasmodium protein, unknown function
-0.800067902 PF3D7_0723800 463 conserved Plasmodium protein, unknown function
-0.817192078 PF3D7_0507100 62 60S ribosomal protein L4
-0.827088674 PF3D7_0214300 1274 conserved Plasmodium protein, unknown function
-0.846663475 PF3D7_1124800 245 ribosome biogenesis regulatory protein, putative
-0.871763865 PF3D7_1361100 125 protein transport protein Sec24A
-0.874373118 PF3D7_1117900 1354 conserved Plasmodium protein, unknown function
-0.882410049 PF3D7_1004400 425 RNA-binding protein, putative
-0.891568502 PF3D7_0827800 950 SET domain protein, putative
-0.912499428 PF3D7_1465900 210 40S ribosomal protein S3
-0.920498212 PF3D7_1317800 29 40S ribosomal protein S19
-0.945562363 PF3D7_1220900 4 heterochromatin protein 1
-0.979769389 PF3D7_0814200 83 DNA/RNA-binding protein Alba 1
-0.992438316 PF3D7_1473700 246 nucleoporin NUP116/NSP116, putative

-0.99519666 PF3D7_1442700 357 conserved Plasmodium protein, unknown function
-1.007997513 PF3D7_1004400 116 RNA-binding protein, putative
-1.008480072 PF3D7_1022400 345 serine/arginine-rich splicing factor 4
-1.098294576 PF3D7_0730900 1906 EMP1-trafficking protein
-1.133723895 PF3D7_1123100 844 calcium-dependent protein kinase 7
-1.284849167 PF3D7_0702500 66 Plasmodium exported protein, unknown function
-1.510976156 PF3D7_1027800 13 60S ribosomal protein L3
-1.577412923 PF3D7_1466400 554 AP2 domain transcription factor AP2-SP
-1.980486552 PF3D7_0517000 38 60S ribosomal protein L12, putative
-2.092183431 PF3D7_0814000 85 60S ribosomal protein L13-2, putative
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7.2 Permission documents for use of third party copyrighted 
works 

Permission document for third party copyrighted works present in Figure 1.1 
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Permission document for third party copyrighted works present in Figure 1.3
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Permission document for third party copyrighted works present in Figure 1.4

 
 

 

05/10/2020 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/5

ELSEVIER LICENSE
TERMS AND CONDITIONS

Oct 05, 2020

This Agreement between Mr. Hugo Belda ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance
Center.

License Number 4922421324178

License date Oct 05, 2020

Licensed Content Publisher Elsevier

Licensed Content Publication Trends in Biochemical Sciences

Licensed Content Title Protein kinases: evolution of dynamic regulatory
proteins

Licensed Content Author Susan S. Taylor,Alexandr P. Kornev

Licensed Content Date Feb 1, 2011

Licensed Content Volume 36

Licensed Content Issue 2

Licensed Content Pages 13

Start Page 65

End Page 77

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations

Number of figures/tables/illustrations 1

Format both print and electronic

Are you the author of this Elsevier
article? No

Will you be translating? No

Title PhD Student

Institution name The Francis Crick Institute

Expected presentation date Nov 2020

Portions Figure 1.a



  Appendices 

215 

 

Permission document for third party copyrighted works present in Figure 1.5 
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