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Summary  
 

Novel antimalarial drug targets, and drugs and that target the causative agents for malaria in humans, 

Plasmodium falciparum parasites, are constantly needed due to the emergence of drug-resistant 

malaria parasite strains. Within unexplored biological avenues of the parasite, unique and essential 

proteins can be identified and studied as potential drug targets. One of these processes is the unique 

and atypical cell cycle of the P. falciparum parasite and the largely unexplored regulatory mechanisms 

and essential role players governing these mechanisms. Three genes (pf3d7_0105800, 

pf3d7_1112100 and pf3d7_1364400), encoding uncharacterised protein kinases with unknown 

functions within the parasite, were identified from transcriptome analyses of the switch between states 

of cell cycle arrest to cell cycle re-entry. This study aimed to functionally validate the essential nature 

of these putative kinases within the parasite life cycle through genetic manipulation, exposing potential 

novel targets in the kinase drug target space. 

 

The essentiality of the putative kinases was determined by successfully cloning the 5’-gene-encoding 

fragments of each gene, namely pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400, into a 

specialised targeted gene disruption system. This generated truncated versions of each protein, with 

only ~140–282 N-terminal residues remaining. These gene disruptions resulted in each of the three 

investigated putative kinase proteins (PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400) 

indicated as having essential functions during parasite asexual proliferation, as parasites were not able 

to survive without the full, intact proteins. To gain more in-depth understanding of the function of the 

selected putative kinase proteins, alternative inducible systems were subsequently evaluated. The  

3’-fragment of each gene was successfully cloned to allow displacement of the proteins from their site 

of action (knock sideways). The data from these inducible systems indicated that two of the kinases 

(PF3D7_0105800 and PF3D7_1112100) were found to localise to the cytoplasm of asexual parasites, 

but that insufficient displacement occurred to infer functionality with the knock sideways system. 

Parasites utilising an alternative system, gene knockdown (glmS ribozyme), were therefore also 

generated for future exploration. 

 

Collectively, novel putative antimalarial drug targets were described that are essential to the cell cycle 

regulation of P. falciparum parasites. This expands our knowledge of the unique kinome of P. falciparum 

parasites and reveals new potential role players in the parasite’s atypical cell cycle.  
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1.  Chapter 1: Literature review 
 

1.1. Malaria; a disease burden  

Malaria is one of the most devastating parasitic diseases, which has an economic and socio-economic 

impact on various countries worldwide. The most severely impacted countries are found in sub-Saharan 

Africa, parts of Asia, Central and South America (Figure 1-1). According to the World Health 

Organisation (WHO), malaria resulted in 229 million cases worldwide in 2019. Of the 87 countries that 

were malaria endemic in 2019, 29, mainly located within the WHO African region, accounted for 95 % 

of malaria cases globally with Nigeria (27 %), the Democratic Republic of the Congo (12 %), Uganda 

(5 %), Mozambique (4 %) and Niger (3 %) accounting for approximately 51 % of all cases globally [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There has been a global decline in malaria mortality rate, with an estimated death toll of ~409 000 in 

2019 compared to ~594 000 in 2010 [9]. Most deaths were localised to the 32 countries in the WHO 

African Region and India. In Africa, 51 % of those deaths were distributed between six countries; Nigeria 

(23 %), the Democratic Republic of the Congo (11 %), the United Republic of Tanzania (5 %), Burkina 

Faso (4 %), Mozambique (4 %) and Niger (4 %) and children under the age of five years still contribute 

~274 000 (67 %) of all malaria related deaths [9]. It is therefore evident that developing countries bear 

the brunt of the disease burden and the impact of malaria poses a substantial additive strain on the 

already struggling health care systems of these countries.  

 

Figure 1–1: Global overview of malaria incidence. Geographical distribution of malaria incidence with 
indigenous cases in 2000 and their status by 2019. Countries that have had zero indigenous cases for the past 
three consecutive years are considered malaria free. China and El Salvador reported zero indigenous cases for 
the second consecutive year, while Iran, Malaysia and Timor-Leste reported zero indigenous cases for the first 
time in 2019. Image adapted from the WHO malaria report 2020 [9]. 
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Malaria can be divided into asymptomatic, uncomplicated, or severe (complicated) disease courses, 

based on the severity. The disease outcome depends on multiple environmental factors and human 

host factors, as well as the Plasmodium species involved. The first noticeable symptoms of malaria are 

non-specific, and include headache, fever, chills, nausea and vomiting, but the characteristic factor is 

that these symptoms present in a 36-72 h cycle [10, 11]. Early diagnosis is key in controlling the disease 

outcome, especially cerebral malaria, severe anaemia and acute renal failure, which may lead to death 

if left untreated [11].  

 

Parasites of the Plasmodium genus are responsible for causing malaria and are transmitted to humans 

by the female Anopheles mosquito. There are numerous species of Anopheles mosquito, which act as 

vectors for Plasmodium parasites. [12]. Five species of Plasmodium infect humans: 

Plasmodium falciparum, Plasmodium ovale, Plasmodium malariae, Plasmodium vivax, and 

Plasmodium knowlesi [13]. P. falciparum is the most serious of all malaria-causing Plasmodium 

species, causing most malaria-related deaths and contributing more than 65 % of malaria cases.  

 

1.2.  P. falciparum life cycle  

Each of the different Plasmodium species that infect humans have complex and diverse life cycles. The 

life cycle of P. falciparum consists of a asexual stages that occur within the human host and sexual 

stages that occur across the human host and female Anopheles mosquito [13] (Figure 1-2). Once a 

female Anopheles mosquito feeds on the blood of a human host, hundreds of sporozoites are released 

into the bloodstream of the human host (Figure 1-2A). Once in the blood stream the sporozoites migrate 

to the liver and infect hepatocytes. Within the hepatocytes the sporozoites undergo exo-erythrocytic 

schizogony (Figure 1-2B), where asexual replication occurs over 6-16 days, producing thousands of 

haploid hepatic merozoites (1N) which, upon rupture of the hepatic schizont, are released in parasite-

filled vesicles called merosomes [12, 14, 15] (Figure 1-2C). The asexual intra-erythrocytic development 

cycle (IDC, Figure 1-2D) is established once a merozoite successfully invades a host erythrocyte.  

 

During the asexual IDC, a single merozoite, enclosed within a parasitophorous vacuole separating the 

merozoite from the erythrocyte cytoplasm, develops into a morphologically characterised ring-stage 

parasite within ~6 hours after erythrocyte invasion [16] (Figure 1-2D). The ring-stage parasite 

subsequently develops into a highly metabolically active trophozoite stage. This is the period during the 

asexual IDC where cellular growth and erythrocyte modification occurs, as well as the formation of new 

permeability pathways [17]. These new pathways allow for substrate uptake from the surrounding 

nutrient-rich medium  and the efflux of metabolic waste products [16-18]. Haemoglobin found within the 

erythrocyte is broken down into various amino acids (except for isoleucine) through proteolysis in an 

acidic digestive vacuole, which are utilised in protein synthesis, as the parasite has limited capacity for 

de novo amino acid synthesis [18, 19]. During the proteolysis of haemoglobin the haem complex, which 

is toxic to the parasite, is released and, through polymerization of the free haem into a haemozoin 
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crystal, is detoxified, resulting in pigmentation of trophozoite-stage parasites [15, 18]. Approximately 

33–36 hours post-invasion (hpi), the trophozoite parasite transitions to a schizont stage, where the 

parasite undergoes a series of nuclear divisions in a process known as schizogony. During early 

schizogony, 4–6 rounds of asynchronous and endomitotic cell division cycles results in a polynucleated 

(>4N) schizont, followed by a final round of karyokinesis occurring synchronously and simultaneously 

with cytokinesis, resulting in the formation of 16–32 haploid nuclei (1N) [17, 20]. Finally schizogony is 

concluded with segmentation of the nuclei and formation of structural inner membrane complexes and 

plasma membranes around each daughter merozoite [20]. Upon rupture of the parasitophorous 

vacuolar membrane and then the erythrocyte plasma membrane, the merozoites are released to infect 

other erythrocytes. It is this cyclical, coordinated rupturing of the erythrocytes that causes malaria 

symptoms [21] (Figure 1-2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From each completed asexual IDC, a proportion (<10 %) of the asexual parasites diverge and 

differentiate into sexual stage gametocytes, a process known as gametocytogenesis [21]. During 
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Figure 1–2: The life cycle of the P. falciparum parasite. (A) The parasite life cycle begins when an infected 
female Anopheles mosquito transmits sporozoites to a human host when feeding on the human’s blood. (B) 
Sporozoites enter the bloodstream and infect healthy hepatocytes, replicating asexually within these cells. (C) A 
schizont is formed by multiple rounds of asexual replication and, upon rupturing, releases multiple merozoites back 
into the bloodstream which themselves infect healthy erythrocytes. (D) The merozoites sequentially differentiate 
into different morphological stages accompanied by multiple rounds of asexual replication to produce more 
merozoites. (E) A portion of the merozoites released differentiate into male or female gametocytes through a 
process called gametocytogenesis. (F) The mature stage V gametocytes are taken up by a female mosquito 
feeding on the infected human’s blood. (G) The stage V gametocytes differentiate into gametes which fuse to form 
a zygote. This zygote matures into an ookinete. (H) The ookinete moves across the midgut where it forms an 
oocyst containing multiple sporozoites. (I) Once the oocyst ruptures, sporozoites are released and migrate to the 
salivary glands of the mosquito. 
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gametocytogenesis (Figure 1-2E), parasite development occurs over five distinct morphological stages 

(I-V) a developmental characteristic unique to P. falciparum sexual-stage parasites (Figure 1-2E). 

Similarly to asexual parasites, early-stage gametocytes (stage I–III) degrade haemoglobin and form 

hemozoin deposits within individual digestive vacuoles structures but, in contrast to asexual IDC 

parasites, early-stage gametocytes do not undergo any DNA replication or nuclear division, hence the 

gametocytes remain haploid (1N) throughout gametocytogenesis [22]. The transition from a stage I 

gametocyte to stage II is marked by the formation of the inner membrane complex and a dense network 

of microtubules underneath the parasite plasma membrane, initiating the morphological changes to the 

gametocyte [22]. By stage III, the gametocytes adopt a “D” shape where the parasite has an average 

length that is twice its width, and elongation continues to occur until stage IV, where the parasites reach 

a maximum length leading to the unique falciform shape [22, 23]. Stage I–IV gametocytes sequester 

within the host bone marrow and spleen and do not circulate in the bloodstream. After ~10–12 days of 

development, mature male and female transmissible stage V gametocytes are released back into the 

bloodstream due to a decrease in membrane rigidity, and subsequently migrate towards the skin 

capillaries [24]. 

 

When an uninfected female Anopheles mosquito ingests mature male and female gametocytes  

(Figure 1-2F), the mature gametocytes sense a change in the microenvironment (pH, temperature, and 

exposure to xanthurenic acid) in the mosquito midgut. This triggers differentiation into male (micro-) 

and female (macro-) gametes. The male gametocyte undergoes three rounds of DNA replication within 

15–20 min to produce eight mature flagellated microgametes This process is one of the fastest known 

DNA-replication events [3, 24]. Single haploid micro- and macrogametes fuse within the midgut lumen 

to form a haploid (2N) zygote (Figure 1-2G), which matures into a motile ookinete. The ookinete 

migrates through the midgut lining and develops into an oocyst (Figure 1-2H). The oocyst undergoes 

multiple rounds of nuclear division to produce thousands of haploid sporozoites that are released and 

migrate to the salivary glands of the mosquito (Figure 1-2I), whereupon the entire cycle starts again 

[24, 25].  

 

The parasite has a complex life cycle with multiple developmental stages during the cycle, each of 

which may be targeted by existing treatments, or by compounds that are in the developmental process. 

 

1.3. Malaria control and treatment  

Due to the adverse effects of malaria on public health and economic growth, particularly in African 

countries, various control strategies are used to control different aspects of the disease, including vector 

control and parasite-specific strategies. Vector control strategies are aimed at decreasing the number 

of Anopheles mosquitos that can transmit the parasite, thus disrupting the transmission of parasites 

between humans and mosquitoes. Use of long-lasting insecticide-treated nets (LLINs) and indoor 

residual spray (IRS) with insecticides like dichlorodiphenyltrichloroethane and pyrethroid-based 
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compounds resulted in a significant improvement in the control of mosquitoes and a decrease in malaria 

transmission [9]. The use of IRS has been one of the most effective means of vector control, causing a 

decrease in the mosquito population [26]. LLINs prevent transmission of the parasite to humans by 

placing a physical barrier between the infected female Anopheles mosquito and the human [26]. 

Unfortunately, the effectiveness of insecticide-based vector control strategies is threatened due to 

insecticide-resistant Anopheles mosquito strains [27].  

 

The development of a vaccine-based strategy against malaria has been attempted, without any high 

efficacy observed beyond a ~30–40 % protection in children under the age of 5 years [28]. 

Chemoprophylactic and chemotherapeutic compounds are the primary tools used to prevent parasite-

infection and decrease parasitaemia, thereby relieving a patient of malaria symptoms [9]. The most 

effective treatments against all malaria-causing Plasmodium species in current use are artemisinin-

based combination therapies (ACTs) [29]. However, parasites resistance to ACTs, that was first 

identified on the Thai-Cambodia border region [30, 31], have now been shown to be present in multiple 

different African countries, threatening the sustained use of these frontline antimalarials [32-36]. This 

situation is concerning and stresses the need for the discovery of new antimalarial drugs against 

P. falciparum parasites [37].  

 

For new antimalarial drugs to be effective in the fight against the disease, these will have to target 

multiple stages of the parasite life cycle to not only treat and cure a patient of malaria symptoms, but 

additionally prevent transmission of the parasite. The Medicines for Malaria Venture (MMV), whose 

main goal is to develop and distribute affordable antimalarial drugs across the world, have created 

criteria for target candidate profiles (TCPs), and target product profiles (TPPs), where each TPP 

addresses multiple biological activities. This would require antimalarial drugs to be dual-active against 

the asexual blood stage parasites (TCP-1) for elimination of symptom-causing asexual stages and 

against gametocytes (TCP-5) and vector stages (TCP-6) for transmission-blocking activity. Novel drug 

targets, playing a crucial role during various stages of the parasite life cycle, first need to be identified 

to be able to develop novel and dual-active antimalarial drugs. To identify such drug targets, the unique 

biological pathways associated with parasite development need to be explored. It is evident that 

P. falciparum parasites vary the rate at which they progress through each life cycle stage, which points 

to the complexity and flexibility of the mechanisms that govern these processes. 

 

1.4. Mammalian cell cycle model 

For mammalian cells to successfully replicate and produce daughter cells, the cell cycle, divided in to 

four distinct phases, need to be completed successfully (Figure 1-3) [38]. The mammalian cell cycle 

starts with the interphase, which accounts for the largest part of the cell cycle and is divided into different 

sub-phases, namely the gap 1 (G1), synthesis (S), and gap 2 (G2) phases [38]. During the early stage 

of the G1 phase, the cell is mitogen dependent and growth factors are required for the cell to progresses 
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further into the cell cycle. The cell begins to increase in size and synthesise mRNA and proteins required 

for commencement of the S phase, where DNA replication occurs [38, 39]. After DNA replication has 

been completed, the cell enters a relatively short G2 phase where the cell further increases in size and 

produces organelles and proteins required for the mitotic (M) phase. The M phase is separated into 

four different stages; prophase, metaphase, anaphase and telophase [38]. During prophase, 

metaphase, and anaphase, the chromosomes condense, mitotic spindle bodies form, and sister 

chromatids divide to form two daughter nuclei. During telophase, the cell divides into two identical 

daughter cells with uncondensed daughter nuclei, followed by nuclear envelope reconstruction together 

with cytokinesis. The progression from one cell cycle phase to the next is tightly regulated by multiple 

surveillance pathways which ensure correct and adequate copies of genetic material are passed on to 

the daughter cells.  

 

In mammalian cells, these surveillance pathways are referred to as cell cycle checkpoints. There are 

four well-defined cell cycle checkpoints situated throughout the cell cycle (Figure 1-3). The mechanisms 

coordinating and regulating the transition through these checkpoints are coordinated by the interplay of 

various proteins, with kinase proteins playing a central role. Amongst the various kinases are a specific 

class of serine/threonine kinases called cyclin-dependent kinase proteins (CDKs), which are the master 

regulators of the cell cycle. Depending on the availability and active status of a specific CDK, the cell 

will be able to pass through a specific checkpoint. CDKs are only able to perform their regulatory 

functions within the cascade once activated by a cyclin protein, so named due to cyclic expression 

throughout the cell cycle [40]. Cyclins (cyc) bind to and phosphorylate a target residue of the specific 

CDK partner, in turn allowing these CDKs to regulate the activities of multiple other proteins involved in 

phosphorylation-dependent cascades [40-42].  

 

The first checkpoint within the cell is the restriction point (R checkpoint) or G1 checkpoint, during which 

the cell growth phase is controlled (cells must have reached a specific cell size) and the availability of 

a nutrient-rich favourable environment is evaluated. If favourable, a mitogen-dependent cascade of 

events is triggered, which leads to the expression of CDK4/6 and CycD (Figure 1-3). This checkpoint is 

very well characterised in yeast and is referred to as START [43]. The R-point is also the point at which 

a cell exits the cell cycle into a quiescent (G0) state if conditions are not favourable. Activation of CDK4/6 

by CycD promotes cell cycle progression past the R-point through phosphorylation, and thereby 

inactivation of Rb proteins (so called due to their first discovery in retinoblastoma). This prevents Rb 

from inhibiting eukaryotic transcription factor 2 (E2F), a transcription factor family responsible for 

transcription of multiple genes required for the S phase [41, 44]. After the R-point has been passed, the 

cell will fully commit to cell cycle progression, even in the absence of growth factors, entering a mitogen-

independent stage of the cell cycle. The second checkpoint is the G1/S checkpoint, which occurs just 

before the cell enters the S phase. Before the cell progresses through this checkpoint, DNA integrity is 

evaluated by specialised kinase proteins known as ATM (ataxia-telangiectasia mutated) and ART  

(ATM and Rad 3-related) (Figure 1-3) [45].  
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Figure 1–3: Schematic representation of a mammalian cell cycle and the regulatory mechanisms at 
different checkpoints. The canonical mammalian cell cycle model consists of four cell cycle phases, starting with 
the G1 phase, progressing through the S and G2 phases and ultimately reaching the M phase, which is divided into 
a further four subphases. The progression from one cell cycle phase to the next is regulated by cell cycle 
checkpoints ( ). Specialised cascades of various proteins govern these checkpoints, of which cyclins and CDKs 
are the master regulators. At the first checkpoint (G1/R), CDK4/6 and cyclin D transcription is induced in the 
presence of growth factors. CDK4/6 and cyclin D then activate downstream cascades required to enter the S 
phase. During the second and third checkpoint, G1/S and G2/M, the cell evaluates DNA or cell damage with the 
help of specialised proteins known as ATM and ATR. If DNA or cell damage is detected, ATM and ATR activate a 
series of protein cascades leading to various cellular responses including a halt in cell cycle progression. A final 
checkpoint is located within the M phase between metaphase and anaphase, where kinetochore attachment is 
evaluated. In its absence, the cell cycle is halted due to the mitotic checkpoint complex binding to and inhibiting 
the activity of the APC/C complex, in turn preventing it from inducing degradation of CycB and securin. 
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If DNA damage is detected, ATM and ART phosphorylate Chk1 and Chk2, which then in turn 

phosphorylate and activate p53, a tumour suppressor and transcription factor. p53 leads to an increase 

in transcription of the CDK inhibitor (CKI) p21, blocking G1 phase CDK-cyclin complexes [45]. In 

addition, Chk1 and Chk2 phosphorylates a CDK-activating kinase (CAK) Cdc25, subsequently inhibiting 

G1 phase CDKs (Figure 1-3) [41, 45]. The G2/M checkpoint is regulated by the same ATM and ART 

mechanisms regulating the G1/S checkpoint transition (Figure 1-3). During the G2/M checkpoint, the cell 

ensures DNA replication is complete and that no DNA damage has occurred, in addition to ensuring 

adequate size is reached for cell division to occur within the M phase [40, 46].  

 

The last well-defined checkpoint within the mammalian cell cycle is the M checkpoint, present just 

before the cell enters anaphase within the M phase. This checkpoint ensures complete spindle 

assembly and chromosome attachment at the metaphase plate has occurred [40, 41]. During the 

prophase (early in the M phase), if any of the chromatids are not attached to kinetochores, this will lead 

to the formation of the mitotic checkpoint complex (MCC). The MCC is composed of BubR1, Bub3, 

Mad2 and Cdc20. This complex will bind to and prevent the activation of APC/C. If kinetochores are 

attached to all sister chromatids, the MCC is not formed and Cdc20 is able to activate APC/C, which 

will thus result in degradation of securin and CycB by means of ubiquitination. Once securin is 

degraded, separase is liberated and in turn allows the separation of the sister chromatids (Figure 1-3) 

[47-49]. 

 

If the cellular conditions are not adequate for the cell to pass through these dedicated checkpoints due 

to, for example, a lack of vital metabolic precursors or growth factors required for cellular processes or 

DNA damage, the cell will exit the cell cycle and enter a quiescent state (G0 phase). During this arrested 

phase, the cell will await extracellular or intracellular signals to verify that the cell is able to re-enter the 

cell cycle. In mammalian cells, if DNA or cell damage is too severe, the cell will undergo programmed 

cell death (apoptosis) to prevent the cell from becoming cancerous [40, 41, 46].  

 

1.5. P. falciparum’s atypical cell cycle  

The cell cycle of P. falciparum has many aspects that differ from that of the conventional mammalian 

cell cycle model. The cell cycle of asexual P. falciparum is coupled to the asexual IDC of the parasite 

(Figure 1-4). Merozoites (with a 1N DNA copy number) invading erythrocytes are typically in a G0-like, 

non-replicative state with condensed chromatin [50]. During the transition of ring to early trophozoite, 

(~2–20 hpi), decondensing of chromatin, increases in cell size and in RNA and protein content occur, 

similar to the processes occurring during the transition of the G1A to G1B phase in the mammalian cell 

cycle [51, 52] (Figure 1-4). The S phase is initiated during the late trophozoite stage (2N) at ~24 hpi, 

where the first round of DNA replication occurs over a period of 4–6 h, after which 3–4 rounds of 

continuous DNA synthesis occurs, alternating with mitotic phases with no clear G2 phase (either briefly 

after the last M phase or completely absent) [52, 53]. The latter is the major point by which the 
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P. falciparum cell cycle deviates from the known mammalian cell cycle model (Figure 1-4).  

During 3–4 rounds of alternating DNA synthesis and mitosis, cytokinesis does not occur, leaving the 

nuclear envelope intact. This is also known as closed mitosis, resulting in a multi-nucleated (>16–32N) 

mature schizont (~44 hpi) [52].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As described for the mammalian cell cycle, the M phase is divided into four sub-phases where the 

chromatin decondenses during the prophase. However, in contrast, the chromatin of P. falciparum stays 

condensed during the alternating S– and M phases, with spindles remaining intact within the nuclear 

envelope. During the last round of mitosis (~46–48 hpi), synchronous nuclear division occurs followed 

by segmentation and a single cytokinesis event yielding 16–32 daughters merozoites per schizont  

[53, 54] (Figure 1-4). 

 

The cell cycle checkpoints regulating transition from one phase to the next are largely uncharacterised 

in P. falciparum. A G2 checkpoint is completely absent [52, 55], and detecting and describing a possible 

S/M-like checkpoint within the alternating S and M phase has proven difficult due to variation in the 

genome replication speeds at different life cycle stages [56]. However, the presence of an R-point-like 

Figure 1–4: Schematic representation of the atypical P. falciparum cell cycle. The corresponding 
morphological parasite stages are overlapped with the proposed cell cycle phases. Merozoites released from a 
ruptured schizont are in a quiescent, non-replicative G0 phase (light blue). Ring-stage parasites during the G1A-
phase (dark blue) develop to a G1B-phase early trophozoite-stage. The S-phase (grey-blue) is initiated during the 
mature trophozoite stage (~24 hpi). Alternating S- and M-phases (medium blue) occur during schizogony resulting 
in a multi-nucleated schizont (>16–32N) at ~46–48 hpi. A proposed cell cycle checkpoint (  ) include an R-like 
or G1/S-like checkpoint due to polyamine starvation. Data for figure were compiled from [1-8].  
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checkpoint has been suggested to be present during the ring stage of the parasite, since the parasite 

is able to halt life cycle progression when subjected to nutrient starvation, presumably by entering a 

dormancy state similar to that of a G0-phase [57]. Conclusive evidence of a mitogen-activated R-point 

was further evident by the restriction of polyamines as mitogens (Figure 1-4). Polyamines are known 

as important mitogenic regulators of mammalian cell cycle progression [58], enabling tight cell cycle 

synchronization at the G1/S transition point. Restriction of polyamines can be affected by inhibition of 

the rate-limiting biosynthetic enzyme, ornithine decarboxylase, by its exclusive suicide inhibitor  

DL-α-difluoromethylornithine (DFMO). Although this reversible R-like checkpoint induced in 

P. falciparum has many hallmarks of a eukaryotic G1/R checkpoint, it does show divergence as many 

canonical effectors involved in the eukaryotic G1/R checkpoint is absent [8] (Figure 1-4). Therefore, the 

exact molecular role players governing the atypical cell cycle, and its proposed checkpoints in 

P. falciparum, are largely understudied. However, cyclin and CDK-related kinases (CRK) along with 

other candidate kinases, have been identified within the parasite, as will be presented below. 

 

1.6. P. falciparum’s kinome and their role as cell cycle regulators 

1.6.1. The P. falciparum kinome  

Eukaryote protein kinases (ePKs) as a class consists of 518 proteins, distributed within seven main 

families: CK1 (casein kinase 1), CMGC (CDK [cyclin-dependent kinases], MAPK [mitogen-activated 

protein kinases], GSK [glycogen synthase kinase] and CLKs [CDK-like kinases]), TKL (tyrosine-kinase-

like), AGC (PKA [cyclic-adenosine-monophosphate-dependent protein kinase A], PKG [cyclic-

guanosine-monophosphate-dependent protein kinase G], PKC [protein kinase C] and related proteins), 

CamK (calcium/calmodulin-dependent kinases), STE (PKs acting as regulators of MAPKs) and TyrK 

(tyrosine kinases) [2, 5, 59, 60]. By contrast, the P. falciparum genome contains a much smaller set of 

genes (105) encoding for protein kinases (PKs) or PK-related proteins (Figure 1-5) [2]. A total of 65 of 

these PfPKs do show similarity to the classical eukaryotic PKs including proteins which fall within the 

ACG, CMGC, TKL, TKL and RGC families.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1–5: Comparison of kinome composition of Homo sapiens and P. falciparum.  The kinase families 
which are represented within the P. falciparum kinome included here are tyrosine kinase-like kinases (TKLs), PKA, 
PKG and PKC (AGC), dual specificity tyrosine-regulated kinases and the CDK-like kinases (CMGCs), calcium/ 
calmodulin-dependent kinases (CaMK), casein kinase 1 (CK1), orphan protein kinases (OPKs) and lastly an 
apicomplexans-specific group known as the (FIKK) kinases and atypical protein kinases (APKs). While receptor 
guanylyl cyclases (RGCs) and tyrosine kinases (TKs) families are seemly absent in P. falciparum. The asterisk (*) 
indicates the revised number of kinase proteins. Image adapted from [2].  
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However, thus far, there is no indication of proteins in P. falciparum which show homology to those 

proteins within the eukaryotic TyrK or RGC families [2, 5, 60-63] (Figure 1-5). The bulk of the remaining 

PfPKs are phylogenetically distinct from known ePK families and are termed atypical PfPKs (APK) and 

orphan kinases (OPK) (Figure 1-5). The APK and OPKs are a small set of PfPKs that exhibit limited or 

no sequence similarity to known ePKs, but nevertheless possess kinase catalytic activity. Additionally, 

there is a large novel family which are exclusively found within Apicomplexa, consisting of 20 proteins 

containing a conserved Phe-Ile-Lys-Lys motif found within subdomain II of the catalytic domain, known 

as the FIKK kinases [5, 62] (Figure 1-5). Nearly all of the FIKK proteins identified within the parasite 

have variable N-terminal regions but contain a conserved vascular transport signal and/or a 

Plasmodium export element (PEXEL) and localize to various areas within the infected erythrocyte, 

indicating a possible role in sensing or protein transport [64].  

 

FIKK proteins have been implicated in the remodelling of the erythrocyte membrane cytoskeleton, which 

is a vital part of the virulence of the parasite. However, it has been demonstrated that majority of the 

kinase proteins are not essential to parasite survival [65]. Interestingly, this group is much larger in 

P. falciparum compared to other species within the Plasmodium genus [4, 60, 62]. 

 

1.6.2. Association of PfPKs and the P. falciparum life cycle and cell cycle  

Several studies have attempted to associate PfPKs with function in the P. falciparum life cycle and 

associated cell cycle [2, 3, 63, 66]. This includes either chemical interference of specific kinases or 

genetic manipulation (e.g., gene knockout) to prove the function of a specific kinase.  

Thus far, 36 kinases that have been subjected to gene knock out studies have been found to be critical 

role players within the asexual proliferation and the asexual cell cycle, while 26 kinases were found not 

to be essential to these developmental phases [2, 67]. The PfPKs essential to asexual proliferation and 

the cell cycle includes kinases important to host cell invasion, egress, and motility – thereby excluding 

them as potential cell cycle regulators (Figure 1-6). 

 

To date only three proteins have been identified which cluster to the ACG family: cGMP-dependent 

kinase (PfPKG), cAMP-dependent kinase (PfPKA) and PfPKB [62]. PfPKA associates with and 

phosphorylates PfAMA1, which is essential in merozoite invasion [6, 68]. Similarly, PfPKB has been 

shown to be essential during merozoite invasion by phosphorylating PfGAP45 and interacting with the 

motor complex in the presence of calcium/calmodulin (CaM) [69]. PfPKG is the most well-characterised 

protein kinase within the P. falciparum AGC family and has an essential role throughout the parasite 

life cycle, such as in merozoite egress [70, 71] and invasion [71, 72] (Figure 1-6). These ACG kinases 

have been linked to regulatory interactions with calcium-dependent protein kinases (CDPK) by 

maintaining calcium Ca2+-homeostasis [6, 72].  
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The CDPK proteins are a group of several proteins that have no orthologues within mammals, but rather 

within plants, protists, oomycetes and green algae [62, 73]. The several PfCDPKs (PfCDPK1–7) 

identified thus far have been found to be essential for multiple biological processes as regulators in 

Ca2+-mediated signalling [73]. Of the seven PfCDPKs identified, only PfCDPK1, 2 and 5 have been 

found to be essential during asexual proliferation, specifically during merozoite invasion and egress 

[74-77] (Figure 1-6). However, neither of the kinase proteins identified within the ACG or CDPK group 

have been implicated within the cell cycle thus far.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Canonical mammalian cell cycle CDKs and related kinase proteins, amongst other regulators, have 

been identified within the P. falciparum CMGC family [2]. Amongst these canonical proteins were three 

cyclin-like proteins, PfCyc1, PfCyc3 and PfCyc4, which unexpectedly did not phylogenetically cluster 

with the G1 or S-phase, or with mitotic cyclins of plants or animals, and are ubiquitously expressed, 

unlike the cyclical expression pattern found within the mammalian cell cycle model [3, 78]. In addition 

to the three cyclin-like proteins, seven CRKs were also identified within P. falciparum [2, 66, 79].  

Figure 1–6: Schematic representation of the atypical P. falciparum cell cycle and known kinase regulators. 
PKG, PKA and PKB which cluster in the ACG family, have all been implicated in merozoite invasion and egress, 
along with three CDPK family members; CDPK1, CDPK2 and CDPK5. Protein kinases that are mainly clustered 
within the CMGC family have been found to play important functions during schizogony (multiple rounds of 
asynchronous and endomitotic cell division cycles) along with several members of the ARK, NIMA/Nek, TKL and 
orphan kinase families. These kinase proteins have been linked to various functions ranging from DNA replication 
machinery, mRNA splicing to spindle formation. Data compiled from [1-8]. 
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o PfCLK1 (mRNA splicing)
o PfCLK2 (mRNA splicing)
PfCLK3 (mRNA splicing)

o PfCyc1  (Cytokinesis) 
o PfMap2 
o PfARK1 (Nuclear division/

spindle formation) 
o PfARK3 (Merozoite ontogeny)
o PfNEK1 (Epistatic interaction                 

with PfARK1)
o PfPK7   (Number of merozoites   

formed)
o PfTKL1 
o PfTKL3 

Key:
CMGC
ARK
NIMA/Nek
Orphan
ACG
CAMK
TKL
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Of these, protein kinase 5 (PfPK5, a putative homologue of the mammalian Cdk1 and Cdk5) and PfMrk1 

(a putative homologue of mammalian Cdk7) have been shown to associate with, and be regulated by, 

PfCyc1, PfCyc3 and PfCyc4 [80-82]. PfPK5 is implicated as an essential cell cycle regulator due to the 

phosphorylation and activation of origin of replication control components during schizogony [83]. 

Furthermore, PfMrk1 and PfCyc1 form a complex during schizogony, and knockdown of PfCyc1 causes 

a stage-specific arrest after nuclear division [84]. In addition to the important roles of PfPK5, PfMrk1 

and PfCyc1 within the parasite cell cycle, PfCrk1 and 3–5 have been implicated in various biological 

roles linked to the cell cycle, for instance in DNA replication, epigenetic control and transcriptional 

regulation [3] (Figure 1-6). Four cyclin-dependent-like kinases (CLK) have been identified within 

P. falciparum namely PfCLK1–4 [1, 62, 85]. Within mammalian cells, CLKs are important regulators in 

mRNA splicing through phosphorylation. Of these, PfCLK1–3 have been found to essential in IDC 

schizogony, with a likely function in phosphorylation of serine/arginine-rich splicing factors during 

mRNA splicing and shuttling [7, 85, 86] (Figure 1-6).  

 

Furthermore two MAPK protein homologues, PfMap1 and PfMap2, have been identified within the 

parasites kinome [87, 88]. Only PfMap2 has been shown to be essential during schizogony, while 

PfMap1 is dispensable. However, this raised the notion that PfMap2 could fulfil PfMap1 function  

[89, 90]. Interestingly, seemingly no member of the MAPKK group has been identified within the 

P. falciparum kinome, although a TKL protein, PfTKL3, is suggested to be a potential MAP3K candidate 

[91]. Within eukaryotes, the TKL families such as RAF and MLK, are MAP3Ks, which form core modules 

of the MAPK cascade pathway, ultimately playing a role in cell cycle regulation. In addition to PfTKL3, 

three other PfTKLs have been identified, PfTKL1, PfTKL2 and PfTKL4. However, limited studies aimed 

at uncovering the role of these proteins within the parasites have been conducted. Both PfTKL1 and 

PfTKL3 have been shown to cluster more closely and, through the use of genetic disruption methods, 

were shown to play an essential role in IDC schizogony [1, 91] (Figure 1-6).  

 

Apart from PfMAPK and PfTKL, there is a lack of proteins that play roles in MAPK signalling pathway, 

which lead to a proposed view of atypical MAPK regulation by members of NIMA/Nek (never-in-mitosis) 

kinases [87, 92]. Within P. falciparum four similar proteins (PfNek1–4) have been identified which are 

similar to the NIMA/Nek family within eukaryotes [62, 63]. The NIMA/Nek family is mainly involved in a 

variety of roles in cell cycle regulation as well as mitosis and meiosis within eukaryotes [93, 94]. 

 

PfNekl1 is the only protein out of the four which is an orthologue to known eukaryotic Nek kinases, 

having clustered with human Nek2, which is involved in microtubule organization and mitotic spindle 

assembly [88]. Therefore, it was proposed that PfNek1 is involved in mitotic events within the parasite, 

and the increased expression of PfNek1 during late trophozoite/early schizont stages just as DNA 

replication is initiated, only further supports this proposed function [88, 95]. Additionally, genetic 

disruption of PfNek1 indicated essentiality of the protein during the asexual IDC [96, 97] (Figure 1-6). 

PfNek3 has also been suggested to have a role as an atypical MAPK, with studies showing PfNek3 
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interacting with and phosphorylating PfMap2 [98]. PfNek2 and PfNek4 are predominantly expressed 

during sexual stages of the parasite with no apparent essential role during asexual IDC, but rather 

fulfilling essential roles during meiotic transition and gametocytogenesis [95, 98, 99]. 

 

In addition to the NIMA/Nek family, the P. falciparum genome encodes for three aurora kinase 

homologues, PfARK1–3 [98]. Aurora kinases are serine/threonine kinases that play pivotal roles in the 

control of cell division within eukaryotes, and PfARK1–3 have all been found to be essential for the IDC 

of the parasite [97, 98, 100, 101] (Figure 1-6). Interestingly, PfARK2 is present only in Plasmodium 

species, while PfARK1 and PfARK3 are conserved across all Apicomplexans. Localisation studies have 

demonstrated co-localisation of PfARK1 with intra-nuclear microtubule spindles, which suggests that 

this protein plays a role during early spindle pole body formation [102].  

 

1.7. Identification of novel kinase proteins during cell cycle re-entry  

In addition to these well-described kinases, several other proteins within the P. falciparum genome have 

kinase or kinase-like annotations. Considering the limited nature of the P. falciparum kinome, and the 

fact that ~60 % of the genome remains unannotated and contains uncharacterised genes that encode 

for proteins which fulfils essential functions, exploring the parasite’s genome for additional kinases is of 

importance. 

 

A previous study evaluated changes in gene expression around the mitogen-induced G1/S R-point in 

P. falciparum [8]. Comparison of the gene expression profiles of several gene families, including kinases 

and potential kinase-related proteins, indicated differential expression of these genes between the 

mitogen-induced cell cycle arrested state and three different points of cell cycle re-entry (at RE1 (3 h), 

RE2 (6 h) and RE3 (12 h)) [8]. Of the genes with differential expression, implying either functionality in 

or dependence on cell cycle progression, 228 individual transcripts were allocated to kinases and 

phosphatases. This includes differential expression of several kinases known to play essential roles in 

proliferation/cell division, which included ark2, nek1, the clk1-3, crk3-5 and pk5 (Figure 1-7).  
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However, in addition to these known kinase-encoding genes, three uncharacterised putative kinase 

genes (pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400) were present during the re-entry of the 

cell cycle as early and intermediate responders (Figure 1-7). During re-entry of the parasite’s cell cycle, 

pf3d7_0105800 was upregulated, whereas pf3d7_1364400 and pf3d7_1112100 were suppressed [8]. 

Figure 1–7: The transcriptional profiles of essential kinase proteins during cell cycle arrest and re-
initiation.  (A) P. falciparum parasite development was arrested at the ring-/early trophozoite-stage (22 hpi) with 
DFMO and sampled 24 h (Arrest) post-treatment. The cell cycle arrest was reversed by addition of putrescine ( a 
mitogen), and parasites were sampled at three time points during re-entry: 3 h (RE1), 6 h (RE2) and 12 h (RE3) 
post-putrescine treatment. (B) The transcriptome profile of known kinase proteins which have been shown to be 
essential to schizogony are indicated during cell cycle arrested as well as during the re-entry of the cell cycle at 
specific time points (RE1-3). The uncharacterised kinase-encoding genes selected to be evaluated are shown in 
bold. Data obtained from [8]. 
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While pf3d7_1112100 was found to be downregulated, it was co-expressed with other genes which 

were up-regulated, indicating that pf3d7_1112100 could have a repressive function during this period 

[8]. Based on the presence and transcriptional profile of the uncharacterised putative kinase proteins 

during cell cycle arrest and throughout re-entry, and the need to functionally evaluate potential kinases 

with proposed importance to the cell cycle, it would be of value to determine the function and essentiality 

of these kinase candidates in P. falciparum and potentially gain insight into the dynamics of the parasite 

cell cycle and regulation thereof. 

 

1.8. Genetic manipulation tools used in P. falciparum  

Genome editing has been a widely used tool in characterising and functionally validating 

uncharacterised proteins including kinase proteins. Several kinase proteins have been shown to be 

essential using conventional knockout systems, which has also led to a better overall understanding of 

the functional roles of kinase proteins within the parasite life cycle using inducible systems.  

 

A variety of conditional strategies have been developed within the field and used to uncover the function 

and essentiality of different genes within the P. falciparum parasite. This includes, for example, 

conditional DNA editing techniques like the site-specific recombinase Cre/LoxP knockout system where 

LoxP sites are introduced flanking the target DNA sequence and once induced, results in the excision 

of this sequence [67, 103]. Targeted gene deletion can also be achieved by targeting a truncated  

N-terminal region of the gene of interest into the genome to displace the full-length gene through a 

single homologous recombination event. This leads to the translation of a truncated, non-functional 

protein [67, 103].  

 

Gene expression can also be altered post-transcriptionally at the mRNA level, based on inducible Tet 

repressor protein (TetR) aptamer and glmS systems. The TetR aptamer system is based on the binding 

and dissociation of TetR to the TetR-binding RNA aptamers located in the 5’ UTR of a target gene. In 

the absence of anhydrotetracycline (ATc), TetR binds to the aptamer and prevents translation of the 

mRNA while in the presence of ATc, but dissociates from the aptamer in its absence, allowing mRNA 

translation and protein synthesis to proceed [67, 104]. The glmS system affects the transcript 

abundance (mRNA level) of the target gene rather than targeting a gene directly. This system has been 

shown to be very effective for inducible knockdown of gene expression in P. falciparum [106, 107]. This 

system relies on the activation of a glmS ribozyme element, which is a natural ribozyme originating from 

Gram-positive bacteria and requires glucosamine-6-phosphate for catalytic activity. In this system, the 

ribozyme sequence is introduced in the 3’UTR of a gene of interest, leading to the expression of a 

chimeric mRNA containing the ribozyme element, and can be induced by the addition of glucosamine 

(GlcN), leading to instability and degradation of the chimeric mRNA [67, 108] (Figure 1-8). An advantage 

of this system is that the degradation of the target mRNA is controllable to a certain extent, as the level 

of self-cleavage can be adjusted by varying the concentration of GlcN added. To ensure the findings 
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observed for the knockdown experiments are in fact due to the activation of the glmS ribozyme, an 

inactive version of the glmS ribozyme, M9 (-mut), which contains a single point mutation that abrogates 

autocatalytic activity, is used as a suitable control [67, 108]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to conditional DNA and mRNA level-based systems, there are systems that influence protein 

stability, for instance the FK506 binding protein 12 (FKBP)-destabilisation domain system. This system 

decreases protein stability in the absence of the rapamycin-derived ligand Shield (Shld-1) due to the 

destabilisation domain of the FKBP, fused to the N- or C-terminus of the target protein However, the 

FKBP system can also be used to displace proteins from their normal cellular site of function to, e.g., 

the nucleus or plasma membrane. This knock sideways interferes with the function of the target protein 

by altering its location within the cell and, in so doing, theoretically removing it from its predicted site of 

action, preventing it from fulfilling its intended function [103]. The mislocalisation of the target protein 

relies on the tight and specific dimerisation of FKBP and FKBP12-rapamycin-binding (FRB) domains 

induced by the addition of rapamycin (Figure 1-9). The protein of interest is tagged with multiple FKBP 

domains, encoded by the SLI-sandwich plasmid, which will be expressed in a transgenic parasite line, 

while the FRB domain is expressed episomally from an additional mislocaliser plasmid. The FRB 

domain is fused to a targeting signal allowing for localisation to a specific compartment (nucleus or 

plasma membrane). Addition of rapamycin allows for the dimerisation of the FKBP and FRB domains 

(the ‘sandwiching’ of the protein) and induces relocalisation of the FKBP-tagged protein to the target 

site and depletion at its normal site of action (Figure 1-9). 

 

 

 

 

Figure 1–8: Schematic representation of the glmS ribozyme conditional knockdown tool.  The ribozyme is 
inserted at the 3’-UTR of the gene of interest. The addition of glucosamine, which binds and activates the ribozyme, 
results in self-cleavage of the RNA and subsequently knockdown of protein expression. glmS: glucosamine-6-
phosphate riboswitch ribozyme. GlcN: glucosamine-6-phosphate.  
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Various limitations and factors have made it challenging to introduce these manipulation systems into 

the parasite genome, for example the shortage of robust selection markers to allow for consecutive 

genetic manipulations on the same parasite, as well as poor transfection efficiency [105]. However, 

selection-linked integration (SLI) [106] uses a double selection system to rapidly select for episomal 

uptake of DNA constructs using one selection marker (human dihydrofolate resistance, hDHFR) 

followed by homologous recombination and integration through a promoter-less targeting region linked 

to a second selection marker (neomycin resistance gene, Neo-R). This combination has been found to 

increase the speed and success rate in producing transgenic lines [106].  

 

This dissertation therefore aims to characterise the three putative kinase protein-encoding genes, 

pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400, identified during mitogen-induced cell cycle 

arrest and re-entry, using genetic manipulation. SLI-mediated integration was used and a TGD system 

was applied to determine essentiality of these genes to the parasite. Additionally, knockdown  

(SLI-glmS) and knock sideways (SLI-sandwich) systems were generated for future characterisation of 

evaluation of protein functionality for those genes found to be essential. By uncovering the essentiality 

and biological function of these putative kinases to cell cycle regulation, we will expand our current 

understanding of P. falciparum parasite biology and regulatory mechanisms. These findings could serve 

as a basis for future interrogation of these proteins as potential drug targets, contributing towards the 

goals of malaria control and elimination. 
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Figure 1–9: Schematic representation of the knock sideways sandwich tool. The knock sideways strategy 
relies on two components; an FKBP tag appended to a protein of interest and a mislocaliser protein fused to FRB 
and containing targeting motifs to a specific cellular compartment. In the presence of rapamycin, FKBP binds to 
FRB, resulting in sequestration of the protein of interest in the target compartment for mislocalisation. (A) Plasma 
membrane mislocalisation and (B) Nuclear mislocalisation. Images were designed using BioRender.  
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Hypothesis 
The putative kinases pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400 play an essential role during 

asexual proliferation of P falciparum parasites.  

 

Aim and Objectives 

1.9. Aim  

To determine the function and essentiality of selected putative kinases during asexual proliferation of 

P. falciparum parasites using complimentary genetic tools 

 

1.10. Objectives  

1.10.1. Construct recombinant SLI-sandwich and SLI-glmS/glmS-mut plasmids for all three 

putative kinase genes under investigation.  

1.10.2. Generate transgenic parasite lines for TGD, knock sideways and knockdown of all 

three kinases.  

1.10.3. Elucidate the function and essentiality of the selected putative kinase proteins in the 

transgenic lines using phenotypic analyses. 

 

1.11.  Research outputs 

Langeveld H., Birkholtz LM. Novel kinase proteins play a pivotal role during the life cycle progression 

of Plasmodium falciparum parasites 6th South African Malaria Research Conference. Oral presentation, 

Pretoria, August 2021. 

 

Langeveld H., Birkholtz LM. Novel kinase proteins play a pivotal role during the life cycle progression 

of Plasmodium falciparum parasites SASBi-SC/SAGS 2021 Virtual Student Symposium.  

Oral presentation, Virtual (Stellenbosch), September 2021. 

 

Langeveld H., Birkholtz LM. Novel kinase proteins play a pivotal role during the life cycle progression 

of Plasmodium falciparum parasites. Johns Hopkins’ Future of Malaria Research Symposium.  

Oral presentation, Virtual (USA), November 2021. 
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2. Chapter 2: Experimental procedures 
 

2.1. Ethics statement  

All experiments were carried out in the Malaria Parasite Molecular Laboratory (M2PL) biosafety level 2-

(BSL2) certified facility (registration number 39.2/University of Pretoria-19/160) in which P. falciparum 

parasites were cultivated for this study. All in vitro experiments involving human blood holds ethics 

approval from the University of Pretoria Research Ethics Committee of the Health Sciences Faculty 

(506/2019) and the in vitro cultivation of human malaria parasites is covered by an umbrella ethics 

approval (NAS ethics approval no: 180000094) for the SARChI program under Prof. Lyn-Marié 

Birkholtz. 

 

2.2. In silico analysis of selected putative kinase genes  

2.2.1. Protein domain predictions of PF3D7_0105800, PF3D7_1112100 and 

PF3D7_1364400 

InterPro (https://www.ebi.ac.uk/interpro/, accessed Nov 2021) was used to predict conserved domains 

within the PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400 putative kinase proteins to provide 

information about the superfamily/family type to which these putative proteins may belong to. The 

protein architecture, such as structural motifs, low complexity regions and transmembrane regions, 

were identified with SMART (http://smart.embl-heidelberg.de/, accessed Nov 2021).  

 

2.2.2. Protein–protein interactions of putative kinase proteins  

The protein-protein interactions of the selected putative kinase proteins were predicted using STRING 

(version 11.5) network algorithm (https://string-db.org/, accessed Nov 2021). This summarises the 

network of predicted associations for a particular protein. The lines connecting the different proteins 

represent the predicted functional associations. These interactions are based either on proteins with 

similar functions in different species, proteins with similar metabolic functions, or co-expression of 

genes. The STRING network parameters were set to include protein-protein interactions for 

PF3D7_1364400 with a minimum required interaction score of medium confidence (0.4), while for 

PF3D7_0105800 and PF3D7_1112100 the interaction score was set to high confidence (0.7) and a 

maximum of 10 interacting proteins.  

 

2.3. In vitro cultivation of asexual P. falciparum parasites and synchronisation  

An NF54 (drug-sensitive) P. falciparum parasite strain was cultured under aseptic conditions. Parasites 

were cultivated in fresh human erythrocytes (various blood types) in RPMI-1640 culture medium 

supplemented with 23.81 mM sodium bicarbonate, 0.024 mg/mL gentamycin (Hyclone, USA), 25 mM 
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HEPES pH 7.5 (Sigma Aldrich, USA), 0.2 % (w/v) D-glucose and 0.2 mM hypoxanthine (Sigma Aldrich, 

USA) and 5 g/L Albumax II (Invitrogen, USA, a human serum alternative). Parasite cultures were 

incubated at 37 °C under hypoxic conditions (90 % N2, 5 % O2 and 5 % CO2, AFROX, South Africa). 

Whilst shaking at ~60 rpm to aid parasites invasion, parasitaemia was routinely determined with Rapi-

Diff staining (Merck, South Africa) of a thin blood smear and visualised under a light microscope (Nikon, 

Japan) at 1000x magnification. Parasitaemia was defined as the percentage of parasite-infected 

erythrocytes and was determined by counting 500–1000 individual erythrocytes. 

 

Parasite cultures were synchronised to obtain parasites in the same developmental stage. Cultures 

comprised of mostly ring-stage parasites were incubated in 5 % (w/v) D-sorbitol (Sigma-Aldrich, 

Germany) for 15 min at 37 °C. This permitted the selective elimination of the more permeable 

trophozoite and schizont parasitic stages due to the membrane structure of erythrocytes infected with 

these stages being more permeable to sorbitol, causing an increase of osmatic water entry into the 

parasites and causing the parasites to swell and burst [107, 108]. After incubation, the culture was 

centrifuged at 3500 xg for 3 min, and the supernatant was aspirated. The remaining sorbitol was 

washed out twice using fresh RPMI medium  (without Albumax II) and the parasites were resuspended 

in fresh medium (containing Albumax II) and erythrocytes to adjust the culture to a 5 % haematocrit. 
 

2.4. Cloning strategy for generation of recombinant SLI-sandwich plasmids  

To functionally analyse the selected putative kinase proteins throughout the different parasite 

developmental stages, the knock sideways system was employed, which results in displacement of the 

protein under investigation from its hypothesised site of action through FKBP-mediated protein-protein 

interactions (sandwich). Gene fragments of ~600–1100 bp in sizes corresponding to the 3’-region of 

the coding strand for each selected putative kinase were PCR amplified and directionally cloned into 

the SLI-sandwich plasmid using NotI and AvrII restriction enzymes (REs) (Figure 2-1). The  

SLI-sandwich plasmid was kindly provided by Dr. Tobias Spielmann’s lab (Bernhard Nocht Institute for 

Tropical Medicine, Hamburg, Germany). 

 

2.4.1. Genomic DNA isolation from NF54 asexual P. falciparum parasites  

Genomic DNA (gDNA) isolation was performed on intraerythrocytic P. falciparum NF54 parasites to be 

used in downstream PCR amplification experiments. The Quick-gDNA Blood Miniprep kit  

(Zymo Research, USA) was used to extract gDNA from a blood sample (>3 % parasitaemia and >50 % 

trophozoite stage parasites) as per the manufacturer’s instructions. 
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2.4.2. Amplification of 3’-gene fragments of selected putative kinase genes for cloning into 
SLI-sandwich plasmid  

Primers were designed using Benchling (www.benchling.com) and SnapGene (version 5.3.2.) to allow 

amplification of a 3’-fragment region for each gene of interest, with the different characteristics of each 

primer provided in Table 1. Specific RE cut sites required for downstream cloning were added to each 

primer designed for 3’-gene fragment amplification. The RE cut site NotI (5’-GCGGCCGC-3’) was 

added to the forward primers and an AvrII (5’-CCTAGG-3’) was added to the reverse primers. A stop 

codon (TAA) was also added to each forward primer to prevent expression of the fragment before 

genomic integration. Due to the AT-rich genome of P. falciparum parasites, obtaining a sufficient GC % 

for each primer is challenging. Therefore, to increase the GC content, overhang sequences were added 

to each primer. 

 

Each PCR amplification reaction was performed using an Applied Biosystems 2720 Thermal Cycler 

(Applied Biosystems, USA) and each reaction contained 1x KAPA Ready mix [KAPA Taq DNA 

polymerase (0.5 U/25 μL), KAPA Taq buffer, dNTPs (0.2 mM), MgCl2 (1.5 mM)], 5 pmol of the 

designated SLI-sandwich primer sets for each specific putative kinase gene (Table 1) and 20–40 ng of 

Figure 2–1: Cloning strategy to produce recombinant SLI-sandwich plasmid for transfection.  Step 1: The 
selected 3’-gene fragment regions of the putative kinase genes were amplified using the specified primer pairs 
listed in Table 1. Step 2: the amplified 3’-gene fragments were cloned into SLI-sandwich plasmids. SLI-sandwich 
plasmid backbone primers flanking the insert region are indicated by the specific primer code. Asterisk (*): TAA 
stop codon. GFP-tag: green fluorescent protein tag. AmpR: ampicillin resistance selection marker. hDHFR human 
dihydrofolate reductase resistance selection marker. Neo-R: neomycin resistance selection marker. T2A: skip 
peptide. FKBP: FK506 binding protein.  
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gDNA isolated as described in section 2.4.1. PCR conditions included an initial denaturation step of 

95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s and 

extension at 68 °C for 1 min, with a final extension step of 4 min at 68 °C. The amplified fragments were 

examined on a 2 % (w/v) agarose/Tris-Acetate-EDTA (TAE) gel, poststained in ethidium bromide 

(0.5 μg/mL in 1x TAE) for ~10 min and visualised with a Gel Doc EZ Imaging system (Bio-Rad, USA). 

A 1 kb DNA ladder (Promega, USA) was used to determine DNA fragment sizes. Gel images were 

analysed using Image Lab version 3.0 (Bio- Rad, USA). 

 
Table 1: SLI-sandwich primer sequences for selected putative kinase gene PCR products.  The sequence 
of each primer used is indicated from 5’ end to 3’ end with the respective RE cut sites indicated in bold text and 
the stop codon added to each forward primer indicated in red text. The overhang nucleotides added to each primer 
are indicated in lower case text. Each primer was also assigned a primer code, which will be used to refer to the 
primer hereafter. 

PlasmoDB 
gene ID Primer ID Orientation Primer 

code Primer sequence (5'–3') 
PCR 

product 
length 

(bp) 

pf3d7_0105800 
GS_0105800_Fw Forward pr1 gcatGCGGCCGCTAAGGGGAATTAAATTTTATAGACGAGTTG 

1051 
SW_0105800_Rv Reverse pr2 gcatCCTAGGATTATTTTTAGGTCGTCTAAAAAATAGGAC 

pf3d7_1112100 
GS_1112100_Fw Forward pr3 gcatGCGGCCGCTAAGATATAATATTGTCAACAAATAAAAATATCCCAACAAA

ACATCCC 
634 

SW_1112100_Rv Reverse pr4 gcatCCTAGGAAAAAAAGTGGAGGCGTTATAAAGTTCGTTTAACAAGATTGT
TTG 

pf3d7_1364400 
GS_1364400_Fw Forward pr5 gcatGCGGCCGCTAATTAAATTATTTTAAAAGCTATTTTCCG 

940 
SW_1364400_Rv Reverse pr6 gcatCCTAGGAGTTTTATTTGCCTTGTTACTTCTCAACATCCTTTG 

 

Successfully amplified gene fragments were excised from the agarose gel and mixed with a binding 

buffer (30–45 % guanidinium thiocyanate, composition proprietary) and heated to dissolve the agarose. 

In the presence of the guanidinium thiocyanate chaotropic salt, DNA was bound to the silica membrane 

of a NucleoSpin Gel and PCR Clean-up Column (Machery-Nagel, Germany) and contaminants were 

removed through two wash steps with an ethanolic wash buffer. The pure DNA was eluted under low 

salt conditions with a slightly alkaline elution buffer (5 mM Tris/HCl, pH 8.5), as per the manufacturer’s 

instructions. 

 

DNA concentration of each sample was determined with a NanoDrop OneC spectrophotometer  

(Thermo Fischer Scientific, USA) by measuring nucleic acid absorbance at 260 nm (for the carbon-

nitrogen π-bonds of nucleotides) as well as the A260/A280 and A260/A230 ratios to determine the purity of 

each sample. In an aqueous solution, the maximal absorbance of double-stranded DNA is close to 

260 nm; however, many other components within the aqueous environment can interfere with 

quantification including, organic compounds such as guanidine salts, which have a maximal 

absorbance at 230 nm, proteins, and aromatic compounds like tryptophan and tyrosine that have a 

maximal absorbance at 280 nm. An A260/A280 absorbance value of 1.8–2.0 was indicated a sufficient 

purity for downstream cloning experiments. The purified gene fragment DNA was stored at -20 °C until 

required. 
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2.4.3. Cloning of amplified 3’-gene fragments into SLI-sandwich plasmids 

Before the amplified 3’-gene fragments could be directionally cloned into the SLI-sandwich plasmid, 

plasmid DNA was isolated and verified through RE mapping. SLI-sandwich plasmid was isolated from 

saturated Escherichia coli DH5α cell cultures, which were incubated overnight (O/N) at 37 °C  

(at ~180 rpm) in Luria-Bertani (LB) liquid medium (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract and 

1 % (w/v) NaCl, pH 7.5) containing 50 μg/mL ampicillin, using a NucleoSpin plasmid isolation kit 

(Machery-Nagel, Germany) following manufacturer’s instructions. The plasmid DNA concentration and 

purity was measured as described in section 2.4.2 and stored at -20 °C until use. The identity of the 

isolated plasmid was verified by digesting ~1 μg of the isolated DNA with 3 U NotI-HF (high fidelity, 

New England Biolabs, UK) and 3 U AvrII (New England Biolabs, UK) in 1x CutSmart buffer  

(New England Biolabs, UK) for 3 h at 37 °C. After digestion, the products were analysed on a 1 % 

agarose gel as described in section 2.4.2.  

 

To prepare the 3’-gene fragments and SLI-sandwich for downstream ligation experiments, the gene 

fragments and verified SLI-sandwich plasmid were digested with the respective RE to produce 5’- and 

3’-overhangs required for sticky-end ligation (outlined in Figure 2-1). The digested plasmid products 

were separated on an agarose gel, and the plasmid backbone was excised from the gel. The 3’-gene 

fragments and plasmid backbone were purified using a NucleoSpin Gel and PCR Clean-up kit 

(Macherey-Nagel GmbH & Co.KG, Germany) following the manufacturer’s instructions and stored at  

-20 °C until used. All ligation reactions were performed using a 1:3 plasmid to insert ratio and 400 U of 

the T4 DNA ligase (New England Biolabs, USA) in 1x ligase buffer (NEB, USA). The reactions were 

incubated O/N at 4 °C, after which they were incubated at room temperature for an additional ~8 h and 

used to transform competent E. coli DH5α cells.  

 

Competent E. coli DH5α cells were prepared from saturated E. coli DH5α cell cultures that were 

incubated O/N at 37 °C (at ~180 rpm) in LB medium . The saturated culture was diluted in a 1/50 in LB 

and incubated at 37 °C with shaking. The optical density (OD600) was measured every 30 min using a 

NanoDrop OneC spectrophotometer (Thermo Fischer Scientific Inc.) until an OD600 value of 0.4 was 

achieved, indicating log-phase growth. The cells were placed on ice for 15 min, then centrifuged at 

1865 xg for 30 min at 4 °C. The cells were then resuspended in ice-cold 0.1 M CaCl2 and centrifuged 

as described earlier. The cells were then resuspended in ice-cold 0.1 M CaCl2 and 100 % (v/v) glycerol 

and incubated on ice for 45 min–1 h before aliquoting into 100 μL volumes and stored at -80 °C until 

use.  

 

The ligation reaction mixture was added to 100 μL of the prepared competent cells and incubated on 

ice for ~30 min. Thereafter, the competent cell cultures were heat shocked at 42 °C for 90 s and 

immediately transferred to ice for 2 min. The entire competent cell mixture was transferred to 900 µL of 

pre-warmed LB-glucose (LB medium supplemented with 20 mM glucose) and incubated for 1 h at 37 °C 
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with shaking. Of this culture, 100 µL was transferred onto 1 % LB-agar-amp plates (1 % (w/v) agar in 

LB containing 100 µg/mL ampicillin). The plates were incubated at 37 °C O/N. 

 

2.4.4. Screening and confirmation of recombinant SLI-sandwich plasmids  

Single positive colonies were selected from the LB-agar-amp plates at random and used to inoculate 

100 μL of LB-amp medium (LB medium supplemented with 50 μg/mL ampicillin) and grown at 37 °C 

for 3 h in a shaking incubator at ~180 rpm. Colony PCR was performed to confirm positive clones using 

the primers listed in Table 2. Each of the PCR reaction conditions stated in section 2.4.2, with 2 μL of 

bacterial culture added instead of DNA, and an added initial denaturation step of 95 °C for 5 min to lyse 

the bacterial cells. The reactions were analysed on 1.5 % (w/v) agarose gel and positive clones were 

identified based on the presence of amplified bands corresponding to the expected sizes of the DNA 

inserts for each gene. After confirmation of positive transformants, the respective bacterial cultures 

were transferred to 10 mL LB-amp medium and grown O/N at 37 °C with shaking at ~180 rpm. Plasmid 

DNA was isolated and purified from the saturated bacterial cultures and subjected to RE mapping using 

NotI-HF and AvrII to successfully verify ligation of each respective gene fragment of interest into the 

plasmid. The digested products were separated on a 1.5 % (w/v) agarose gel, poststained in ethidium 

bromide (0.5 μg/mL in 1x TAE) for ~10 min and visualised with a Gel Doc EZ Imaging system (Bio-Rad, 

USA). Image was analysed using Image Lab Software version 3.0 (Bio-Rad, USA). 

 
Table 2: Primer sequences used for colony PCR and sequencing.  The primer sequences flank the insert 
region within the SLI-sandwich plasmid. Primer Lz116 is located upstream of the insert region and primer Lz115 
is located downstream of the insert region.  

Plasmid ID Primer ID Orientation Primer code Primer sequence (5' - 3') 

SLI-sandwich 
Lz_116 Forward pr7 AGCGGATAACAATTTCACACAGGA 

Lz_115 Reverse pr8 TCTCTGCAGAGCAGCTCTAGCA 

 

To confirm the identity and orientation of the insert and absence of unwanted mutations, Sanger 

sequencing was performed where fluorescently-labelled dideoxynucleotides (ddNTPs) along with 

deoxynucleotides are incorporated at random during replication. Incorporation of a ddNTP causes a 

chain termination during DNA replication. These ddNTPs (A, T, G, or C) are each labelled with a 

different fluorophore colour, allowing identification of sequential nucleotides based on fluorescent 

colour. Each sequencing reaction was completed using the BigDye 3.1 sequencing kit (Applied 

Biosystems, Foster City, USA) and the reaction mixtures consisted of ~300–400 ng plasmid DNA, 

2x BigDye buffer (proprietary composition, Applied Biosystems, USA), 1x BigDye reaction mix 

(proprietary composition, Applied Biosystems, USA) and 5 pmol of either the forward (Lz116) or reverse 

(Lz115) backbone primer indicated in Table 2. The reactions were performed in an Applied Biosystems 

2720 Thermal Cycler (Applied biosystems, USA) with the following parameters: an initial denaturation 
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temperature of 96 °C for 1 min, 25 cycles of denaturation at 96 °C for 10 s, primer annealing at 50 °C 

for 5 s, and extension at 60 °C for 4 min. 

 

The sequencing reaction mixtures were purified by EtOH precipitation before being submitted for 

analysis. A solution of ice-cold 3 M NaOAc (pH 5.2) (1/10th of the reaction volume) and 100 % EtOH 

(3x the reaction volume) was added to each sequencing sample and incubated on ice for 15 min, then 

centrifuged at 11 000 xg for 30 min at 4 °C. The pellet was then washed with 250 µL of ice-cold 70 % 

(v/v) EtOH and centrifuged as before. The pellet was retained and any remaining EtOH was removed 

by evaporation in a heating block at 50 °C. Sequencing was performed at the University of Pretoria’s 

FABI AGCT Sequencing facility. The ABI PRISM Genetic Analyzer (Applied Biosystems, USA) was 

used to determine the sequence, and the sequences were analysed with the SnapGene software 

(version 5.3.2.). The successfully generated recombinant SLI-sandwich plasmids will be referred to as 

SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 henceforth. 

 

2.5. Cloning strategy for generation of recombinant SLI-glmS/glmS-mut plasmids  

In addition to the knock sideways system, a knockdown system was used to functionally analyse the 

selected putative kinase proteins throughout the different parasite developmental stages by altering the 

mRNA levels of the target gene. A 3’-gene fragment of ~600–1100 bp was selected and directionally 

cloned into both the SLI-glmS and SLI-glmS-mut plasmid (Figure 2-2). In addition to the SLI-glmS 

plasmid is the SLI-glmS-mut plasmid (M9) which possesses a mutation in the glmS encoding region 

rendering the ribozyme inactive and will act as a control during knockdown studies (see introduction 

section 1.8). All the primers designed were as in section 2.4.2. The purpose for each primer set and the 

different characteristics of the primers are presented in Table 3.  

 
Table 3: SLI-glmS and SLI-glmS-mut primer sequences for selected putative kinase gene PCR products.  
The sequence of each primer used is indicated from 5’ end to 3’ end with the respective RE cut sites indicated in 
bold text and the stop codon added to each forward primer indicated in red text. The four overhang nucleotides 
added to each primer are indicated in lower case. Each primer was also assigned a primer code which will used 
to refer to the primer hereafter.  

PlasmoDB ID Primer ID Orientation Primer 
code Primer sequence (5' - 3') 

PCR 
product 
length 

(bp) 

pf3d7_0105800 
GS_0105800_Fw Forward pr1 gcatGCGGCCGCTAAGGGGAATTAAATTTTATAGACGAGTTG 

1051 
GS_0105800_Rv Reverse  pr9 gcatACGCGTATTATTTTTAGGTCGTCTAAAAAATAGGAC  

pf3d7_1112100 
GS_1112100_Fw Forward pr3 gcatGCGGCCGCTAAGATATAATATTGTCAACAAATAAAAATATCCCAACAA

AACATCCC 
634 

GS_1112100_Rv Reverse  pr10 gcatACGCGTAAAAAAAGTGGAGGCGTTATAAAGTTCGTTTAACAAGATTG
TTTG  

pf3d7_1364400 
GS_1364400_Fw Forward pr5 gcatGCGGCCGCTAATTAAATTATTTTAAAAGCTATTTTCCG 

940 
GS_1364400_Rv Reverse  pr11 gcatACGCGTAGTTTTATTTGCCTTGTTACTTCTCAACATCCTTTG  

 

Specific REs required for downstream cloning were added to each primer designed for 3’-gene fragment 

amplification. The forward primers used in amplifying the 3’-gene fragments intended to be cloned into 

SLI-glmS and SLI-glmS-mut plasmids are the same primers used in section 2.4. However, the reverse 
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primers used are different, given that these primers contain an MluI (5’-ACGCGT-3’) cut site instead of 

the AvrII cut site (Table 3).  

 

The PCR amplification reaction elements and thermal cycler settings were the same as described in 

section 2.4.2 for each of the corresponding 3’-gene fragments, with each PCR amplification reaction 

containing 5 pmol of forward and reverse primer listed in Table 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Successfully amplified gene fragments were excised from the agarose gel and purified using a 

NucleoSpin Gel and PCR clean-up kit, following the manufacturer’s instructions. The DNA 

concentration of each sample was determined as described in section 2.4.2 and stored at -20 °C until 

use. 

 

Figure 2–2: Cloning strategy to produce recombinant SLI-glmS and SLI-glmS-mut plasmids for 
transfection.  Step 1: The selected 3’-gene fragment regions of the putative kinase genes were amplified using 
the specified primer pairs listed in Table 1. Step 2: the amplified 3’-gene fragments were cloned into  
SLI-glmS/glmS-mut plasmids. SLI-glmS/glmS-mut plasmid backbone primers flanking the insert region are 
indicated by the specific primer code. Asterisk (*): TAA stop codon. GFP-tag: green fluorescent protein tag.  
AmpR: ampicillin resistance selection marker. hDHFR: human dihydrofolate reductase resistance selection 
marker. Neo-R: neomycin resistance selection marker. T2A: skip peptide. glmS: functional glucosamine-6-
phosphate riboswitch ribozyme. glmS*: non-functional glucosamine-6-phosphate riboswitch ribozyme. 
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2.5.1. Cloning of amplified 3’-gene fragments into SLI-glmS and SLI-glmS-mut plasmids 

The amplified 3’-gene fragments were directionally cloned into the SLI-glmS and SLI-glmS-mut 

plasmids and plasmid DNA was isolated and verified through RE mapping described in section 2.4.3. 

However, instead of using the RE 3 U AvrII, 3 U MluI-HF was used. To prepare the 3’-gene fragments 

and SLI-glmS/glmS-mut plasmids for downstream ligation experiments, the gene fragments and verified 

SLI-glmS/glmS-mut were digested with the respective restriction enzymes to produce 5’- and  

3’-overhangs required for sticky-end ligation (outlined in Figure 2-2). The digested plasmid products 

were separated on an agarose gel, and the plasmid backbone was excised from the gel. The 3’-gene 

fragments and plasmid backbone were purified using a NucleoSpin Gel and PCR Clean-up kit following 

the manufacturer’s instructions and stored at -20 °C until use. The ligation reactions performed as 

described in section 2.4.3.  

 

2.5.2. Screening and confirmation of recombinant SLI-glmS and SLI-glmS-mut plasmids  

The colony screening PCR procedure was as described in section 2.4.4, where bacterial cultures of 

suspected positive clones were screened by PCR and RE mapping, using 5 pmol of Lz116 forward 

primer. However, a different reverse primer, Lz114, was used for these screening PCRs, as listed in 

Table 4. 

 
Table 4: Primer sequences used for colony PCR and sequencing.  The primer sequences flank the 3’insert 
region within the SLI-glmS and SLI-glmS-mut plasmid. Primer Lz116 is located upstream of the insert region and 
primer Lz114 is located downstream of the insert region.  

Plasmid ID Primer 
ID Orientation Primer 

code Primer sequence (5' - 3') 

SLI-glmS/glmS-mut 
Lz_116 Forward pr7 AGCGGATAACAATTTCACACAGGA 

Lz_114 Reverse pr12 ACAAGAATTGGGACAACTCCAGTGA 

 

Plasmid DNA was isolated and purified from the saturated bacterial cultures and subjected to RE 

mapping using NotI-HF and MluI-HF to verify if each respective gene fragment of interest was 

successfully ligated into the plasmid. To further validate the identity of the insert, Sanger sequencing 

was performed using the BigDye 3.1 sequencing kit and 5 pmol of either the forward (Lz116) or reverse 

(Lz114) primers, as described in section 2.4.4. The successfully generated recombinant SLI-glmS 

plasmids will be referred to as SLI-glmS-0105800, SLI-glmS-1112100 and SLI-glmS-1364400 and for 

the recombinant SLI-glmS-mut plasmids SLI-glmS-mut-0105800, SLI-glmS-mut-1112100 and  

SLI-glmS-mut-1364400 hereafter. 
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2.6. Recombinant plasmid preparation and transfection of asexual P. falciparum 
parasites  

The recombinant SLI-TGD plasmids (SLI-TGD-0105800, SLI-TGD-1112100 and SLI-TGD-1364400) 

were generated in a previous study (H Langeveld, BSc Hons, University of Pretoria, 2019) and were 

prepared here for transfection of P. falciparum parasites, described below. In all cases, ~440–830 bp 

of the 5’-end of the coding strand of the gene was displaced to generate N-terminal truncated versions 

of the proteins, which should be non-functional, leading to targeted gene deletion.  

 

2.6.1. Large scale plasmid isolation  

Of the successfully generated recombinant SLI-plasmids, 100 ng of plasmid DNA was used to transform 

100 µL of competent DH5a E. coli cells as described in section 2.4.3. The transformed bacterial cultures 

were then transferred to 5 mL of fresh LB-amp medium (50 μg/mL ampicillin) and grown at 37 °C O/N 

in a shaking incubator at ~180 rpm. After this, 3 mL of the saturated bacterial culture was used to 

inoculate 200 mL of LB-amp medium (50 μg/mL ampicillin) and grown at 37 °C O/N in a shaking 

incubator at ~180 rpm in order obtain greater quantities of the plasmid DNA. Plasmid DNA was isolated 

from saturated bacterial cultures using a NucleoBond® Xtra Midi / Maxi purification kit (Macherey-Nagel 

GmbH & Co.KG, Germany) according to manufacturer’s specification. After plasmid DNA isolation,  

~1–2 μg of plasmid DNA was subjected to RE mapping to verify the identity of the recombinant plasmid 

DNA using the respective RE enzymes combinations: NotI-HF and MluI-HF for SLI-TGD and  

SLI-glmS/glmS-mut, and NotI-HF and AvrII for SLI-sandwich.  

 

After validation of the recombinant plasmid DNA identity, the eluted plasmid DNA was concentrated by 

adding 3.5 mL of ice-cold isopropanol to the eluted plasmid DNA, vortexed for ~6–10 s and centrifuged 

at 15000 xg for 30 min at 4 °C. Thereafter, 1 mL of 70 % (v/v) ethanol was added to the DNA pellet and 

centrifuged as described above for 15 min, after which the ethanol was removed, and the pelleted DNA 

was allowed to dry at 50 °C in a heating block. Once dried, the pellet was resuspended in 250 μL 

dddH2O and stored at -20 °C until further use. One to two days before transfection, 100–250 µg of the 

respective recombinant plasmid DNA was pelleted with EtOH precipitation  

(as described in section 2.4.4) to allow resuspension of the DNA pellets into 250 μL cytomix (120 mM 

KCl, 0.15 mM CaCl2, 2 mM EGTA, 5 mM MgCl2, 10 mM K2PO4, 25 mM HEPES, pH 7.6) for downstream 

transfection experiments. These DNA samples were stored at -20 °C. 

 

2.6.2. Transfection of asexual P. falciparum parasites  

P. falciparum (NF54) parasite cultures consisting of >5 % ring-stage parasites (5 % haematocrit) was 

used for each transfection procedure. The parasitaemia of the parasite cultures was determined 3 h 

before transfection. The cultures were centrifuged (3500 xg for 3 min) to remove spent medium and 

washed once with cytomix (1:1), then centrifuged again as previously stated. The parasite-infected 
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erythrocyte pellets (200 μL) were resuspended in 250 μL of cytomix containing a total of 70–250 μg of 

recombinant SLI-plasmid DNA to yield a final volume of 450 μL. The mixtures were transferred to pre-

chilled 2 mm electroporation cuvettes and electroporated using a Gene Pulser Xcell Electroporation 

System (BioRad, USA) at a high capacitance of 950 μF and a low voltage of 310 V, ensuring optimal 

time constants of 10–20 ms.  

 

Electroporated, infected erythrocytes were mixed with 2 mL pre-warmed culture medium and 

transferred to a culture flask containing 3 mL pre-warmed culture medium, and parasites were allowed 

to recover at 37 °C for 2–3 h. The recovered parasite culture was centrifuged at 3500 xg for 3 min and 

lysed erythrocyte debris was aspirated. Transfected cells were resuspended in 5 mL pre-warmed 

culture medium supplemented with 100 μL fresh erythrocytes (50 % haematocrit) to compensate for 

lysed cells during electroporation and transferred back to the stationary incubator at 37 °C in a  

90 % N2, 5 % O2 and 5 % CO2 atmosphere. This was regarded as day 0 of transfection.  

 

2.7. Selection and validation of transgenic parasite lines  

To successfully obtain transgenic parasite lines for downstream evaluation, transfected parasites were 

selected for episomal uptake and integration of the recombinant SLI plasmids into P. falciparum asexual 

parasites (Figure 2-3), with various checkpoints throughout the selection process to confirm success. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2–3: Drug selection and screening of transgenic parasites to confirm episomal uptake and 
integration of recombinant SLI-plasmids.  NF54 parasite cultures of >5 % ring-staged were transfected with 
recombinant SLI-TGD-gene, SLI-SW-gene, SLI-glmS and SLI-glmS-mut plasmids through electroporation. The 
transfected parasites were selected for episomal uptake of the recombinant plasmids with WR99210 for 
10 consecutive days and episomal uptake was confirmed via PCR on recovered parasites. NF54-epi(SLI-TGD-
gene) and NF54-epi(SLI-SW-gene) parasites were placed under G418 drug selection for 10 consecutive days and 
every thereafter for a total of 16 days. Each biological replicate of NF54-epi(SLI-TGD-gene) cultures was split in 
triplicate before G418 selection. Essentiality was determined after 4 weeks in recovery. Integration of recombinant 
SLI-SW-gene plasmid was confirmed via PCR and knock sideways studies were completed using fluorescent 
confocal microscopy.  
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2.7.1. Selection for and confirmation of recombinant SLI-TGD, SLI-sandwich and  

SLI-glmS/glmS-mut episomal uptake  

The day after transfection (day 1), transfected P. falciparum parasite cultures were maintained under 

selective single-drug pressure for 10 consecutive days to mediate episomal uptake of the plasmids 

through the addition of 4 nM of WR99210 (Jacobus Pharmaceuticals, USA) [106]. WR99210, an 

antifolate drug, is a potent inhibitor of P. falciparum DHFR, preventing nucleic acid synthesis and killing 

parasites [109]. However, parasites where episomal uptake took place will have the resistance marker, 

human hDHFR, present on the SLI-plasmid backbone, and only parasites that have taken up and 

maintained the SLI-plasmids episomally are able to survive [106, 109]. Culture medium containing 

WR99210 was changed every day throughout a 10-day selection period (Figure 2-3). After this, drug 

pressure was removed, and complete medium was changed twice weekly until parasite recovery was 

established. Fresh erythrocytes were added every 7 days to replace lysed erythrocytes and to maintain 

a 5 % haematocrit. After three weeks in drug-free medium, parasites recovered, and once the 

parasitaemia reached >4 %, samples were collected, and genomic DNA was isolated from majority 

trophozoite stage cultures using the Quick gDNA Mini-Prep kit (Zymo, USA) as per manufactures 

specifications as described in section 2.4.1. 

 

To determine the episomal presence of the recombinant SLI-plasmids, amplification of the gene 

fragment insert region was completed using the respective SLI-plasmid backbone primers listed in 

Table 2 for SLI-sandwich and Table 4 for SLI-TGD and SLI-glmS/glmS-mut (Figure 2-4). Each PCR 

amplification reaction consisted of 5 pmol of plasmid backbone primer (Table 2 and 4) with ~20–40 ng 

of template DNA and 1x KAPA-Taq polymerase, while the negative control contained no template DNA. 

Thermocycler settings consisted of an initial denaturation step at 95 °C for 5 min, followed by 

denaturation at 95 °C for 30 s, 58 °C for 30 s for annealing of primers and 68  C for 90 s extension for 

30 cycles. PCR products were analysed using gel electrophoresis as described in section 2.4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2–4: Schematic representation of primer combinations used to determine successful episomal 
uptake of recombinant SLI-TGD, SLI-sandwich and SLI-glmS/glmS-mut plasmids.  The different primers used 
to screen for episomal uptake are indicated on the respective recombinant plasmids. The primers used are situated 
upstream and downstream of the insert region within the plasmids. The primers used for SLI-SW-gene episomal 
uptake are listed in Table 2 while primers used in SLI-TGD-gene and SLI-glmS/glmS-mut episomal screening are 
listed in Table 4.  
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Following confirmation of episomal uptake by PCR amplification, parasite culture volumes were 

increase to 20 mL by adding culture medium and fresh erythrocytes, maintaining a 5 % haematocrit. 

Once the parasitaemia of the 20 mL cultures reached >5 % ring-stage parasites, 10 mL of the culture 

was split off and centrifuged for 5 min at 3500 xg. The supernatant was aspirated and the 500 µL of 

packed erythrocyte pelleted was subsequently resuspended in freezing medium (28 % (v/v) glycerol, 

3 % (w/v) D-sorbitol, 0.65 % (w/v) NaCl) in a 1:1 ratio and stored in liquid nitrogen. New culture medium 

and fresh erythrocytes were added to the remaining 10 mL cultures, maintaining a 5 % haematocrit. 

This process was repeated 3-4 times on sequential cycles to ensure adequate parasite stocks for future 

work. The recombinant parasites lines were referred to as NF54-epi(SLI-SW-gene) for SLI-sandwich, 

NF54-epi(SLI-TGD-gene) for SLI-TGD and NF54-epi(SLI-glmS/-mut-gene) for SLI-glmS/glmS-mut.  

 

2.7.2. Selection for genomic integration of SLI-TGD and SLI-sandwich  

Recombinant parasite lines (NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and  

NF54-epi(SLI-TGD-1364400)) were cultivated to a ~2–4 % parasitaemia and were split into three 5 mL  

(5 % haematocrit) cultures and subjected to a second drug selection cycle with 400 μg/mL G418 

(Thermo Fisher Scientific). G418 (geneticin – an analogue of neomycin sulphate and used for selection 

of eukaryotic cells displaying neomycin resistance markers), blocks polypeptide synthesis and ensures 

that only parasites with genomic integration will survive, as the neomycin resistance marker is 

expressed under the endogenous promoter of the selected gene [108].  

 

NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and NF54-epi(SLI-TGD-1364400) 

cultures were additionally synchronised and subsequently placed under G418 selection to further 

delineate the contribution of these putative protein kinases to a particular phase of the cell cycle and 

associated asexual replication cycle. Cultures of ~2–3 % parasitaemia (>50 % ring stage parasites) 

were synchronised once with 5 % (w/v) D-sorbitol as described in section 2.3. Synchronised cultures 

were then placed under G418 (400 µg/mL) drug pressure for six days, until no parasites were observed 

on a thin blood smear. Parasite distributions for each culture were evaluated by counting ~500–1000 

erythrocytes on Rapi-Diff-stained thin blood smears at 1000x magnification every 24 h. 

 

For the knock sideways lines, NF54-epi(SLI-SW-0105800), NF54-epi(SLI-SW-1112100) and  

NF54-epi(SLI-SW-1364400) cultures of ~2–4 % parasitaemia were maintained in single culture flasks 

each and subjected to 400 μg/mL G418 drug pressure. Complete culture medium containing G418 was 

changed every day for the first 10 days and thereafter every second day for a total of 16 days for all of 

the above parasite lines [106] (Figure 2-3). Following selection, drug pressure was removed, and 

cultures were cultured twice weekly in drug-free culture medium until parasitaemia recovered  

(Figure 2-3). Fresh erythrocytes were added once a week to maintain a 5 % haematocrit.  
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Parasites reappeared during the recovery period for each of the lines undergoing selection for  

SLI-SW-gene plasmid integration. PCR screening could therefore be performed once the parasitaemia 

reached >4 %. Figure 2-5 provides a schematic overview of the locations of the primers used to 

evaluate if successful integration occurred. The PCR reactions contained 5 pmol of the forward and 

reverse primers listed in Table 5 alongside 1x KAPA-Taq polymerase and genomic DNA isolated from 

recovered parasites. A two-step PCR was used with an initial denaturation at 95 °C for 5 min, then 

30 cycles of denaturation at 95 °C for 30 s with a merged annealing and extension step for 3 min at 

60 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCR products were analysed using gel electrophoresis RE mapping as described in section 2.4.3. 

Where amplification of the wild-type (WT) locus indicated continued presence of WT parasites within 

the recovered parasite cultures, these were placed under an additional round of 800 μg/mL G418 drug 

selection to eliminate remaining WT parasites. Once integration had been confirmed and no WT 

parasites remained, parasite cultures were stored in liquid nitrogen as described in section 2.7.1. 

Recombinant parasite lines are referred to as NF54-0105800-2xFKBP-GFP-2xFKBP, NF54-1112100-

2xFKBP-GFP-2xFKBP and NF54-1364400-2xFKBP-GFP-2xFKBP. 

 

Figure 2–5: Schematic representation of determination of successful integration of recombinant  
SLI-sandwich plasmid into parasite genome.  Schematic of the recombinant SLI-SW-gene plasmid undergoing 
a single homologous recombinant event into the wild-type (WT) of the target gene. Primers used in determining 
successful integration are indicated by the respective primer codes (pr) and arrows (indicting direction of the 
respective primer) along with the different primer combinations used listed in Table 5.  

pr17 + pr18 = NF54-1364400-2xFKBP-GFP-2xFKBP WT locus
pr17 + pr8 = 5’ integration NF54-1364400-2xFKBP-GFP-2xFKBP
pr17 + pr12 = 5’ integration NF54-1364400-2xFKBP-GFP-2xFKBP
pr7 + pr18 = 3’ integration NF54-1364400-2xFKBP-GFP-2xFKBP 

pr15 + pr16 = NF54-1112100-2xFKBP-GFP-2xFKBP WT locus
pr15 + pr8 = 5’ integration NF54-1112100-2xFKBP-GFP-2xFKBP
pr15 + pr12 = 5’ integration NF54-1112100-2xFKBP-GFP-2xFKBP
pr7 + pr16 = 3’ integration NF54-1112100-2xFKBP-GFP-2xFKBP 

pr13 + pr14 = NF54-0105800-2xFKBP-GFP-2xFKBP WT locus
pr13 + pr8 = 5’ integration NF54-0105800-2xFKBP-GFP-2xFKBP 
pr13 + pr12 = 5’ integration NF54-0105800-2xFKBP-GFP-2xFKBP
pr7 + pr14 = 3’ integration NF54-0105800-2xFKBP-GFP-2xFKBP
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Table 5: PCR primers used to confirm 5’, 3’ integration and wild-type loci in recombinant parasite lines 
NF54-0105800-2xFKBP-GFP-2xFKBP, NF54-1112100-2xFKBP-GFP-2xFKBP and NF54-1364400-2xFKBP-
GFP-2xFKBP.   

Parasite line Primer ID Orientation Primer 
code Primer sequence (5' - 3') 

PCR 
product 

length (bp) 

NF54-
0105800-

2xFKBP-GFP-
2xFKBP 

 

5’ 
integration 

Forward pr13 GCGGAAGATTTTGAGAACAACGATA 
1517 

Reverse  pr8 TCTCTGCAGAGCAGCTCTAGCA 

Reverse pr12 ACAAGAATTGGGACAACTCCAGTGA 2271 

3’ 
integration  

Forward pr7 AGCGGATAACAATTTCACACAGGA 
1643 

Reverse  pr14 GGAGGGTACACCATAACAAAAGAGC 

WT locus 
Forward pr13 GCGGAAGATTTTGAGAACAACGATA 

1966 
Reverse  pr14 GGAGGGTACACCATAACAAAAGAGC 

NF54-
1112100-

2xFKBP-GFP-
2xFKBP 

 

5’ 
integration 

Forward pr15 GCTCCTCCAGTTTATATGATGAAAATCATG 
1265 

Reverse  pr8 TCTCTGCAGAGCAGCTCTAGCA 

Reverse pr12 ACAAGAATTGGGACAACTCCAGTGA 2020 

3’ 
integration  

Forward pr7 AGCGGATAACAATTTCACACAGGA 
930 

Reverse  pr16 GGAAAAAACACATGAAAAATGAGAATTATATG
ATAAC 

WT locus 
Forward pr15 GCTCCTCCAGTTTATATGATGAAAATCATG 

1420 
Reverse  pr16 GGAAAAAACACATGAAAAATGAGAATTATATG

ATAAC 

NF54-
1364400-

2xFKBP-GFP-
2xFKBP 

 

5’ 
integration 

Forward pr17 TATACAAACATCAACGGTATCAATGAATTGTC 
1440 

Reverse  pr8 TCTCTGCAGAGCAGCTCTAGCA 

Reverse pr12 ACAAGAATTGGGACAACTCCAGTGA 2200 

3’ 
integration  

Forward pr7 AGCGGATAACAATTTCACACAGGA 
1210 

Reverse  pr18 GAACAGTACACACAAAATAAATTCGTATGG 

WT locus 
Forward pr17 TATACAAACATCAACGGTATCAATGAATTGTC 

1545 
Reverse  pr18 GAACAGTACACACAAAATAAATTCGTATGG 

 

2.8. Growth rate and morphological analysis of NF54-0105800-2xFKBP-GFP-
2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP transgenic lines 

To evaluate if the genetic alterations had any undesirable effects on parasite morphology and 

proliferation, the transgenic NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-

2xFKBP lines were assessed by quantifying the different asexual stages compared to WT NF54 

P. falciparum parasites. For evaluation of proliferation, both transgenic lines and WT NF54 cultures 

were synchronised twice as described in section 2.3. After the second round of synchronisation, 

parasitaemia of the various cultures was determined by counting ~1000–1500 erythrocytes on Rapi-

Diff-stained thin blood smears at 1000x magnification and parasitaemia was adjusted to ~0.5 %. 

Parasite proliferation was evaluated every 24 h for a period of 120 h (2.5 life cycles) with Rapi-Diff-

stained blood smears with parasitaemia determined as described earlier and compared to WT NF54. 
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2.9. Fluorescent evaluation of transgenic P. falciparum parasites lines using 
confocal microscopy  

The 1 mm coverslips (Menzel-Gläser, Germany) were cleaned in 1 M HCl and left at 4 °C for 24 h, after 

which they were rinsed with dddH2O three times to remove remaining HCl. To remove any chemical 

residue, coverslips were rinsed three times with 100 % EtOH. Parasite adherence to the coverslip 

surface was ensured through application of a cationic surface charge by incubating coverslips in 0.01 % 

(w/v) poly-L-lysine (PPL) (Sigma Aldrich, USA) for 5–10 min, allowing ionic attraction to negative 

charges in cell membranes. The coverslips were stored at 4 °C until use. 

 

Samples of 2–3 mL intraerythrocytic P. falciparum parasites (5 % haematocrit, 2–5 % parasitaemia) 

were aliquoted and centrifuged at 3000 xg for 3 min. To minimise background fluorescence, culture 

medium was removed from each sample and samples were washed three times in 2 mL 1x PBS 

(0.137 M NaCl, 3 mM KCl, 1.9 mM NaH2PO4, 8.1 mM Na2HPO4) at room temperature and centrifuged 

at 3000 xg for 3 min between wash steps. The haematocrit was adjusted to ~2–3 % in 1x PBS. Parasite 

nuclei were stained by incubation in 30 mM Hoechst 33342 at room temperature for 30 min. The 

samples were washed three times in 1x PBS and centrifuged at 3000 xg to remove any residual 

Hoechst.  

 

P. falciparum parasites were transferred to the poly-L-lysine-coated coverslips and centrifuged for 3 min 

at 300 xg, and non-adherent cells were carefully removed with 1x iso-PBS (1–2 mL). Preservation of 

parasite sub-cellular molecular arrangements at a given time is required for accurate parasite 

morphology assessment. The parasites were therefore fixed by adding 2 mL of a 4 % (w/v) 

formaldehyde and 0.025 % (v/v) glutaraldehyde fixative in 1x PBS to the coverslips and incubating for 

45–60 min at room temperature to create cross-linkages between amine groups on proteins and nucleic 

acids. The fixative was removed by aspirating, and remaining fixative was gently removed by washing 

the coverslips twice with PBS-T (1x Iso-PBS with 0.1 % (v/v) Tween-20). Fluoroshield (Sigma Aldrich, 

USA) was added to the coverslip to minimise the quenching of the fluorescent dyes. The coverslip was 

affixed to a slide and sealed and stored at 4 °C in the dark until use. 

 

For parasite kinase protein localisation and mislocalisation experiments, imaging was performed on a 

Zeiss LSM 880 Inverted Confocal Laser Scanning Microscope (LSM) with an Airyscan detector (Zeiss, 

Germany) for super-resolution imaging with appropriate channels, based on fluorophore emission and 

excitation wavelengths. GFP has an excitation wavelength of 488 nm and emission at 500 nm, which 

could be detected through the green channel. Hoechst has an excitation wavelength of 350 nm and 

emission at 460–490 nm and could therefore be detected on the blue channel. A 100x oil immersion 

objective with 1.4 numerical aperture was used for imaging parasites. Zeiss ZEN lite blue edition 

software (Zeiss, Germany) was used for digital image processing. 
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2.10. Knock sideways of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-
2xFKBP-GFP-2xFKBP 

2.10.1. Transfection and selection of pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-

mcherry-hsp86-BSD into transgenic line  

Before the knock-sideways system could be performed to remove the selected target protein from its 

predicted site of action, an additional plasmid (pLyn-FRB-mcherry-nmd3-BSD and  

p1xNLS-FRB-mcherry-hsp86-BSD) encoding a mislocaliser sequence for an episomally-expressed 

FRB protein was transfected into the existing recombinant NF54-0105800-2xFKBP-GFP-2xFKBP,  

NF54-1112100-2xFKBP-GFP-2xFKBP and NF54-1364400-2xFKBP-GFP-2xFKBP lines. The FRB 

protein is important for protein-protein dimerisation with the FKBP proteins attached to the target kinase 

protein, thereby achieving mislocalisation after introduction to the NF54-gene-2xFKBP-GFP-2xFKBP 

transgenic line. The pLyn-FRB-mcherry-nmd3-BSD plasmid contains a plasma membrane mislocaliser, 

Lyn (lyn proto-oncogene fragment) sequence, while p1xNLS-FRB-mcherry-hsp86-BSD contains a 

nuclear mislocaliser, SV40 Large T-antigen nuclear localisation signal (NLS) derived peptide sequence. 

In both mislocalising plasmids, an mCherry tag is included attached to the FRB to trace cellular 

localisation through red fluorescence.  

 

To isolate large quantities of pure pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-

BSD plasmid DNA, the same large-scale plasmid isolation procedure described in section 2.6.1 was 

used. Before proceeding to further purification, 1–2 µg of DNA was subjected to RE mapping using 3 U 

each of MluI-HF + XmaI and 3 U each of XmaI + Xhol to verify the identities of the plasmid DNA as 

pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-BSD (Figure 2-6). The plasmid DNA 

was then subjected to further isopropanol and EtOH purification steps as described in section 2.6.1 to 

prepare for downstream transfection. 

 

Separate transfection of pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-BSD was 

performed using NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP 

transgenic parasites as generated in section 2.6.2. Episomal selection was, however, completed under 

blasticidin selection for presence of the BSD selection marker. The transfected parasite cultures were 

subjected to 2 µg/mL blasticidin drug pressure (Thermo Fisher Scientific, USA) for 8 consecutive days 

and allowed to recover. Recovered culture volumes were increased to 20 mL and DNA was extracted 

as described in section 2.7.1. Figure 2-6 indicates the primer combinations used for confirmation of 

episomal uptake of pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-BSD through 

PCR amplification. 

 

To isolate large quantities of pure p1xNLS-FRB-mcherry-hsp86-BSD and pLyn-FRB-mcherry-nmd3-

BSD plasmid DNA, the same large scale plasmid isolation procedure described in section 2.6.1 was 

used. Before proceeding to further purification, 1–2 µg of DNA was subjected to RE mapping using  
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3 U MluI-HF and 3 U XmaI in one reaction and 3 U XmaI and 3 U Xhol in another to verify the identity 

of the plasmid DNA as pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-BSD  

(Figure 2-6). The plasmid DNA was then subjected to further isopropanol and EtOH purification steps 

as described in section 2.6.1 to prepare for downstream transfection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once parasitaemia of the recovered transfected parasite culture reached >4 %, samples were collected, 

and genomic DNA was isolated using the Quick gDNA Mini-Prep kit as before. To determine if the  

pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-BSD plasmids were present 

episomally, PCR screening was performed with ~20–40 ng template DNA using 1x KAPA-Taq 

polymerase and 5 pmol of forward and revers primers listed in Table 6. 

 
Table 6: Primer sequences used for episomal uptake confirmation of pLyn-FRB-mcherry-nmd3-BSD and 
p1xNLS-FRB-mcherry-hsp86-BSD 

Plasmid ID Primer ID Orientation Primer 
code Primer sequence (5' - 3') PCR product 

length (bp) 

p1xNLS-FRB-
mcherry-

hsp86-BSD 

pHSP86_F Forward  pr19 GAAAGGGGCCATTGGATATATATTTAGT 
1488 

mcherry_Rv Reverse  pr20 CCTTGGTCACCTTCAGCTTGG 

pLyn-FRB-
mcherry-nmd3-

BSD 

mcherry_Fw Forward pr21 CGAGATGGGATGTATAAAATCAAAAGGGA 
647 

mcherry_Rv Reverse  pr20 CCTTGGTCACCTTCAGCTTGG 

 

The thermocycler cycler settings used for the screening reactions included an initial denaturation step 

at 95 °C for 5 min followed by a denaturation at 95 °C for 30 s, 52 °C for 30 s for annealing of primers 

Figure 2–6: Schematic representation of pLyn-FRB-mcherry-nmd3-BSD and p1xNLS-FRB-mcherry-hsp86-
BSD plasmid and episomal uptake confirmation primer combinations.  The plasmids include mislocaliser 
sequences, Lyn (lyn proto-oncogene fragment) for plasma membrane mislocalisation and NLS (SV40 Large  
T-antigen nuclear localisation signal derived peptide) for nuclear mislocalisation, FRB (FKBP12-rapamycin binding 
domain) and a mcherry cassette. The primer combinations used in PCR amplification reactions used to confirm 
episomal uptake are indicated by arrows as well as primer codes corresponding to primers listed in Table 6. 

BSD
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pr19
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and 68 °C for 90 s for extension. Amplified fragments were analysed using gel electrophoresis as 

described in section 2.4.2. 

2.10.2. Functional analysis of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-

1112100-2xFKBP-GFP-2xFKBP nuclear and plasma membrane mislocalisation  

NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP parasite cultures 

that episomally maintained the p1xNLS-FRB-mcherry-hsp86-BSD and pLyn-FRB-mcherry-nmd3-BSD 

were subjected to two synchronisation steps, as described in section 2.3, to obtain a tightly 

synchronised 10 mL culture at ~2–5 % parasitaemia (>95 % ring-stage parasites). This was split into 

two 5 mL cultures, of which one was used to assess mislocalisation using confocal microscopy, 

described in section 2.9, whilst the other culture was used to determine the effect of nuclear 

mislocalisation on asexual parasite proliferation.  

 

For the fluorescent assessment, parasites were allowed to progress into late trophozoite/schizont-stage 

parasites, whereupon 250 nM of rapalog (25 μM in culture medium, AP21967, Clontech, Takara Bio, 

Japan) was added and incubated at 37 °C for 1 h. The addition of rapalog induces FKBP/FRB 

dimerisation, thereby inducing mislocalisation of the target protein. After this, parasite samples were 

taken and prepared for fluorescence confocal microscopy as described in section 2.9. The mCherry 

protein has an excitation wavelength of 587 nm and an emission of 610 nm which is detectable through 

the red channel. A 5 mL synchronised culture (>95 % ring-stage parasites) was split into two 2 mL 

cultures and the parasitaemia was adjusted to ~0.5 %. One culture was used as a vehicle control 

(- Rap) while to the other 250 nM of rapalog (25 μM in culture medium, AP21967, Clontech, Takara 

Bio, Japan) was added every 24 h (+ Rap) for a period of 96 h (2 life cycles). Parasite proliferation was 

evaluated every 24 h with Rapi-Diff-stained blood smears and parasitaemia was determined by 

counting ~1000–1500 erythrocytes at 1000x magnification. 
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3. Chapter 3: Results  
 

3.1.  In silico analysis of selected putative kinase proteins 

3.1.1. Protein domain predictions of the selected kinase proteins 

To obtain a clearer indication of the potential of the three proteins under investigation as potential kinase 

protein family members, in silico analyses were performed. Protein domain and family predictions were 

done using InterPro and SMART to evaluate the identity and functionality of each PF3D7_0105800, 

PF3D7_1112100 and PF3D7_1364400.  

 

PF3D7_0105800 encodes a 99 kDa protein that contained a signature that defines cyclin-dependent 

regulatory subunit (CKS) family members (InterPro: IPR000789), as well as a cyclin-dependent 

regulatory subunit superfamily signature (IPR036858); both are located at the C-terminus of the protein 

(residues 736–831) (Figure 3-1A). These signatures were confirmed using SMART (Figure 3-1B). This 

indicates the possibility that PF3D7_0105800 could have CDK-related function. CKS proteins from 

mammalians are typically associated in a hexamer, with symmetrical interlocking repeats of three small 

(~16 kDa) homodimers (PMID: 8211159). The larger size of the proposed CKS member in P. falciparum 

encoded by PF3D7_0105800 is attributed to an extended N-terminus containing low-complexity 

regions, typical of proteins from this parasite [110], and a single coiled-coil domain (Figure 3-1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PF3D7_1112100 encodes a large protein of 296 kDa and is predicted to belong to the Bub1/Mad3 

family (InterPro: IPR015661) in addition to containing a serine/threonine protein kinase-like superfamily 

domain (InterPro: IPR011009) at residues 1636–1720 (Figure 3-2A). The protein also contains a protein 

Figure 3–1: Schematic representation of PF3D7_0105800 architecture.  (A) A cyclin-dependent regulatory 
subunit family (CKS) (IPR000789) shown in orange in addition to a cyclin-dependent regulatory subunit 
superfamily (IPR036858) shown in purple. Information obtained from InterPro (https://www.ebi.ac.uk/interpro).  
(B) A CKS region is predicated at the C-terminus of the protein along with low complexity regions indicated in pink 
throughout the protein. A coiled-coil region, as predicted by SMART, is shown in bright green  
(http://smart.embl- heidelberg). 

IPR000789: cyclin-dep_kinase_reg_sub 

IPR036858: cyclin-dep_kinase_reg_sub_sf 

A 

B 
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kinase domain (InterPro: IPR000719) at residues 1518–1967 (Figure 3-2A). Interestingly, this indicates 

the possibility that PF3D7_1112100 could potentially have a role during cell cycle progression from 

metaphase to anaphase as proteins belonging to the Bub1/Mad3 family are usually implicated in and 

important to spindle damage detection [49, 111].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lastly, PF3D7_1364400 encodes a very large protein of 386 kDa predicted to belong to a cyclin-like 

superfamily as predicted by a 3022–3111 region at the C-terminus (InterPro: IPR036915)  

(Figure 3-3A). The cyclin-like domain superfamily does not only contain cyclins, but also transcription 

factors like transcription factor IIB which in other eukaryotes are involved in the formation of the RNA 

polymerase II preinitiation complex [112]. Additionally, the cyclin-like domain superfamily contains Rb 

tumour suppressor proteins, which are involved in regulating cell growth and cell cycle progression 

[113]. However, SMART analysis predicted a broad distribution of multiple low-complexity regions 

throughout the protein with one coiled-coiled region, questioning whether structural plasticity may 

influence the activity associated with the annotated kinase domains (Figure 3-3B). 

 

 

 

 

 

 

 

 

Figure 3–2: Schematic representation of PF3D7_1112100 architecture.  (A) A mitotic spindle checkpoint 
protein Bub1/Mad3 family (IPR015661) as predicted along indicated in blue/purple with a Ser/Thr kinase-like 
superfamily signature (IPR011009) indicated in green. Additionally, a protein kinase domain (IPR000719) is 
indicated in brown. Information obtained from InterPro (https://www.ebi.ac.uk/interpro). (B) Low complexity regions 
are predicted throughout the protein indicated in pink along with three transmembrane domains indicated in blue 
in addition to three coiled-coil regions shown in green as predicted by from SMART (http://smart.embl- heidelberg).  

IPR008271: Ser/Thr_kinase_sf 

IPR000719: Protein_kinase_domain 

IPR015661: Bub1/Mad3 
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B 
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These in silico predictions of protein domains and homologous protein families indicate that 

PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400 proteins are not only potential kinase 

proteins but may particularly be involved in cell cycle regulation.  

 

3.1.2. Predicted protein-protein interactions of the selected kinase proteins 

Since kinases are known members of large protein interaction networks, and in some instances are 

indeed the main controlling hubs in such networks, STRING protein-protein networks  

(https://string-db.org/) based on P. falciparum protein interactions were generated to obtain further 

indication of the functional importance of the proposed kinases under investigation. The STRING 

network was based on qualitative information obtained from neighbourhood, experiments, databases, 

co-occurrence in literature and co-expression for each kinase protein, individually.  

 

The predicted STRING interactions for PF3D7_0105800 indicated direct interaction with a conserved 

protein with unknown function, PF3D7_0606600, from two-hybrid screening data (Figure 3-4).  

Co-occurrence in literature also connected PF3D7_0105800 to PF3D7_0109000 (PHIL1), which has 

been indicated to be important for the parasite inner membrane complex [114, 115]. Co-expression 

data indicated that PF3D7_0105800 was connected to PF3D7_1227500 (SOC2), a cyclin-related 

protein, and PF3D7_0919900 (RCC-PIP), a regulator of chromosome condensation-PP1-interacting 

protein, and PF3D7_1364100, a membrane anchor protein [116-118] (Figure 3-4). This interconnection 

with multiple different proteins which perform different functions could indicate that PF3D7_0105800 is 

part of a signalling cascade during the early stages of the G1 phase, as this protein was described as 

an early responder in cell cycle re-entry in P. falciparum [8].  

 

 

 

Figure 3–3: Schematic representation of PF3D7_1364400 architecture.  (A) Only a cyclin-like superfamily 
(IPR036915) signature is predicted at the end of the C-terminus indicated in purple. Information obtained from 
InterPro (https://www.ebi.ac.uk/interpro). (B) Low complexity regions are shown in pink; transmembrane domains 
are indicated in blue while coiled-coil regions are shown in green as predicted by from SMART  
(http://smart.embl- heidelberg).  

IPR036915: Cyclin-like_sf 
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The STRING interactions for PF3D7_1112100 indicated its connection to three proteins via co-

occurrence in literature - PF3D7_0704300 (conserved Plasmodium protein), PF3D7_1467900  

(Rab GTPase activator) and PF3D7_0613800 (ApiAP2) (Figure 3-5). The latter was also identified by 

co-expression in addition to PF3D7_0604100 (SIP2). Both of these proteins are annotated to contain 

AP2 transcription factor domains, indicating their involvement in DNA-binding and gene regulation 

[119]. PF3D7_1112100 is also co-expressed with PF3D7_1209300, a telomere repeat-binding zinc 

finger protein, and PF3D7_1227600 (SPC24), a kinetochore protein, which supports its predicted 

membership in the Bub1/Mad3 family and its predicted function in spindle attachment (Figure 3-5).  
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AP2 domain transcription 
factor

PF3D7_0704300 
Conserved Plasmodium
membrane protein, unknown 
function

Figure 3–4: Schematic model of the protein–protein interaction complex of PF3D7_0105800 and its 
predicted partners.  This interaction network was generated by using the STRING software (https://string-db.org). 
The putative kinase protein PF3D7_0105800 is indicated by the red sphere. Solid black lines indicate  
co-expression between the connected proteins (spheres), a light green line indicates connection between the 
proteins through co-occurrence in literature while a pink line indicates interaction through experimental 
determination.  

Figure 3–5: Schematic model of the protein–protein interaction complex of PF3D7_1112100 and its 
predicted partners.  This interaction network was generated by using the STRING software (https://string-db.org). 
The putative kinase protein PF3D7_1112100 is indicated by the red sphere. Solid black lines indicate  
co-expression between the connected proteins (spheres), a light green line indicates connection between the 
proteins through co-occurrence in literature while a pink line indicates interaction through experimental 
determination. 
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The predicted STRING interactions for PF3D7_1364400 indicated connections with only four other 

proteins – PF3D7_0401800, PF3D7_1133100, PF3D7_1307100 and PF3D7_1323400 (Figure 3-6). 

PF3D7_1307100 is annotated as a putative U3 small nucleolar RNA-associated protein 6, which is 

commonly associated with pre-rRNA cleavage and 18S rRNA formation [120]. Similarly, 

PF3D7_1323400 is annotated as 60S ribosomal protein L23. Interestingly, in eukaryotes ribosomal 

protein L23 associates with E3 ubiquitin-protein ligase Mdm2, which ultimately leads to activation of 

p53 in addition to regulation of cell growth [121] (Figure 3-6). These findings support predictions that 

PF3D7_1364400 could possibly have similar functions to Rb tumour suppressor proteins play within 

mammalian cells. Furthermore, the increase in expression during asexual P. falciparum cell cycle arrest 

indicate that PF3D7_1364400 could possibly be part of early cell growth regulation during the G1 phase 

of asexual P. falciparum parasites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Determining essentiality of the selected kinase proteins during asexual 
proliferation  

3.2.1. Large scale recombinant SLI-TGD-gene plasmid isolation  

Recombinant constructs for pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400 cloned into SLI-TGD 

plasmids were generated previously (H Langeveld, BSc Hons, University of Pretoria, 2019) and used 

here from the validation steps onwards (Figure 3-7A). The 5’-gene fragments corresponding to the 

coding strand of each selected putative kinase gene, pf3d7_0105800 (~540 bp), pf3d7_1112100  

(~440 bp) and pf3d7_1364400 (~820 bp), were previously successfully amplified (Figure 3-7B) and 

cloned into SLI-TGD plasmids. Positive constructs were confirmed here based on the presence of the 

correct size inserts after RE mapping using NotI-HF and MluI-HF (Figure 3-7C). Therefore, recombinant 

SLI-TGD plasmids named SLI-TGD-0105800, SLI-TGD-1112100 and SLI-TGD-1364400, were 

validated and ready to be used in downstream transfection experiments. 

Figure 3–6: Schematic model of the protein–protein interaction complex of PF3D7_1364400 and its 
predicted partners.  This interaction network was generated by using the STRING software (https://string-db.org). 
The selected putative kinase protein PF3D7_1364400 is indicated by the red sphere. Solid black lines indicate  
co-expression between the connected proteins (spheres), while a pink line indicates interaction through 
experimental determination. 

PF3D7_1364400

PF3D7_0401800
Plasmodium export protein

PF3D7_1307100
U3 small nucleolar RNA-associated protein 6

PF3D7_1133100
Conserved Plasmodium protein
Unknown function 

PF3D7_1323400
60S ribosomal protein L23
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To transfect the recombinant plasmids into asexual parasites, a large quantity (~50–100 µg) of pure 

plasmid is required [106]. Enough pure DNA was isolated for each recombinant SLI-TGD plasmid with 

total DNA yields ranging from 510–760 µg with A260/280 and A260/230 ratios ranging between 1.7–1.9 and 

2.0–2.4, respectively, indicating good quality, pure DNA. The isolated plasmid was confirmed to be 

recombinant SLI-TGD-0105800, SLI-TGD-1112100 and SLI-TGD-1364400 plasmids through RE 

mapping (Figure 3-7D). The RE digest yielded two bands for each of the recombinant SLI-TGD 

plasmids, with the larger band of ~6 kb corresponding to the expected size of the SLI-TGD backbone 

while the smaller bands of ~540 bp, ~440 bp and ~820 bp in size corresponded to the expected 

pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400 5’-gene fragments, respectively (Figure 3-7D). 

Figure 3–7: Cloning and validation of recombinant SLI-TGD-0105800, SLI-TGD-1112100 and  
SLI-TGD-1364400.  (A) Schematic representation of the cloning process and validation of recombinant SLI-TGD 
plasmids. (B) Negative control (-C) PCR containing no template DNA. PCR amplification of 5’-gene fragments of 
the selected putative kinase genes. Amplified products were analysed on 1.2 % (w/v) agarose gel post stained 
with EtBr (0.4 mg/mL). Molecular marker (MM): 100 bp ladder (Promega, USA). The expected amplified band 
sizes were obtained for each 5’-gene fragment of ~440 bp (pf3d7_1112100), ~540 bp (pf3d7_0105800) and ~820 
bp (pf3d7_1364400). (C) RE mapping of recombinant SLI-TGD-0105800, SLI-TGD-1112100 and SLI-TGD-
1364400 was completed by digesting 1 µg of plasmid DNA for 3 h at 37 °C and analysed on a 1.2 % (w/v) agarose 
gel post stained with EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). (D) Additional 
validation step was done by digesting 2 µg of newly isolated recombinant SLI-TGD-0105800, SLI-TGD-1112100 
and SLI-TGD-1364400 plasmid DNA for 3 h at 37 °C and analysing on a 1.5 % (w/v) agarose gel post stained with 
EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). For both C and D, the expected sized 
insert bands for recombinant SLI-TGD-0105800 (~540 bp), SLI-TGD-1112100 (~440 bp) and SLI-TGD-1364400 
(~820 bp) were obtained.  
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This confirmed that the recombinant SLI-TGD-0105800, SLI-TGD-1112100 and SLI-TGD-1364400 

plasmids were each successfully isolated and could be used in downstream transfection experiments. 

 

3.2.2. Asexual parasite transfection and episomal uptake  

Asexual NF54 strain P. falciparum parasites were transfected with SLI-TGD-0105800,  

SLI-TGD-1112100 and SLI-TGD-1364400 plasmids and subjected to 10 days of WR22910 treatment 

to select for parasites that had successfully taken up and episomally maintained the recombinant 

plasmids, and therefore expressed the hDHFR gene that confers WR99210 resistance (Figure 3-8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electroporation during the transfection process resulted in a rapid drop in parasitaemia (from ~7 % to 

~1–3 %) within the first two days following transfection, likely due to erythrocyte lysis. The WR99210 

drug selection caused a further decrease in parasitaemia after 6 days of selection from ~2–3 % until no 

parasites were visible on a thin blood smear. WR22910 selection pressure was removed, and parasites 

were allowed to recover in drug-free medium. After 25 days in drug free medium (~35 days post 

transfection), parasites started to reappear (Figure 3-8). 

 

To assess whether the recovered parasites did contain the respective recombinant SLI-TGD-0105800, 

SLI-TGD-1112100 and SLI-TGD-1364400 plasmids episomally, DNA isolated from the recovered 

parasites were used in PCR screening. The presence of episomally-maintained recombinant plasmids 

in the parasite lines could be confirmed using primers specific to the SLI-TGD backbone and spanning 

the gene of interest (Figure 3-9A). In two independent biological replicates, episomal presence was 

confirmed for NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and NF54-epi(SLI-TGD-

1364400) with single bands of 740 bp, ~640 bp and ~1020 bp in size obtained, corresponding to the 
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Figure 3–8: Selection and recovery of P. falciparum parasites that had episomally taken up and episomally 
maintained the recombinant plasmids after transfection.  Parasitaemia of P. falciparum NF54 parasites were 
determined before transfection (day 0) and every second day post-transfection up to 41 days by Rapi-diff-stained 
thin blood smears. As of day, 1 post-transfection, parasitaemia decreased due to WR99210 drug selection to 
unobservable levels by day 8. WR99210 selection pressure was applied for 10 days post-transfection after which 
parasites were cultured in drug-free medium. Figure was generated using GraphPad Prism version 9.2.0. 
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expected amplified region containing the 5’-gene fragments of pf3d7_0105800, pf3d7_1112100 and 

pf3d7_1364400 respectively (Figure 3-9B, C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To ensure that the recombinant plasmids that were being maintained episomally in the three lines did 

not cause any unwanted growth phenotypes, parasite morphology of the asexual P. falciparum 

populations were assessed microscopically (Figure 3-10). Ring-stage parasites, characterised by their 

flat, circular shape, were observed in each line, and all of these developed into trophozoites, associated 

with increased cell size and formation of haemozoin crystals. Schizogony in all three lines was 

comparable to that of the wild-type NF54 parasites, with multiple nuclei present (Figure 3-10). Thus, 

compared to WT NF54 parasites, no morphological abnormalities were observed in any of the asexual 

parasite stages in NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and  

NF54-epi(SLI-TGD-1364400).  

 

 

 

 

 

 

Figure 3–9: Confirmation of episomal uptake of recombinant SLI-TGD plasmids by transfected parasites.  
(A) Schematic representation showing the primer pair (pr7 and pr12) used during the screening PCR, listed in 
Table 4. The primers (pr7 and pr12) bind upstream and downstream respectively on the SLI-TGD backbone 
flanking the insert region. (B) Screening PCR of the first biological repeat indicating episomal uptake confirmation. 
(C) Negative control (-C) PCR containing no template DNA. Screening PCR of the second biological repeat 
indicating episomal uptake confirmation. Amplified PCR products were analysed on a 1.5 % (w/v) agarose gel post 
stained with EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). 
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3.2.3. Integration selection of SLI-TGD-gene plasmids  

After confirming the episomal uptake of the recombinant plasmids, without any proliferation defects in 

each of the NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and NF54-epi(SLI-TGD-

1364400) lines, parasite cultures were subjected to a second round of drug selection with G418 to 

select for genomic integration, with resistance conferred by the consequent presence of Neo-R in the 

parasite genome. Drug selection was maintained for 16 days, whereafter drug pressure was removed 

and parasitaemia was monitored for 4 weeks (31 days) (Figure 3-11). If integration of the recombinant 

SLI-TGD plasmids occurred successfully and no parasites recovered within 4 weeks, it could indicate 

an essential nature of the gene of interest to asexual parasite development and proliferation. By 

contrast, if parasites do recover after successful gene disruption, the gene is likely not essential. 

 

The parasitaemia for each of the parasite lines ((NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-

1112100) and NF54-epi(SLI-TGD-1364400)) undergoing integration selection decreased to 

undetectable levels after 8 days of G418 drug pressure. After 4 weeks of recovery in drug-free medium, 

no parasites were observed microscopically (Figure 3-11). This phenotype was confirmed for two 

independent biological repeats, each in technical triplicates. This indicated that targeted gene disruption 

of all three of the putative kinases under investigation resulted in P. falciparum parasites that were 

unable to recover and supports the hypothesis that each of these three kinases are essential to asexual 

proliferation of P. falciparum parasites. This essential nature was compared to the ability of parasites 

Figure 3–10: Morphological evaluation NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and 
NF54-epi(SLI-TGD-1364400) parasite lines.  Intra-erythrocytic development of asexual-stage parasites of the 
four different transfected parasite cultures containing the respective recombinant SLI-TGD plasmids episomally 
were evaluated by visualising Rapi-Diff-stained thin blood smears under a light microscope at 1000x magnification. 

WT NF54 asexual parasites

Ring Trophozoite Schizont

NF54-epi(SLI-TGD-1112100)

NF54-epi(SLI-TGD-1364400)

NF54-epi(SLI-TGD-0105800)
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transfected with a control gene (sap18) [122], in which case the parasites were fully able to recover and 

proliferate after targeted gene deletion of sap18 as a non-essential gene (results from MSc study, 

T Rabie, University of Pretoria, 2021). This indicates that the SLI-TGD system is an effective indicator 

of essentiality of the proteins of interest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To obtain a more detailed analysis of the effect of targeted gene deletion of the three putative kinases 

on a particular stage of asexual proliferation of P. falciparum parasites, as an indication of association 

to a particular cell cycle phase, parasite stage distribution was investigated for NF54-Δ0105800-GFP, 

NF54-Δ1112100-GFP and NF54-Δ1364400-GFP during the selection for integration (Figure 3-12). 

Differential phenotypes were seen for NF54-Δ0105800-GFP and NF54-Δ1364400-GFP, which both 

displayed a delay in asexual parasite stage progression (Figure 3-12). These parasites showed a halt 

in progression at the ring-/early-trophozoite stage within the first replication cycle after integration of the 

shortened gene fragments, compared to wild type parasites. However, NF54-Δ1112100-GFP did not 

Figure 3–11: Determining essentiality of the selected kinase genes through selection of recombinant  
P. falciparum parasites.  Each biological repeat (Bio1 & 2) was divided into triplicates. Thus, a total of six cultures 
per parasite line was subjected to integration selection. NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-
1112100) and NF54-epi(SLI-TGD-1364400) parasite lines were subjected to a 16-day G418 drug cycle and 
allowed to recover for 4 weeks. Parasitaemia was evaluated every second day by Rapi-Diff-stained thin blood 
smears during the drug cycle and twice a week during the recovery period. Figures were generated using 
GraphPad Prism version 9.2.0. (A) Parasitaemia during and after genomic integration selection of  
NF54-Δ0105800-GFP. (B) Parasitaemia during and after genomic integration selection of NF54-Δ1112100-GFP.  
(C) Parasitaemia during and after genomic integration selection of NF54-Δ1364400-GFP. Parasitaemia in all cases 
decreased to undetectable levels between day 6 and 10 of the G418 drug cycle and no parasites were observed 
after 4 weeks (day 31) in recovery.  
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compromise parasite progression during the first cycle of proliferation but in the second cycle only, 

where these parasites could not progress past the ring stage. (Figure 3-12B). Hence, both 

PF3D7_0105800 and PF3D7_1364400 may in fact have an important role during cell-cycle progression 

at the G1/S transition stage and PF3D7_1112100 during the final stages of schizogony. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since the three kinases were seemingly essential to parasite proliferation, expansion of the parasite 

population could not be performed and therefore gDNA could not be isolated to confirm integration of 

the plasmids into the parasite genomes through PCR amplification, as is typically experienced for 

essential genes. Additionally, the importance of these kinases in any other life cycle stage like 

gametocytes cannot be determined with the TGD system. Therefore, to obtain parasite lines that could 

allow investigation of the function of these kinases beyond essentiality, inducible gene manipulation 

tools like knock sideways or knockdown were used for subsequent investigation.  

 

 

 

 

 

Figure 3–12: Parasite distribution of NF54-Δ0105800-GFP, NF54-Δ1112100-GFP and NF54-Δ1364400-GFP 
during integration selection.  (A) Schematic overview of the stage of the integration selection process at which 
parasite distribution was determined. NF54-epi(SLI-TGD-0105800), NF54-epi(SLI-TGD-1112100) and  
NF54-epi(SLI-TGD-1364400) parasites were synchronised once before G418 integration selection stated. (B) 
Parasite distribution of NF54-Δ0105800-GFP, NF54-Δ1112100-GFP, NF54-Δ1364400-GFP and WT NF54 
(control) during the first five days of G418 drug selection. Differential parasite distributions were observed for 
NF54-Δ0105800-GFP and NF54-Δ1364400-GFP during the first proliferation cycle while only during the second 
proliferation cycle was there a deviation in parasite distribution of NF54-Δ1112100-GFP compared to WT NF54 
parasites  
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3.3. Cloning of a 3’-gene fragment from each selected kinase encoding gene into 
the SLI-sandwich system 

To enable cloning into the SLI-sandwich system for knock sideways for subsequent mislocalisation of 

the kinases under investigation, gene-specific 3’-gene fragments of each of the selected kinase genes 

were successfully amplified from gDNA, with PCR amplicons corresponding to the expected fragment 

sizes of ~1050 bp, ~640 bp and ~940 bp (Figure 3-12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCR optimization for the different amplification reactions included slight changes to the annealing 

temperature, with an optimal annealing temperature of 60 °C which, was used for each of the gene 

fragment amplification reactions. However, faint non-specific bands were observed for the 3’-gene 

fragment of pf3d7_1364400, and changes to annealing temperature and time could not eliminate this 

non-specific amplification. Therefore, all the PCR products of the correct sizes were extracted from the 

gel and purified, resulting in DNA yields ranging from 360–1290 ng, with A260/280 ratios ranging from 

1.7–1.9 for each PCR product isolated.  

 

SLI-sandwich plasmid DNA was isolated and digested with NotI-HF and AvrII to verify the plasmid 

identity (Figure 3-14A). This yielded two bands, a larger band of ~8 kb which corresponds to the 

expected size of the plasmid backbone and a smaller band of ~600 bp which corresponds to the 

expected size of the original insert (pf3d7_0209700), which was removed (Figure 3-14B). The plasmid 

backbone was excised from the gel and purified, resulting in a total DNA yield of 1.4 μg, with an  

A260/280 ratio of 1.7. Even though, a low A260/230 ratio of 0.9 was obtained, outside the optimal range 

(2.0–2.2) indicating chaotropic salt contamination, the plasmid backbone was considered sufficiently 

pure to be used in ligation reactions. 

 

 

Figure 3–13: PCR amplification of gene-specific 3’-gene fragments to be cloned into the SLI-sandwich 
plasmid. Amplified PCR products were analysed on a 2 % (w/v) agarose gel, post stained with EtBr (0.4 mg/mL). 
Molecular marker (MM): 1 kb ladder (Promega, USA). The expected amplicon band sizes were obtained: ~1050 
bp (pf3d7_0105800 3’-gene fragment), ~640 bp (pf3d7_1112100 3’-gene fragment), ~940 bp (pf3d7_1364400  
3’-gene fragment).  
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The 3’-gene fragments amplified and isolated in section 3.3 were prepared for ligation by digesting each 

PCR product with NotI-HF and AvrII to allow for sticky-end cloning. The digested gene fragments were 

purified and ligated into digested SLI-sandwich backbone. The ligation reactions were used to transform 

competent DH5a E. coli cells, and colony PCR screening was performed to confirm the presence of 

recombinant clones. Recombinant SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 clones 

were obtained and were confirmed to contain the expected sized 3’-gene fragments, with PCR products 

of ~1200 bp, ~770 bp and ~1100 bp obtained (Figure 3-15B, Supplementary Figure S1). 

 

Plasmid DNA was isolated from positive colonies and subjected to RE mapping with NotI and AvrII, 

which resulted in a larger band of the expected size for the SLI-sandwich backbone and smaller bands 

correlating to the expected sizes of the respective 3’-gene fragments of interest (Figure 3-15C). Thus, 

the RE mapping indicates that each 3’-gene fragment was successfully cloned into its respective  

SLI-sandwich plasmid. For full RE mapping gels see supplementary Figure S2. 

 

 

 

 

 

 

Figure 3–14: Restriction enzyme digest of original SLI-sandwich plasmids.  (A) Schematic representation of 
RE mapping of the original SLI-sandwich plasmid with the expected sized plasmid backbone and insert indicated. 
(B) Plasmid DNA (550 ng) was analysed on 1 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL) after RE 
digestion for 3 h at 37 °C. Molecular marker (MM): 1 kb ladder (Promega, USA). Complete digestion of the original 
SLI-Sandwich plasmid with NotI-HF and AvrII yielded two bands with the larger band corresponding to the 
expected size of the plasmid backbone and the smaller to the original insert. 
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As a final verification step, Sanger sequencing of the constructs confirmed the identity and orientation 

of the gene fragments and the absence of unwanted mutations (Figure 3-16). The sequencing 

alignment revealed that the gene fragments were cloned in the correct orientation, with no missense or 

nonsense mutations present. The identity of each 3’-gene fragment of interest was confirmed, indicating 

that these were successfully cloned into their SLI-sandwich plasmids and were suitable for downstream 

transfection experiments. 

  

Figure 3–15: Validation of SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 recombinant plasmids.  
DNA samples were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular marker 
(MM): 1 kb ladder (Promega, USA). (A) Schematic representation showing the primer pair (pr7 and pr8) used 
during the screening PCR which is listed in Table 2. The primers (pr7 and pr8) bind upstream and downstream 
respectively on the SLI-sandwich backbone flanking the insert region. (B) Negative control (-C) is the amplification 
of the original insert region of the SLI-sandwich plasmid, which is the undesired outcome and the negative control 
indication for generation of positive construct. Colony screening PCR of the pf3d7_0105800, pf3d7_1112100 and 
pf3d7_1364400 3’fragments cloned into the SLI-sandwich plasmid. The expected regions were amplified for all of 
the 3’-gene fragments with PCR products of ~1200 bp (SLI-SW-0105800), ~770 bp (SLI-SW-1112100) and ~1100 
bp (SLI-SW-1364400). (C) Negative control (-C) is the complete digestion of the original SLI-sandwich plasmid. 
Restriction enzyme mapping of isolated plasmid DNA from SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-
1364400 positive clones using NotI-HF and AvrII. The expected sizes insert regions were excised from the isolated 
plasmid DNA, with bands of ~1050 bp (SLI-SW-0105800), ~640 bp (SLI-SW-1112100) and ~940 bp (SLI-SW-
1364400) obtained.  
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Figure 3–16: Sanger sequencing alignment of SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400  
3’-gene fragments.  The chromatogram surrounding the cloning sites is indicated, including a section of aligned 
plasmid backbone (purple), 3’-gene fragment (red), and the restriction enzyme cleavage sites (light blue). DNA 
fragments in schematics not drawn to scale. A representative forward or reverse chromatogram (trace data) is 
shown below the consensus sequence. (A) Sequence alignment confirming the identity of the pf3d7_0105800  
3’-gene fragment. (B) Sequence alignment confirming the identity of the pf3d7_1112100 3’-gene fragment. 
(C) Sequence alignment confirming the identity of the pf3d7_1364400 3’-gene fragment. Chromatograms 
generated using SnapGene alignment. Images were designed using SnapGene V 5.3.2. 
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3.4. Generation of transgenic knock sideways P. falciparum lines using  
SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 

As described in section 3.2.1, a large quantity of pure recombinant plasmid DNA is required for 

successful transfection of asexual parasites. As such, total DNA yields ranging from 0.9–1.3 mg of the 

SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 plasmid were obtained and validated by RE 

mapping with NotI-HF and AvrII, yielding the expected band sizes (Figure 3-17), and confirming that 

each recombinant plasmid was successfully isolated for transfection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following transfection of asexual NF54 P. falciparum parasites with recombinant SLI-SW-0105800, 

SLI-SW-1112100 and SLI-SW-1364400 plasmid DNA, the parasites cultures were subjected to 10 days 

of WR22910 drug selection for episomal uptake as before. Electroporation again resulted in a rapid 

drop in parasitaemia (from ~9 % to ~2–4 %) within the first two days following transfection, with further 

decreases observed thereafter, until no detectable parasites were present after 6–10 days. After 

removal of WR22910 pressure, transfected parasites recovered after 6 days in drug-free medium 

(Figure 3-18). 

 

 

 

 

 

 

 

 

Figure 3–17: Restriction enzyme mapping of recombinant SLI-SW-0105800, SLI-SW-1112100 and  
SLI-SW-1364400 plasmids.  Plasmid DNA (2 μg) was digested for 3 h at 37 °C. Digested DNA samples were 
analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder 
(Promega, USA). Negative control (-C) is the complete digestion of the original SLI-sandwich plasmid. Complete 
digestion of SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 by using the NotI-HF and AvrII restriction 
enzymes. Each digested yielded two bands with the smaller bands corresponding to the expected 3’-gene 
fragment sizes, ~1050 bp (SLI-SW-0105800), ~640 bp (SLI-SW-1112100) and ~940 bp (SLI-SW-1364400). 
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To confirm if the plasmids were maintained episomally in the recovered NF54-epi(SLI-SW-0105800), 

NF54-epi(SLI-SW-1112100) and NF54-epi(SLI-SW-1364400) parasites, DNA was isolated from the 

recovered parasites and used in screening PCRs using SLI-sandwich backbone primers (pr7 and pr8 

listed in Table 2) flanking the inserts on the SLI-sandwich plasmid (Figure 3-19B). All three lines 

contained the expected plasmids as evident from ~1200 bp (SLI-SW-0105800), ~770 bp  

(SLI-SW-1112100) and ~1100 bp (SLI-SW-1364400) bands obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–19: Validation of P. falciparum parasites that have episomally taken up and maintained 
recombinant SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 plasmids. (A) Schematic 
representation showing the primer pair (pr7 and pr8) used during the screening PCR, listed in Table 2. The primers 
(pr7 and pr8) bind upstream and downstream respectively on the SLI-sandwich backbone flanking the insert 
region. (B) Episomal confirmation screening PCR results were analysed on 1.5 % (w/v) agarose gel post stained 
with EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). Negative control (-C) containing no 
template DNA. Amplification using the specific SLI-sandwich backbone primers pr7 and pr8. The expected insert 
regions were amplified for all of the 3’-gene fragments with PCR products of ~1200 bp (SLI-SW-0105800), ~770 
bp (SLI-SW-1112100), and ~1100 bp (SLI-SW-1364400) observed. 
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Figure 3–18: Selection and recovery of P. falciparum parasites transfected with recombinant  
SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 plasmids.  The graph displays WT NF54 P. falciparum 
parasites transfected with SLI-SW-0105800, SLI-SW-1112100 and SLI-SW-1364400 and selected with WR22910 
drug for episomal uptake. The parasitaemia was determined before transfection (day 0) and every second day 
post-transfection by Rapi-Diff-stained thin blood smears at 1000x magnification. Figure was generated using 
GraphPad Prism version 9.2.0. 
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A second round of drug pressure with G418 was performed to select for parasites where integration of 

the recombinant plasmids had occurred, and neomycin resistance was now present. In all three cases, 

parasitaemia decreased 4 days after integration selection, with the parasitaemia of NF54-epi(SLI-SW-

1364400) recovering at day 10, indicating successful integration and neomycin resistance  

(Figure 3-20). However, for both NF54-epi(SLI-SW-0105800) and NF54-epi(SLI-SW-1112100), 

parasites only recovered after drug pressure was removed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genomic integration was assessed via PCR using primers at the 5’ and 3’ regions flanking the inserts. 

A transgenic line is achieved if the WT locus, amplified by the 5’ and 3’ integration primers, is absent in 

the integrated line.  

 

Successful integration of the recombinant SLI-SW-0105800 plasmid into the pf3d7_0105800 locus was 

indicated by the amplification of a single DNA band of ~1517 bp, indicating 5’ integration, and a single 

DNA band of ~1643 bp, indicating 3‘ integration (Figure 3-21B). However, the integration was not 

homogeneous and WT parasites were still present as indicated by the amplification of the 

pf3d7_0105800 locus seen as a single ~1966 bp band (Figure 3-21B). Therefore, the parasite culture 

was subjected to a second round of integration selection for 16 days where the concentration of G418 

was increased to 800 μg/mL to ensure that all parasites that did not contain the Neo-R were eliminated. 

This resulted in full integration with no amplification of the pf3d7_0105800 locus (Figure 3-21C). 

 

 

 

 

 

Figure 3–20: Selection for genomic integration and recovery of SLI-SW-0105800, SLI-SW-1112100 and  
SLI-SW-1364400 P. falciparum parasite lines.  P. falciparum NF54-epi(SLI-SW-0105800), NF54-epi(SLI-SW-
1112100) and NF54-epi(SLI-SW-1364400) parasite lines were subjected to G418 drug selection to select for 
genomic integration. The parasitaemia was determined every second day during the drug cycle by Rapi-Diff-
stained thin blood smears at 1000x magnification. Figure was generated using GraphPad Prism version 9.2.0.  
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NF54-1112100-2xFKBP-GFP-2xFKBP was successfully integrated, as evidenced by amplification at 

the 5’ (~1265 bp) and 3’ (~930 bp) ends (Figure 3-22B). However, WT parasites were also present, 

necessitating a second round of integration selection, after which full integration was evident  

(Figure 3-22C). 

 

 

 

 

 

 

 

Figure 3–21: PCR screening of SLI-SW-0105800 integration into the pf3d7_0105800 locus of P. falciparum 
parasites.  PCR products were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular 
marker (MM): 1 kb ladder (Promega, USA). (A) Schematic representation of the different primer pairs used, listed 
in Table 5, as well as the expected sizes for 5’, 3’ and loci integration checks. (B) Negative control (-C) containing 
no template DNA. NF54-0105800-2xFKBP-GFP-2xFKBP parasites were PCR screened for the presence of 5’ and 
3’ integration. The presence of 5’ and 3’ integration bands indicate integration did occur. However, the presence 
of the original locus (WT LC) indicates that wild type parasites were present (1966 bp) within the parasite 
population. (C) NF54-0105800-2xFKBP-GFP-2xFKBP parasites which were subjected to a second round of G418 
selection (800 µg/mL) were screened for the presence of 5’ and 3’ integration. The presence of 5’ and 3’ integration 
bands indicate successful integration, with no WT parasites present within the population as confirmed by the 
absence of the WT locus. INT=integrated parasite line, WT= NF54 wild type control, LC= original locus. 
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For NF54-1364400-2xFKBP-GFP-2xFKBP, successful integration of the recombinant SLI-SW-1364400 

plasmid occurred at the 5’ end and 3’ end with the amplification of a single DNA band of ~1440 bp and 

~1210 bp respectively (Figure 3-23B). Again, additional G418 selection was required to force full 

integration. However, amplification of the pf3d7_1364400 locus (~1560 bp) still occurred indicating a 

heterogeneous parasite population, which could not be improved with extended G418 drug selection 

(Figure 3-23C). Therefore, this line was not taken forward in subsequent analyses. 

 

 

 

 

 

Figure 3–22: PCR screening of SLI-SW-1112100 integration into the pf3d7_1112100 locus of P. falciparum 
parasites.  PCR products were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular 
marker (MM): 1 kb ladder (Promega, USA). (A) Schematic representation of the different primer pairs used, listed 
in Table 5, as well as the expected sizes for 5’, 3’ and loci integration checks. (B) Negative control (-C) containing 
no template DNA. NF54-1112100-2xFKBP-GFP-2xFKBP parasites were PCR screened for 5’ and 3’ integration. 
The presence of 5’ and 3’ integration bands confirmed integration. However, the presence of the original locus 
(WT LC) indicated presence of wild type parasites (1420 bp) within the parasite population. (C) NF54-1112100-
2xFKBP-GFP-2xFKBP parasites which were subjected to a second round of G418 selection (800 µg/mL) and 
screened for 5’ and 3’ integration. The presence of 5’ and 3’ integration bands indicated that successful integration 
did occur and that no WT parasites were present within the population, due to the absence of the WT locus. 
INT=integrated parasite line, WT= NF54 wild type control, LC= original locus. 
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3.5. Validation of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-
2xFKBP-GFP-2xFKBP transgenic parasite lines 

3.5.1. Growth rate and morphological evaluation of knock sideways transgenic parasite lines 

Transgenic NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP 

parasite lines were evaluated for changes in asexual proliferation and parasite morphology to ensure 

that no unwanted abnormalities resulting from integration had arisen. Tightly synchronised parasites 

from these two lines were monitored over 2.5 IDCs and compared to that of a WT P. falciparum NF54 

parasite line (Figure 3-24). The proliferation results showed similar increases in parasitaemia between 

the WT P. falciparum NF54 parasite line and NF54-0105800-2xFKBP-GFP-2xFKBP and  

NF54-1112100-2xFKBP-GFP-2xFKBP transgenic parasites.  

 

Figure 3–23: PCR screening of SLI-SW-1364400 integration into the pf3d7_1364400 locus of P. falciparum 
parasites.  PCR products were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular 
marker (MM): 1 kb ladder (Promega, USA). (A) Schematic representation of the different primer pairs used, listed 
in Table 5, as well as the expected sizes for 5’, 3’ and loci integration checks. (B) Negative control (-C) containing 
no template DNA. NF54-1364400-2xFKBP-GFP-2xFKBP parasites were PCR screened for the presence of 5’ and 
3’ integration. The presence of 5’ and 3’ integration bands confirmed integration did occur. However, the presence 
of the original locus (WT LC) indicates wild type parasites were present (1560 bp) within the parasite population. 
(C) NF54-1364400-2xFKBP-GFP-2xFKBP parasites which were subjected to a second round of G418 selection 
(800 µg/mL) and screened for the presence of 5’ and 3’ integration. The presence of 5’ and 3’ integration bands 
indicate integration did occur, but that WT parasites were still present within the population due to the presence of 
the WT locus (1560 bp). INT=integrated parasite line, WT= NF54 wild type control, LC= original locus. 
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Furthermore, no morphological abnormalities where present in the asexual parasite stages of either of 

the transgenic parasite lines (Figure 3-25). Thus, it could be confirmed that integration of the  

GFP-FKBP tagged versions of pf3d7_0105800 and pf3d7_1112100 into their respective loci caused no 

unwanted effects on asexual proliferation rates, with no phenotypic abnormalities observed, and both 

lines could be further evaluated for localisation (through GFP imaging) and mislocalisation (through 

FKBP-FRB dimerisation) of the protein products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–25: Intra-erythrocytic IDC phenotype analysis of NF54-0105800-2xFKBP-GFP-2xFKBP and  
NF54-1112100-2xFKBP-GFP-2xFKBP transgenic parasite lines.  The different intra-erythrocytic asexual stage 
phenotypes of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP parasites were 
morphologically evaluated by visualising Rapi-Diff-stained thin blood smears under a light microscope at  
1000x magnification. The different intra-erythrocytic asexual parasite stages compared to WT P. falciparum NF54 
parasites to ensure that no morphological abnormalities were present. NF54-0105800-2xFKBP-GFP-2xFKBP and 
NF54-1112100-2xFKBP-GFP-2xFKBP parasites had similar morphology to that of the WT P. falciparum NF54 
parasites when comparing ring, trophozoite and schizont stages of development. 

Figure 3–24: Proliferation analysis of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-
GFP-2xFKBP transgenic parasite lines.  Intra-erythrocytic asexual proliferation rate evaluation. Tightly 
synchronised parasites were allowed to proliferate for 120 h. Parasitaemia was determined every 24 h. Figure was 
generated using GraphPad Prism version 9.2.0. The increase in parasitaemia of the NF54-0105800-2xFKBP-
GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP parasite lines was similar to that of WT P. falciparum 
NF54 parasites. 
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3.5.2. PF3D7_0105800 and PF3D7_1112100 localise to the cytoplasm of asexual 

P.  falciparum parasites  

Localisation of both PF3D7_0105800 and PF3D7_1112100 was possible, as these are tagged with 

GFP in the SLI-SW-0105800 and SLI-SW-1112100 constructs. Early- to late-stage schizonts  

(~40–44 hpi) indicated localisation of both PF3D7_0105800 and PF3D7_1112100 to the cytoplasm with 

no distinct co-localisation with the nuclear stain Hoechst as DNA marker, due to the absence of yellow 

overlap signal (Figure 3-26). However, detecting overlapping signals is complicated in multinucleated 

schizonts, where the nuclei signal is surrounded by cytoplasmic signal and would require Z-stacking to 

distinguish plane of localisation. Both pf3d7_0105800 and pf3d7_1112100 have an increased transcript 

abundance during late trophozoites (27-35 hpi), which peaks during late schizont-stage parasites [123].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Functional analysis of PF3D7_0105800 and PF3D7_1112100 using knock 
sideways  

To interrogate the functionality of PF3D7_0105800 and PF3D7_1112100 during asexual proliferation 

of P. falciparum, mislocalisation through knock sideways was performed. Given that each protein kinase 

was observed to localise to the cytosol (Figure 3-27), both were subjected to nuclear mislocalisation 

using the p1xNLS-FRB-mcherry-hsp86-BSD plasmid [106].  

 

3.6.1. Transfection and episomal uptake confirmation of p1xNLS-FRB-mcherry-hsp86-BSD  

To induce the knock sideways, an additional plasmid (p1xNLS-FRB-mcherry-hsp86-BSD), was 

introduced to the transgenic lines through transfection. This plasmid contains mCherry as a fluorophore, 

Figure 3–26: Localisation of NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-
2xFKBP transgenic parasite lines.  Hoechst 33342, indicated in blue, stains the DNA of the parasite. The  
GFP-target fusion protein is indicated in green. Scale bars represent 5 μm distance. This image is representative 
of similar phenotypes observed in >10 parasite images.  
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expressed as a fusion protein with a nuclear localisation signal (NLS). The FKBP-tagged proteins of 

interest would associate with FRB in the FRB-mCherry fusion protein transcribed on this additional 

plasmid and is induced by the addition of rapalog. 

 

The identity of the p1xNLS-FRB-mcherry-hsp86-BSD was confirmed with XmaI and MluI-HF as well as 

XmaI and XhoI RE mapping (Figure 3-27B) and successful episomal uptake was achieved after 

transfection and blasticidin drug pressure (~1499 bp band amplified, Figure 3-27C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.2. Nuclear mislocalisation of PF3D7_0105800 and PF3D7_1112100 using the knock 

sideways system  

Mislocalisation (knock sideways) was induced in the above parasite lines with rapalog (rapamycin). The 

asexual proliferation rate of rapalog-treated and untreated parasites was monitored every 24 h for 96 h, 

(Figure 3-28). There was no difference in the asexual proliferation rate between untreated- and rapalog-

treated parasites in either the NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry or the  

NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasites as the parasitaemia increased 

Figure 3–27: Verification of identity and episomal uptake of p1xNLS-FRB-mcherry-hsp86-BSD plasmid.  
DNA samples were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular marker 
(MM): 1 kb ladder (Promega, USA). (A) Schematic representing the p1xNLS-FRB-mcherry-hsp86-BSD plasmid 
showing the restriction enzymes used during RE mapping and the primers used to confirm episomal uptake.  
(B) p1xNLS-FRB-mcherry-hsp86-BSD plasmid DNA (2 μg) was digested for 3 h at 37 °C with MluI-HF and XmaI 
as well as XhoI and XmaI which yielded bands of expected sizes, ~1130 bp and ~1190 bp respectively.  
(C) Negative control (-C) containing no template DNA. PCR amplification of the p1xNLS-FRB-mcherry-hsp86-BSD 
plasmid (~1488 bp) showing episomal presence in both NF54-0105800-2xFKBP-GFP-2xFKBP and  
NF54-1112100-2xFKBP-GFP-2xFKBP parasites. 
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consistently 48 h, indicating that mislocalisation of the target protein kinase from the cytosol to the 

nucleus did not result in any abnormal growth rates (Figure 3-28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, this lack of phenotypic effect on parasite proliferation could be due to inefficient 

mislocalisation of the target proteins, with a portion of protein sufficient for execution of essential 

functions remaining in the predicted site of action. Therefore, to evaluate if mislocalisation of the target 

proteins from the cytosol to the nucleus did occur, NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-

mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasites were treated with 

rapamycin for 1 h to induce mislocalisation and then evaluated using a Zeiss LSM 880 Confocal Laser 

Scanning Microscope (LSM) (Figure 3-29). 

 

Both untreated NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry and NF54-1112100-

2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasites showed localisation of the target proteins 

associated with GFP (indicated in green) to the cytosol and not to the nucleus as expected. However, 

unexpectedly the nuclear mislocaliser mCherry-signal (indicated in red) did not colocalise to the nucleus 

of the parasites as expected (Figure 3-29). A similar phenomenon was observed for NF54-0105800-

2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-

mcherry parasites treated with rapalog, where the mCherry- and GFP-signals colocalised to the cytosol 

instead of to the nucleus of the parasites, indicating that nuclear mislocalisation did not occur  

(Figure 3-29). 

 

 

Figure 3–28: Growth rate of untreated and rapalog-treated NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-
mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasite lines.  Proliferation of 
synchronised NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry and NF54-1112100-2xFKBP-GFP-
2xFKBP/NLS-FRB-mcherry parasites was determined for 96 h. Parasites were treated with rapalog every 24 h. 
Parasitaemia was calculated every day by counting >1000 erythrocytes for each sample. Figures were generated 
using GraphPad Prism version 9.2.0. 
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This explains the results observed for asexual proliferation of NF54-0105800-2xFKBP-GFP-

2xFKBP/NLS-FRB-mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasites, 

as the target proteins were not being displaced from their predicted sites of action and could therefore 

continue to perform their biological functions. As nuclear mislocalisation of the putative kinase proteins 

did not work as expected based on prior data [106], the efficiency of the knock sideways system was 

interrogated by testing plasma membrane mislocalisation for PF3D7_0105800 only. 
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Figure 3–29: Fluorescent evaluation of plasma membrane knock sideways of NF54-0105800-2xFKBP-GFP-
2xFKBP/NLS-FRB-mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry parasite lines via 
confocal microscopy.  Synchronised untreated (control) and 1 h rapalog-treated (+Rap)  
NF54-0105800-2xFKBP-GFP-2xFKBP/NLS-FRB-mcherry and NF54-1112100-2xFKBP-GFP-2xFKBP/NLS-FRB-
mcherry parasites were examined using a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). DIC: 
differential interference contrast. Target protein kinase associated with GFP-tag (green); Hoechst 33342: parasite 
nuclear stain (blue); MislocaliserN: Nuclear localisation signal with the mCherry-tag shown in red. Scale bars 
represent a5 μm distance.  
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3.6.3. Transfection and episomal uptake confirmation of pLyn-FRB-mcherry-nmd3-BSD 

pLyn-FRB-mcherry-nmd3-BSD containing a membrane localisation signal was successfully isolated 

and verified with RE mapping (Figure 3-30B). The confirmed pLyn-FRB-mcherry-nmd3-BSD plasmid 

was subsequently used to transfect NF54-0105800-2xFKBP-GFP-2xFKBP parasites, and blasticidin 

drug pressure was used to select for episomal uptake. Episomal presence was confirmed on recovered 

NF54-0105800-2xFKBP-GFP-2xFKBP/Lyn-FRB-mcherry parasites (amplification of a ~650 bp band, 

Figure 3-30C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–30: Verification of identity and episomal uptake of pLyn-FRB-mcherry-nmd3-BSD plasmid.  
Plasmid DNA. DNA samples were analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). 
Molecular marker (MM): 1 kb ladder (Promega, USA). (A) Schematic representing the pLyn-FRB-mcherry-nmd3-
BSD plasmid showing the restriction enzymes used during RE mapping and the primers used to confirm episomal 
uptake. (B) pLyn-FRB-mcherry-nmd3-BSD plasmid DNA (2 μg) was digested for 3 h at 37 °C with MluI-HF and 
XmaI as well as XhoI and XmaI which yielded bands of expected sizes, ~1130 bp and ~1190 bp respectively.  
(C) Negative control (-C) containing no template DNA. PCR amplification of the pLyn-FRB-mcherry-nmd3-BSD 
plasmid (~650 bp) showing episomal presence in NF54-0105800-2xFKBP-GFP-2xFKBP parasites. 
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3.6.4. Plasma membrane mislocalisation of PF3D7_0105800  

Asexual proliferation of rapalog- (rapamycin) treated and untreated NF54-0105800-2xFKBP-GFP-

2xFKBP/Lyn-FRB-mcherry parasites was not altered, as before (Figure 3-31).  

 

 

 

 

 

 

 

 

 

 

 

 

 

As before, confocal microscopy was used to confirm membrane mislocalisation of PF3D7_0105800 

(Figure 3-32). The GFP (green) signal and mCherry (red) signal overlap was seemingly identical in the 

untreated sample. However, this occurrence was also observed in the rapalog-treated sample, without 

any increase in the GFP signal to the periphery of the parasite (Figure 3-32). These results can be 

confirmed with future Z-stacking to observe depth in signal throughout the parasite. The inability to 

observe a shift in mCherry signal upon induction in either the nuclear or membrane mislocalisation 

systems, indicates that the knock sideways system may be compromised. Therefore, alternative 

inducible systems that does not rely on cellular localisation to affect protein function was investigated. 

The glmS conditional knockdown system was used to functionally study the putative kinase proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–31: Growth rate of untreated and rapalog-treated NF54-0105800-2xFKBP-GFP-2xFKBP/Lyn-FRB-
mcherry parasite lines.  Proliferation of synchronised NF54-0105800-2xFKBP-GFP-2xFKBP/Lyn-FRB-mcherry 
parasites was determined for 96 h. Parasites were treated with rapalog every 24 h. Parasitaemia was calculated 
every day by counting >1000 erythrocytes for each sample. Figure was generated using GraphPad Prism version 
9.2.0. 
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Figure 3–32: Fluorescent evaluation of plasma membrane knock sideways of NF54-0105800-2xFKBP-GFP-
2xFKBP/Lyn-FRB-mcherry parasite line via confocal microscopy.  Synchronised untreated (control) and 1h 
rapalog treated (+Rap) NF54-0105800-2xFKBP-GFP-2xFKBP/Lyn-FRB-mcherry parasites were examined using 
a Zeiss LSM 880 Confocal Laser Scanning Microscope (LSM). DIC: differential interference contrast. Target 
protein kinase associated with GFP-tag (green); Hoechst 33342: parasite nuclear stain (blue); MislocaliserM: 
Plasma membrane mislocaliser, with mCherry-tag indicated in red. Scale bars represent a5 μm distance. 
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3.7. Cloning of a 3’-gene fragment from each selected kinase encoding gene into 
the SLI-glmS system 

Gene-specific 3’-gene fragments were successfully amplified for all of the selected kinase genes 

(pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400) with PCR amplicons corresponding to the 

expected fragment sizes: ~1050 bp, ~640 bp and ~940 bp (Figure 3-33). All the PCR products of the 

correct sizes were extracted from the gel and purified, with total DNA yields of 600–750 ng and with 

acceptable purity indicators.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–33: PCR amplification of gene specific 3’-gene fragments to be cloned into the SLI-glmS and SLI-
glmS-mut plasmids.  Amplified PCR products were analysed on a 2 % (w/v) agarose gel post stained with EtBr 
(0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). The expected amplicon band sizes were 
obtained of ~1050 bp (pf3d7_0105800 3’-gene fragment), ~640 bp (pf3d7_1112100 3’-gene fragment), ~940 bp 
(pf3d7_1364400 3’-gene fragment). 
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A saturated bacterial culture was cultivated from bacterial stock cultures containing the original  

SLI-glmS and SLI-glmS-mut plasmids. This plasmid DNA was isolated and digested with NotI-HF and 

MluI-HF to verify the plasmid identity (Figure 3-34A), yielding two bands, of which the larger (~6.9 kb) 

corresponds to the expected size of the plasmid backbone and the smaller (~860 bp) corresponds to 

the expected size of the original insert (pf3d7_1406300) (Figure 3-34B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The plasmids were prepared for ligation by digestion with NotI-HF and MluI-HF to allow for sticky-end 

cloning. After ligation, colony PCR screening was performed to confirm the presence of recombinant 

clones with ~1200 bp (SLI-glmS-0105800), ~770 bp (SLI-glmS-1112100) and ~1100 bp  

(SLI-glmS-1364400) insert sizes (Figure 3-35B, Supplementary figure S3 and S4), all of which were 

verified with additional RE mapping (Figure 3-35C, supplementary Figure S3 and S4), yielding the 

expected sizes for each insert.  

 

 

 

 

 

 

 

 

 

Figure 3–34: Restriction enzyme digest of the original SLI-glmS and SLI-glmS-mut plasmids.  (A) Schematic 
representation of RE mapping of the original SLI-glmS and SLI-glmS-mut plasmids with the expected sized plasmid 
backbone and insert indicated. (B) Plasmid DNA (550 ng) was analysed on 1 % (w/v) agarose gel post stained 
with EtBr (0.4 mg/mL) after RE digestion for 3 h at 37 °C. Molecular marker (MM): 1 kb ladder (Promega, USA). 
Complete digestion of the original SLI-glmS and SLI-glmS-mut plasmids with NotI-HF and MluI-HF yielded two 
bands with the larger bands corresponding to the expected size of the plasmid backbone and the smaller bands 
to original insert. 
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In addition to generating recombinant SLI-glmS plasmids containing the 3’-gene fragment of each 

selected putative kinase gene, recombinant SLI-glmS-mut plasmids had to be generated. Therefore, 

the same 3’-gene fragment isolated, and purified and prepared earlier was ligated into the  

SLI-glmS-mut vector, with transformed positive colonies selected by colony PCR screening and RE 

mapping (Figure 3-36B, C) and retained. 

 

 

Figure 3–35: Validation of SLI-glmS-0105800, SLI-glmS-1112100 and SLI-glmS-1364400 recombinant 
plasmids. DNA samples were analysed on 1.5 % (w/v) agarose gel, post stained with EtBr (0.4 mg/mL). Molecular 
marker (MM): 1 kb ladder (Promega, USA). (A) A schematic representation showing the primer pair (pr7 and pr12) 
used during the screening PCR, listed in Table 4. The primers (pr7 and pr12) bind upstream and downstream 
respectively on the SLI-glmS backbone flanking the insert region. (B) Negative control (-C) containing the 
amplification of the original insert region (~1100 bp). Colony screening PCR of the pf3d7_0105800, 
pf3d7_1112100 and pf3d7_1364400 3’-gene fragments cloned into the SLI-glmS plasmid. The expected regions 
were amplified for all of the 3’-gene fragments with PCR products of ~1200 bp (SLI-glmS-0105800), ~770 bp  
(SLI-glmS-1112100) and ~1100 bp (SLI-glmS-1364400). (C) Negative control (-C) containing the digestion of the 
original SLI-glmS-mut plasmid containing the original insert (~860 bp). Restriction enzyme mapping of isolated 
plasmid DNA form SLI-glmS-0105800, SLI-glmS-1112100 and SLI-glmS-1364400 positive screening clones using 
NotI-HF and MluI-HF. The insert regions, indicated by bands of ~1050 bp (SLI-glmS-0105800), ~640 bp  
(SLI-glmS-1112100) and ~940 bp (SLI-glmS-1364400), were excised.   
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Sanger sequencing confirmed the insert and orientation in SLI-glmS-0105800, SLI-glmS-1112100 and 

SLI-glmS-1364400 (Figure 3-37), as well as the glmS-mut forms of each gene (Figure 3-38). The 

sequencing alignment further revealed that no missense or nonsense mutations were present.  

 

  

Figure 3–36: Validation of SLI-glmS-mut-0105800, SLI-glmS-mut-1112100 and SLI-glmS-mut-1364400 
recombinant plasmids.  DNA samples were analysed on 1.5 % (w/v) agarose gel, post stained with EtBr  
(0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, USA). (A) A schematic representation showing the 
primer pair (pr7 and pr12) used during the screening PCR, listed in Table 4. The primers (pr7 and pr12) bind 
upstream and downstream respectively on the SLI-glmS-mut backbone flanking the insert region. (B) Negative 
control (-C) containing the amplification of the original insert region (~1100 bp). Colony screening PCR of the 
pf3d7_0105800, pf3d7_1112100 and pf3d7_1364400 3’-gene fragments cloned into the SLI-glmS-mut plasmid. 
The expected regions were amplified for all of the 3’-gene fragments with PCR products of ~1200 bp (SLI-glmS-
mut-0105800), ~770 bp (SLI-glmS-mut-1112100) and ~1100 bp (SLI-glmS-mut-1364400). (C) Negative control  
(-C) containing the digestion of the original SLI-glmS-mut plasmid containing the original insert (~860 bp). 
Restriction enzyme mapping of isolated plasmid DNA form SLI-glmS-mut-0105800, SLI-glmS-mut-1112100 and 
SLI-glmS-mut-1364400 positive screening clones using NotI-HF and MluI-HF. The insert regions, indicated by 
bands of the expected sizes, with bands of ~1050 bp (SLI-glmS-mut-0105800), ~640 bp (SLI-glmS-mut-1112100) 
and ~940 bp (SLI-glmS-mut-1364400) were excised.   
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Figure 3–37: Sanger sequencing alignment of SLI-glmS-0105800, SLI-glmS-1112100 and SLI-glmS-1364400 
3’-gene fragments.  Only the sequencing information surrounding the cloning sites is indicated including a section 
of aligned plasmid backbone (purple), 3’-gene fragment (red), and the restriction enzyme cleavage sites indicated 
in light blue. DNA fragments in schematics not drawn to scale. A representative forward or reverse chromatogram 
(trace data) is shown below the consensus sequence. (A) Sequence alignment confirming the identity of the 
pf3d7_0105800 3’-gene fragment. (B) Sequence alignment confirming the identity of the pf3d7_1112100 3’-gene 
fragment. (C) Sequence alignment confirming the identity of the pf3d7_1364400 3’-gene fragment. Chromatogram 
obtained from SnapGene alignment. Images were designed using SnapGene V 5.3.2. 
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Figure 3–38: Sanger sequencing alignment of SLI-glmS-mut-0105800, SLI-glmS-mut-1112100 and  
SLI-glmS-mut-1364400 3’-gene fragments.  Only the sequencing information surrounding the cloning sites is 
indicated including a section of aligned plasmid backbone (purple), 3’-gene fragment (red), and the restriction 
enzyme cleavage sites indicated in light blue. DNA fragments in schematics not drawn to scale. A representative 
forward or reverse chromatogram (trace data) is shown below the consensus sequence. (A) Sequence alignment 
confirming the identity of the pf3d7_0105800 3’-gene fragment. (B) Sequence alignment confirming the identity of 
the pf3d7_1112100 3’-gene fragment. (C) Sequence alignment confirming the identity of the pf3d7_1364400  
3’-gene fragment. Chromatogram obtained from SnapGene alignment. Images were designed using  
SnapGene V 5.3.2. 
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3.8. Generation of transgenic knockdown P. falciparum lines using recombinant 
SLI-glmS/glmS-mut-gene plasmids 

As in section 3.2, satisfactory yields (0.72-1 mg) of recombinant SLI-glmS/glmS-mut-0105800,  

SLI-glmS/glmS-mut-1112100 and SLI-glmS/glmS-mut-1364400 plasmids were obtained and 

successfully RE mapped (Figure 3-39).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Asexual NF54 P. falciparum parasites were transfected with the respective recombinant  

SLI-glmS/glmS-mut plasmids and subjected to WR22910 drug selection for episomal uptake. A sharp 

decrease in parasitaemia was seen following electroporation, whereafter the parasitaemia further 

decreased until no parasites were observed (Figure 3-40). NF54-epi(SLI-glmS/glmS-mut-0105800), 

NF54-epi(SLI-glmS/glmS-mut-1112100) and NF54-epi(SLI-glmS/glmS-mut-1364400) parasites 

reappeared 9–12 days after WR99210 drug selection was removed (Figure 3-40). 

 

 

 

 

 

 

 

 

 

 

Figure 3–39: Restriction enzyme mapping of isolated SLI-glmS/glmS-mut-0105800,  
SLI-glmS/glmS-mut-1112100 and SLI-glmS/glmS-mut-1364400 plasmid.  Plasmid DNA (~2 μg) was digested 
for 3 h at 37 °C. Digested DNA samples were analysed on 1.5 % (w/v) agarose gel post stained with EtBr  
(0.4 mg/mL). Molecular marker (MM): 100 bp ladder (Promega, USA). Complete digestion of SLI-glmS/glmS-mut-
0105800, SLI-glmS/glmS-mut-1112100 and SLI- glmS/glmS-mut-1364400 was accomplished using NotI-HF and 
MluI-HF. Each digested recombinant SLI- glmS/glmS-mut plasmid yielded two bands where each of the smaller 
bands corresponded to the expected 3’-gene fragment sizes, ~1050 bp (pf3d7_0105800), ~630 bp 
(pf3d7_1112100), and ~940 bp (pf3d7_1364400). 
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Successful episomal uptake was confirmed for recovered parasites using screening PCRs on 

recovered parasites (Figure 3-41B, expected sizes ~1140 bp (SLI-glmS/glmS-mut-0105800), ~720 bp 

(SLI-glmS/glmS-mut-1112100) and ~1030 bp (SLI-glmS/glmS-mut-1364400)). The NF54-epi(SLI-

glmS/glmS-mut-0105800), NF54-epi(SLI-glmS/glmS-mut-1112100) and NF54-epi(SLI-glmS/glmS-

mut-1364400) lines were therefore successfully generated and could be used to select for integration 

of the glmS-gene constructs into the P. falciparum genomes. Although this was not performed in the 

current study as it requires another 3-4 month cultivation, selection, and validation process, the 

episomal lines generated will facilitate future work aiming to generate inducible knockdown transgenic 

parasite lines. 

 

 

 

 

Figure 3–40: Selection and recovery of P. falciparum parasites transfected with recombinant  
SLI-glmS/glmS-mut-0105800, SLI-glmS/glmS-mut-1112100 and SLI-glmS/glmS-mut-1364400 plasmid DNA.  
(A) The line graph displays the parasitaemia of the transfected NF54 P. falciparum parasites with  
SLI-glmS-0105800, SLI-glmS-1112100 and SLI-glmS-1364400 plasmids while (B) displays the parasitaemia of 
the transfected NF54 P. falciparum parasites with SLI-glmS-mut-0105800, SLI-glmS-mut-1112100 and SLI-glmS-
mut-1364400 plasmids The parasitaemia was determined before transfection (day 0) and every second day post-
transfection up to 27 days by Rapi-Diff-stained thin blood smears. Figure was generated using GraphPad Prism 
version 9.2.0. 
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Figure 3–41: Validation of episomal uptake of recombinant SLI-glmS and SLI-glmS-mut plasmids after 
transfection.  (A) Schematic representation showing the primer pair (pr1/3/5 and pr12) used during the screening 
PCR, listed in Tables 3 and 4 respectively. The forward primers used (pr1/3/5) bind to the 5’ end of the gene 
fragment while the reverse primer (pr12) binds downstream of the gene fragment on the SLI-glmS plasmid 
backbone. (B) Negative control (-C) containing no template DNA. Episomal screening PCR results were analysed 
on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/mL). Molecular marker (MM): 1 kb ladder (Promega, 
USA). The expected insert regions were amplified for all of the 3’-gene fragments with PCR products of ~1140 bp 
(SLI-glmS/glmS-mut-0105800), ~720 bp (SLI-glmS/glmS-mut-1112100), and ~1030 bp (SLI-glmS/glmS-mut-
1364400) observed.  
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4. Chapter 4: Discussion  
 

The P. falciparum parasite is extraordinary in that, in the space of 48 h, a single merozoite that has 

invaded an erythrocyte is able to produce up to 32 new viable daughter merozoites. The rapid and 

successful developmental process occurring throughout the IDC implies strict regulatory mechanisms 

in place, governed by specialised regulatory elements, which are characteristics commonly associated 

with the cell cycle. However, it has been revealed that the hypothesised cell cycle model of Plasmodium 

parasites is divergent from the canonical mammalian cell cycle model, with the unusual occurrence of 

alternating DNA synthesis and mitosis events during endocyclic schizogony [3, 52]. Despite the 

presence of known canonical cell cycle phases and regulators, the exact mechanisms and regulator 

elements governing the cell cycle of Plasmodium parasites has yet to be uncovered [3]. Therefore, this 

study aimed to elucidate the essential nature of three uncharacterised putative kinase proteins 

(PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400) during the multistage parasite asexual 

intraerythrocytic life cycle, and implied cell cycle. To achieve this aim, recombinant SLI-TGD, SLI-

sandwich and SLI-glmS/glmS-mut plasmids containing the 5’- and 3’-gene fragment of each selected 

putative kinase gene respectively were constructed. The recombinant SLI-TGD and SLI-sandwich 

plasmids were subsequently used to generate transgenic lines to uncover the function of the selected 

kinase proteins. 

 

In this study NF54_0105800_2xFKBP-GFP_2xFKBP and NF54_1112100_2xFKBP-GFP_2xFKBP 

transgenic lines were successfully generated and used in determining cytosolic localisation of both 

PF3D7_0105800 and PF3D7_1112100 proteins, in addition to knock sideways studies, to gain a better 

understanding of the function and role these putative kinase proteins play. However, attempts to 

mislocalise both PF3D7_0105800 and PF3D7_1112100 target proteins to the nucleus of the parasite 

and PF3D7_0105800 to the plasma membrane were unsuccessful, as no change in localisation of the 

target proteins was observed once the knock sideways system was induced. Additionally, no phenotypic 

effect was observed on asexual parasite proliferation consequent to knock sideways induction. It is 

possible that the mislocaliser protein (FRB) was inaccessible to the FKBP-proteins associated with the 

target proteins. Alternatively, it may be that the FKBP-proteins did not retain their function. These have 

previously been described as possible limitations, in some instances, of the knock sideways system 

[67]. Therefore, although an integrated recombinant SLI-glms/glmS-mut line was not generated in the 

present study for conditional knockdown experiments, episomal uptake of this plasmid was confirmed, 

and future studies will attempt to use this system to functionally characterise these proteins. 

 

Utilising the GFP-tagged fusion proteins generated using the SLI system, cytosolic localisation of both 

PF3D7_0105800, a supposed CDK-like kinase protein, and PF3D7_1112100, a supposed member of 

the Bub1/Mad3 kinase family, was established. Another CDK-like protein, PfPK5, which is the most 

well-characterised member of the P. falciparum CDK family, has also been found to localise to the 

cytosol prior to initiation of DNA replication during the S phase, whereupon it is relocated to the DNA 
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periphery [124]. Similarly, within mammalian cells, the CDK-cyclin D1 complex is exported to the 

cytoplasm for proteolysis once its function has been completed within the cell cycle [125]. This 

relocation and degradation is also observed during the M checkpoint of the mammalian cell cycle where, 

once the checkpoint is satisfied by attachment of the final kinetochore, the MCC is released and 

exported to the cytoplasm for ubiquitination and proteolysis [49, 126].  

 

Thus, further evaluation of PF3D7_0105800 and PF3D7_1112100 localisation throughout asexual IDC 

progression and equivalent cell cycle transition phases within asexual P. falciparum parasites are 

required. Additional studies evaluating the progression and equivalent cell cycle transition phases 

during and after cell cycle arrest due to mitogen depletion would provide valuable information on the 

possible function of PF3D7_0105800 and PF3D7_1112100. Future studies, including enzymatic 

assays, will allow evaluation of whether PF3D7_0105800 and PF3D7_1112100 have phosphorylation 

activity on target proteins. Future fluorescence-based studies will provide further evidence as to whether 

PF3D7_1112100 localises to the spindle bodies during kinetochore attachment validation, as is seen 

in other P. falciparum CDK-like proteins as well as other organisms like yeast, mammals, and 

Toxoplasma gondii [14, 46, 125-127]. A greater sensitivity may be achieved through the application of 

immunofluorescence to determine localisation of these proteins by targeting the GFP tag expressed 

with these proteins in the transgenic line. 

 

The essentiality of the selected putative kinase proteins was established using the SLI-TGD system 

and, consequently, PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400 were all indicated to be 

essential to asexual parasite proliferation due to the production of non-functional proteins. The loss in 

functionality of each PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400 protein is supported 

when considering the locations of the predicted InterPro domains, which were all situated at the  

C-terminal end of the selected putative kinase proteins and, once integration occurred, were truncated. 

The prolonged ring/early trophozoite stage observed upon gene knockout of PF3D7_0105800 and 

PF3D7_1364400 implied an importance of these proteins in transition through the G1/S transition 

phase, with a possible role during early cell cycle progression. Standing in support of this, 

PF3D7_0105800 is predicted to contain a CKS subunit, while PF3D7_1364400 is a predicted member 

of the cyclin-like superfamily. Additionally, transcriptomic data during cell cycle arrest and re-entry, 

wherein pf3d7_0105800 was found to be upregulated during cell cycle re-entry, supports a function 

during early cell cycle transition [8].  

 

Furthermore, PF3D7_1227500 (SOC2), a cyclin-related protein, was shown by STRING analysis to be 

co-expressed with PF3D7_0105800, which further supports the notion that PF3D7_0105800 is a  

CDK-like protein. Recently it has been found that the homologue of PF3D7_1227500 within 

Plasmodium bergei, PBANKA_1442200, binds to the CDK-like protein PbCRK5 (PBANKA_1230200), 

which is implicated in the initiation of DNA replication [128] forming an atypical cyclin/CDK complex. 

Additionally, PF3D7_0105800 was found to be co-expressed with other proteins that have been 
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connected to membrane-associated functions, such as PF3D7_0105300 (CAP). Homologues of this 

protein in other eukaryotes have been found to play an important role in cytoskeleton development 

[129, 130]. This provides further support that PF3D7_0105800 is implicated in the G1/S transition, as 

this phase corresponds to the transition from ring to trophozoite stage, where growth and morphological 

changes to the cytoskeleton occur. It is therefore proposed that PF3D7_0105800 may be involved in a 

signalling cascade promoting this transition, a possibility that may be explored in subsequent studies. 

Similar studies done on PfPKG and some PfCDPKs have successfully been completed to identify their 

kinase activity and the subsequent involvement in various signalling pathways [1, 74, 106, 131, 132]. 

 

Comparably, PF3D7_1364400 may also be involved in cell cycle regulation early on in cell-cycle 

progression, based on the similar phenotypic stage distribution profile observed. However, when 

looking at the transcriptomic data obtained during cell cycle arrest and re-entry, an inverse profile was 

seen compared to that of PF3D7_0105800, where pf3d7_1364400 was found to upregulated during 

arrest and decreased during re-entry [8]. This could suggest that PF3D7_1364400 has a 

complementary function to that of PF3D7_0105800, with a possible repressive function like a  

CKI protein. Therefore, it is speculated that, in the absence of mitogens within the parasite environment, 

PF3D7_1364400 could be part of a signalling cascade, or may prevent one from occurring, ultimately 

leading to a halt in cell-cycle progression. This would be similar to what is found within mammalian and 

S. cerevisiae cells, where MAPK signalling cascades modulate cell-cycle progression by affecting the 

levels and activity of transcription factors, promoting CDK/cyc gene expression, and synthesis of  

CKI members [46, 133, 134]. Interestingly, PfPK5/Pfcyc-1 and Pfmrk/Pfcyc-1 CDK/cyc complexes have 

been reported to interact with, and be inhibited by mammalian CKI members p21 and p16 in vitro 

suggesting CDK inhibitor-like proteins are present within the parasite, performing a similar function 

[135, 136].  

 

Furthermore, the co-expression and experimental determination connections illustrated by STRING 

analysis highlighted PF3D7_1323400, a 60S ribosomal protein L23 that, within mammals cells, inhibits 

E3 ubiquitin-protein ligase Mdm2, leading to the activation of p53 [121]. The latter further supports the 

notion that PF3D7_1364400 could perform a repressive role or modulate other target proteins to 

perform a repressive function, leading to cell cycle arrest within the parasite. However, sequence-based 

searches of the P. falciparum genome have not yet identified any putative P. falciparum proteins with 

significant sequence homology to any canonical CDK inhibitor homologues [2, 61, 135], indicating that 

PF3D7_1364400 could possibly be the first CKI-like member identified within P. falciparum. This will be 

explored in future to better understand the role PF3D7_1364400 plays within the parasite. 

 

In contrast to the delayed ring/early trophozoite phenotype observed for PF3D7_0105800 and 

PF3D7_1364400, a delayed death response was observed for PF3D7_1112100, where parasites were 

only affected during the second replication cycle. Based on its membership of the Bub1/Mad3 

superfamily, it is expected that parasites are not phenotypically affected during early IDC stages, but 
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rather during later schizont stages where a final round of synchronous nuclear division and mitosis 

occurs, followed by subsequent segmentation and a single cytokinesis event resulting in daughter 

parasites, as is be predicted that this protein is involved in kinetochore attachment. Therefore, if 

PF3D7_1112100 function is disrupted, this will possibly lead to uneven distribution of chromosomes 

between daughter cells which could explain the observed delayed death response. Similarly, within 

yeast cells it was found that disruption of BUB1 function caused the chromosomes to lag on the 

anaphase spindle and increase the frequency of chromosome loss [137]. The notion that 

PF3D7_1112100 plays a role during cell cycle stages is supported to some extent when considering 

the transcriptomic data obtained during cell cycle arrest and re-entry. PF3D7_1112100 expression 

initially decreases as the parasite re-enters the cell cycle, but as the parasite progresses through the 

cell cycle, expression increases [8]. This prolife is similar to that observed in yeast and mammal cells, 

as Bub1 and BubR1 levels are decreased during the G1 phase [126].  

 

Furthermore, STRING analysis identified PF3D7_1227600 (SPC24), a kinetochore protein, as a  

co-expression connection, supporting the predicted Bub1/Mad3 function in spindle attachment. Known 

centrosomal cycle regulators, such as ARKs, NEK kinases along with four APC/C components, APC10, 

APC11 and APC3 and CDC20 have been identified within Plasmodium spp., with the latter only being 

described in male gametogenesis and not in the asexual IDC [96, 97, 100, 138]. However, the specific 

molecular signalling networks that regulate mitosis and associated mechanisms that govern 

chromosome segregation with P. falciparum parasites are largely unknown, with few proteins identified 

with similarity to the canonical MCC components (Mad2, BubR1/ Mad3, Bub3), kinetochore scaffolds 

(Mad1, Knl1), and kinases (Bub1, Mps1) [14, 49]. Therefore, further investigation into the potential role 

PF3D7_1112100 performs during spindle development and chromosome segregation is required.  

 

A limitation of the TGD system employed in the present study was that, as all the targeted genes were 

essential to asexual proliferation, no further functional evaluation was possible and evaluation of the 

essentiality of these proteins in other parasite life cycle stages, particularly the sexual stages 

(gametocytes and gametes), was precluded. Therefore, inducible systems are required to overcome 

this obstacle and allow for further interrogation and functional evaluation of the selected putative kinase 

proteins using a conditional knock sideways and knockdown approach.  

 

In conclusion, the three novel uncharacterized kinase proteins were indicated to play an essential role 

in asexual proliferation coupled with a proposed role at the G1/S transition for CDK/cyclin-like kinases 

(PF3D7_0105800 and PF3D7_1364400) and mitotic regulation (PF3D7_1112100). By highlighting the 

essential nature of these kinase proteins within asexual proliferation, this has introduced these putative 

kinase proteins as potential new drug targets in the kinase inhibitory space. 
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5. Chapter 5: Conclusion 
 

Malaria remains a global health threat, constituting a major health burden and severely impacting the 

socio-economic status of various countries worldwide, especially developing countries which bear the 

brunt of the disease burden, adding strain on the already struggling healthcare systems of these 

countries [9]. However, the emergence of parasite strains resistant to the current frontline antimalarials, 

ACTs, stresses the need for new antimalarial drugs against P. falciparum parasites [37]. One avenue 

being used to uncover and identify new antimalarial drugs is to find novel drug targets. Within these 

unexplored biological avenues of the parasite, unique and essential proteins can be identified and 

studied as potential drug targets. One such biology is the extraordinary kinome, consisting of unique 

protein kinases which have not been fully exploited, especially with respect to mechanisms and kinase 

protein regulators of the atypical cell cycle of P. falciparum parasites.  

 

This study aimed to functionally validate the essential nature of three uncharacterized kinase proteins 

(PF3D7_0105800, PF3D7_1112100 and PF3D7_1364400) within the parasite life cycle, exposing 

potential novel targets in the kinase inhibitory space. By using a targeted gene disruption (TGD) system 

to determine the essentiality of all three of the selected kinase proteins it was revealed that all three are 

essential for asexual parasite proliferation. Additionally, it was discovered that both PF3D7_0105800 

and PF3D7_1364400 could potentially be involved in processes governing the G1/S transition phase, 

while PF3D7_1112100 could be involved later during cell cycle progression. 

 

To gain a more in-depth understanding of the functions these putative kinase proteins play during the 

parasite life cycle, and especially cell cycle progression, an inducible knock sideways system was used. 

NF54-0105800-2xFKBP-GFP-2xFKBP and NF54-1112100-2xFKBP-GFP-2xFKBP transgenic 

parasites were successfully generated, although a homogenous NF54-1364400-2xFKBP-GFP-

2xFKBP transgenic line was not obtained. Using the GFP-tag associated with the target proteins under 

investigation, both PF3D7_0105800 and PF3D7_1112100 were found to localise to the cytosol of the 

parasite. Additionally, the knock sideways system was used to mislocalise PF3D7_0105800 and 

PF3D7_1112100 from their predicted sites of action. Both proteins, however proved refractory to 

mislocalisation. In this MSc project, NF54-epi(SLI-glmS/glmS-mut-0105800), NF54-epi(SLI-

glmS/glmS-mut-1112100) and NF54-epi(SLI-glmS/glmS-mut-1364400) transgenic parasite lines were 

successfully generated.  

 

Altogether, the work presented in this dissertation revealed novel kinases that may be exploitable within 

the kinase inhibitory space, and which may be implicated in cell cycle regulatory mechanisms.  
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3. Supplementary information 
 

Figure S1 shows the entire agarose gels of Figure 3-15B in the main text. The clones shown in 

Figure-15B in the main text are indicated in red boxes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 shows the entire agarose gels of Figure 3-15C in the main text. The clones shown in  

Figure 3-15C in the main text are indicated in red boxes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 1: Representative image of colony screening PCR for recombinant SLI-sandwich clones.  DNA 
was analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/ml). Molecular marker (MM): 1 kb ladder 
(Promega, USA). Negative control (-C) contains the amplification of the SLI-sandwich original insert (~740 bp) (A) 
Colony screening PCR for pf3d7_0105800 SLI-sandwich clones Amplification of the pf3d7_0105800 3’-gene 
fragments of expected size, ~1200 bp. (B) Colony screening PCR for pf3d7_1112100 SLI-sandwich clones. 
Amplification of the pf3d7_1112100 3’-gene fragments of expected size, ~770 bp. (C) Colony screening PCR for 
pf3d7_1364400 SLI-sandwich clones. Amplification of the pf3d7_1364400 3’-gene fragments of expected size, 
~1100 bp.  

1000
750
500

1 500
bp

750
500

250

1000

bp 

1000
750
500

1 500
bp

MM

MM MM
SLI-SW-1112100SLI-SW-0105800

SLI-SW-1364400

-C -C

-C

A B

C

Figure S 2: Restriction enzyme digest of positive recombinant SLI-sandwich plasmids. Plasmid DNA (1 μg) 
was analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/ml) after RE digestion for 3 h at 37 °C. 
Molecular marker (MM): 1 kb ladder (Promega, USA). Negative control (-C) contains the digested product of the 
original SLI-sandwich plasmid with the original insert (~600 bp). (A) Digested products of the recombinant plasmid 
DNA containing the 3’fragments of interest for pf3d7_0105800 (~1050 bp). (B) Digested products of the 
recombinant plasmid DNA containing the 3’fragments of interest for pf3d7_1112100 (~640 bp) and pf3d7_1364400 
(~940 bp) respectively. 
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Figure S4 shows the entire agarose gels of Figure 3-35C and Figure 3-36C in the main text respectively. 

The clones shown in Figure 3-35C and 3-36C in the main text are indicated in red boxes.  
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Figure S 3: Representative image of colony screening PCR for recombinant SLI-glmS and SLI-glmS-mut 
clones.  DNA was analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/ml). Molecular marker 
(MM): 1 kb ladder (Promega, USA). Negative control (-C) contains the amplification of the SLI-glmS and SLI-glmS-
mut original insert (~1100 bp) (A) Colony screening PCR for pf3d7_0105800 SLI-glmS/glmS-mut clones 
Amplification of the pf3d7_010580 3’-gene fragments of expected size, ~1200 bp. (B) Colony screening PCR for 
pf3d7_1112100 SLI-glmS/glmS-mut clones. Amplification of the pf3d7_1112100 3’-gene fragments of expected 
size, ~770 bp. (C) Colony screening PCR for pf3d7_1364400 SLI-glmS/glmS-mut clones. Amplification of the 
pf3d7_1364400 3’-gene fragments of expected size, ~1100 bp. 
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Figure S4 shows the entire agarose gels of Figure 3-35C and Figure 3-36C in the main text respectively. 

The clones shown in Figure 3-35C and 3-36C in the main text are indicated in red boxes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If you give up today... 
You’ll never know how far you could’ve gotten. 
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Figure S 4: Restriction enzyme digest of positive recombinant SLI-glmS and SLI-glmS-mut plasmids.  
Plasmid DNA (1 μg) was analysed on 1.5 % (w/v) agarose gel post stained with EtBr (0.4 mg/ml) after RE digestion 
for 3 h at 37 °C. Molecular marker (MM): 1 kb ladder (Promega, USA). Negative control (-C) contains the digested 
product of the original SLI-glmS and SLI-glmS-mut plasmid with the original insert (~870 bp). (A) Digested products 
of the recombinant SLI-glmS plasmid DNA containing the 3’fragments of interest for pf3d7_0105800 (~1050 bp), 
pf3d7_1112100 (~640 bp) and pf3d7_1364400 (~940 bp) respectively. (B) Digested products of the recombinant 
SLI-glmS-mut plasmid DNA containing the 3’fragments of interest for pf3d7_0105800 (~1050 bp), pf3d7_1112100 
(~640 bp) and pf3d7_1364400 (~940 bp) respectively.  


