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Summary 

Despite efforts to reduce the global spread and severity of malaria infection, resistance towards 

current frontline antimalarials has halted malaria elimination progress. Thus, malaria parasite 

biology should be continually investigated in hopes of finding resistance mechanisms and 

targetable biology to develop new compounds. Plasmodium falciparum, the most clinically 

important malaria-causing parasite, employs energy metabolism pathways differently from one 

intraerythrocytic form to the next. The proliferative asexual stage, the disease-causing form, 

fulfils its high energy demand through anaerobic glycolysis. However, the slow-maturing 

gametocyte, the transmissible form, relies on a canonical TCA cycle and oxidative 

phosphorylation for energy production. Membrane transport proteins crucially maintain the 

metabolite link between these pathways in both stages of parasite development. For instance, 

pyruvate production, from extracellularly sourced glucose, is important for glycolysis and the 

TCA cycle, yet its translocation mechanism across the inner mitochondrial membrane is 

unknown. In the last decade, the mitochondrial pyruvate carrier (MPC) heterocomplex which 

consists of MPC1 and MPC2 was identified as the transport complex responsible for pyruvate 

translocation in humans, yeast, and other eukaryotic organisms. In P. falciparum, two mpc 

genes, mpc1 (PF3D7_1340800) and mpc2 (PF3D7_1470400) are putatively annotated but 

have not yet been characterised. 

Here, we aimed to develop both chemical and genetic mechanisms to characterise the function 

of the putative MPCs within P. falciparum parasites. A known MPC inhibitor, UK-5099, was 

used to chemically investigate the asexual parasite and gametocytes’ physiological response 

to the inhibition of these putative MPCs. Additionally, this study developed three approaches 

to genetically interrogate MPC function in transgenic P. falciparum lines. In the first instance, 

genetic disruption and conditional knockdown of these mpc genes were investigated. Low 

native promoter activity complicated the production of pure integrant lines for these systems. 

Therefore, an alternative system was investigated in which the two mpc genes would be 

ectopically expressed under a constitutive promoter to produce a functional MPC 

heterocomplex for later investigations of the importance of this transporter to parasite 

development. In the future, a greater catalogue of MPC inhibitors should be screened 

alongside the characterisation of the ectopic mpc expression line to characterise the MPC 

heterocomplex to expand our understanding of how the overexpressed MPC heterocomplex 

phenotype affects parasite biology and the response to MPC inhibitors.  
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1. Literature review 

 

1.1 Malaria: the disease burden  

Globally, malaria is a major public health concern, impacting the socioeconomic development 

of malaria-endemic countries. In 2020, 241 million malaria cases were reported, of which 

627 000 resulted in death, with cases in the African region of the World Health Organization 

(WHO) accounting disproportionately for 95 % of this burden (Figure 1.1) [1]. Most malaria-

endemic countries are impoverished with limited access to healthcare and malaria intervention 

aids, hindering their progress toward a malaria-free status [2]. Additionally, the COVID-19 

pandemic has hampered progress from 2019 to 2020, with increases of 6 and 12 % in reported 

malaria cases and deaths, respectively [1].  

 

Malaria is caused by a unicellular protist in the genus Plasmodium [3]. Currently, there are six 

species of Plasmodium that infect humans with varying severity, namely: 

Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium ovale 

wallikeri, Plasmodium vivax and Plasmodium knowlesi [4, 5]. Infection in Africa is 

predominantly caused by P. falciparum, the most virulent and lethal of these pathogens, while 

in Asia infection is predominantly caused by P. vivax [1]. Malaria infected patients commonly 

present with periodic fevers as well as myalgia and fatigue. In more severe cases, infection 

Figure 1.1: Global distribution of malaria infection in 2020. Malaria infection predominantly occurs in Africa, 
Asia, and South America (indicated in dark blue), with the African region reporting the most indigenous cases 
annually. Image adapted from the WHO Malaria Report 2021 and produced in MapChart (URL: 
https//:mapchart.net/). 
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can lead to anaemia, respiratory distress, cerebral malaria, and eventually death if untreated 

[6]. Young children, especially those under the age of five, and pregnant women are at the 

greatest risk of mortality from this disease [1]. Although malaria is considered a preventable 

and treatable disease, this consistent burden on malaria-endemic populations highlights the 

need to understand the causative agent to effectively adapt control strategies.  

 

1.2 P. falciparum life cycle 

P. falciparum parasites ensure survival and transmission by using the vector, a female 

Anopheles mosquito, and the human host. During a blood meal by a parasite-infected 

mosquito, sporozoites from mosquito saliva are deposited into host tissue to initiate infection 

(Figure 1.2) [3]. The injected sporozoites travel along the lymphatic system to the liver, where 

it invades hepatocytes, forming hepatic schizonts [3]. The hepatic schizonts, upon rupture, 

release merozoites into the bloodstream where the merozoite is exposed for a short time to the 

host immune system [7]. However, a merozoite can escape immune pressure by expressing 

variable forms of surface proteins [8]. Upon contact with the surface of a host erythrocyte, the 

apical surface of a merozoite forms weak interactions with the surface proteins and receptors 

on the erythrocyte to orient itself for the formation of tight junctions to initiate erythrocyte 

invasion [9, 10]. This causes the erythrocyte membrane to move inwards to generate a 

parasitophorous vacuolar membrane (PVM) enveloping the parasite. This results in a 

favourable environment for the parasite within the infected erythrocyte [9, 10] where the 

parasite is ultimately surrounded by three membranes: the erythrocyte plasma membrane 

(EPM), the PVM, and the parasite plasma membrane (PPM) [3]. 

Merozoite infection and conversion to the ring stage marks the beginning of the disease-

causing intraerythrocytic development cycle (IDC), during which asexual reproduction of the 

parasite occurs [11]. The ring stage develops into a trophozoite, metabolising haemoglobin 

from the erythrocyte to obtain amino acids and convert toxic haem into haemozoin [12]. 

Additionally, this creates space in the erythrocyte for parasite growth and development into a 

schizont [7]. During schizogony, multiple asynchronous nuclear divisions occur to produce 16-

32 daughter merozoites [13]. Eventually, the schizont ruptures, releasing merozoites into the 

bloodstream for the subsequent invasion of other erythrocytes, which physiologically manifests 

as a fever spike within the host [11]. This process is cyclical in nature, repeated every 48 h for 

P. falciparum and leads to the periodic fever associated with tertian malaria [6].  
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Figure 1.2: P. falciparum life cycle. P. falciparum infection begins during the blood meal from a parasite-infected 
female mosquito, during which sporozoites are deposited into the host’s tissue. Sporozoites invade hepatocytes 
to form hepatic schizonts that rupture to release merozoites. These invade erythrocytes initiating the 48 h asexual 
proliferation cycle. A portion of asexual parasites will commit to sexual differentiation and undergo 
gametocytogenesis. Mature gametocytes are transmissible to a mosquito vector during subsequent blood meals. 
Once taken up by the mosquito, the male microgamete and female macrogamete fuse to form a zygote. This 
matures to form an ookinete that embeds in the intestinal wall, differentiating into an oocyst, where asexual 
sporogony occurs. These sporozoites are released and migrate to the salivary duct, to be deposited into other 
hosts during subsequent blood meals, reinitiating the infection cycle. Created with BioRender.com.   

 

Less than 10 % of asexual parasites diverge from the proliferative cycle to differentiate into 

male and female gametocytes, the transmissible forms of malaria parasites [14]. In 

P. falciparum, a mature gametocyte forms over a 10-14 day period by the process known as 

gametocytogenesis consisting of five distinct stages (stages I-V) (Figure 1.2) [15, 16]. Stage I 
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gametocytes are morphologically similar to asexual trophozoites [17], whereas stage II-V 

gametocytes are morphologically distinct. Stage II gametocytes are short and 

hemispherical/lemon-like in shape [18]. As the gametocyte progresses into stage III its nucleus 

and mitochondria elongate due to ultrastructural alterations associated with subpellicular 

tubulin deposits that cause flattening of one edge of the parasite and rounding of the other to 

form a D shape with distortion of the erythrocyte [18, 19]. Stage IV gametocytes maximally 

distort the surrounding erythrocyte as the stage IV crescent and rigid form with tapered ends 

takes shape. Stage V gametocytes are a falciform shape with rounded ends, a distinct 

characteristic of P. falciparum [20]. Immature gametocytes, stage I-IV, sequester within the 

bone marrow and spleen until maturation to prevent splenic clearance [14, 21]. Mature stage 

V gametocytes re-enter the blood circulation through their flexible shape and migrate toward 

the dermal capillaries to ensure accessibility to the next feeding mosquito [22].  

Sexual reproduction occurs exclusively within the mosquito [11] and is marked by the fusion of 

macrogametes (female) and microgametes (male) to form a zygote within the midgut of the 

mosquito [23]. The zygote forms an ookinete capable of transcellular migration between the 

endothelial cells that line the mosquito gut. The ookinete differentiates into an oocyst, which 

undergoes asexual nuclear division to form sporozoites. The sporozoites migrate toward the 

salivary glands, where these will remain until the mosquito feeds next, furthering parasite 

transmission [9].  

 

1.3 Malaria control strategies 

A multifaceted approach is used to simultaneously control the spread and decrease the 

severity of malaria infection, with strategies targeted at both the mosquito vector and the 

causative Plasmodium parasite. Current vector control methods involve the seasonal use of 

indoor residual spraying (IRS) and insecticide-treated materials such as long-lasting 

insecticidal nets (LLIN) in malaria-endemic areas. The use of LLIN and IRS is estimated to 

have averted 78 % of global cases since 2000 [24, 25]. Pyrethroids are the main insecticide 

class used in both strategies due to its minimal toxic effect on humans and efficacy against 

mosquitoes [26]. Despite the success of insecticides, resistance has emerged against all 

insecticidal classes, challenging the efficacy of implemented strategies [24]. 

Although vector control constitutes an important part of malaria control, antimalaria drugs 

remain important in reducing the pathogenesis caused by the asexual stage of the parasite in 

the human host with chemotherapeutics, preventing parasite infection with chemoprophylaxis 

and limiting the spread of the disease by preventing host-to-vector transmission with 
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transmission-blocking drugs [24]. Chemoprophylactics aim to reduce the overall incidence of 

malaria through the administration of protective drugs to travelling individuals and people who 

live in endemic areas during the seasons of greatest infection [27]. The current gold standard 

chemotherapeutics used in malaria-endemic regions are artemisinin-based combination 

therapies (ACT). ACTs combine a short half-life artemisinin or one of its derivatives with a 

longer lasting drug such as piperaquine or lumefantrine to significantly reduce parasite number 

and prevent recurrence while minimising the risk of resistance development [28]. However, 

ACT resistance has been reported in Southeast Asia [29] and more recently been detected in 

Africa [30, 31]. This resistance towards ACTs in parasite populations has major implications 

for malaria control efforts and highlights the urgency of developing new drugs by exploring 

alternative aspects of parasite biology that may be targeted with chemotherapeutics. Although 

chemotherapeutic drugs contribute to the treatment and survival of malaria-infected patients, 

these patients remain able to transmit malaria further through gametocyte reservoirs. 

Therefore, the development and administration of transmission-blocking drugs or dual active 

drugs (compounds with the ability to target the asexual and sexual parasite stages) such as 

primaquine are an important part of the objectives of malaria elimination strategies to prevent 

further transmission in endemic populations, as well as to reduce the spread of parasite 

resistance mechanisms [32-34].  

Vaccines are being developed as an alternative protection strategy to prevent the 

establishment of parasite infections by inducing an immune response against pre-erythrocytic 

stages. Malaria vaccine development presents a major challenge due to the complexity of the 

parasite and its life cycle. The recombinant vaccine RTS,S/AS01B targets the circumsporozoite 

protein of P. falciparum, a sporozoite surface protein, and induces a protective immune 

response after three intermittent doses in young children (<18 months of age) [35]. In 2019, 

this vaccine was implemented in Kenya, Malawi, and Ghana to establish a real-world model 

surrounding efficacy, safety, and feasibility [36]. Recently, the WHO has approved the use of 

this vaccine despite its low efficacy (<40 % 12 months after vaccination) to mitigate malaria 

infection in areas of high transmission for the vulnerable child population [37, 38]. Other 

vaccines are also in development, including the PfSPZ live attenuated vaccine and the R21 

recombinant vaccine, currently progressing through phase II and III clinical trials, respectively 

[39-42]. The R21/Matrix-M vaccine has recently shown promising efficacy of 70-80 % in 

children in a high malaria transmission setting after a 12 month booster was administered [42] 

and has now entered phase III clinical evaluation in a larger pool of children located in different 

transmission settings [42].  
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Although these control approaches have been responsible for the downward trend in malaria 

infection observed since 2000, progress began to plateau in 2015, presenting an obstacle to 

malaria elimination and highlighting inadequacies in current eradication strategies [1]. 

Inefficient policy implementation, lack of community support, and drug resistance are 

contributing factors to this stagnation in malaria elimination. To move closer to global malaria 

eradication, research is needed on new strategies. One particular avenue of research is the 

targetable biological processes that are essential to the P. falciparum parasite. 

 

1.4 Membrane transport proteins 

To maintain the functional complexity of a cell and inherently the cell’s health and survival, the 

translocation of ions, nutrients, metabolites, or waste across the phospholipid membranes is 

required, which is mediated by integral membrane transport proteins (MTPs) [43, 44]. MTPs 

are commonly classified as channels, carriers, or pumps based on the mechanism of transport 

(Figure 1.4) [44]. Channels facilitate the rapid and selective translocation of solutes of specific 

charges or sizes through an aqueous passage in the channel down the solute’s 

transmembrane concentration gradient [44, 45]. A channel can be ‘non-gated’, indicating that 

the channel is constitutively open, or ‘gated’, requiring a physiological signal to induce the 

opening of the ‘gate’ to expose the aqueous passageway to the solute [44]. Carriers undergo 

a conformational change upon substrate binding to allow substrate translocation through the 

membrane [46]. Carriers are designated as uniporters, symporters, or antiporters. Uniporters 

translocate a single substrate down its concentration gradient. Symporters and antiporters 

translocate a substrate and co-substrate in the same or opposite directions, respectively. 

These carriers use the energy stored in the concentration gradient of the co-substrate to 

facilitate the movement of the substrate of interest against its concentration gradient [44, 45]. 

ATP-powered pumps facilitate the transport of a molecule against its concentration gradient by 

using a primary source of energy, such as ATP hydrolysis [45]. The USA Food and Drug 

Administration (FDA) has approved multiple drugs for human use which target various MTPs 

[47-49]. 
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Approximately 2.5 % of the P. falciparum genome encodes for MTPs, which is lower than the 

predicted MTP genome proportion in the vector, Anopheles gambiae (4.77 %), and the host, 

Homo sapiens (4.32 %) [50, 51], but similar in size to the transportome of other apicomplexan 

parasites. The reduced size of the transportome in these parasites highlights evolutionary 

adaptation in these organisms for streamlined nutrient acquisition [51]. Aside from nutrient 

transport, MTPs in these organisms are also frequent contributors to resistance mechanisms 

[52-54], with almost half of the P. falciparum MTPs forming part of its ‘resistome’ [52]. 

Polymorphisms in MTP genes aid in resistance phenotypes through direct transport of the drug 

away from its site of action, reducing MTP-drug interaction or compensating for the drug-

mediated action via changes in MTP function. Two of the most common resistance 

determinants are the chloroquine resistance transporter gene (crt) and the multidrug resistance 

gene 1 (mdr1) [52, 55]. Both of these MTPs, located on the digestive vacuole (DV) were 

previously identified to confer chloroquine resistance as well as resistance towards other 

antimalarial drugs. Chloroquine exerts its activity by accumulating in the DV and inhibiting 

haem polymerisation, resulting in parasite death. However, CRT in resistant parasites exports 

chloroquine from the parasite DV, the drug site of action, to the cytoplasm, rendering the 

administered drug useless [54]. In addition to crt and mdr1, other MTPs have been linked to 

resistance determinants such as the acetyl-CoA transporter towards compounds such as 

imidazolopiperazines, the ATP-binding cassette transporter I family member towards multiple 

drugs, the vacuolar ATP synthase to triaminopyridines [56] and the aminophospholipid-

Figure 1.3: Schematic representation of membrane transport protein classes. MTPs facilitate the 
translocation of substrates across a membrane when passive diffusion is not possible. The three main classes of 
MTPs are channels, carriers, and pumps. Channels translocate molecules down their concentration gradient 
through an aqueous passage. Carriers conformationally change upon substrate binding prior to substrate 
translocation either with or against the substrate concentration gradient. These are classified as uniporters, 
symporters, or antiporters. ATP-powered pumps translocate molecules against the concentration gradient with 
the aid of ATP hydrolysis. The primary substrate (black circle) concentration gradient is represented by a black 
triangle, with the co-substrate represented by purple circles. ATP: adenosine triphosphate, ADP: adenosine 
diphosphate, P: inorganic phosphate.Created with BioRender.com.  
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transporting P-ATPase (ATP2) towards the compounds MMV007224 and MMV665852 [52, 

55].  

MTPs may also be druggable targets with the PPM-localised sodium efflux transporter, 

PfATP4, a classical example. Multiple inhibitors (e.g. spiroindolones [57] or SJ733 [58]) exhibit 

potent nanomolar activity against the asexual stage by targeting PfATP4 [57]. This disrupts 

sodium homeostasis, causing osmotic fragility that leads to parasite and infected erythrocyte 

swelling [58, 59]. One spiroindolone, cipargamin, is a dual-active compound with asexual and 

transmission-blocking activity that is currently in the product development phase, emphasizing 

the potential of targeting MTPs in P. falciparum [60]. Furthermore, PfATP6, PfNCR1 (Niemann-

Pick type C1-related protein), and PfNT1 (nucleoside transporter) are a few MTPs that are 

inhibited with atelorane [61], bafilomycin, MMV009108 an,d MMV028038 [62], respectively. 

Further investigations are needed into the parasite biology surrounding MTPs to identify 

possible druggable MTPs or MTPs that contribute to resistance mechanisms. 

 

1.5 Central carbon metabolism of the intraerythrocytic P. falciparum parasite 

Carbon metabolism is fundamental to sustaining physiological processes and, consequently, 

the survival of the parasite. It is characteristically composed of three central pathways 

(Figure 1.3); the cytosolic glycolytic pathway and two mitochondrial pathways, the tricarboxylic 

acid (TCA) cycle and oxidative phosphorylation, which produce ATP [63]. Although energy 

production is an obvious necessity, an organism’s microenvironment and physiological needs 

will dictate which metabolic pathway is prioritised to maintain efficient cell function [64]. The 

metabolic framework of P. falciparum parasites is rearranged between the proliferative asexual 

stage and the transmissible gametocyte stage (Figure 1.3) [65, 66]. Both stages rely on glucose 

imported from the erythrocyte to fuel the respective metabolic needs [3]. Asexual parasites 

prioritise substrate-level phosphorylation from fermentative glycolysis to sustain this highly 

proliferative state, resulting in rapid ATP production. This is similar to the Warburg effect 

describing rapid energy metabolism in proliferating cancer cells [65, 66]. By contrast, 

gametocytes use a more energy-efficient production process that involves the TCA cycle and 

oxidative phosphorylation (Figure 1.3) [66]. 
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Figure 1.4: Schematic diagram of P. falciparum central carbon metabolism. Energy metabolism canonically 
involves glycolysis, the TCA cycle and oxidative phosphorylation. Asexual parasites rely on fermentative 
glycolysis as the main mechanism of energy production. The TCA cycle, predominately fuelled through 
glutaminolysis, is used to produce metabolites that supply alternative pathways such as purine salvage. 
Gametocytes rely on the canonical TCA cycle and oxidative phosphorylation to produce energy. Central carbon 
metabolism pathways are indicated in blue, with pathways favoured by asexual parasites indicated in green and 
those favoured by gametocytes indicated in purple. The proton concentration gradient is indicated by a red 
triangle. Abbreviations: α-KG: α-ketoglutarate, Aco: aconitase, ADP: adenosine diphosphate, ATP: adenosine 
triphosphate, BCKDH: branched-chain keto-acid dehydrogenase, CS: citrate synthase, FAD: flavin adenine 
dinucleotide, FH: fumarate hydratase, GABAT: GABA transaminase, GDP: guanosine diphosphate, Gln: 
glutamine, Glnase: glutaminase, Glu: glutamate, GTP: guanosine triphosphate, H+: protons, IDH: isocitrate 
dehydrogenase, KGDH: α-ketoglutarate dehydrogenase, LDH: lactate dehydrogenase, MQO: malate-quinone 
oxidoreductase, NAD+: nicotinamide adenine dinucleotide, OAA: oxaloacetate, PEP: phosphoenolpyruvate, 
PEPC: PEP carboxylase, PEPCK: PEP carboxykinase, PK: pyruvate kinase, SCS: succinyl-CoA synthetase, 
SDH: succinate dehydrogenase. Created with Biorender.com 
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Pyruvate is involved at a crucial branchpoint in carbon metabolism, and thus the prioritised 

pathway dictates the fate of pyruvate. In asexual parasites, due to the prioritised glycolytic 

pathway, pyruvate is primarily converted into lactate of which 93 % is exported [65]. However, 

glucose-derived phosphoenolpyruvate (PEP) feeds into mitochondrial metabolism contributing 

to the minor flux of the TCA cycle by producing malate [67-69]. Glutaminolysis, an anaplerotic 

pathway, contributes to the major flux of the TCA cycle by producing α-ketoglutarate, a 

metabolite able to enter the TCA, from glutamine (Figure 1.3) [65, 67]. Although mitochondrial 

metabolism is active in asexual parasites, its primary function is to produce intermediate 

metabolites for purine salvage, pyrimidine biosynthesis, redox balance and other biochemical 

pathways, instead of energy production [69, 70]. 

Central carbon metabolism shifts from glycolytic dependence in asexual parasites to TCA cycle 

and oxidative phosphorylation dependence during gametocytogenesis, most notably during 

stage III gametocyte formation (Figure 1.4) [65]. This allows the gametocyte to have a long-

lasting lifespan as a result of the slower metabolism [71]. Additionally, this is evident in 

increased levels of transcripts for TCA cycle enzymes during gametocytogenesis [72, 73]. The 

genetic disruption of proteins involved in the TCA cycle caused gametocyte progression to halt 

[68, 74]. This highlights the importance of these TCA cycle proteins in gametocytes. In 

comparison to asexual parasites, the slow-maturing gametocyte contains a larger 

mitochondrion with greater cristae formation than its asexual counterpart to support this 

increased mitochondrial metabolism that leads to slow but efficient ATP production [75]. In 

gametocytes, the major metabolic flux through the TCA cycle is driven by the glycolytic 

end-product pyruvate, which is converted to acetyl-CoA by the mitochondrial-based branched-

chain ketoacid dehydrogenase (BCKDH) [65, 67, 76]. BCKDH functions similarly to pyruvate 

dehydrogenase (PDH), which converts pyruvate to acetyl-CoA in eukaryotes. However, in 

apicomplexans, such as P. falciparum, PDH is solely found in the apicoplast [76].  

To maintain the major and minor metabolic flux of the parasite, metabolite translocation, such 

as glucose, glutamine, or pyruvate, is important and possible with MTPs [77]. For instance, 

glucose, an important carbon source, is imported into the parasite cytoplasm from the 

erythrocyte via a hexose transporter located in the PPM [78]. Lactate, the end-product of 

glycolysis, is exported from the parasite through the PPM localised monocarboxylate 

transporter or the fumarate-lactate transporter [74, 79, 80]. Cytosolic pyruvate fuels the 

mitochondrial TCA cycle, particularly during gametocytogenesis [65]. However, the mechanism 

of pyruvate translocation is unknown in P. falciparum parasites, but it is speculated that an 

MTP, known as a mitochondrial pyruvate carrier, is responsible for this translocation. 
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1.6 Mitochondrial pyruvate carriers 

Pyruvate is required to translocate from the cytosol into the mitochondrial matrix, crossing the 

outer and inner mitochondrial membranes (OMM and IMM). Pyruvate migrates across the 

OMM into the mitochondrial intermembrane space through non-selective voltage-dependent 

channels [81]. However, a specific transporter is required to transport the charged pyruvate 

molecule across the highly restrictive IMM [82, 83].   

The mitochondrial pyruvate carrier (MPC) is a proton symporter that facilitates pyruvate 

translocation across the IMM into the mitochondrial matrix, against the proton concentration 

gradient and forms a critical link between glycolysis and the TCA cycle energy metabolic 

pathways. This 150 kDa heterocomplex consists of two small subunits, MPC1 (12 kDa) and 

MPC2 (15 kDa), located within the IMM [84, 85]. MPC1 and MPC2 proteins are highly 

conserved between humans, yeast, and other eukaryotic organisms. Although the structure of 

this MPC heterocomplex is unsolved, it appears to act as a functional heterodimer [84-86], as 

the genetic deletion of either MPC subunit resulted in complex destabilisation and degradation 

[87, 88]. MPC1 and MPC2 loss-of-function gene deletions in flies, humans, mice, yeast as well 

as the apicomplexan parasites Trypanosoma brucei and Trypanosoma cruzi results in pyruvate 

accumulation in the cytosol and impaired pyruvate-driven respiration [84, 85, 89-91]. However, 

whether this phenotype is detrimental to the organism is dependent on the preferred means of 

energy production by the organism. In T. brucei and T. cruzi, MPC1 and MPC2 are classified 

as essential MTPs for stages where pyruvate-driven respiration is important but dispensable 

in the stages reliant on aerobic fermentative glycolysis [90, 91]. In humans, abnormal MPC 

functioning has been implicated in many diseases such as inborne metabolic errors, 

hyperthyroidism, diabetes, neurodegenerative diseases, and cancer [92-94]. The Warburg 

effect has been associated with a complete or complete loss of MPC function in most cancers 

with poor MPC expression correlated with a poor tumour prognosis [98]. 

In addition to the genetic investigations of the MPC heterocomplex subunits, chemical 

perturbation is a complementary method of probing MPC heterocomplex function [84, 85, 89, 

90, 95]. The two main classes of MPC inhibitors are the highly specific α-cyanocinnamate and 

the non-selective thiazolidinediones [96, 97]. The α-Cyano-4-hydroxycinnamate (CHC) and 

other cinnamate derivatives are analogues of the pyruvate enol form with an additional 

hydrophobic aromatic ring [98]. CHC and α-cyano-β-(1-phenylindol-3-yl)-acrylate (UK-5099) 

are mitochondrial pyruvate transporter inhibitors with nanomolar activity against isolated 

mitochondria [85, 99]. 
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Two putative MPC proteins (MPC1 (PF3D7_1340800) and MPC2 (PF3D7_1470400)) have 

been identified in the P. falciparum genome [74, 99], based on sequence similarity to yeast 

and human MPCs. To date, there is limited research on these MPCs in P. falciparum, with a 

single article reporting the genetic manipulation of these putative genes in asexual parasites. 

A largescale mutagenesis project involving the random insertion of piggyBac transposons at 

tetranucleotide sequence was able to produce a loss-of-function and survival phenotype for 

genes that are essential to parasite survival [100]. The mpc1 gene was found to be refractory 

to genetic manipulation, however, this result was tentatively labelled as mpc1 is a small gene 

which could be misrepresented with this data, whilst mpc2 was deemed dispensable [100]. 

Both genes were expected to be dispensable to the asexual stages because of the proven lack 

of importance mitochondrial pyruvate transport has on central carbon metabolism during 

proliferation [65, 66, 69]. Further investigation into the biological importance of MPC in 

P. falciparum at the different intraerythrocytic stages and validation of this whole-genome study 

is required. These studies would include alternative genetic manipulation tools alongside 

chemical validation with known MPC inhibitors.   

 

1.7 P. falciparum genetic editing techniques  

Genetic editing techniques are useful to elucidate antimalarial resistance genes, drug modes 

of action, individual gene importance and function as well as to validate genome-wide studies 

[101]. The genetic editing techniques discussed here are transfection-based and rely on the 

allelic exchange of the “foreign” introduced DNA with the parasite’s genome at a homology-

based region. Various gene manipulation systems can modify at the DNA, RNA, or protein 

level (Table 1.1).  

On the DNA level, the gene of interest (GOI) could be irreversibly disrupted through the 

traditional homologous-recombination system where the GOI is exchanged with a truncated 

version to produce a non-functional protein [102]. Alternatively, a CRISPR-Cas mediated 

system could introduce point mutations in the GOI to render it non-functional upon translation 

[103]. In the event the GOI is essential to parasite survival, the disruption will reduce parasite 

fitness and no integrants will be obtained. The latter is a downfall of genetic disruption systems 

since it prevents any functional evaluation of the gene’s role in parasite biology. Another DNA-

level modification tool involves the irreversible knockout of the GOI at the naive loci with the 

inducible dimerisable Cre recombinase system, whereby the Cre recombinase excises a GOI 

that is flanked by loxP sites (recombinase recognition sites) [104]. Although the advantage of 
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this system is complete knockout that can be induced at any parasite stage, previous 

conditional knockouts have reported only an 80 % excision in parasite populations [105].  

Table 1.1: The advantages and disadvantages of genetic editing strategies used in P. falciparum.  
Information compiled from [102-112].  

Level 
of 
editing 

System Advantages Disadvantages 

DNA 

Gene disruption 
(homologous 
recombination 
approach)   

• Investigates gene at native loci 

• Determines which genes are essential 
and dispensable  

• Non-inducible system  

• Cannot retrieve integrant lines for 
essential genes 

Gene disruption 
(CRISPR/Cas) 

• Investigates gene at native loci 

• Introduces point mutations 

• Determines which genes are essential 
and dispensable 

• Non-inducible system 

• Cannot retrieve integrant lines for 
essential genes 

Conditional 
gene deletion 
(Cre system) 

• Investigates gene at native loci 

• Inducible system 

• Rapid system with minimal leakage 

• Complete deletion of gene function if 
the gene is excised 
 

• Irreversible system 

• Dual plasmid transfection 

• Cannot be used for large genes > 5Kb 

• Gene excision does not occur in all 
parasites 

• Requires a parental line expressing 
DiCre 

 

Bxb1 ectopic 
expression  

• Investigates gene at an alternative 
locus 

• Rapid site-specific GOI insertion into 
the genome 

• Minimal copy number variation with 
drug pressure 

• Multiple genes can be linked under a 
single or multiple promoters 

• Increases expression of GOI  

• GOI operates under a different 
promoter (no native locus investigation) 

• Requires a parental line with the attB 
region 

• Dual plasmid transfection 

RNA glmS ribozyme 

• Investigates genes at native or 
alternative loci 

• Conditional, reversible system 

• Gene can be tagged for identification 

• The inducer, glucosamine, is cytotoxic 
and lowers the growth mediums pH 

• Knockdown is inefficient (50-90 %) 

Protein 

Destabilisation 
domain  

• Rapid and reversible system • Not possible on secreted proteins 

• Proteins may have an inability to 
tolerate the DD tag 

• Knockdown is inefficient (60-80 %) 

• Shield1 ligand may be toxic 

Knock sideways 
• Reversible system 

• Rapid protein displacement 

• Not possible on membrane proteins 

• Requires a parental line with a localizer 

 

All of the above systems genetically manipulate the GOI at its native loci where it is expressed 

under its native promoter. This provides insight into the phenotype of reduced production of 

functional protein. As an alternative strategy, the Bxb1 ectopic expression system allows a GOI 

to be inserted into an alternative locus under a more active promoter to express the GOI above 

basal levels (Table 1.1). This is useful for a GOI expressed under a weak promoter that does 

not respond well to positive selection during transgenic line generation. This system uses the 

mycobacteriophage Bxb1 integrase to catalyse homology-specific recombination between the 

GOI-containing plasmid and a dispensable cg6 gene in the P. falciparum genome to integrate 

the coding sequence of the GOI in a rapid manner [108].  
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To genetically modify the mRNA levels of a GOI, a glmS ribozyme system is used to conditional 

knockdown the GOI. The glmS ribozyme system incorporates a ribozyme (a catalysing RNA 

molecule) on the 3’ end of a GOI. The glmS ribozyme is activated when glucosamine is added 

to the cell causing the transcribed mRNA of the GOI to self-cleave, preventing downstream 

protein expression [107]. The downfalls of this system are cytotoxicity and acidity of 

glucosamine [109] as well as the inefficiency in the knockdown of the GOI [110] (Table 1.1). 

However, the glmS ribozyme system is still used as a genetic editing tool for P. falciparum 

parasites due to its inducible nature. 

For a post-translational effect on protein levels, the destabilisation domain (DD) system can be 

used in a reversible manner to prematurely degrade a protein of interest, in the absence of the 

stabilising ligand Shield-1, by adding an FK506-binding protein (FKBP)-based DD to the protein 

[113]. The DD is unstable and promotes the degradation of the protein, however, protein 

degradation is preventable through Shield-1 binding to the DD [106, 112]. This system can 

knock down <80 % of the protein of interest (Table 1.1) [111]. However, the downfalls of this 

system are that proteins synthesised via the secretory pathway cannot be DD tagged, proteins 

may lose their functionality from the DD tag, or the degradation may not produce a noticeable 

phenotype [112]. As an alternative to degradation, proteins can be post-translationally 

mislocalised (knocked sideways) to move the protein of interest from its native site of action 

(i.e. the nucleus) to another (i.e. the cytosol) [102]. This system relies on dimerisation between 

the target fused to FKBP and FKBP rapamycin binding (FRB) fused to a signal that mediates 

protein movement to a different cellular location when rapamycin or an analogue is introduced, 

directing the fused protein away from the native site of action [102]. However, the system does 

not work on MTPs as they may mislocalise to another cellular location such as the cytoplasm 

(Table 1.1). Although there are many choices for genetic editing tools, the best tool is 

dependent on the aim and gene/protein of interest of the study.  

In addition to selecting the most optimal genetic editing tool, there are ways to improve the 

efficiency of generating transgenic lines. A selection-linked integration (SLI) system was 

developed as a more efficient approach to generate transgenic parasite lines because of its 

dual-selection process. In the first instance, the human dihydrofolate reductase gene (hDHFR) 

is expressed on the plasmid that can be selected for if it is episomally present by addition of 

the antifolate compound, WR99210. Secondly, homologous recombination mediated genomic 

integration would result in the presence of a neomycin resistance gene (neo-R), which is 

expressed under the integration site promotor [102]. This results in the selection of integrants 

by addition of a neomycin-derivative, G418. The Neo-R gene is separated from the GOI by a 
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skip peptide (T2A) that allows di-cistronic translation of the single mRNA into separate proteins 

[102].  

This study aims to initiate investigations into the biological importance of the putative mpc1 

(PF3D7_1340800) and mpc2 (PF3D7_1470400) genes in P. falciparum parasites. A two-

pronged approach involving chemical perturbation of parasites with a known MPC inhibitor and 

the genetic manipulation of mpc genes was attempted to establish systems to interrogate MPC 

biology in the parasite. The genetic manipulation approaches used are the SLI-TGD based 

genetic disruption and a conditional knockdown approach with SLI-glmS to study the 

essentiality of MPC at basal levels. Additionally, to evaluate biology upon increased MPC 

expression, the BXB2 ectopic expression system was established.   
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Aim 

To determine the function and essentiality of putative mitochondrial pyruvate carriers in 

P. falciparum parasites 

Hypothesis 

The putative mitochondrial pyruvate carriers are biologically important to the transmissible, 

gametocyte stage of the parasite.  

Objectives 

a) Determine the effect a known MPC inhibitor has on parasite proliferation and differentiation 

b) Generate a targeted mpc1 and mpc2 gene disruption parasite line  

c) Generate a conditional mpc1 and mpc2 knockdown line  

d) Ectopically express the mpc genes with a generated mpc ectopic expression transgenic 

line 

 

Research outputs: 

da Rocha, S., Mugo, E., Birkholtz, LM., Niemand, J. The functional evaluation of putative 

mitochondrial pyruvate carriers in Plasmodium falciparum parasites. 6th South African Malaria 

Research Conference. Oral presentation. Pretoria. August 2021 

da Rocha, S., Birkholtz, LM., Niemand, J. The biological interrogation of Plasmodium 

falciparum’s putative mitochondrial pyruvate carriers. South African Society of Biochemistry 

and Molecular Biology. Oral presentation. Pretoria. January 2022 

da Rocha, S., Mugo, E., Birkholtz, LM., Niemand, J. Towards overexpression of the putative 

mitochondrial pyruvate carrier in Plasmodium falciparum parasites. 7th South African Malaria 

Research Conference. Poster presentation. Pretoria. August 2022 
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2. Materials and Methods 

2.1 In silico analyses of putative MPCs 

Two putative P. falciparum mpc genes, mpc1 (PF3D7_1340800) and mpc2 (PF3D7_1470400), 

were analysed with in silico tools to confirm existing annotations and identify structural 

characteristics. The P. falciparum amino acid sequences of MPC1 and MPC2, obtained from 

the Plasmodium database (PlasmoDB: https://plasmodb.org/plasmo/app), were used in the 

NCBI Protein Basic Local Alignment Search (BLASTP: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) tool to identify MPC homologs. Amino 

acid sequences of MPC1 and MPC2 proteins from different organisms used were obtained 

from the UniProt consortium database (https://www.uniprot.org/) (Table 2.1) [114]. To evaluate 

the evolutionary relationship between the MPC proteins of different organisms, these 

sequences were used in the Molecular Evolutionary Genetics Analysis (MEGA) software 

version 11.0.10 (USA) to perform a MUSCLE multiple sequence alignment (MSA) (default 

parameters) between the MPC orthologues. A maximum likelihood phylogeny tree was 

generated from these MSA data using the Bootstrap phylogeny test (500 replicates) according 

to the following parameters: LG substitution model, gamma distributed rate with invariant sites 

(G+I) with an estimated 4 gamma categories and the Nearest-Neighbour-Interchange tree 

interface [90, 115, 116].  

Table 2.1: UniProt accession codes for MPC1 and MPC2 amino acid sequences for various organisms. 

Organism 
Accession codes 

MPC1 MPC2 

Arabidopsis thaliana Q949R9 Q8L7H8 

Drosophila melanogaster Q7KSC4 Q9VHB1 

H. sapiens Q9Y5U8 O95563 

Leishmania braziliensis A4H359 A4H7W6 

Mus musculus P63030 Q9D023 

Plasmodium berghei A0A0Y9ZKK1 A0A0Y9ZX96 

Saccharomyces cerevisiae P53157 P38857 

T. brucei Q38FF5 Q57WG7 

T. cruzi A0A2V2VGT4 A0A2V2V3R9 

 

Additionally, the MPC1 and MPC2 amino acid sequences were used in a MUSCLE MSA 

(default parameters) performed in MEGA with known MPC homologs from S. cerevisiae, 

H. sapiens and D. melanogaster to identify common sequence regions. The MSA was edited 

with BioEdit sequence alignment editor version 7.2.5 [117]. Membrane topology of MPC1 and 

MPC2 was investigated with deepTMHMM (https://dtu.biolib.com/DeepTMHMM/) [118], 

https://plasmodb.org/plasmo/app
https://www.uniprot.org/
https://dtu.biolib.com/DeepTMHMM/
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PHOBIUS data from InterPro (https://www.ebi.ac.uk/interpro/) [119] and TOPCONS 

(https://topcons.cbr.su.se/) [120]. The Uniprot, Pfam and InterProFamily information from 

InterPro was used to identify which protein family MPC1 and MPC2 are classified under. 

MitoProt (https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html) was used to predict the 

proteins’ subcellular location [121].  

 

2.2 In vitro P. falciparum parasite cultivation 

2.2.1 Ethical clearance statement 

All experiments requiring the use of P. falciparum parasites were performed in the Malaria 

Parasite Molecular Laboratory (M2PL), a certified biosafety level 2 (BSL2) facility (registration 

number: 39.2/University of Pretoria-19/160). In vitro parasite cultivation is covered by an 

umbrella ethical clearance for the SARChI program provided to Professor Birkholtz (reference: 

180000094) by the Faculty of Natural and Agricultural Science. The use of human erythrocytes 

is approved by the Research Ethics Committee, Health Sciences Faculty (reference: 506/2018) 

by the Faculty of Health Science to Professor Birkholtz.  

 

2.2.2 In vitro asexual parasite cultivation 

A drug-sensitive strain of P. falciparum parasites, NF54 (MRA-1000, BEI resources) was 

cultivated in human erythrocytes at 5 % haematocrit and maintained in a hypoxic environment 

consisting of 90 % N2, 5 % CO2 and 5 % O2 (Afrox, South Africa) in complete culture medium 

[RPMI-1640 culture medium (Sigma-Aldrich, USA), supplemented with 25 mM HEPES pH 7.5 

(Sigma-Aldrich, USA), 23.81 mM sodium bicarbonate (Sigma-Aldrich, USA), 

200 µM hypoxanthine (Sigma-Aldrich, USA), an additional 0.2 % (w/v) glucose (Merck, 

Germany), 0.024 mg/mL gentamycin (HyClone, USA) and completed with 5 g/L Albumax II 

(Life technologies, USA)]. To ensure maximal merozoite invasion of erythrocytes, the parasite 

cultures were incubated at 37 °C on a rotary platform at 60 rpm [122]. Parasitaemia (the 

percentage of parasite-infected erythrocytes) and parasite morphology was determined by 

staining methanol fixed, thin smears of parasite samples with RapiDiff stain and visualised 

using oil immersion at 1000x magnification with light microscopy using a YS2-H Nikon 

microscope (Nikon, Japan). Parasite images were taken with a Nikon Eclipse 50i microscope 

with Nikon Digital sight (Nikon, Japan) and analysed on NIS-Elements software F package 

version 3.0 (Nikon, Japan).  

 

https://www.ebi.ac.uk/interpro/
https://topcons.cbr.su.se/
https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html
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2.2.3 Sorbitol synchronisation of asexual P. falciparum parasites 

Intraerythrocytic P. falciparum parasite cultures consisting predominately of ring stages with a 

parasitaemia ˃2 %, were synchronised using isosmotic 5% (w/v) D-sorbitol solution (Sigma-

Aldrich, USA). Sorbitol selectively lyses trophozoite- and schizont-stage parasites due to the 

increased permeability of these stages due to the formation of new permeability pathways 

[123]. Parasite cultures were incubated in pre-warmed sorbitol for 15 min at 37 °C followed by 

centrifugation for 5 min at 1800 xg. Following this, parasite cultures were washed twice with 

incomplete culture medium [RPMI-1640 culture medium (Sigma-Aldrich, USA), supplemented 

with 25 mM HEPES pH 7.5 (Sigma-Aldrich, USA), 23.81 mM sodium bicarbonate (Sigma-

Aldrich, USA), 200 µM hypoxanthine (Sigma-Aldrich, USA), an additional 0.2 % (w/v) glucose 

(Merck, Germany), 0.024 mg/mL gentamycin (HyClone, USA)] to remove the residual sorbitol 

and lysed parasite debris. Thereafter, the washed parasite pellet was reconstituted to a 5 % 

haematocrit culture in complete culture medium and maintained as described in section 2.2.2.  

 

2.2.4 In vitro P. falciparum early gametocyte cultivation 

Gametocytes were produced from P. falciparum NF54 parasites by exposing parasites to two 

environmental stress factors, namely: haematocrit reduction and nutrient starvation [124]. 

Gametocytogenesis was initiated from synchronised asexual parasites (˃90 % ring population) 

by adjusting the culture to a 0.5 % parasitaemia at a 6 % haematocrit in gametocyte medium 

(complete culture medium without the additional 0.2 % glucose). The culture was maintained 

in a hypoxic environment at 37 °C without agitation. After 72 h (designated as day 0), the 

parasite culture’s haematocrit was reduced to 4 % in gametocyte medium and incubated as 

before. From day 1-4, the culture was maintained in complete culture medium supplemented 

with 50 mM N-acetyl glucosamine (NAG), which prevents erythrocyte invasion by merozoites 

to halt further asexual parasite proliferation [125]. This ensures the production of a 

homogenous gametocyte population. Gametocytes were monitored daily with RapiDiff-stained 

samples using light microscopy and images were taken as stated in section 2.2.2. On Day 5, 

the predominately stage III gametocyte culture was harvested for experiments requiring early 

stage gametocytes.  

 

2.3 Evaluating asexual proliferation using a SYBR Green I fluorescence assay 

The anti-plasmodial activity of the known MPC inhibitor, UK-5099 (MedChemExpress, USA), 

was determined using a SYBR Green I fluorescence-based assay. The fluorophore, SYBR 

Green I, intercalates into the minor grove of double-stranded DNA (dsDNA), whereupon its 
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fluorescent intensity increases. Therefore, the emitted fluorescence is used as a measure of 

relative nucleic acid levels and consequently of parasite proliferation. This fluorophore 

specifically detects parasite dsDNA as erythrocytes do not contain nuclear material [126]. 

To characterise the activity of UK-5099, a 2-fold serial dilution was created in complete culture 

medium in technical triplicates in 96-well plates. Chloroquine (0.5 µM) was used as a 

background control with 2.5 % (v/v) dimethyl sulfoxide (DMSO) as a vehicle control and 

untreated parasites as the live parasite control. To each well, a 1:1 ratio of synchronised 

asexual parasite culture (˃95 % ring population) at 1 % parasitaemia was added to the drug 

solution, with a final haematocrit of 1 %. Assay plates were incubated in a hypoxic environment 

in a stationary incubator at 37 °C for 96 h. After incubation, a 1:1 ratio of sample to SYBR 

Green I lysis buffer (20 mM Tris, pH 7.5; 5 mM EDTA; 0.008 % (w/v) saponin and 0.08 % (v/v) 

Triton X-100) supplemented with 0.002 % SYBR Green I (Invitrogen, USA) was incubated for 

1 h at room temperature in a 96-well plate. Fluorescent intensity was determined with the 

Fluoroskan Ascent FL microplate reader (Thermo Scientific, USA; excitation at 490 nm and 

emission at 520 nm). The background control was subtracted from the data and the data 

normalised to the viable parasite population. Data from three independent experiments, each 

performed in technical triplicate were analysed using Microsoft Excel and graphically 

represented using GraphPad Prism 9 (GraphPad Software, USA) with the standard-error-of-

the-mean (S.E.) indicated. Statistical significance was determined using the unpaired students 

T-test with the online software from GraphPad by Dotmatics (GraphPad, USA) 

(https://www.graphpad.com/quickcalcs/ttest1.cfm).  

 

2.4 Evaluating gametocyte viability using the lactate dehydrogenase assay 

To investigate the gametocytocidal activity of a compound, the viability of maturing gametocyte 

populations was measured via parasite lactate dehydrogenase (pLDH) activity as this reflects 

the active glycolytic state of a gametocyte. In the presence of the cofactor 3-acetylpyridine 

adenine dinucleotide (APAD), an analogue of NAD, pLDH will enzymatically convert lactate 

into pyruvate at a higher efficiency compared to the human LDH. During this conversion, APAD 

is reduced to APADH. Concurrently, nitroblue tetrazolium chloride (NBT) is reduced to form a 

blue formazan product that is spectrophotometrically detectable [127, 128].  

A gametocyte suspension (1.5 % gametocytaemia, > 75% stage II gametocyte population at 

1 % haematocrit) was added to a 2-fold serial dilution series of UK-5099 in technical triplicates 

in a 96-well plate, with equivalent DMSO concentrations included as a vehicle control and 5 

µM methylene blue as a positive inhibition control. A 1 % haematocrit erythrocyte suspension 

https://www.graphpad.com/quickcalcs/ttest1.cfm
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was co-cultured to serve as the background LDH control. Samples were statically incubated at 

37 °C for 72 h in a hypoxic environment. After 72 h, 80 % of the medium per sample was 

aspirated and replaced with complete culture medium and incubated for a further 72 h. After 

the total 144 h incubation period, 20 µL of each sample was resuspended in 100 µL of Malstat 

reagent (54.5 mM Tris, pH 9.0; 0.166 mM APAD; 222 mM lithium lactate and 0.2 % v/v Triton 

X-100), followed by the addition of 25 µL of NBT/PES solution (1.96 mM NBT; 0.239 mM 

phenazine ethosulphate) and incubated for 20-60 min at room temperature Absorbance was 

spectrophotometrically determined at 620 nm using a Paradigm plate reader (Molecular 

Devices, USA). The background LDH control was subtracted from each datapoint and 

normalised to the methylene blue-treated positive inhibition control and averaged for three 

independent experiments performed in technical triplicate. Data analysis was performed using 

Microsoft Excel and data were graphically represented using a grouped bar-graph with 

GraphPad Prism 6 (GraphPad Software, USA) with the standard-error-of-the-mean (S.E.) 

indicated. Statistical significance was determined using the unpaired students T-test with the 

online software from GraphPad by Dotmatics (GraphPad, USA) 

(https://www.graphpad.com/quickcalcs/ttest1.cfm). 

 

2.5 Generation of SLI-TGD and SLI-glmS transgenic parasite lines  

The biological importance and function of putative mpc1 (PF3D7_1340800) and mpc2 

(PF3D7_1470400) genes in P. falciparum were investigated with two SLI-based genetic 

disruption and conditional knockdown systems (Figure 2.1). These systems contain similar 

features in the SLI plasmid backbone including a 3’ green fluorescent protein (GFP) tag 

intended for localisation studies, two transgenic parasite selection features (a human 

dihydrofolate reductase gene (hDHFR) and a neomycin resistance gene (neo-R)), as well as 

restriction enzyme cut sites, NotI (5’ GCGGCCGC 3’) and MluI (5’ ACGCGT 3’), flanking the 5’ 

and 3’ regions of the gene of interest, respectively (GOI) (Figure 2.1).  

The SLI-TGD system incorporates a shortened 5’ fragment of the GOI into the plasmid to 

genetically disrupt the GOI by producing a non-functional protein after genomic integration 

[102]. The SLI-glmS system requires a 3’ fragment to be cloned into the plasmid containing 

either a glms or glms-mutant ribozyme gene. This is to ensure a functional protein is produced 

upon integration. Subsequently, the GOI expression can be knocked down with glucosamine 

when a functional glmS ribozyme is present. The mutant glmS ribozyme functions as a 

conditional knockdown control that cannot induce self-cleavage in the presence of glucosamine 

[107].  

https://www.graphpad.com/quickcalcs/ttest1.cfm
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The SLI plasmids containing the relevant mpc1 and mpc2 regions for the genetic disruption 

and conditional knockdown systems were previously developed by our laboratory as part of 

my BSc (Honours) degree (Table 2.2). The constructs were used in this study to generate the 

transgenic parasite lines for downstream interrogation of the biological function of putative 

MPCs. Primers used in the amplification of each mpc homology region are listed in 

Supplementary Table 1.  

 Table 2.2: SLI-TGD and SLI-glmS construct information. 

 

Genetic manipulation system Plasmid name Plasmid backbone Gene 
insert 

Homology 
region (bp) 

Gene disruption pSLI-mpc1-GFP pSLI-TGD mpc1 219 

Gene disruption pSLI-mpc2-GFP pSLI-TGD mpc2 324 

Conditional knockdown pSLI-mpc1-glmS pSLI-glmS mpc1 399 

Conditional knockdown  
(negative knockdown control) 

pSLI-mpc1-glmS-mut pSLI-glmS mpc1 399 

Conditional knockdown pSLI-mpc2-glmS pSLI-glmS mpc2 561 

Conditional knockdown  
(negative knockdown control) 

pSLI-mpc2-glmS-mut pSLI-glmS mpc2 561 

Figure 2.1: Plasmid representation of the SLI-based systems. SLI-based systems use a plasmid backbone 
consisting of an ampicillin resistant (AmpR) gene to aid in bacterial cloning and hDHFR gene necessary for 
episomal plasmid selection within the parasite. The GOI fragment is cloned into a cassette flanked by the 5’ and 
3’ located restriction cut sites: NotI and MluI respectively. Additionally, the cassette consists of a 3’ located GFP 
tag to localise the GOI, a T2A skip peptide ensuring the protein produced from the GOI is not linked to the 
remainder of the cassette and a Neo-R gene used to select for transgenic parasites that integrate the GOI 
fragment. The genetic disruption (A) SLI-TGD system incorporates a short 5’ GOI homology region to produce a 
non-function truncated protein upon integration. The conditional knockdown (B) SLI-glmS system includes a glmS 
riboswitch gene that can be activated with glucosamine to induce self mRNA cleavage as well as a 3’ GOI 
homology region to produce a functional protein upon integration and translation of the protein.  
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2.5.1 Preparation of SLI constructs for transfection  

In preparation for transfection, Escherichia coli DH5α bacterial glycerol stocks containing 

plasmids constructed previously, listed in Table 2.2, were used to inoculate Luria Bertani broth 

(LB: pH 7.5, 1 % (w/v) tryptone, 1 % (w/v) sodium chloride and 0.5 % (w/v) yeast extract) 

supplemented with 50 mg/mL ampicillin (Roche Diagnostics, Switzerland) (LB-ampicillin) and 

incubated at 37 °C with agitation at 200 rpm for 16 h in an MRC LM-570 incubator (MRC, 

Israel). Bacterial cultures were diluted 1/100 into 200 mL of LB-ampicillin and incubated at 

37 °C with agitation at 200 rpm for 12-16 h, until an optical density reading at 600 nm (OD600), 

as a measure of turbidity of 2.5-3.0 was reached. OD600 readings were determined with a 

NanoDrop OneC spectrophotometer (Thermo Fisher Scientific, USA). Plasmid DNA was 

isolated from the saturated cultures with NucleoBond Xtra Midi purification kits (Machery Nagel, 

Germany) as per manufacturer’s instructions. This isolation was performed based on DNA 

denaturation in an alkaline environment, with subsequent purification by adsorption of the DNA 

to a silica matrix.  

Eluted plasmid DNA was concentrated and purified by precipitation with 3.5 mL of ice-cold 

100 % (v/v) isopropanol, followed by collection of the pellet with centrifugation at 15 000 xg for 

30 min at 4 °C. Ice-cold 70 % (v/v) ethanol (2mL), was added to the pellet and centrifuged as 

above for 5 min. The pellet was subsequently air-dried and reconstituted in sterile double 

distilled water. The concentration and quality of the plasmid DNA pellet was measured 

spectrophotometrically with the NanoDrop OneC (Thermo Fisher Scientific, USA). DNA quality 

was determined based on the presence of proteins and chaotropic salts, indicated by the 

absorbance ratios A260/A280 and A260/A230, respectively. The isolated plasmid was stored at -

20 °C. 

The identity of the SLI constructs was confirmed with restriction enzyme digestion. The isolated 

SLI constructs (1 µg) were digested using 6 units of NotI and MluI restriction enzymes (New 

England Biolabs, USA) in 1x CutSmart buffer (20 mM Tris-acetate pH 7.9, 10 mM 

Mg(CH3CHOO)2, 50 mM CH3COOK, 100 μg/mL bovine serum albumin (New England Biolabs, 

USA)) for 3 h at 37 °C. The NotI and MluI restriction cut sites flank the mpc insert in the pSLI-

mpc1-GFP, pSLI-mpc2-GFP, pSLI-mpc1-glmS or glmS-mut and pSLI-mpc2-glmS or glmS-mut 

plasmids. The digested constructs were visualised alongside a 1 Kb molecular marker 

(Promega, USA) on a 1.5 % (w/v) agarose (Promega, USA) /Tris-acetate-EDTA (TAE: 0.04 M 

Tris-acetate pH 8, 1 mM EDTA) gel, in 1x TAE buffer and stained with 0.5 μg/mL ethidium 

bromide (EtBr) after electrophoresis. The agarose/TAE gel was viewed with a Bio-Rad 

Molecular Imager (Bio-Rad, USA) at 300 nm. Images were captured using the Gel Doc XR+ 

imaging system and analysed using Image Lab software, version 4.1 (Bio-Rad, USA). 
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Subsequently, approximately 100-250 µg of isolated plasmid DNA was further purified prior to 

transfection. Plasmid DNA was incubated in 3x the volume of 96 % (v/v) ethanol and 0.1x the 

volume of sodium acetate (3 M) at 4 °C for 15 min, after which the sample was centrifuged at 

11 000 xg for 30 min at 4 °C. The pelleted plasmid DNA was washed twice with 250 µL of 

70 % (v/v) ethanol followed by 1 mL 96 % (v/v) ethanol and centrifuged as above for 15 min. 

The pellet was dried in a sterile BSL2 flow hood and reconstituted with cytomix (25 mM HEPES 

pH 7.6, 120 mM KCl, 0.15 mM CaCl2, 2 mM EGTA, 5 mM MgCl2, 10 mM K2HPO4) to a final 

concentration of 400-600 ng/µL and stored at 4 °C for a maximum of three days prior to use. 

 

2.5.2 Transfection of SLI constructs into NF54 parasites 

Transfection introduces foreign DNA into a cell for transgenic line generation when parasite 

membrane permeability increases with electroporation [129, 130]. To this end, the 

predominantly ring stage parasite culture (˃5 % parasitaemia, >75 % ring population at 5 % 

haematocrit) medium was replaced with fresh complete culture medium 3 h prior to the start of 

the transfection process and the ring stage culture was incubated as described in section 2.2.2. 

Thereafter, asexual parasites were harvested by centrifugation at 3500 xg for 3 min. Cytomix 

was used to wash the parasite-containing pellet in a 1:1 ratio and centrifuged as above. The 

parasite pellet, ~200 µL at 100 % haematocrit, was resuspended with the cytomix-plasmid DNA 

mixture (~400-600 ng/µL) mentioned in section 2.5.1 to a final volume of 450 µL. This mixture 

was electroporated in a pre-cooled 2 mm cuvette (Bio-Rad, USA) in a Gene Pulser Xcell 

Electroporation system (Bio-Rad, USA) programmed at a voltage of 310 V and capacitance of 

950 μF with maximum resistance to produce a time constant between 10-20 ms. The 

electroporated mixture was added to 5 mL of complete culture medium and incubated in a 

hypoxic environment in a stationary incubator for 2 h at 37 °C. After 2 h, lysed erythrocytes 

were aspirated from the parasite suspension after centrifugation at 3500 xg for 3 min. Parasites 

were resuspended in complete culture medium to a final volume of 5 mL and incubated in the 

stationary environment described above. 

 

2.5.3 Drug selection and screening of transgenic parasites  

The SLI based genetic disruption and conditional knockdown transgenic parasite lines were 

created as outlined in Figure 2.2. Daily drug pressure using 4 nM of WR99210 (Jacobus 

Pharmaceutical Company, USA) was applied to parasites 24 h post-transfection for a 10 day 

period to select for episomal uptake of SLI-constructs. WR99210, an antifolate drug, is a potent 

inhibitor of the parasite dihydrofolate reductase (DHFR) [131]. However, the SLI-constructs 
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selection marker, the human DHFR (hDHFR), negates the action of WR99210 allowing 

proliferation of transfected parasites [102]. Parasitaemia was monitored daily with RapidDiff-

stained samples using light microscopy as described in section 2.2.2. This was followed by a 

3–4 week recovery period with fresh erythrocytes added weekly to maintain a 5 % haematocrit 

and complete culture media was exchanged every 3-4 days. During this period, parasite 

cultures were incubated without agitation at 37 °C in a hypoxic environment. 

 

 

 

 

 

After parasite resurgence, parasites were cultured routinely, as described in section 2.2.2, to 

a ˃2 % parasitaemia. The episomal presence of the SLI-constructs was determined via PCR 

with genomic and plasmid DNA extracted from a predominantly trophozoite culture as per 

manufacturer’s instructions with the Quick-DNA Miniprep kit (Zymo Research, USA). The PCR 

used primers flanking the upstream and downstream GOI region within the SLI-construct 

(Figure 2.3). The PCR mixture consisted of: 1x KAPA Taq polymerase (Sigma-Aldrich, USA), 

5 pmol of the forward and reverse primer (Table 2.3) and 30-80 ng of extracted DNA. The 

thermocycler was programmed with the following conditions: initial denaturation at 95 °C for 3 

min followed by 30 cycles of denaturation at 95 °C for 30s, annealing at 58 °C for 30s, and 

extension at 68 °C for 1 min, with a final extension at 68 °C for 2 min. The PCR product was 

visualised on a 1.5 % (w/v) agarose/TAE gel, stained, and imaged as outlined in section 2.5.1. 

Figure 2.2: Schematic representation of transgenic parasite line generation using the SLI-systems. After 
transfection of the respective plasmids into NF54 parasites, parasites were subjected to daily WR99210 drug 
pressure to select for a parasite population that has taken up the plasmid episomally. After parasite recovery, the 
population was screened with PCR to confirm episomal uptake of the plasmid. This was followed by G418 drug 
selection to obtain transgenic parasites that have undergone allelic exchange with the plasmid, which was 
confirmed with PCR. The G418 drug event for the SLI-TGD system was performed on two parasite populations 
(n=2) in triplicate to confirm the results 
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Table 2.3: Primers used for screening the episomal presence of SLI constructs and the allelic exchange 
at the mpc loci in P. falciparum NF54 parasites. 

Parasite line 
Detection 
region 

Primer 
code 

Orientation 
Primer sequence  
(5’-3’) 

Expected amplified 
size (bp) 

NF54 parasites 
transfected with 
pSLI-mpc1 or 
mpc2-GFP and 
pSLI-mpc1 or 
mpc2- glmS or 
glmS-mut 

Plasmid 
(episomal 
detection) 

P1 forward 
AGCGGATAACAATTTCAC
ACAGGA pSLI-mpc1-GFP: 381 

pSLI-mpc2-GFP: 485 
 
pSLI-mpc1-glmS or 
glmS-mut: 576  
pSLI-mpc2-glmS or 
glmS-mut: 738 

P2 reverse 
ACAAGAATTGGGACAAC
TCCAGTGA 

NF54-epi(pSLI-
mpc1- glmS/glmS-
mut) 

5’ 
integrated 
locus 

P3 forward 
TCTAATGTAGGATCATTT
TTTCATAATG 

641 

P2 reverse 
ACAAGAATTGGGACAAC
TCCAGTGA 

3’ 
integrated 
locus 

P1 forward 
AGCGGATAACAATTTCAC
ACAGGA 

460 

P4 reverse 
GCCTTCCCTATACGTCCT
GTTC 

Wild-type 
Locus 

P3 forward 
TCTAATGTAGGATCATTT
TTTCATAATG 

492 

P4 reverse 
GCCTTCCCTATACGTCCT
GTTC 

NF54-epi(pSLI-
mpc2-glmS/glmS-
mut) 

5’ 
integrated 
locus 

P5 forward 
TGAAAGTTTAAAAAAAGT
GCTTGG 

874 

P2 reverse 
ACAAGAATTGGGACAAC
TCCAGTGA 

3’ 
integrated 
locus 

P1 forward 
AGCGGATAACAATTTCAC
ACAGGA 

1331 

P6 reverse 
GCAGAATACGCAAAACA
GTTCG 

Wild-type 
Locus 

P5 forward 
TGAAAGTTTAAAAAAAGT
GCTTGG 

1467 

P6 reverse 
GCAGAATACGCAAAACA
GTTCG 

 

P. falciparum cultures with confirmed episomal uptake were named as follows: NF54-epi(pSLI-

mpc1 or mpc2-GFP), NF54-epi(pSLI-mpc1 or mpc2-glmS) and NF54-epi(pSLI-mpc1 or mpc2-

glmS-mut). These parasite populations (>3 % parasitaemia, >75 % ring population) were 

cryogenically preserved in liquid nitrogen using a 1:1 ratio of 100 % haematocrit parasite pellet 



27 
 

to specialised-freezing media [(28 % (v/v) glycerol (Sigma-Aldrich, USA), 3 % (w/v) D-sorbitol 

(Sigma-Aldrich, USA), 0.65 % (w/v) sodium chloride (Glentham, USA)].  

 

 

Two biological NF54-epi(pSLI-mpc1 or mpc2-GFP) populations in technical triplicate as well 

as four biological NF54-epi(pSLI-mpc1 or mpc2-glmS) and NF54-epi(pSLI-mpc1 or mpc2-

glmS-mut) populations were subjected to a second period of drug pressure with the neomycin-

derivative, G418. G418 prevents polypeptide synthesis in wild-type NF54 parasites. However, 

transgenic parasites will be unaffected by this selection pressure if allelic exchange with the 

SLI-plasmid has occurred as the neomycin resistance gene is expressed under the GOI 

endogenous promoter [102]. All parasite lines were subjected to a second period of drug 

pressure using G418 (ThermoFisher Scientific, USA) for a 10 day period with daily replacement 

of complete culture media containing 400 µg/mL G418. Subsequently, the complete culture 

medium containing 400 µg/mL G418 was replaced every second day for a further 6 day period, 

unless specified otherwise. Parasitaemia was monitored every second day over the 16 day 

period with RapiDiff-stained samples using light microscopy as described in section 2.2.2.  

Parasite populations were routinely cultured, described in section 2.2.2, with fresh erythrocytes 

and complete culture medium without G418 replaced every 3-4 days for a minimum 30 day 

Figure 2.3: Schematic representation of the primer combinations used in screening the SLI-transgenic 
parasite lines. To confirm genomic integration in suspected transgenic lines, PCR screening of the entire locus, 
5’ region and 3’ region of the native loci of the GOI was performed to confirm the presence of the SLI-GOI plasmid 
in the original locus. This schematic visually represents the primer code, location and pair used in screening 
suspected transgenic parasite lines containing the pSLI-mpc1 or mpc2-glmS/glmS-mut plasmids. 
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period following G418 selection to allow for parasite recovery, as indicated by an increase in 

parasitaemia. Recovered parasite populations were screened for integration by amplifying the 

5’ and 3’ region of the native locus with the PCR conditions described for episomal confirmation 

using the primer pairs described in Table 2.3 and schematically represented in Figure 2.3. 

Allelic exchange will result in a change in amplicon size when amplifying the same segment 

from the wild type genome versus the modified P. falciparum genome. 

 

2.6 Generation of a transgenic ectopic expression line  

The mpc1 and mpc2 genes were cloned into an inducible Bxb1 ectopic expression system 

resulting in the MPC heterocomplex falling under the control of the constitutive calmodulin 

promoter (Figure 2.4) [132]. The aim was to co-express the mpc1 and mpc2 genes above basal 

levels to observe the biological effect constitutive expression of the MPC heterocomplex has 

on P. falciparum parasites. The inducible portion of this system allows for activation of the 

inducible glmS ribozyme with glucosamine to reduce the ectopic expression of the MPC 

heterocomplex back to basal levels.  

 

 

 

 

 

Figure 2.4: Schematic representation of the BXB1 ectopic expression system. This dual plasmid system 
expresses the GOI ectopically and constitutively in the cg6 locus under the control of the calmodulin (cam) 
promoter above the basal expression of the GOI. The pCR2.1-cam-GOI-glmS plasmid contains the coding 
sequence of the GOI alongside the cam promoter, a glmS ribozyme allows the system/GOI to be conditionally 
knocked down to its basal level upon glucosamine activation and a hDHFR gene for episomal section. The pINT 
plasmid contains the neo-R gene for transgenic parasite selection and a bxb1 integrase gene which instigates 
the allelic exchange between the two homology sites, the attP and attB sites, located in the plasmid and cg6 gene, 
respectively. For this reason, the two plasmids, pCR2.1-cam-GOI-glmS and pINT, are transfected together to 
generate a transgenic parasite line.   
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Transgenic parasites are generated using a dual plasmid system that integrates the GOI in a 

site-specific manner into the dispensable cg6 gene of the NF54-cg6-attB parasite line 

(NF54attB) provided by Pietro Alano and Giulia Siciliano from the Istituto Superiore di Sanita in 

Italy. The mycobacteriophage Bxb1 integrase, expressed in pINT-myc-mut, mediates this 

integration by catalysing the allelic exchange between two nonidentical sites, the plasmid attP 

and chromosomal attB sites, located in the pCR2.1-attP-cam-glmS or pCR2.1-attP-cam-glmS-

mut plasmids and cg6-attB gene, respectively (Figure 2.4) [108, 133]. Upon allelic exchange, 

two asymmetrical attL and attR sites flanking the integrated transgene are produced, stabilising 

this integrant which is non-excisable by the Bxb1 integrase [108]. The pINT-myc-mut, pCR2.1-

attP-cam-glmS, pCR2.1-attP-cam-glmS-mut plasmids were produced by Dr Elisha Mugo and 

Doré Joubert from the Malaria Parasite Molecular Laboratory, University of Pretoria, South 

Africa. The glmS and glmS-mut ribozymes function similarly as mentioned in section 2.5. 

 

2.6.1 In silico design of mpc1-myc-mpc2-HA fragment  

The coding nucleotide sequences of mpc1 and mpc2 were obtained from PlasmoDB and used 

to design an oligonucleotide fragment in silico with the Benchling software 

(https://benchling.com/). A single myc tag (5’ GAGCAGAAGCTGATCTCGGAGGAGGATCTG 

3’) and hemagglutinin (HA) tag (5’ TACCCATACGATGTTCCAGATTACGCT 3’) was added to 

the 3’ sequence of the mpc1 and mpc2 genes, respectively, for downstream localisation studies 

(Figure 2.5). Additionally, a skip peptide (T2A) was inserted before the start of each gene to 

ensure both genes will be translated as two separate proteins with the appropriate tags. The 

5’ and 3’ ends of the fragment were flanked by the restriction cut sites SalI (5’ AGGCCT 3’) 

and StuI (5’ GTCGAC 3’), respectively, to allow directional cloning of the fragment into the 

pCR2.1-attP-cam-glmS or pCR2.1-attP-cam-glmS-mut plasmids. This in silico designed 

fragment was commercially synthesised (GeneUniversal, USA) and provided as an insert in 

the pU57- mpc1-myc-mpc2-HA plasmid.  

 

Figure 2.5: Schematic representation of the mpc1-myc-mpc2-HA fragment. A fragment with the coding 
sequences of mpc1 and mpc2 was designed in silico to co-express these genes above basal mpc expression 
with an ectopic expression system. The fragment includes a myc and HA tag after mpc1 and mpc2 sequences, 
respectively, to enable downstream co-localisation of these proteins. Additionally, a skip peptide (T2A) was 
added prior to each gene to ensure the proteins are translated as two separate proteins. The flanking restriction 
enzyme cut sites for SalI and StuI restriction enzymes were added to directionally clone this fragment into the 
ectopic expression plasmids.   

https://benchling.com/
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2.6.2 Cloning of the mpc1-myc-mpc2-HA fused fragment into pCR2.1-cam 

Competent cells were produced by inoculating 5 mL of LB with E. coli DH5α cells followed by 

incubation for 16 h at 37 °C with agitation at 200 rpm in an MRC LM-570 incubator (MRC, 

Israel). This culture was transferred to 50 mL of LB, incubated with agitation at 37 °C until an 

OD600 reading of 0.5 was reached. This bacterial culture was incubated on ice for 20 min and 

centrifuged at 1870 xg for 30 min in a centrifuge pre-cooled to 4 °C. The bacterial pellet was 

resuspended in cold 0.1 M CaCl2 (25 mL) and centrifuged as above. Following this, 0.1 M 

CaCl2 (2.5 mL) and 100 % glycerol (375 µL) was used to resuspend the pellet. After a 1 h 

incubation on ice, 100 µL aliquots of competent cells were stored at -80 °C until use. 

The pUC57-mpc1-myc-mpc2-HA, pINT-myc-mut, pCR2.1-cam-glmS and pCR2.1-cam-glmS-

mut plasmids were transformed with a heat-shock based method into chemically competent 

E. coli DH5α cells. Cells were incubated with 100 ng of plasmid on ice for 30 min prior to being 

heat-shocked at 42 °C for 90 s. After heat-shock, the cells were immediately transferred to ice 

for 2 min. Subsequently, 900 µL of LB supplemented with 20 mM glucose was added to 

transformed cells and incubated at 37 °C for 45 min with agitation at 200 rpm in an MRC LM-

570 incubator (Israel). The cell suspension (100 µL) was spread-plated onto LB-agar plates 

(1 % (w/v) agar in LB-ampicillin) and incubated for 16 h at 37 °C. Bacterial colonies were 

selected from each plate and inoculated into LB-ampicillin incubated with agitation at 200 rpm 

for 16 h at 37 °C. Plasmid DNA was isolated from the bacterial cultures with a NucleoBond 

Xtra Mini purification kit (Machery Nagel, Germany) as per manufacturer’s instructions. Plasmid 

DNA purity was assessed as described in section 2.5.1. Isolated pCR2.1-cam-glmS, pCR2.1-

cam-glmS-mut and pUC57-mpc1-myc-mpc2-HA plasmids (1-2 µg) were enzymatically 

digested with 6 units of the two restriction enzymes, SalI and StuI (NewEngland Biolabs, USA), 

at the 5’ and 3’ flanking restriction sites surround the cloning site and fragment, respectively. 

All digestion reactions were performed and visualized on a 1.5 % (w/v) TAE/agarose gel as 

mentioned in section 2.5.1.  

The mpc1-myc-mpc2-HA fragment and pCR2.1-cam-glms/glms-mut plasmid backbone was 

isolated from the gel using the silica matrix technique of the NucleoSpin PCR and Gel Clean-

up kit (Machery-Nagel, Germany) as per manufacturer’s instructions and stored at 20 °C. The 

isolated fragment and plasmid backbone concentration and purity was determined with the 

NanoDrop OneC (Thermo Fisher Scientific, USA) as mentioned in section 2.5.1. The purified 

digested vectors and mpc1-myc-mpc2-HA fragment were ligated with T4 DNA ligase 

(NewEngland Biolabs, USA) with a vector to insert ratio of 5:1. The required mpc1-myc-mpc2-

HA fragment amount was calculated according to the equation below. 
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ng of insert =
ng of vector x kb size of insert

𝑘b size of vector
 x  (insert: vector molar ratio) 

The ligation reaction comprised of T4 DNA ligase, 1 x ligase reaction buffer (50 mM  

Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM ATP, 10 mM DTT), 50 ng of pCR2.1-cam-glms/glms-mut 

plasmid backbone and the calculated amount of mpc1-myc-mpc2-HA fragment. The ligation 

reaction was incubated at 4 °C for 16 h prior to heat-shock transformation into competent 

E. coli DH5α cells as described previously.  

 

2.6.3 Putative recombinant colony screening 

Recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-myc-mpc2-HA-

glmS-mut plasmids were screened with bacterial colony-screening PCR, restriction enzyme 

digestion and Sanger sequencing to confirm that the mpc1-myc-mpc2-HA fragment was 

inserted correctly into the respective plasmids and no mutations had occurred.  

 

2.6.3.1 Bacterial colony-screening PCR 

Individually chosen bacterial colonies, from the previously transformed and plated E. coli DH5α 

cells with recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS/glmS-mut plasmids, were 

inoculated into 100 µL of LB-ampicillin and incubated with agitation at 200 rpm for 3 h at 37 °C 

in an MRC LM-570 incubator (MRC, Israel). Following incubation, a PCR reaction containing 

1 x Kapa Taq Ready Mix (Kapa Biosystems, USA), 5 pmol of plasmid specific forward and 

reverse primer (Table 2.4) and 1 µL of bacterial culture was prepared. The thermocycler was 

programmed with the following conditions: initial denaturation at 95 °C for 3 min followed by 30 

cycles of denaturation at 95 °C for 30s, annealing at 60 °C for 30s, and extension at 68 °C for 

2 min, with a final extension at 68 °C for 2 min. The PCR product was visualised on a 1.5 % 

(w/v) agarose/TAE as described in section 2.5.1.   

Table 2.4: Primers used to identify bacterial clones containing the ectopic expression plasmids. 

Primer code Orientation Primer sequence (5’-3’) Homologous to: 

P7 Forward AGAATACCCAGGTGTTCTCTCTGA 
pCR2.1-cam-glmS/glmS-mut 

P8 Reverse TGAACAAAGAGAAATCACATGATCT 

 

Colonies with the correct insert size were used to inoculate LB-ampicillin and incubated with 

agitation at 200 rpm for 16 h at 37 °C. Plasmid DNA was isolated from the bacterial cultures 

with a NucleoBond Xtra Mini purification kit (Machery Nagel, Germany) as per manufacturer’s 
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instructions. Plasmid DNA quantity and purity was assessed as described in section 2.5.1. 

Isolated plasmid DNA was used in further recombinant plasmid screening experiments, 

restriction enzyme digestion and Sanger sequencing.  

 

2.6.3.2 Restriction enzyme digestion of putative recombinant plasmid 

Isolated recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS/glmS-mut plasmids (1-2 µg) 

were enzymatically digested with 6 units of the two restriction enzymes, SalI and StuI 

(NewEngland Biolabs, USA), at the 5’ and 3’ flanking restriction sites, respectively. Digestion 

was preformed and visualised as described in section 2.5.1. 

 

2.6.3.3 Sanger sequencing of putative recombinant plasmid 

Individual sequencing reactions consisted of 0.5x BigDye reaction mix (Applied Biosystems, 

Foster City, USA), 2x BigDye buffer (Applied Biosystems, Foster City, USA), 5 pmol of the P7 

or P8 primers (Table 2.3) and 60-200 ng of plasmid DNA. The 2720 Thermocycler (Applied 

Biosystems, USA) was programmed with the following conditions: initial denaturation at 95 °C 

for 1 min followed by 25 cycles of denaturation at 95 °C for 10s, annealing at 58 °C for 5s, and 

extension at 60 °C for 4 min. The sequencing product was purified with ethanol precipitation in 

a 0.6 µL Eppendorf tube by incubating the reaction in 3x the volume of 96 % (v/v) ethanol and 

0.1x the volume of sodium acetate (3 M) at -20 °C for 15 min. After incubation, the reaction 

was centrifuged at 11 000 x g for 30 min in a pre-cooled (4 °C) centrifuge. Ice-cold 70 % 

ethanol/H2O (250 µL) was added to the pellet and centrifuged as mentioned above for 10 min. 

The supernatant was removed, and the pellet was dried under vacuum for 10 min prior to 

sequencing. Plasmid sequences were determined using the ABI PRISM Genetic Analyser 

(Applied Biosystems, USA) available at the sequencing facility at the University of Pretoria. 

Sequences were analysed with the Benchling software (https://benchling.com) and Snapgene 

software version 5.3 for base calling from chromatograms and sequence alignments.   

 

2.6.4 Recombinant ectopic expression system plasmid preparation 

The pINT-myc-mut, recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-

mpc1-myc-mpc2-HA-glmS-mut plasmids were isolated and purified to obtain >1 µg/µL of each 

plasmid as outlined in section 2.5.1. These purified plasmids were digested with 6 units of SalI 

and StuI restriction enzymes (New England Biolabs, USA), which flank the mpc1-myc-mpc2-

HA fragment and visualised according to the method outlined in section 2.5.1. Lastly, 

https://benchling.com/
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100-250 µg of each plasmid was further purified and resuspended in cytomix (25 mM HEPES 

pH 7.6, 120 mM KCl, 0.15 mM CaCl2, 2 mM EGTA, 5 mM MgCl2, 10 mM K2HPO4) to a final 

concentration of 400-600 ng/µL in preparation for transfection as per the method in 

section 2.5.1. 

 

2.6.5 Transfection of ectopic expression system plasmids 

This ectopic expression system relies on a dual-plasmid transfection with the recombinant 

pCR2.1-cam-mpc1-myc-mpc2-glmS/glmS-mut and the pINT-myc-mut to produce an 

integrated line where the mpc1-myc-mpc2-glmS/glmS-mut fragment integrates into the cg6 

gene. A P. falciparum NF54attB parasite culture ( >5 % parasitaemia, >75 % ring population at 

5 % haematocrit) was transfected with two plasmids simultaneously: 100 µg of pCR2.1-cam-

mpc1-myc-mpc2-glmS or pCR2.1-cam-mpc1-myc-mpc2-glmS-mut (125 µL) and 100 µg of 

pINT-myc-mut (125 µL). Transfection was performed as outlined in section 2.5.2.  

 

2.6.6 Drug selection and transgenic parasite screening  

Twenty-four hours after transfection, dual drug pressure with 2 nM WR99210, and 250 µg/mL 

G418 was added daily for a 6 day period to the parasite culture. This is followed by a further 

daily 4 day treatment with only 250 µg/mL G418 amounting to a total of 10 days of drug 

pressure. Dual drug pressure was needed to select for the episomal presence of both 

transfected plasmids, as well as transgenic parasites that have undergone allelic exchange. 

Parasitaemia was monitored daily with light microscopy and RapidDiff stained samples as 

described in section 2.2.2. This was followed by a month-long recovery period with fresh 

erythrocytes and complete culture media added every 3-4 days to maintain a 5 % haematocrit. 

Once parasites recovered, cultures were maintained at a ˃2 % parasitaemia and 5 % 

haematocrit, as described in section 2.2.2. Genomic integration was determined via PCR with 

genomic and plasmid DNA isolated from a predominantly trophozoite culture (>3 % 

parasitaemia and 5 % haematocrit) as per manufacturer’s instructions with the Quick-DNA 

Miniprep kit (Zymo Research, USA). The PCR used primers flanking the GOI region located in 

the 5’ and 3’ coding sequence of the cg6 gene (Figure 2.6). The PCR mixture consisted of: 1x 

KAPA Taq polymerase (Sigma-Aldrich, USA), 5 pmol of the forward and reverse primer (Table 

2.5) and 30-80 ng of extracted DNA. The thermocycler was programmed with the following 

conditions: initial denaturation at 95 °C for 5 min followed by a 35-cycle two-step PCR 
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programme with denaturation at 95 °C for 30s and a combined annealing/extension step at 

60 °C for 2 min. The final extension was programmed to 60 °C for 4 min. 

 

 

 

The PCR product was visualised as mentioned in section 2.5.1. P. falciparum cultures with 

confirmed genomic integration were named as follows: NF54attB-cam-mpc1-myc-mpc2-HA-

glmS or -glmS-mut. This integrated parasite population was cryogenically preserved as 

described in section 2.5.3. 

Table 2.5: Primers used for identifying transgenic P. falciparum parasites with genomic integration into 
NF54attB parasites. 

 

Parasite line Detection 
region 

Primer 
code 

Orientation Primer sequence 
(5’-3’) 

Expected amplified 
size (bp) 

NF54attB-cg6 Wild-type 
locus 

P9 Forward 
CATCCTGTGAAGTT
ACCCAGGATCCA 

681 

P10 Reverse 
CATAGACAAGTTGC
AAGAATTGCATG 

NF54attB-
cg6(mpc1-myc-
mpc2-HA-
glmS/glmS-mut) 

5’ integrated 
locus 

P9 Forward 
CATCCTGTGAAGTT
ACCCAGGATCCA 

653 

P11 Reverse 
GATTACTTTGATTA
ACAAAGGCACGC 

3’ integrated 
locus 

P12 Forward 
TGCTCACATGTTCT
TTCCTGCG 

863 

P10 Reverse 
CATAGACAAGTTGC
AAGAATTGCATG 

Figure 2.6: Schematic representation of screening the ectopic transgenic parasite lines generated with 
the ectopic expression system. To confirm genomic integration in suspected transgenic lines, PCR screening 
of the entire locus, 5’ region and 3’ region of the cg6 gene was performed to confirm the insertion of the mpc1-
HA-mpc2-myc fragment. This schematic visually represents the primer code, location and pair used in screening 
suspected transgenic parasite lines transfected with the pINT and pCR2.1-cam-mpc1-HA-mpc2-myc-glmS or 
pCR2.1-cam-mpc1-HA-mpc2-myc-glmS-mut plasmids. 
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3. Results 

3.1. In silico analyses of putative MPC proteins 

The two genes, MPC1 (PF3D7_1340800) and MPC2 (PF3D7_1470400), were previously only 

putatively annotated to encode MPC proteins based on high-level general gene annotation 

strategies within PlasmoDB (www.plasmodb.org). To confirm this annotation and expand on 

the classification of these genes, several parallel in silico evaluations were performed. The 

evolutionary relationship of the putative P. falciparum MPC proteins was investigated in 

comparison to 20 other putative and well-characterised MPCs in different eukaryotic organisms 

(Figure 3.1).   

 

 

 

 

 

 

 

 

 

 

 

An unrooted phylogenetic tree inferring MPC1 and MPC2 evolutionary history was generated 

by using the Maximum Likelihood method and LG model with discrete Gamma distribution to 

model the evolutionary rate differences among sites (4 categories (+G, parameter = 1.8213)) 

(Figure 3.1). P. falciparum MPC1 and MPC2 proteins cluster with MPC1 and MPC2 orthologs 

Figure 3.1: Evolutionary analysis of putative MPC1 and MPC2 proteins. The highest likelihood evolutionary 
history between 22 selected known and predicted MPC orthologs of MPC1 and MPC2 was inferred by using the 
Maximum Likelihood method and LG model displayed on an unrooted phylogenetic tree. The initial tree for the 
heuristic search were obtained automatically by applying the Maximum Parsimony method. A discrete Gamma 
distribution was used to model evolutionary rate differences among sites (4 categories (+G, parameter = 1.8213)). 
The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 0.92% sites). Nodal values 
next to its corresponding branch represent bootstrap values for 500 replicates above 65 %. The tree is drawn to 
scale, with branch lengths measured in the number of substitutions per site indicated by the scale bar. 
Evolutionary analyses were conducted in MEGA11.  
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into two clades (Figure 3.1). Within these two clades, the apicomplexan MPC1 and MPC2 

proteins from Plasmodia spp., Leishmania spp. and Trypanosoma spp. are the most closely 

related to each other with high statistical support but separated from multicellular organisms 

such as H. sapiens, M. musculus, and D. melanogaster. However, P. falciparum MPC1 and 

MPC2 shared low sequence similarity with S. cerevisiae and A. thaliana, respectively.  

To expand on the functional and structural annotations of MPC1 and MPC2, common amino 

acid residues and shared membrane topology was identified between P. falciparum putative 

MPC protein sequences and three experimentally characterised MPC proteins of H. sapiens, 

S. cerevisiae, and D. melanogaster (Figure 3.2). MPC1 and MPC2 are predicated to have three 

transmembrane spanning helices within the MPC family domain (InterPro: IPR005336 and 

Pfam: PF03650) (Figure 3.2). Conserved amino acid residues are identified between the MPC1 

and MPC2 sequences of four organisms (Figure 3.2) with the majority of the conserved 

residues positioned within the transmembrane regions. Transmembrane region conservation 

within the predicted MPC family domain most likely provides the characteristic features of the 

MPC heterocomplex resulting from ancestral lineages previously noted in Figure 3.1. A 

previous computational simulation of de novo human MPC heterocomplexes identified 

residues that could define the transport pathway of pyruvate/pyruvic acid [134]. In MPC1, 

Asn33, His84, and Asn87 were conserved between all four species (Figure 3.2). Upon analysis 

of the MSA in Figure 3.2, there was conservative amino acid replacement from the human 

Leu36, to Ile in S. cerevisiae, and D. melanogaster. By contrast, the aliphatic Leu36 in the 

H. sapiens sequence was replaced with an aromatic Phe in the P. falciparum MPC1 sequence. 

In MPC2, only Ala55 and Asn100 were conserved between all four species (Figure 3.2). Leu52 

and Leu75 were conservatively replaced with Ile in the P. falciparum sequence, and Trp82 with 

Phe. Val103 was conservatively replaced with Leu in S. cerevisiae, but the P. falciparum MPC2 

sequence contains a Met at this position. All of the amino acid replacements between 

H. sapiens and P. falciparum MPC1 and MPC2 amino acid sequences are with non-polar 

residues to maintain the hydrophobic property of the predicted transmembrane regions. 

However, the non-conservative amino acid substitutions (Leu→Phe; Val→ Met) in MPC1 and 

MPC2 could result in structural differences between the human and P. falciparum MPC 

heterocomplexes.  



37 
 

 

Figure 3.2: Protein sequence alignment of P. falciparum MPC1 and MPC2 to MPC orthologues with 
experimentally confirmed function. (A) MPC1 and (B) MPC2 protein sequences were MUSCLE sequence 
aligned in MEGA11 to corresponding MPC protein sequences in H. sapiens, S. cerevisiae and D. melanogaster. 
Amino acid residues with 100 % conservation are bolded. The MPC family domain predicted by InterPro and 
Pfam is highlighted by a black dotted box. The predicted transmembrane spanning region (deepTMHMM, 
PHOBIUS and TOPCONS) are highlighted by a black line. TM1-3: Transmembrane spanning region 1-3. Amino 
acids predicted to be in involved in pyruvate transport are indicated with blue blocks for conserved amino acids 
and green blocks for substituted amino acids. Predicted sites of UK-5099 are indicated with plum circles (142).  
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The topological features of MPC1 and MPC2 that were predicted with deepTMHMM, PHOBIUS 

and TOPCONS were used to generate a schematic representation of the MPC1 and MPC2 

subunits (Figure 3.3). The N-terminus of MPC1 and MPC2 are predicted to be located in the 

mitochondrial matrix, whereas the C-terminus of these proteins are located in the 

intermembrane space. These N- and C-terminal predictions confirm the human MPC 

computational simulations, which found that the positively charged N-terminus would be 

located in the negatively charged mitochondrial matrix and the C-terminus to reside in the 

intermembrane space [134]. 

 

In addition to these features, the probability of P. falciparum MPC1 and MPC2 proteins being 

exported to the mitochondria was predicted with MitoProtI to be 0.89 and 0.43, respectively 

(Table 3.1). This indicates there is a high likelihood of mitochondrial localisation for MPC1 

similar to the prediction values of other organisms with known MPC1 localisation. However, 

P. falciparum MPC2 has a lower prediction score compared to MPC2 from other organisms 

(Table 3.1). This predictive score indicates it is less likely that P. falciparum MPC2 is exported 

to the mitochondria compared to other organisms. However, D. melanogaster MPC2 had a 

0.50 probability of mitochondrion localisation, but experiments showed mitochondrial 

localization. This is likely the case with P. falciparum MPC2, where the prediction score is lower 

than expected but the protein is localized to the mitochondria as part of the MPC 

heterocomplex. The lower prediction score for MPC2 may be a result of MitoProtI program 

limitations. The program predicts whether the N-terminus of a sequence can support a 

Figure 3.3: Schematic representation of the predicted MPC1 and MPC2 protein topology.  MPC1 and MPC2 
membrane topology was determined with deepTMHMM, PHOBIUS and TOPCONS to predict the terminal location 
and transmembrane spanning regions across the inner mitochondrial membrane (IMM). Image generated on 
Biorender.com.  
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mitochondrial targeting sequence and cleavage, however, the lack of information on 

mitochondrial targeting sequences in P. falciparum could skew these predictions [135]. 

Table 3.1: Likelihood prediction of MPC1 and MPC2 export to the mitochondria in eukaryotic organisms. 

Eukaryotic organism 

Probability of protein export to the mitochondria  

(0-1 scale) 

MPC1 MPC2 

H. sapiens 0.72 0.78 

S. cerevisiae 0.91 0.97 

D. melanogaster 0.80 0.50 

T. cruzi 0.70 1.00 

T. brucei 0.86 0.83 

P. falciparum 0.89 0.43 

 

3.2. In vitro cultivation of P. falciparum parasites 

Asexual P. falciparum NF54 parasites were cultivated for multiple purposes such as 

transfection, genomic DNA isolation, SYBR green proliferation and pLDH viability assays. 

Asexual parasites successfully progressed through the 48 h cycle with ring stage parasites 

present at 1-16 h post invasion (hpi) of the erythrocyte (Figure 3.1A), noted by the thin 

chromatin ring surrounding the digestive vacuole. Trophozoites developed from 18-30 hpi, 

respectively, and as haemoglobin digestion occurs, the parasite’s size increased and a dense 

hemozoin crystal became visible (Figure 3.1A). Schizonts formed between 36-48 hpi indicated 

by the multi-nucleated regions within the erythrocyte (Figure 3.1A) [136]. 

Figure 3.4: P. falciparum NF54 parasite morphology. (A) Asexual and (B) gametocyte NF54 parasites were 
routinely cultivated over the 48-h proliferation and 10-14 day growth period, respectively.  
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Immature gametocytes developed as expected from stage I, which are morphologically similar 

to trophozoites, to the lemon-shaped stage II to the more elongated D-shaped stage III and 

lastly to the maximally elongated stage IV with tapered ends (Figure 3.1B). Mature stage V 

gametocytes developed by day 10-12 of gametocytogenesis indicated by the distinct elongated 

and rounded edge form (Figure 3.1B) [20]. In conclusion, P. falciparum asexual and 

gametocyte parasites were successfully cultivated.  

 

3.3. MPC inhibitor effect on P. falciparum parasites 

The known MPC inhibitor, UK-5099 (Figure 3.5), was used as a chemical probe to interrogate 

its effect on P. falciparum NF54 parasite proliferation and viability. Previous, human MPC 

heterocomplex computational simulations with UK5099 suggest that this compound could 

prevent pyruvate transport across the IMM by occupying the predicted amino acid residues 

important for pyruvate binding (Figure 3.2) [134].  

 

 

 

 

The IC50 of UK-5099 (inhibitory concentration needed to effectively inhibit 50 % of asexual 

parasite proliferation or early stage gametocyte viability) was determined, whilst controlling for 

the toxic effects of the solvent, DMSO on P. falciparum parasites at <0.1 % (w/v) [137]. 

UK-5099 treatment did not affect P. falciparum asexual proliferation below this vehicle 

threshold. The inhibitory effect of UK-5099 and DMSO was subsequently evaluated above the 

0.1 % threshold and although UK-5099 treatment consistently resulted in inhibition of 

proliferation at both 62.5 µM and 125 µM compared to the respective 0.62 % and 1.25 % 

DMSO control, this difference was not statistically significant (P > 0.05, n=3, unpaired student 

t-test) (Figure 3.6). DMSO was found to be highly toxic to asexual parasites at >1.25 % and 

masked any potential inhibitory effect the compound would have on parasite proliferation. 

Therefore, due to the insolubility of the compound and limitations on the use of DMSO, this 

compound would be unsuitable for further biological interrogations against asexual parasites.  

Figure 3.5: The chemical structure of the MPC inhibitor, UK-5099. UK-5099 was used to treat P. falciparum 
NF54 parasites to determine its effect on asexual proliferation and gametocyte viability. 
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Similarly, UK-5099 was used to treat early stage gametocytes to evaluate its inhibitory effect 

on gametocyte viability. Early stage gametocyte viability was not affected below 100 µM 

UK-5099 treatment. Early stage gametocytes were more tolerable of DMSO compared to 

asexual parasites at higher concentrations as only an ~18 % and ~50 % gametocyte inhibition 

was noted at 1 % and 8 % DMSO treatment, respectively (Figure 3.6B). There was a 

statistically significant difference (P ≤ 0.05, n=3, unpaired student t-test) between gametocyte 

inhibition at 1 % DMSO and 100 µM of UK-5099 with approximately double the inhibition noted 

in the inhibitor treated sample (Figure 3.6B). However, there was no significant differences 

(P > 0.05, n=3, unpaired student t-test) between the 8 % DMSO and 800 µM of UK-5099 

treatment. The inhibitory effect of DMSO was most likely too great at 8 %, therefore, masking 

the inhibitory effect of UK-5099 on early stage gametocytes. Although UK-5099 inhibits 

gametocyte viability (~30 % inhibition) at 100 µM, this inhibitor would be unsuitable for 

gametocyte chemical interrogation studies due to the high concentration of UK-5099 needed 

to elicit an effect and DMSO toxicity. 

Figure 3.6: The inhibitory effect of UK-5099 and DMSO on asexual parasites and early stage gametocytes. 
(A) Asexual parasites (initiated treatment on ring stage parasites, 1 % parasitaemia, 1 % haematocrit, 96 h 
incubation) and (B) early stage gametocytes (initiated treatment on a stage II and III gametocyte culture, 1 % 
parasitaemia, 1 % haematocrit, 144 h incubation) were treated with of UK-5099 and DMSO to determine if an 
inhibitory effect above the vehicle control could be established. Data shown for n=3 independent biological 
repeats, performed in technical triplicates with error bars indicating ± S.E from an unpaired student t-test: ns: non-
significant (P>0.05), * significant (P<0.05). 

 

Given that we currently cannot determine the drug effect below the toxicity of the vehicle 

control, we cannot evaluate if the observed lack of effect is due to the experimental barrier 

created by the drug solubility, or whether there is a biological reason that prevents activity. 

Therefore, a MPC specific inhibitor with increased aqueous solubility would be required in 
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future studies to determine if MPC inhibition has an effect on asexual proliferation, gametocyte 

viability. 

 

3.4.  Genetic manipulation of putative MPCs to evaluate biological function 

Two SLI-based genetic modification systems, SLI-TGD and SLI-glmS, were used to generate 

transgenic parasite lines with the aim to modify the native loci of mpc1 and mpc2 with a 

truncated tagged gene or insert a 3’ tag to the 3’ end of the gene, respectfully.  

 

3.4.1. Investigation of MPC essentiality in asexual stage parasites using SLI-TGD 

To generate a transgenic P. falciparum NF54 parasite line where the native mpc1 and mpc2 

genes are replaced with a 3’ GFP tagged truncated version, previously constructed pSLI-mpc1-

GFP and pSLI-mpc2-GFP plasmids were used in this study (Figure 3.7 A). In summary, a 5’ 

fragment of each mpc gene, mpc1 (~194 bp) and mpc2 (~298 bp), was successfully amplified 

and cloned into the pSLI-GFP plasmid (Figure 3.7 B). The plasmids were validated here with 

restriction enzyme digestion using the restriction enzymes NotI and MluI, which flank the 5’ 

and 3’ GOI region. The digestion of pSLI-mpc1-GFP and pSLI-mpc2-GFP yielded two distinct 

bands representative of the SLI-plasmid backbone (~6760 bp) and the mpc insert, mpc1 (~194 

bp) or mpc2 (~298 bp), respectfully (Figure 3.7 C). The pSLI-mpc1-GFP (>50 µg with an 

A260/A280 ratio of 1.8) and pSLI-mpc2-GFP (>50 µg with an A260/A280 ratio of 1.9) recombinant 

plasmids were subsequently used in downstream experiments.  

Recombinant pSLI-mpc1-GFP and pSLI-mpc2-GFP plasmids were transfected into a 

P. falciparum NF54 asexual parasite population (5% parasitaemia of >75 % ring stage 

parasites at a 5 % haematocrit). This was followed by a 10 day drug selection process with the 

antifolate drug, WR99210, to select for parasites that contain the plasmids episomally 

(Figure 3.8). After the selection period, parasite cultures were maintained under normal 

culturing conditions.  
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The electroporation process exerted a large amount of stress on the parasite and erythrocyte, 

often leading to some degree of erythrocyte lysis and parasite death. This was evident with the 

>3% parasitaemia drop from day 0 to day 2 of the selection process (Figure 3.8). WR99210 

treatment had further reduced the parasitaemia to 0-0.5% by the end of the 10 day selection 

period (Figure 3.8). Approximately 22-26 days post-selection (32-36 days post-transfection), 

parasites were detected within each transfected culture that proliferated as expected over a 

48 h period. Samples from the recovered parasite populations (>2 % parasitaemia, 5 % 

haematocrit) were used to isolate DNA to screen for the episomal presence of the respective 

plasmids using PCR (Figure 3.9). The SLI plasmids, pSLI-mpc1-GFP and pSLI-mpc2-GFP, 

transfected into NF54-epi(pSLI-mpc1-GFP) and NF54-epi(pSLI-mpc2-GFP) parasite lines 

were successfully detected with SLI-plasmid specific primers represented by the single bands 

at ~381 bp and ~486 bp found in Figure 3.9 B, respectively. This successful episomal detection 

indicated that the parasite lines could progress to the next drug selection cycle in an attempt 

to integrate the plasmid into the parasite genome. 

Figure 3.7: Summary of pSLI-mpc1-GFP and pSLI-mpc2-GFP cloning and validation process. Previously 
constructed pSLI-mpc1-GFP and pSLI-mpc2-GFP plasmids contain the necessary 5’ mpc fragment to genetically 
disrupt the native mpc loci upon integration. (A) Schematic representation of the mpc fragment cloned into pSLI-
GFP plasmids. (B) PCR amplification of the 5’ fragments of mpc1 and mpc2 for incorporation into the pSLI-GFP 
plasmid. (C) Restriction enzyme digestion of the recombinant constructs with NotI and MluI validated the presence 
of respective mpc fragment inserts in each plasmid. U: undigested recombinant plasmid control and C: digested 
recombinant plasmid sample. All samples (B and C) were visualised on a 1.5 % (w/v) agarose/TAE gel with the 
100 bp Promega (USA) molecular marker (M), stained in 0.5 µg/mL EtBr after electrophoresis. Complete gels for 
B and C are located in Supplementary Figure 1 and 2, respectively. 
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The final step to create parasite lines that can be used to determine the essentiality or 

dispensability of the mpc1 or mpc2 genes in P. falciparum parasites was to attempt to integrate 

each plasmid into the parasite’s genome with a second cycle of drug selection for neomycin 

resistance. NF54-epi(pSLI-mpc1-GFP) and NF54-epi(pSLI-mpc2-GFP) parasite lines were 

treated with G418 for a 16 day period (Figure 3.10). The neomycin phosphotransferase protein 

conferring neomycin resistance will only be expressed following integration into the genome, 

under the control of GOI promoter. This drug selection cycle was performed on two 

independent biological parasite populations in triplicate for each line to ensure the outcome 

was a consequence of the drug cycling event and subsequently homologous region integration 

into the parasite genome.   

 

 

 

 

 

Figure 3.8: Parasitaemia of P. falciparum NF54 parasites transfected with pSLI-mpc1-GFP and pSLI-mpc2-
GFP during episomal selection and recovery. P. falciparum NF54 parasites were transfected with pSLI-mpc1-
GFP and pSLI-mpc2-GFP plasmids (day 0), followed by a 10 day WR99210 selection process (grey box) to select 
for parasites containing the plasmids episomally. Parasitaemia was monitored every second day post-transfection 
(selection period) and post-selection period with RapidDiff stained samples.  
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Parasite cultures showed a consistent and expected reduction in parasitaemia over the first 

10 days of the drug selection with minimal to no parasites detected from day 10-16. After the 

16 day selection period, parasite cultures were cultured without selection pressure under 

standard culturing conditions. After 30 days post-selection, no viable parasites reappeared in 

the two biological repeats of the two lines (Figure 3.10), NF54-epi(pSLI-mpc1-GFP) and NF54-

epi(pSLI-mpc2-GFP), indicating that mpc1 and mpc2 are possibly essential to asexual parasite 

survival [102], since the presence of a truncated, non-functional protein would lead to parasite 

death. A further 10 days of recovery (40 days post-selection) still did not result in any parasite 

recovery. Alternatively, homologous recombination did not occur possibly due to the lack of a 

random double stranded break that occurred in the DNA near the mpc1 and mpc2 locus or 

integration did occur, but the native promoter was too weak to overcome G418 selection. Given 

that a transgenic parasite line with truncated MPC proteins could not be established, an 

alternative inducible system, the SLI-glmS system, was investigated to generate an inducible 

transgenic line. This was to confirm the possibility that these genes are essential to the parasite 

and to study these genes at specific stages in the parasite’s life cycle.  

 

 

Figure 3.9: PCR screening for episomal plasmid presence in NF54 parasites transfected with pSLI-mpc1-
GFP and pSLI-mpc2-GFP plasmids. (A) Schematic representation describing the primer location and amplified 
size for episomal confirmation of pSLI-mpc1-GFP and pSLI-mpc2-GFP plasmids in NF54 transfected parasites. 

(B) PCR amplification of the pSLI-mpc1-GFP (~381 bp) and pSLI-mpc2-GFP (~485 bp) plasmid to confirm the 

episomal presence each plasmid in the respective NF54 parasite lines. PCR products were visualised on an 
1.5 % (w/v) agarose/TAE gel stained with EtBr (0.5 µg/mL) after electrophoresis. M: 100 bp molecular marker 
(Promega, USA), (-): PCR amplification with water as a substitute for the DNA template. 
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Figure 3.10: Parasitaemia of P. falciparum NF54-epi(pSLI-mpc1-GFP) and NF54-epi(pSLI-mpc2-GFP) 
parasite lines during G418 selection and recovery.NF54-epi(pSLI-mpc1-GFP) and NF54-epi(pSLI-mpc2-GFP) 
lines were treated with G418 for a 16 day period (grey box) followed by a recovery period. The parasitaemia of 
the parasite lines were monitored every second day with light microscopy. Data shows two biological repeats per 
episomal parasite line performed in triplicate and error bars are indicative of the standard deviation between 
triplicates. 

3.4.2. Generation of conditional knockdown lines with the SLI-glmS system 

The SLI-glmS conditional knockdown system allows on-demand reduction of mpc1 and mpc2 

expression to evaluate the phenotypic effect this has on the parasite. Previously constructed 

pSLI-mpc1-glmS, pSLI-mpc2-glmS, pSLI-mpc1-glmS-mut, pSLI-mpc2-glmS-mut recombinant 

plasmids were used to generate these conditional knockdown lines (Figure 3.11A). The 

respective plasmids contained a 3’ mpc gene fragment of mpc1 (~389 bp) or mpc2 (~551 bp) 

upstream to the GFP tag. The 3’ mpc fragments were successfully amplified and cloned into 

pSLI-glmS/glmS-mut plasmids (Figure 3.11B). Digestion of pSLI-mpc1-glmS/glmS-mut and 

pSLI-mpc2-glmS/glmS-mut plasmids using NotI and MluI restriction enzymes indicated two 

bands as expected of the linear plasmid backbone (~6760 bp) and the mpc insert, mpc1 

(~389 bp) and mpc2 (~551 bp) (Figure 3.11C). The recombinant plasmids, pSLI-mpc1-

glmS/glmS-mut (>100 µg with an A260/A280 ratio of 1.7) and pSLI-mpc2-glmS/glmS-mut 

(>150 µg with an A260/A280 ratio of 1.9), were used in subsequent experiments 
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Recombinant pSLI-mpc1-glmS/glmS-mut or pSLI-mpc2-glmS/glmS-mut plasmids were 

transfected into a P. falciparum NF54 parasite culture (>6 % parasitaemia of >75 % ring stage 

parasites at 5 % haematocrit) with electroporation. The transfected cultures placed under drug 

selection with WR99210 in the same manner as the SLI-TGD system. During the first four days 

of the selection cycle, the parasitaemia reduced by 2-4 % every second day due to the 

combined stress of electroporation and selection pressure. From day four to ten of the selection 

pressure, the parasitaemia reduced until minimal to no parasites were detected with light 

microscopy (Figure 3.12).  

 

Figure 3.11: Summary of pSLI-mpc1-glmS/glmS-mut and pSLI-mpc2-glmS/glmS-mut cloning and 
validation process. Previously constructed pSLI-mpc1-glmS/glmS-mut and pSLI-mpc2-glmS/glmS-mut 
plasmids contain a 3’ mpc gene fragment to conditionally knockdown the native mpc loci upon integration. (A) 
Schematic representation of the mpc fragment cloned into pSLI-glmS/glmS-mut plasmids. (B) PCR amplification 
with plasmid specific primers of the 3’ fragments of mpc1 and mpc2 represented on an 1.5 % (w/v) agarose/TAE 
gel with the 100 bp Promega (USA) molecular marker (M). Complete gel located. (C) Recombinant constructs 
were restriction enzyme digested with NotI and MluI validated the presence of respective mpc fragment inserts in 
each plasmid. PCR products and digested constructs visualised on 1.5 % (w/v) agarose/TAE gel with the (B) 
100 bp (M) and (C) 1 Kb Promega (USA) (M) molecular marker, respectively. U: undigested plasmid sample, C: 
digested plasmid samples. All agarose gels were stained with 0.5 µg/mL EtBr after electrophoresis. Complete gel 
for B is located in supplementary Figure 1. 
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Parasites re-emerged from day 20-38 post-selection period (30-48 days post-transfection) 

proliferating as expected through the parasite life cycle. Recovered parasite cultures, with a 

parasitaemia >2 %, were used to isolate genomic and plasmid DNA to screen the population 

for the episomal presence of the pSLI-mpc1-glmS/glmS-mut or pSLI-mpc2-glmS/glmS-mut 

plasmids. PCR amplification of mpc1 (~576 bp) and mpc2 (~738 bp) 3’ gene fragments 

confirmed that the plasmids were taken up into the parasite’s cytosol (Figure 3.13B). 

 

Figure 3.12: Parasitaemia of P. falciparum NF54 parasites transfected with pSLI-mpc1-glmS/glmS-mut and 
pSLI-mpc2-glmS/glmS-mut during episomal selection and recovery.P. falciparum NF54 parasites were 
transfected with pSLI-mpc1-glmS/glmS-mut and pSLI-mpc2-glmS/glmS-mut plasmids (day 0). Electroporation 
was followed by a 10 day WR99210 selection process (grey box) to select for parasites with episomally present 
plasmids. Parasitaemia was monitored every second day post-transfection (selection period) and post-selection 
period with RapidDiff stained samples. 

Figure 3.13: PCR confirmation of the episomal uptake into NF54 parasites transfected with pSLI-
glmS/glmS-mut.(A) Schematic representation of the region of interest amplified by plasmid specific primers to 

confirm episomal uptake within the parasite. (B) PCR amplification of the pSLI-mpc1-glmS (~576 bp) and pSLI-

mpc2-glms-mut (~738 bp) plasmid backbone confirming the episomal presence each plasmid in NF54 parasites. 

PCR products were visualised on an 1.5 % (w/v) agarose/TAE gel stained with EtBr (0.5 µg/mL) after 
electrophoresis.  
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The NF54-epi(pSLI-mpc1-glmS/glmS-mut) and NF54-epi(pSLI-mpc2-glmS/glmS-mut) 

parasite lines were exposed to a second drug pressure with G418 (400 µg/mL) similarly to the 

SLI-TGD system to force genomic integration of the SLI-mpc1 or mpc2-glmS/glmS-mut 

plasmids. During this period, the parasitaemia slowly declined over the 16 day drug period until 

no parasites were detected with microscopy (Figure 3.14). During the recovery period, the 

parasite cultures were cultured under standard conditions. Unexpectedly, the SLI technique 

did not generate integrated conditional knockdown lines, with complete P. falciparum death 

observed after 30 days post-selection. A second integration attempt with G418 (400 µg/mL) 

had the same results (Suppletory Figure 3). This could not be as a result of truncated versions 

of MPC1 and MPC2 being produced as above but could indicate there is no homologous 

recombination occurring with the genome possible due to the lack of random breaks in the 

DNA. Alternatively, the mpc native promoter is incapable of overcoming G418 selection. 

Figure 3.14: Parasitaemia of P. falciparum NF54-epi(pSLI-mpc1-glmS/glmS-mut) and NF54-epi(pSLI-mpc2-
glmS/glmS-mut) parasite lines during G418 selection and recovery. NF54-epi(pSLI-mpc1- glmS/glmS-mut) 
and NF54-epi(pSLI-mpc2- glmS/glmS-mut) parasite lines were treated with G418 (400 µg/mL) for a 16 day period 
(grey box) followed by a recovery period. The parasitaemia of each line was monitored every second day with 
light microscopy.  

 

In an attempt to circumvent premature parasite death from G418 pressure, the selection 

pressure was repeated on NF54-epi(pSLI-mpc1-glmS/glmS-mut) and NF54-epi(pSLI-mpc2-

glmS/glmS-mut) for a 16 day period with reduced G418 concentrations of 300 µg/mL and 

200 µg/mL to overcome the unexpected parasite sensitivity towards G418. Despite these 

efforts, an integrated line could not be established after the G418 selection period as either 

parasites did not re-emerge or only the wild type parasite was present (Supplementary Figure 3 

and 4). Therefore, it was decided to establish an ectopic expression system where the effect 

of simultaneous expression of mpc1 and mpc2 could be investigated. 
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3.4.3. Generation of an MPC ectopic expression line 

The previous genetic disruption and knockdown strategies that were tested relied on reducing 

mpc gene expression at the native loci under the control of the native promoter. These 

strategies focused on a single component of the MPC heterocomplex since the removal of a 

subunit should be sufficient to abrogate MPC heterocomplex function. This would have had the 

additional advantage of investigating the individual contribution of MPC1 or MPC2. However, 

these were unsuccessful at generating an integrated line that could be used to investigate MPC 

biology. An alternative strategy using the Bxb1 ectopic expression system was investigated 

where both mpc1 and mpc2 genes were inserted at an alternative locus under the calmodulin 

promoter. This would enable the simultaneous ectopic expression of mpc1 and mpc2 for 

increased MPC heterocomplex production.   

 

3.4.3.1. Cloning the mpc1-myc-mpc2-HA fragment into Bxb1 ectopic expression 

system 

To develop this ectopic expression line, the in silico designed mpc1-myc-mpc2-HA fragment 

(Figure 2.5) was commercially synthesised for subsequent cloning into the pCR2.1-cam-

glmS/glmS-mut plasmids. The synthesised fragment was enzymatically digested from the 

pUC57-mpc1-myc-mpc2-HA plasmid with the restriction enzymes, SalI and StuI, which yielded 

three bands at approximately 4000, 3000 and 891 bp (Figure 3.15). These bands were 

indicative of a linearised pUC57-mpc1-myc-mpc2-HA (4000 bp), the linearised pUC57 

backbone without the insert (3000 bp) and the mpc1-myc-mpc2-HA insert (891 bp).  

Figure 3.15: Restriction enzyme digest of pUC57-mpc1-myc-mpc2-HA. The pUC57-mpc1-myc-mpc2-HA 
plasmid was digested with SalI and StuI restriction enzymes and visualised on a 1.5 % (w/v) agarose/TAE gel 
with the 1Kb Promega (USA) molecular marker (M), stained with 0.5 µg/mL EtBr after electrophoresis, to separate 

the synthesized mpc1-myc-mpc2-HA fragment (~891 bp) from the plasmid backbone (~3000 bp). U: undigested 

plasmid sample, C: digested plasmid sample. 
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In preparation of producing the pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-

mpc1-myc-mpc2-HA-glmS-mut constructs, the pCR2.1-cam-glmS (584 ng/µL with an A260/A280 

ratio of 1.8) and pCR2.1-cam-glmS-mut (289 ng/µL with an A260/A280 ratio of 1.9) plasmids were 

enzymatically digested with SalI and StuI similarly to pUC57-mpc1-myc-mpc2-HA to confirm 

plasmid identity as well as to isolate the plasmid backbone needed for downstream ligation 

experiments. The two plasmids were successfully digested indicated by the two distinctive 

bands at approximately 10 Kb and 1100 bp representative of the plasmid backbone and insert, 

respectively (Figure 3.16). 

 

The purified mpc1-myc-mpc2-HA insert (6.1 ng/µL with an A260/A280 ratio of 2.0) was ligated to 

the purified plasmid backbones of pCR2.1-cam-glmS (21 ng/µL with an A260/A280 ratio of 1.9) 

and pCR2.1-cam-glmS-mut (12 ng/µL with an A260/A280 ratio of 1.7) and subsequently 

transformed into competent E. coli DH5α cells. Randomly selected bacterial colonies were 

PCR screened for the presence of the mpc1-myc-mpc2-HA insert with plasmid specific primers 

to confirm the success of the cloning process (Figure 3.17A). Recombinant pCR2.1-cam-mpc1-

myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-myc-mpc2-HA-glmS-mut plasmids were 

successfully detected, indicated by the approximate 1012 bp band visualised on the 

agarose/TAE gel representative of the mpc1-myc-mpc2-HA insert and flanking plasmid regions 

(Figure 3.17B).  

Figure 3.16: Restriction enzyme digest of pCR2.1-cam-glmS and pCR2.1-cam-glmS-mut. Plasmids, 
pCR2.1-cam-glmS and pCR2.1-cam-glmS-mut were digested with SalI and StuI restriction enzymes in 
preparation for cloning the mpc1-myc-mpc2-HA insert into these plasmid backbones. Digested plasmids were 
visualised on a 1.5 % (w/v) agarose/TAE gel stained with EtBR 0.5 µg/mL after electrophoresis. M: 1Kb molecular 
marker (Promega, USA), U: undigested plasmid, C: digested plasmid sample.  
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These recombinant plasmids were further screened with restriction enzyme digestion to 

confirm the insert size and that the SalI and StuI cloning sites flanking the mpc1-myc-mpc2-

HA insert were not disrupted. Two bands of the expected ~10 Kb and ~891 bp sizes were 

visualized on the agarose/TAE gel representing the recombinant pCR2.1-cam-glmS/glmS-mut 

backbone and mpc1-myc-mpc2-HA insert, respectfully (Figure 3.18A). Lastly, the insert identity 

was evaluated on the nucleotide level through Sanger sequencing. The combination of the 

chromatogram data and consensus sequence, produced from the overlapping forward and 

reverse sequences, allowed evaluation of the mpc1-myc-mpc2-HA insert, flanking cut sites and 

plasmid regions which indicate there were no discrepancies on the nucleotide level of the 

recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and -glmS-mut plasmids (Figure 3.18B). 

Therefore, the mpc1-myc-mpc2-HA insert was successfully cloned into the pCR2.1-cam-

glmS/glmS-mut plasmids and was used in the development of an ectopically expressed mpc 

line.  

 

 

Figure 3.17: Bacterial colony screening for a recombinant pCR2.1-cam-glmS and pCR2.1-cam-glmS 
plasmid.  (A) Schematic representation of the 1012 bp region amplified by the plasmid specific primers to confirm 
the presence of a recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS/glmS-mut plasmids. (B) Bacterial 
colonies were screened for recombinant pCR2.1 plasmids with the mpc1-myc-mpc2-HA insert indicated by the 
1012 bp band. PCR products were visualised on a 1.5 % (w/v) agarose/TAE gel stained with 0.5 µg/mL EtBr after 
electrophoresis. M: 1Kb molecular marker (Promega, USA), (-): no template control and (WT): LB-broth inoculated 
with water to indicate a negative screen. Complete gel located in Supplementary Figure 5. 
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Figure 3.18: Validation of recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-
myc-mpc2-HA-glmS-mut plasmids. (A) Restriction enzyme mapping of the recombinant pCR2.1-cam-mpc1-
myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-myc-mpc2-HA-glmS-mut plasmids with the SalI and StuI restriction 
enzymes. Digested constructs were visualized on a 1.5 % (w/v) agarose/TAE gel stained with EtBr 0.5 µg/mL. M: 
1Kb molecular marker (Promega, USA), U: undigested plasmid sample and C: digested plasmid sample. Complete 
gel located in Supplementary Figure 6. (B) Sequence alignments of the recombinant plasmids to confirm the insert 
nucleotide identity. Partial consensus sequence of the insert cloned into the pCR2.1- pCR2.1-cam-mpc1-myc-
mpc2-HA-glmS was indicated with the associated chromatogram, representative of the pCR2.1- pCR2.1-cam-
mpc1-myc-mpc2-HA-glmS-mut sequence. T: template sequence, C: consensus sequence, white gaps indicates 
where sequences are not shown. 
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3.4.3.2. Generation of ectopic expression lines in P. falciparum  

To produce a P. falciparum line capable of expressing the mpc genes above the basal level of 

expression, the recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-

myc-mpc2-HA-glmS-mut plasmids must integrate into the cg6 gene at the attB site, in an 

NF54attB parasite population, homologous to the attP site facilitated by the Bxb1 integrase 

found in the pINT-myc-mut plasmid. This is possible through a dual-plasmid transfection with 

pINT-myc-mut and either pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-

myc-mpc2-HA-glmS-mut plasmids.   

A 1:1 ratio of the pINT-myc-mut and either pCR2.1-cam-mpc1-myc-mpc2-HA-glmS or pCR2.1-

cam-mpc1-myc-mpc2-HA-glmS-mut plasmids were transfected into a P. falciparum NF54attB 

parasite culture (>5 % parasitaemia, >75 % ring stage parasite culture at 5 % haematocrit) with 

electroporation. The transfected cultures were dual-drug pressured with G418 and WR99210 

for a 6 day period followed by a final 4 day drug period with WR99210 only. Over the 10 day 

drug cycle, the parasitaemia reduced drastically with minimal to no parasites detected with light 

microscopy by the end of the selection pressure (Figure 3.19). During the post-selection period, 

the parasite cultures were maintained under standard culturing conditions and monitored 

weekly for parasite re-emergence. Parasites re-emerged 20 days post-selection (30 days post-

transfection) in the culture transfected with the pCR2.1-cam-mpc1-myc-mpc2-HA-glmS 

plasmid. From this point, this parasite line was referred to as NF54-cam-mpc1-myc-mpc2-HA-

glmS. Parasites transfected with pCR2.1-cam-mpc1-myc-mpc2-HA-glmS-mut did not re-

emerge during the post-selection period. Therefore, the NF54-cam-mpc1-myc-mpc2-HA-glmS-

mut ectopic expression line could not be generated.  

 

Figure 3.19 Parasitaemia of P. falciparum transfected P. falciparum NF54attB parasites during G418 and 
WR99210 selection and recovery. Parasites were transfected with pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and 
glmS-mut, after which, the culture underwent a dual-drug cycle with WR99210 and G418 to simultaneously select 
for parasites containing the plasmid of interest as well as for integrated parasites, respectively. 
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Genomic integration in the suspected transgenic NF54-cam-mpc1-myc-mpc2-HA-glmS 

parasite line (>2% parasitaemia) was assessed with a PCR screen using cg6 gene specific 

primers to flank the 5’ and 3’ surrounding regions to the site of integration (Figure 3.20A).  

 

The NF54-cam-mpc1-myc-mpc2-HA-glmS parasite line was partially integrated as the 

population retained some wild type parasite populations indicated through PCR amplification 

of the original cg6 gene fragment (Supplementary Figure 7). The parasite line was subjected 

to a second round of drug pressure with only WR99210 for 6 days to clear the parasite 

populations that do not have genomic integration at the cg6 gene (Supplementary Figure 8). 

Figure 3.20: Genomic integration confirmation of the NF54-cam-mpc1-myc-mpc2-HA-glmS parasite 
line. (A) Schematic representation of the primer pair location and amplified region to detect genomic integration 
in NF54attB parasites transfected with recombinant pCR2.1-cam-glmS. (B) Parasite population suspected of 
integrating the cammpc1-myc-mpc2-HA cassette were PCR screened for the presence of the 5’ and 3’ amplified 
region as well as the absence of the locus region. The NF54-cam-mpc1-myc-mpc2-HA-glmS parasite line was 
successfully integrated with visible 5’ (653 bp) and 3’ (863 bp) fragments and the lack of a loci detected in the 
parasite line under investigation. PCR products were visualised on a 1.5 % (w/v) agarose/TAE gel stained with 
0.5 µg/mL EtBr after electrophoresis. M: 100 bp molecular marker (Promega, USA). (-): negative control without 
template DNA in PCR, WT: NF54attB wildtype parasite template DNA, INT: NF54-cam-mpc1-myc-mpc2-HA-glmS 
parasite line template DNA.  
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The parasitaemia of the NF54-cam-mpc1-myc-mpc2-HA-glmS parasite line had reduced over 

a 10 day selection and recovery period to <1 %. However, parasites were successfully 

proliferating by 8 days post-selection (Supplementary Figure 8). The NF54-cam-mpc1-myc-

mpc2-HA-glmS parasite line was tested with PCR for pure genomic integration as above. A 

pure integrated transgenic line was obtained with the 5’ and 3’ region detectable at ~653 bp 

and ~863 bp (Figure 3.20B) only in the transgenic line, respectfully. Additionally, this was 

further validated by the lack of amplification of the ~681 bp locus band detectable in NF54attB 

wild-type parasite sample. This integrated NF54attB -cam-mpc1-myc-mpc2-HA-glmS parasite 

line can be used in future studies to co-localise the MPC proteins as well as to determine the 

biological effect an increased mpc gene expression would have on the asexual P. falciparum 

parasite proliferation, as well as sexual gametocyte differentiation.  
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4. Discussion 

The P. falciparum parasite has distinct energy production dynamics that differ between the 

intraerythrocytic stages: the proliferative asexual stage and the slow-maturing gametocyte 

stage. Asexual parasites rapidly proliferate within a 48 h cycle in which multiple processes 

occur seamlessly, partially as a result of rapid energy production with anaerobic glycolysis [65]. 

Anaerobic glycolysis metabolises the extracellularly sourced glucose to produce pyruvate, that 

is converted to lactate and subsequently exported from the cytosol. The abnormal energy 

production of an asexual parasite closely resembles that of a cancerous cell, which is 

predominantly focused on proliferating [64]. However, the slower developing gametocyte, over 

a 10–14 day period, has a less rapid demand for energy production allowing the cell to revert 

back to a canonical means of energy production using the efficient mitochondrial-based 

processes: the TCA cycle and oxidative phosphorylation [65, 138]. Pyruvate produced from 

glycolysis is shuttled into the mitochondria for further metabolising by the TCA cycle and 

oxidative phosphorylation. Although these intraerythrocytic stages rely on the metabolism of 

extracellular glucose, the metabolic path of pyruvate differs in that gametocytes require the 

shuttling of pyruvate across mitochondrial membranes, unlike asexual parasites. These 

defined energy production dynamics highlighted the incomplete understanding surrounding the 

metabolic path of pyruvate, in particular, the biology of its transport across the mitochondria 

and whether this biology is specific to gametocytes. Mitochondrial pyruvate translocation had 

remained elusive until the molecular identification of a two-subunit pyruvate specific symporter, 

the MPC heterocomplex, in humans, yeast and other organisms [84, 85]. However, an MPC 

heterocomplex and the associated proteins, MPC1 and MPC2, have not yet been 

characterised in P. falciparum apart from the putative annotations of the mpc1 and mpc2 

genes. 

This study was focused on investigating the function and essentiality of putative mitochondrial 

pyruvate carriers suspected of forming an MPC heterocomplex in the intraerythrocytic 

P. falciparum parasites. For this study, a chemical and genetic approach was investigated to 

interrogate MPC-related parasite biology. For the chemical approach, an MPC inhibitor was 

used to chemically interrogate the parasite’s proliferative and viability response through 

biochemical assays to determine the inhibitors usefulness as a future chemical interrogator for 

parasite MPC biology. The genetic approach involved the attempt to generate transgenic 

parasite lines which could genetically disrupt and conditionally knockdown the putative mpc1 

and mpc2 genes as well as an alternative Bxb1 ectopic expression system to overexpress 

mpc1 and mpc2 genes. Multiple genetic editing techniques were employed in hopes that these 

transgenic parasite lines in combination with a chemical interrogator would aid in gaining a full 
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perspective surrounding absent and excess MPC phenotypes at different intraerythrocytic 

stages. 

UK-5099 dissolved in DMSO, is a commonly used chemical interrogator of MPC biology in 

other eukaryotes. UK-5099 inhibition toward P. falciparum asexual parasite proliferation and 

gametocyte viability was evaluated using whole-cell biochemical assays. However, whole-cell 

parasite treatment with UK-5099 did not yield nanomolar activity similar to the isolated 

mammalian mitochondrial treatments found in literature [99]. Although mitochondrial isolation 

was not logistically viable on a <5 µm sized asexual parasite, the whole-cell treatment does 

pose additional difficulties for inhibitor uptake as the inhibitor would be required to pass through 

four membranes to reach the parasites cytosol prior to acting on the putative MPC 

heterocomplex. These obstacles could reduce the free inhibitor concentration which reaches 

the complex. UK-5099 whole-cell treatment on the larger apicomplexan extracellular parasite, 

T. brucei, was able to significantly reduce oxygen respiration rates and increase intracellular 

pH by preventing pyruvate translocation across the plasma membrane from >200 µM [139]. It 

was proposed that the high concentration of UK-5099 needed to impose an effect on pyruvate 

uptake or efflux from the parasite indirectly indicated that the pyruvate carrier has a low affinity 

toward UK-5099 [139]. However, a lower concentration of UK-5099 (10 µM) was needed to 

elicit an effect on isolated mitochondria and subsequent MPC-related pyruvate transport [90]. 

P. falciparum whole-cell treatment at this concentration range (>200 µM) could not be achieved 

due to solubility and toxicity issues with UK-5099. Additionally, there are reports that UK-5099 

availability could also be reduced by albumin and other serum protein binding to the 

hydrophobic regions of this inhibitor [99]. However, removal of these proteins from culture 

media is not viable as they are a necessity to parasite survival and a T. brucei study indicated 

they did not observe a significant difference in UK-5099 activity when these proteins were 

removed [139]. Lastly, there are both conservative (Leu→ Ile; Trp→Phe) and non-conservative 

(Leu→Phe; Val→ Met) amino acid substitutions when comparing the amino acids involved in 

pyruvate transport as well as UK-5099 binding in humans to the MPC complex in P. falciparum 

parasites. These substitutions could result in sufficient structural differences that human and 

P. falciparum MPC heterocomplexes are inhibited by compounds with different structure 

activity relationships. While protein differences between the human and P. falciparum parasite 

is encouraging for possible future selective inhibition, it may affect chemical interrogation using 

known inhibitors. It is unclear which of the possible availability, uptake, specificity, and solubility 

hindrances with UK-5099 treatment led to inefficient parasite inhibition. Regardless, UK-5099 

is not an effective chemical interrogator for putative parasite MPC activity. Other UK-5099 
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derivatives or new MPC inhibitors should be tested for better solubility, uptake, and parasite 

inhibition profiles.  

Although a MPC chemical interrogator could not be established in this study, the alternative 

MPC interrogation approach relied on the genetic modification of putative mpc genes with 

different systems to evaluate the phenotypic changes to the parasite. Bioinformatic predictive 

tools indicated a spread of three transmembrane helices in MPC1 and MPC2 amino acid 

sequences. Therefore, the genetic disruption of the mpc genes with the SLI-TGD system near 

the N-terminus of each gene at its native loci should produce a non-functional truncated MPC 

protein without the majority of the transmembrane helices present, preventing a functional MPC 

heterocomplex from forming and subsequent pyruvate translocation. The lack of integrants 

obtained from this genetic disruption SLI-TGD system was indicative of mpc1 and mpc2 gene 

essentiality to asexual parasite proliferation according to literature [102]. This contradicted a 

previous large-scale mutagenesis study in P. falciparum parasites indicating mpc2 as a 

mutable and therefore a dispensable gene [100]. A limitation of this large-scale study was that 

small gene essentiality could not be predicted, therefore, mpc1 data was inconclusive [100]. 

Mpc gene essentiality in asexual parasites also biochemically contradicted metabolic flux 

analysis indicating a minimal flux through pyruvate into the TCA cycle during IDC [67, 69] 

unless the MPC heterocomplex is important for another biochemical process. These 

contradictions question whether mpc genes in P. falciparum parasites have a secondary 

unknown function or if the SLI-TGD system accurately predicts essentiality for MTPs. 

To validate the SLI-TGD results, the SLI-glmS system was used in an attempt to generate a 

conditional mpc1 and mpc2 knockdown transgenic line which would produce a fully functional 

MPC protein until the knockdown is induced with the glmS ribozyme. However, after multiple 

integration attempts with varying G418 (neomycin-derivative) concentrations, the integration 

selection drug, no integrants were obtained for the SLI-glmS system similarly to the SLI-TGD 

system. This disproves the initial data from SLI-TGD indicating mpc1 and mpc2 essentiality but 

proves that the SLI-TGD and SLI-glmS systems were unsuccessful at genetically modifying 

the mpc genes at the native loci. Both systems were able to generate episomal lines, however, 

integration could not be obtained. This could be due to both systems being reliant on a random 

double stranded break in the mpc genes to allow for homologous recombination, which may 

have not occurred. Alternatively, homologous recombination did occur but the native promoter 

for each modified mpc gene could have been too weak to counteract G418 integration selection 

despite the lower ranges of G418 treatment that resulted in successful integration for other 

P. falciparum proteins [102]. In future, a system which uses a more targeted integration 

approach instead of random homologous recombination should be used, such as a 
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CRISPR/Cas system with specific guide RNAs, to generate a transgenic line that produces a 

reduced MPC expression phenotype.  

Although transgenic lines which reduce mpc expression at the native loci could not be 

produced, an alternative genetic modification tool was used whereby the native locus 

expression is not affected. A successfully generated mpc1 and mpc2 ectopic expression line, 

NF54attB-cam-mpc1-myc-mpc2-HA-glmS, in principle will allow equal constitutive expression of 

tagged mpc1 and mpc2 under the control of the calmodulin promoter and the subsequent 

increase MPC heterocomplexes. Although the mpc genes were not characterised in this study, 

this ectopic mpc1 and mpc2 expression transgenic line will yield useful information after the 

validation of this transgenic lines ability to overexpress the mpc genes with quantitate PCR and 

western blots. 

Future studies should determine the subcellular and co-localisation of MPC1 and MPC2 and 

energy dynamic/metabolic flux changes in the IDC and gametocytogenesis with the NF54attB-

cam-mpc1-myc-mpc2-HA-glmS ectopic expression line to understand how the parasite 

responds to this phenotype. An MPC genetic knockout/knockdown line with the CRISPR/Cas 

system should be generated to view how the parasite responds to a reduced mpc expression 

phenotype in a similar manner to the ectopic expression line. The parasite’s energy dynamics 

of these transgenic lines could reveal changes similar to what is seen when mpc gene 

expression is reduced or overexpressed in mammalian cells. For instance, the asexual parasite 

and cancerous cells share a common energy metabolic phenotype with glycolytic reliance 

related to reduced or absent MPC1 and MPC2 expression in cancer cells, similarly seen during 

the IDC [65, 140]. As the parasite transitions through gametocytogenesis, mpc genes are 

constitutively expressed from stage II, which highlights the parasites transition to a canonical 

cell state where MPCs are needed to support the TCA cycle [72, 73, 138]. This calls into 

question whether ectopically expressing mpc1 and mpc2 genes will affect the energy dynamics 

of the IDC towards operating more similarly to a canonical cell or gametocyte or will there be 

a higher gametocyte conversion rate with the increase energy available. Alternatively, will 

reduced MPC expression in gametocyte’s cause gametocytogenesis to halt as a result of 

reduced ATP production or will a cancerous phenotype take over with glycolysis or 

glutaminolysis compensation. Further investigations into these phenotypes with transgenic 

lines, to be established in future, as well as better chemical MPC inhibitors would add to the 

comprehensive determination of the molecular identity of the putative mpc genes. Additionally, 

this future work would highlight the degree to which the P. falciparum parasite and cancerous 

cell phenotypes are similar and how strongly energy dynamics will compensate to maintain a 

certain phenotype or alternatively change.  
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5. Conclusion 

Malaria eradication and elimination strategies need to evolve with the growing resistance 

toward current frontline antimalarials. To aid this drive in finding new antimalarials for disease 

treatment and transmission-blocking activity, the nuances in parasite biology needs to be 

investigated. This study was directed towards investigating the nuance in pyruvate 

translocation, particularly involving two putatively annotated mpc genes, between the IDC and 

gametocytes with a two-pronged approach involving chemical and genetic interrogation of 

putative P. falciparum mpc genes.   

A known MPC inhibitor, UK-5099, was unsuitable as a chemical interrogator for P. falciparum 

parasites as an inhibitory effect could not be obtained for asexual parasites and gametocytes. 

Different MPC inhibitors should be identified as chemical interrogators for future MPC research. 

Additionally, genetic modification of mpc genes at the native loci to genetically disrupt and 

conditionally knockdown the genes was unable to produce a useable transgenic parasite line. 

However, different genetic modification systems that reduce mpc expression should be further 

investigated to study this phenotype. An ectopic expression line capable of constitutively 

overexpressing mpc1 and mpc2 genes was successfully produced and can be used in future 

to investigate parasite response to the overexpressed MPC phenotype to characterise these 

putative mpc genes.   
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7. Supplementary information 

Supplementary Table 1 lists the forward and reverse primers used to amplify respective mpc 

gene regions which were subsequently ligated into SLI-TGD and SLI-glmS plasmids. Each 

primer contains a four nucleotide overhang region (underlined), either the NotI 

(5’ GCGGCCGC 3’) or MluI (5’ ACGCGT 3’) restriction enzyme cut site (bolded) and a mpc 

homology region. Additionally, the forward primer contains a stop codon (red) necessary for 

the SLI system to prevent episomal expression of the gene insert in the plasmid [102]. 

Supplementary Table 1: Primer sequences used to amplify mpc1 and mpc2 regions for the SLI-TGD and 
SLI-glmS systems 

 

  

Plasmid name 
Gene 

insert 
Forward primer (5’-3’) Reverse primer (5’-3’) 

Homology region 

(bp) 

pSLI-mpc1-GFP mpc1 

AGATGCGGCCGCTAATT

AAGTATTATGCTTTGGG

CTC 

CGATACGCGTGGGTTCT

TTCTTTAAATCGTTGCAT

CC 

219 

pSLI-mpc2-GFP mpc2 
CGCTGCGGCCGCTAATT

TTATCCAAACATCATACC 

AGATACGCGTTGCAATG

TTGGCTAATGATATGGA

CC 

324 

pSLI-mpc1-glmS mpc1 AGATGCGGCCGCTAATT

AAGTATTATGCTTTGGG

CTC 

CGCTACGCGTTTTTGCT

GTTATTTTTATTTTTTGAT

GTTTC 

399 

pSLI-mpc1-glmS-mut mpc1 399 

pSLI-mpc2-glmS mpc2 
AGATGCGGCCGCTAATC

ATTAGCCAACATTGC 

CGCTACGCGTCCTTTCT

TTTTCCTTCATATATAC 

561 

pSLI-mpc2-glmS-mut mpc2 561 
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Supplementary Figure 1 indicates the full 1.5 % agarose/TAE (w/v) gel of Figure 3.7B and 

3.11B. 

Supplementary Figure 1: PCR amplification of the 5’ and 3’ fragments of mpc1 and mpc2. Complete 1.5 % 
agarose/TAE (w/v) gel stained with 0.5 mg/mL of EtBr after electrophoresis of Figure 3.7B and 3.11B representing 
the PCR products amplifying the 5’ and 3’ fragments of mpc1 and mpc2 genes for the incorporation into pSLI-
GFP and pSLI-glmS/glmS-mut plasmids, respectively. M: 100 bp molecular marker (Promega, USA), (-): PCR 
sample loaded with water as a substitute for the DNA template, 5’: 5’ fragment and 3’: 3; fragment. 

 

Supplementary Figure 2 represents the complete 1.5 % agarose/TAE (w/v) gel of Figure 3.7C. 

 

 

 

 

 

 

 

Supplementary Figure 2: Restriction enzyme digestion of the recombinant pSLI-mpc1-GFP and pSLI-
mpc2-GFP plasmids. These constructs were digested with NotI and MluI and visualised on a 1.5 % agarose/TAE 
(w/v) gel stained with 0.5 mg/mL of EtBr after electrophoresis to validate the presence of respective mpc fragment 
inserts in each plasmid. M: 100 bp molecular marker (Promega, USA), U: undigested recombinant plasmid control 
and C: digested recombinant plasmid sample. 
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Supplementary Figure 3 represents the parasitaemia of NF54-epi(pSLI-mpc1-glmS/glmS-mut) 

and NF54-epi(pSLI-mpc2-glmS/glmS-mut) parasite lines during G418 selection (at 400, 300 

and 200 µg/mL) and recovery.  Parasites did not re-emerge for those under G418 selection at 

400 µg/mL and 300 µg/mL after 50 days of selection and recovery (Supplementary Figure 3A 

and B). However, populations transfected with pSLI-mpc2-glms and pSLI-mpc2-glms-mut did 

re-emerge after 30-35 days of selection and recovery (15-20 days post-selection) 

(Supplementary Figure 3C). These populations were checked for genomic integration at the 

native mpc2 locus (Supplementary Figure 4). 

Supplementary Figure 3: Parasitaemia of P. falciparum NF54-epi(pSLI-mpc1-glmS/glmS-mut) and NF54-
epi(pSLI-mpc2-glmS/glmS-mut) parasite lines during G418 selection and recovery. NF54-epi(pSLI-mpc1- 
glmS/glmS-mut) and NF54-epi(pSLI-mpc2- glmS/glmS-mut) parasite lines were treated with G418  at (A) 
400 µg/mL, (B) 300 µg/mL, and (C) 200 µg/mL for a 16 day period (grey box) followed by a recovery period. The 
parasitaemia of each line was monitored every second day with light microscopy. 



74 
 

Supplementary Figure 4 indicates no integrants were obtained despite parasites re-emerging 

after 35 days of selection recovery with G418 selection at the low 200 µg/mL concentration for 

the populations transfected with pSLI-mpc2-glms and pSLI-mpc2-glms-mut. Upon checking for 

integration, the NF54 mpc2 locus was detected in the wild type, NF54epi(pSLI-mpc2-glmS) 

and NF54epi(pSLI-mpc2-glmS) parasite populations (~1467 bp band) without 5’ and 3’ 

integration (incorrect band noted at 5’ integration and no band detected at 3’ integration). 

Additionally, the pSLI-mpc2-glmS and pSLI-mpc2-glmS-mut plasmids were not detected in the 

parasite populations. This would be due to plasmid removal from the parasite after multiple life 

cycles have progressed without plasmid integration. 

Supplementary Figure 4: Genomic integration check on the NF54epi(pSLI-mpc2-glmS) and NF54epi(pSLI-
mpc2-glmS) parasite populations.  (A) Schematic representation of the primer combinations used in screening 
the SLI-glms transgenic lines. (B) Parasite population suspected of integrating the pSLI-mpc2-glmS and pSLI-
mpc2-glmS-mut plasmids were PCR screened for the presence of the 5’ and 3’ amplified region as well as the 
absence of the locus region. PCR products were visualised on a 1.5 % (w/v) agarose/TAE gel stained with 0.5 
µg/mL EtBr after electrophoresis. M: 100 bp molecular marker (Promega, USA). (-): negative control without 
template DNA in PCR, WT: NF54 wildtype parasite template DNA, LO: NF54 mpc2 locus region, 5’: 5’ integration 
region, 3’: 3’ integration region, EP: plasmid detection for episomal presence. 
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Supplementary Figure 5 represents the complete 1.5 % agarose/TAE (w/v) gel of Figure 

3.17B. 

 

Supplementary Figure 6 represents the complete 1.5 % agarose/TAE (w/v) gel of Figure 3.18A. 

  

Supplementary Figure 5: PCR screening for recombinant pCR2.1-mpc1-myc-mpc2-HA plasmids. Bacterial 
colonies were screened for recombinant pCR2.1 plasmids with the mpc1-myc-mpc2-HA insert indicated by the 
1012 bp band. PCR products were visualised on a 1.5 % (w/v) agarose/TAE gel stained with 0.5 µg/mL EtBr after 
electrophoresis. M: 1Kb molecular marker (Promega, USA), (-): no template control and (WT): LB-broth inoculated 
with water to indicate a negative screen.  

Supplementary Figure 6: Validation of recombinant pCR2.1-cam-mpc1-myc-mpc2-HA-glmS and pCR2.1-
cam-mpc1-myc-mpc2-HA-glmS-mut plasmids. Restriction enzyme mapping of the recombinant pCR2.1-cam-
mpc1-myc-mpc2-HA-glmS and pCR2.1-cam-mpc1-myc-mpc2-HA-glmS-mut plasmids with the SalI and StuI 
restriction enzymes. Digested constructs were visualized on a 1.5 % (w/v) agarose/TAE gel stained with EtBr 
0.5 µg/mL. M: 1Kb molecular marker (Promega, USA), U: undigested plasmid sample and C: digested plasmid 
sample. 
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Supplementary Figure 7 represents the complete 1.5 % agarose/TAE (w/v) gel indicating the 

partial integration of NF54attB -cam-mpc1-myc-mpc2-HA-glmS parasite line as the original cg6 

gene was detected in both the wild type and integrated line indicated by the 681 bp band. 

 

 

Supplementary Figure 8 represents the parasitaemia of the partially integrated NF54attB-cam-

mpc1-myc-mpc2-HA-glmS parasite line after the second period of WR99210 drug pressure. 

This parasitaemia did not reduce to 0 % as with the first selection cycle (Figure 3.19) due to 

the presence of partially integrated parasites within the population. The parasitaemia increased 

between day 5-9 after the 6 day selection cycle with WR99210. Following this, the parasite 

population was checked and confirmed through with PCR for genomic integration of the mpc1-

myc-mpc2-HA-glmS fragment into the cg6 gene.  

 

 

Supplementary Figure 7: Partial genomic integration of the NF54-cam-mpc1-myc-mpc2-HA-glmS parasite 
line.  Parasite population suspected of integrating the pCR2.1-cam-mpc1-myc-mpc2-HA cassette were PCR 
screened for the presence of the 5’ and 3’ amplified region as well as the absence of the locus region. The NF54-
cam-mpc1-myc-mpc2-HA-glmS parasite line was partially integrated with visible 5’ (653 bp) and 3’ (863 bp) 
fragments as well as the visible 681 bp band in the integrated line when checking the locus for the original cg6 
gene. PCR products were visualised on a 1.5 % (w/v) agarose/TAE gel stained with 0.5 µg/mL EtBr after 
electrophoresis. M: 100 bp molecular marker (Promega, USA). (-): negative control without template DNA in PCR, 
WT: NF54attB wildtype parasite template DNA, INT: NF54-cam-mpc1-myc-mpc2-HA-glmS parasite line template 
DNA.  
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Supplementary Figure 8: Parasitaemia of P. falciparum the NF54attB-cam-mpc1-myc-mpc2-HA-glmS 
parasite line during WR99210 selection and recovery. NF54attB-cam-mpc1-myc-mpc2-HA-glmS partially 
integrated parasite line was treated with WR99210 for 6 days (grey box) to obtain a fully integrated transgenic 
line followed by a recovery period. The parasitaemia of each line was monitored every second day with light 
microscopy. 


