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Abstract 

 

The malaria-causing parasite, genus Plasmodium, contains a unique non-photosynthetic 

plastid known as the apicoplast. The apicoplast is an essential organelle bound by four 

membranes. Although membrane transporters are attractive drug targets, only two 

transporters have been characterised in the apicoplast membranes. The aim of this thesis 

was to characterise membrane transporters of the apicoplast to ultimately identify novel 

drug targets to kill or perturb the malaria parasite. I selected 28 candidate genes and 

performed a genetic screen in P. berghei, which is amenable to medium throughput 

molecular genetics, to determine the blood stage essentiality and cellular localisation of 

these potential membrane transporters. My approach was successful, identifying eight 

blood stage essential genes in P. berghei, three of which are apicoplast-localised. I also 

found 20 blood stage dispensable P. berghei genes, four of which are apicoplast 

targeted.  

 

Interestingly, three apicoplast-localised candidates do not contain a canonical targeting 

signal, which led me to investigate novel apicoplast targeting mechanisms. Protein 

features required for the targeting of the only previously known leaderless apicoplast 

membrane transporter, PfoTPT, were dissected, and an N-terminal tyrosine was found 

to be necessary but not sufficient for apicoplast localisation. Similar conserved tyrosines 

were observed in all three novel leaderless apicoplast putative membrane transporters 

identified in this thesis, suggesting that this residue could be an important component of 

leaderless apicoplast targeting.  

 

Genes essential at the blood stage are potentially good drug targets because they are 

required in the medically important stage of malaria and perturbation can be assumed to 

kill the parasite. To further characterise my shortlisted essential apicoplast membrane 

transporter candidates, I switched my study organism to P. falciparum, which offers the 

best systems for the inducible knockdown of essential apicoplast genes. I created 

inducible ribozyme-mediated knockdown parasite lines for two P. falciparum putative 

membrane transporters shown to be essential in P. berghei, one of which produced 

ambiguous results. The advantage of doing inducible apicoplast knockdowns in P. 
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falciparum cultures is that the loss of apicoplast-produced isopentenyl diphosphate 

(IPP) can be supplemented by adding IPP to the culture medium, thereby enabling lethal 

knockdowns to be maintained. I found that knockdown of PfDMT2, an essential 

apicoplast putative membrane transporter in P. berghei, was only viable when parasites 

were supplemented with IPP. Knockdown of PfDMT2 resulted in complete loss of the 

apicoplast, and these apicoplast-minus parasites were reliant on exogenous IPP to 

survive. PfDMT2 is therefore a crucial apicoplast membrane transporter and an 

excellent candidate for therapeutic intervention.  

 

Five novel apicoplast putative membrane transporters were identified, three of which 

are non-canonically targeted to the organelle. Additionally, two novel apicoplast 

putative membrane proteins were identified. This work has significantly contributed to 

the apicoplast transportome and will provide a platform for future studies to better 

understand apicoplast biology and whether it can be exploited to kill or perturb the 

malaria parasite.  
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Preface 

 

As an initial resource for selecting candidate apicoplast membrane transporters, Stuart 

Ralph offered his list of 392 predicted P. falciparum apicoplast proteins that contain 

multiple TMDs.  

 

The PlasmoGEM team at the Wellcome Trust Sanger Institute provided the majority of 

the P. berghei transfection vectors used in this thesis and Dean Goodman designed and 

molecularly cloned the PbANKA_0505500 KO transfection vector and electroporated it 

into P. berghei blood stage parasites three times. The pLDC P. berghei transfection 

vector was a gift from Dean Goodman.  

 

Anton Cozijnsen and Vanessa Mollard bred and maintained the mosquitoes for P. 

berghei experiments and provided expert technical assistance with sporozoite 

dissections, as did Dean Goodman.  

 

Liting Lim initiated the work to explore the novel apicoplast targeting requirements of 

PfoTPT during her PhD in the McFadden Laboratory in 2009 and I took up the project 

at the beginning of my PhD in 2013 to prepare it for publication. Liting Lim designed 

and cloned all P. falciparum constructs and transfected and co-localised the following to 

various antibodies: TMD1to9 (apicoplast, NT1, BiP), TMD1to8 (apicoplast, NT1), 

TMD1to6 (apicoplast, NT1), TMD1to5 (apicoplast, NT1), TMD1to2 (BiP) and TMD1 

(BiP). Liting Lim also performed protein partitioning on Hsp60, TMD1to9, TMD1to8, 

TMD1to6, TMD1to5, TMD1to2 and TMD1.  

 

I generated synthetic PfoTPT, Y10A and TMD1+TMD10 mutant parasite lines, 

immunofluorescence images for synthetic PfoTPT (apicoplast), Y10A (apicoplast, NT1, 

BiP), TMD1+TMD10 (apicoplast, NT1, BiP), TMD1to2 (apicoplast, NT1), TMD1 

(apicoplast, NT1) and performed protein partitioning for PfoTPT, synthetic PfoTPT, 

Y10A and TMD1+TMD10. I was also responsible for compiling all of the data into a 

table and figures, editing the manuscript and preparing it for submission. This work has 

been published in PLOS ONE and is included in Chapter 3, for which I have contributed 
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55 %. The original publication is included as Appendix V. In Chapter 3, my original 

work also includes the identification of three novel leaderless apicoplast membrane 

transporters and subsequent transcriptional analysis, for which Stuart Ralph and Lee 

Yeoh provided technical assistance, and protein alignments.  

 

Liting Lim also designed and molecularly cloned the Pf3D7_1145500-GFP transfection 

construct that I transfected and localised in blood stage parasites.  

 

Tania de Koning-Ward and Paul Gilson kindly provided the P. falciparum glmS 

ribozyme and HA-tagging transfection vectors and the PTEX150 glmS parasite line.  

 

Lachlan Whitehead created the Giemsa-Counter plugin for Fiji. Vanessa Mollard 

imaged and counted my second replicate IPP supplementation growth assay blood 

smears and Hayley Buchanan provided the real-time PCR primers and performed real-

time PCR on my IPP supplementation growth assay samples. Finally, Daniele Muraro 

analysed the published P. berghei RNA sequencing data.  

 

Andreas Weber, Fabio Facchinelli and I began collaborating after visiting the Weber 

Laboratory in Düsseldorf, Germany, in 2015. Fabio has been working to confirm the 

binding partner of ABCB4 and has started transport assays for DMT2.  

 

The Melbourne Research Scholarship, Norma Hilda Schuster (née Swift) Scholarship 

and the Megan Klemm Postgraduate Research Award have financially funded me 

throughout my PhD.  
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Chapter 1 

 

Characterisation of the Plasmodium transportome and its potential for 

novel malaria treatment and prevention strategies 

 

1.1 Introduction 

 

Malaria is a disease caused by the Plasmodium parasite and has affected humankind for 

thousands of years. The word malaria was first used to describe the disease in the 

1700’s and originates from the Italian term ‘mala aria’ meaning ‘bad air’ (Hempelmann 

& Krafts 2013). This is reminiscent of early theories that speculated that the sickness 

was caused by miasma from decomposed matter (Hempelmann & Krafts 2013). Science 

has come a long way since this time yet the world continues to be at the mercy of one of 

its oldest diseases. In 2015, the World Health Organisation report that 429,000 people 

died from malaria (World Health Organisation 2016). Ninety nine percent of these 

deaths were caused by P. falciparum and 70 % of victims were under five years old in 

Africa, one of the poorest regions of the world (World Health Organisation 2016). 

There were 212 million cases of malaria in 2015, 90 % of which occurred in Africa 

(World Health Organisation 2016).  

 

Early diagnosis and treatment can cure malaria and although global deaths have been 

decreasing since 2010, it still claims the life of a child every two minutes (World Health 

Organisation 2016). Much of the reduction in mortality and incidence rates is attributed 

to vector control in the form of insecticide treated bed nets, yet a recent study 

highlighted the dangers of relying on a single insecticide class due to the evolution of 

resistance in mosquitoes that threatens to compromise our current success in controlling 

malaria (Barnes et al. 2017). In addition to mosquito evolution, the Plasmodium parasite 

is also outsmarting existing malaria treatment strategies. Artemisinin combination 

therapies (ACTs) are currently among our best weapons against the deadliest human 

malaria parasite, P. falciparum. However, recent findings indicate that artemisinin 

resistant parasites are gaining resistance against ACT partner drugs, which could have 

devastating consequences for global malaria control (Imwong et al. 2017). Evolution of 
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the mosquito vector and Plasmodium parasite driven by our constant insecticide and 

drug pressure means that novel malaria treatment and prevention strategies are always 

required so that humans can stay one step ahead of the disease.  

 

It is evident that a number of tactics and combined efforts are required to beat malaria. 

Vital to finding novel ways to tackle this problem is a better understanding of 

Plasmodium biology. Knowing more about the enemy will uncover weaknesses and 

thus provide scientists with more opportunities to develop novel drugs and vaccines 

against them. One area of parasite biology that remains underutilised as drug targets is 

the Plasmodium repertoire of membrane transporters or the Plasmodium transportome. 

There are two distinct types of transporters: channels and carriers (Saier 2000). 

According to the transporter classification system, channels include channels and pores, 

and carriers include electrochemical potential-driven porters, primary active transporters 

and group translocators (Saier 2000). Unlike channels, carriers do not provide an open 

diffusion pathway but have substrate binding sites that can be very specific (Kirk 2004). 

The selectivity of these transporters is an attractive feature for drug design and carriers 

are thus the focus of this thesis.  

 

Plasmodium is heavily reliant on membrane transporters to take up essential substrates 

and move them in and around the cell. Membrane transporters are therefore necessary 

for essential Plasmodium organelles such as the apicoplast. Apicomplexan parasites 

including Plasmodium and Toxoplasma gondii, the causative agent of toxoplasmosis, 

contain this unique non-photosynthetic plastid organelle (McFadden et al. 1996; Köhler 

et al. 1997; van Dooren & Striepen 2013; Sheiner et al. 2013). Several vital biochemical 

pathways are localised to the apicoplast including the isopentenyl diphosphate (IPP), 

fatty acid and iron-sulfur cluster ([Fe-S]) biosynthesis pathways, and others (Ralph et al. 

2004; van Dooren & Striepen 2013) (Figure 1.1). The apicoplast originates from red 

algae (McFadden et al. 1996; Köhler et al. 1997; van Dooren & Striepen 2013; Sheiner 

et al. 2013) and has retained many ‘plant-like’ characteristics making it a unique drug 

target (Goodman & McFadden 2012; Lim & McFadden 2010). Common antibiotics 

target the apicoplast and kill parasites, including doxycycline, rifampicin and 

clindamycin (Botté et al. 2011; Goodman et al. 2007).  
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As a result of secondary endosymbiosis, the apicoplast is bounded by four membranes 

(Köhler et al. 1997; van Dooren & Striepen 2013), presenting an interesting membrane 

transport scenario. The importance of studying the Plasmodium transportome becomes 

clear when you consider that an antimalarial drug such as fosmidomycin has to cross the 

parasite plasma membrane and four apicoplast membranes to reach its target within the 

apicoplast. Here, I endeavor to provide a review of why it is important to study the 

Plasmodium transportome, particularly of the apicoplast, how the transportome is being 

elucidated, what experimental evidence currently exists for Plasmodium transporters 

and what opportunities this presents for the development of novel malaria treatment and 

prevention strategies.  

 

1.2 Identifying membrane transporters 

 

Membranes are phospholipid bilayers that define cellular life on Earth (Deamer et al. 

2002; Stein 1986). These ancient structural barriers separate organisms and their 

cellular compartments from external environments (Stein 1986), allowing the 

maintenance of microenvironments. To create and sustain these internal environments, 

most molecules require the assistance of proteins to pass through these hydrophobic 

membranes (Lodish et al. 2000). These proteins, known as integral membrane 

transporters, have a number of vital roles in cellular physiology (R. E. Martin et al. 

2005) and are, therefore, understandably important to our overall understanding of the 

biology of an organism. Several protein features are paramount in completely 

characterising membrane transporter proteins: subcellular localisation, substrate 

specificity and the effects of modifying the gene or protein expression (R. E. Martin, 

Ginsburg, et al. 2009). Obtaining data on these protein features presents numerous 

difficulties for characterising Plasmodium membrane transporters. One of the first 

challenges is identifying a candidate transporter by identifying several protein 

characteristics common to most such proteins.  

 

Membrane transporters must span biological membranes to transport substrates into and 

out of membrane-bound structures within an organism. To adapt to these highly 
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hydrophobic environments the proteins contain long hydrophobic structures that can be 

embedded in the membrane (Kyte & Doolittle 1982). These structures anchor the 

proteins and are known as transmembrane domains (TMDs). Hydropathy describes the 

hydrophobic or hydrophilic tendencies of an amino acid side-chain and protein 

hydropathy profiles are frequently used to identify the continuous hydrophobic regions 

that make up these membrane-spanning structures (Kyte & Doolittle 1982). Most 

membrane transporters characterised to date have eight to 14 TMDs (Saier 2000). It is 

noteworthy that most channels have fewer than eight TMDs and some pore-forming 

proteins, such as EXP2 (de Koning-Ward et al. 2009), have none. Most channels have 

physical and functional differences from most carriers, so are not the focus of this 

thesis. For further information on channels, please see Kirk et al. (2004) and Kirk and 

Lehane (2014).  

 

Sequence and bioinformatic analyses have been used to determine the structure of 

known transport proteins to uncover their mechanisms and assign putative substrates 

(Saier 2000; R. E. Martin et al. 2005). Generally, homologous proteins have similar 

structures, so phylogenetic analysis provides a useful tool in drawing reliable 

conclusions about the structure of an unknown protein that is homologous to a known 

protein (Saier 2000). After extensive phylogenetic characterisation, Saier (2000) 

produced the transporter classification system to group a number of proteins into 

families with similar transport mechanisms and substrate specificities. This tool is 

therefore a useful guide to classifying unknown proteins.  

 

In 2002, Gardner and colleagues analysed the genome sequence of P. falciparum 

(Gardner et al. 2002). In this study, protein sequences were matched to known genomes 

which ultimately led to a number of Plasmodium proteins being assigned to classes of 

known transporters of other organisms (Gardner et al. 2002). This approach found that 

only a small proportion of the genome was dedicated to transporters, and Plasmodium 

was consequently thought to have a substantially reduced transportome in comparison 

to other eukaryotes (Gardner et al. 2002). In 2005, a more detailed sequence analysis of 

the Plasmodium genome was performed in the search for membrane transporters (R. E. 

Martin et al. 2005). A computer program was used in this exploratory study that was 
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based on detecting proteins with typical protein features such as multiple hydrophobic 

TMDs and connecting hydrophilic loops, which are evident in hydropathy plots 

(Clements & R. E. Martin 2002; R. E. Martin et al. 2005). This focused strategy 

identified a number of new membrane transporters, and with additional bioinformatic 

analysis, many could be assigned putative substrate specificities and/or transport 

mechanisms (R. E. Martin et al. 2005). This endeavor greatly increased our knowledge 

of Plasmodium transporters and made it apparent that the genome was not as deficient 

in transporters as first thought.  

 

Compared to other organisms, the genome of the human malaria parasite, P. falciparum, 

does encode a modest set of transport proteins (R. E. Martin et al. 2005). The 

Plasmodium transportome consists of over 100 proteins, equating to approximately 2 % 

of the entire genome (R. E. Martin et al. 2005; Martin et al. 2009). This is perhaps due 

to its parasitic nature, and suggests that the level of transporter redundancy might be 

low in such a minimalistic environment, relative to the transportomes of other 

organisms (R. E. Martin et al. 2005). An important review by Kirk and Lehane (2014) 

showcased what is currently known about Plasmodium transporters and also detailed 

what is known about endogenous red blood cell transporters that are implicated in 

parasite infection. The parasitophorous vacuole membrane allows low molecular mass 

solutes to pass through, with most transporters identified to date being localised to the 

parasite plasma membrane (Kirk & Lehane 2014) (Table 1.1). On the contrary, little is 

known about the transporters involved during the sexual stages of the Plasmodium life 

cycle, possibly owing to the experimental difficulties of these stages (Kirk & Lehane 

2014). Kirk and Lehane (2014) were hopeful that recent advances in the field, including 

the ability to generate parasite lines with disrupted essential transporters, and also 

developments in heterologous expression systems, will ultimately lead to an increased 

understanding of the Plasmodium transportome.   
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1.3 Characterisation of Plasmodium membrane transporters 

 

1.3.1 Localisation 

 

Once candidate membrane transporters are identified, one of the next steps is 

determining when and where they are expressed. The subcellular localisation and 

expression of a transporter can give clues as to what its biological roles are. The 

subcellular localisation of membrane transporters can be predicted with tools such as 

the apicoplast targeting predictors, PlasmoAP and PATS (Foth et al. 2003; Zuegge et al. 

2001). These tools work on the premise that most apicoplast proteins are nuclear-

encoded and require an N-terminal bipartite leader for successful localisation (Waller et 

al. 2000). Although these tools are useful in identifying candidate organellar membrane 

transporters, localisation experiments are required for confirmation as false positive 

predictions can occur. Localisation studies can be achieved by generating native 

antibodies to the protein or by fusing the gene to a tag such as HA (hemagglutinin) or 

GFP (green fluorescent protein) before performing immunofluorescence or 

immunoelectron microscopy. These localisation procedures are demonstrated in the 

characterisation of PfNT1, PfoTPT and PfiTPT transporters (Rager et al. 2001; Mullin 

et al. 2006) (Table 1.1). Unfortunately, localisation studies are not often straightforward 

with difficulties including the manipulation of the Plasmodium genome given its 

adenine and thymine (AT)-richness, causing the DNA to be unstable in Escherichia coli 

(E. coli) (Gardner et al. 2002; Schwach et al. 2015), low Plasmodium transfection 

efficiencies (de Koning-Ward et al. 2000) and also problems associated with performing 

microscopy on intraerythrocytic parasites, which are amongst the smallest of 

eukaryotes.  

 

1.3.2 Genetic disruption 

 

To attain more information about the role and essentiality of a candidate membrane 

transporter, disrupting gene or protein expression is a useful technique. As demonstrated 

by the deletion of PfMDR2 and PfMDR5 transporters (van der Velden et al. 2015) 

(Table 1.1), this is typically done by generating a construct with two homologous gene 
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flanking regions so double crossover homologous recombination occurs to replace the 

gene of interest coding region with a selectable marker, such as dihydrofolate reductase 

(DHFR) (Duraisingh et al. 2002). Again, technical difficulties can plague these 

experiments including the difficulties associated with manipulating the Plasmodium 

genome due its high AT-content and low transfection efficiencies, as outlined above.  

 

1.3.3 Transport activity and substrate specificity 

 

Finally, determining the substrate specificity of a candidate membrane transporter can 

be one of the most difficult tasks, especially when there are no predicted transport roles. 

This is perhaps the most limiting step in characterising the Plasmodium transportome, 

but also the most important one. Difficulties arise when trying to exclusively examine 

intraerythrocytic parasite transport processes as the red blood cell has its own 

transportome. Heterologous expression systems therefore offer an analysis strategy, to 

test putative substrates, that can distinguish parasite membrane transport from host cell 

transport (Parker et al. 2000). The most success for Plasmodium proteins has been in 

Xenopus laevis oocytes (Carter et al. 2000; Parker et al. 2000; Krishna et al. 2001; 

Hansen et al. 2002; Sanchez et al. 2008; R. E. Martin, Marchetti, et al. 2009; Rotmann 

et al. 2010; Eckstein-Ludwig et al. 2003; Frame et al. 2012; Marchetti et al. 2015). The 

Xenopus oocyte system proved to be a useful technique when an early study established 

that P. falciparum contains substrate-specific transporters by expressing parasite RNA 

in oocytes (Penny et al. 1998). Some of the first Plasmodium transporters to be 

expressed in this system were PfMDR1 (van Es et al. 1994) and PfHT (Woodrow et al. 

1999) (Table 1.1).  

 

Inherent problems expressing Plasmodium genes in heterologous systems have limited 

success with this approach. Experiments with PfATP3 (Table 1.1) offer an example of 

potential difficulties with heterologous approaches. Most of the P. falciparum proteins 

successfully expressed in a heterologous system are small, soluble ones (Mehlin et al. 

2006), but, like many membrane transporters, PfATP3 encodes an exceptionally large 

gene and has no known ion specificity (Rozmajzl et al. 2001). The ATP3 substrate is 

therefore yet to be elucidated (Table 1.1). A number of other expression systems are 
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available that may be more suitable for certain proteins. For example, a number of 

Plasmodium membrane transporters have been characterised in yeast surrogate systems 

(Downie et al. 2010; Guttery et al. 2013; Salcedo-Sora et al. 2012; Cardi et al. 2010; 

Pulcini et al. 2013; Blume et al. 2011; Baro et al. 2011; Augagneur et al. 2013; Wu et 

al. 2015; Slavic et al. 2016). Codon-optimisation of Plasmodium membrane transporters 

has also had some success in overcoming the potential difficulties of expressing AT-

rich genes in heterologous systems (Rotmann et al. 2010).  

 

However, some Plasmodium transporters are exceptionally difficult to express in these 

systems. Several attempts to express the apicoplast’s outer and inner triose phosphate 

transporters, PfoTPT and PfiTPT, in Xenopus oocytes and yeast were unsuccessful (Lim 

et al. 2010). Lim and colleagues (2010) therefore utilised a novel cell-free transporter 

assay system to characterise the natural substrates of the TPT transporters. This system 

produces proteoliposomes and avoids the problem that overexpression of membrane 

proteins can present for host cell growth (Nozawa et al. 2007). Codon-optimised 

PfoTPT and PfiTPT were expressed in a cell-free system before proteoliposomes were 

produced on which transport assays could be performed (Lim et al. 2010). This 

technique has more recently been used to further characterise PfFNT, and offers hope 

for the elucidation of protein structure and biophysical analysis of Plasmodium 

transporters (Holm-Bertelsen et al. 2016).  

 

One of the most understood Plasmodium membrane transporters is now examined to 

emphasise the benefits of different techniques for functionally characterising 

transporters. PfHT was identified as a glucose transporter in 1999 with functional 

studies in Xenopus oocytes (Woodrow et al. 1999). More information was acquired in 

2000, when mutational analysis of PfHT in Xenopus oocytes uncovered that the protein 

can also transport fructose, further elucidating the hexose permeation pathways in P. 

falciparum (Woodrow et al. 2000). This study also found that a single glutamine 

mutation (Q169N) could ablate fructose transport (Woodrow et al. 2000). This work 

built the foundations to validate PfHT as a novel drug target, when O-3 hexose 

derivatives were found to inhibit PfHT when expressed in oocytes (Joët, Eckstein-

Ludwig, et al. 2003). A particular O-3 derivative (compound 3361) was later confirmed 
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to kill P. falciparum parasites in culture and was shown to have similar effects on PfHT 

orthologues when expressed in oocytes (Joët, Eckstein-Ludwig, et al. 2003). Strikingly, 

glutamine PfHT mutants showed some resistance to compound 3361, indicating both 

the site of action and how resistance could develop (Joët, Eckstein-Ludwig, et al. 2003).  

 

More recently, it was reported that PfHT and PbHT can also transport mannose and 

galactose when expressed in both Leishmania Mexicana mutant promastigotes that are 

deficient of hexose uptake (Burchmore et al. 2003), and Xenopus oocytes (Blume et al. 

2011). Blume et al. (2011) then successfully expressed a yeast codon-optimised PfHT in 

Saccharomyces cerevisiae, a yeast mutant that is unable to transport most sugars, except 

maltose and galactose (Wieczorke et al. 1999). Expression of PfHT could rescue the 

mutant yeast growth defect on glucose and mannose as carbon sources, and further, this 

rescue was hindered on glucose-containing agar plates by the addition of compound 

3361 (Blume et al. 2011). Heterologous expression in yeast is particularly useful for 

drug screening and it has now been demonstrated how this can be adapted for P. 

falciparum membrane transporters (Wieczorke et al. 1999; Blume et al. 2011).  

 

The success story of the functional characterisation of the Plasmodium hexose 

transporter, HT, demonstrates the benefit of using different heterologous expression 

systems to address different biological questions. However, even if a Plasmodium 

membrane transporter is successfully expressed in a heterologous system, the most 

problematic task can be determining what its substrate is. Without any clues from 

protein homology or structure, it can be like finding a needle in a haystack. 

Nevertheless, fundamental experimental evidence of transport activity and substrate 

specificity from the methods outlined above, can be vital in determining whether a 

Plasmodium membrane transporter progresses as a candidate antimalarial drug target or 

is lost in the characterisation pipeline.  

 

1.4 What is known about Plasmodium membrane transporters? 

 

Undoubtedly, there will be a growing number of proteins identified as Plasmodium 

transporters. For example, transporters with fewer than six TMDs were not analysed by 
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R. E. Martin et al. (2005), and there are a number of predicted transporters that have no 

apparent sequence similarity to any functionally characterised proteins and hence have 

unknown functions. In 2004, Kirk reviewed the Plasmodium transporters as drug targets 

and reminded us that membrane transporters are generally considered to have good 

therapeutic potential but despite this, relatively few transporters have been fully 

characterised in Plasmodium (Kirk 2004). Progress in the Plasmodium membrane 

transporter field was later reviewed by R. E. Martin et al. (2009). Whilst this review 

highlighted some advances, it also made apparent the numerous experimental 

difficulties that have resulted in the shortage of biological data for membrane 

transporters in Plasmodium, including genome manipulation and heterologous 

expression problems stemming from the AT-rich Plasmodium genome.  

 

1.4.1 Biological data on Plasmodium membrane transporters 

 

The highest priority before further efforts are spent exploring drug target potential 

remains determining whether a Plasmodium gene is essential for completion of the life 

cycle. A valuable review by Staines et al. (2010) highlighted the unexploited potential 

of the Plasmodium transportome in regard to drug targets. In 2010, only 27 Plasmodium 

transporters had sufficient biological data, such as transport process and localisation, to 

build therapeutic targeting investigations on (Staines et al. 2010). In addition, just eight 

Plasmodium transporters had been genetically validated to determine the parasite 

phenotype of a gene disruption (Staines et al. 2010). Four of these transporters were 

found to be essential for blood stage parasite development whilst the other four were 

dispensable (Staines et al. 2010). Substantial progress has been made in genetically 

characterising Plasmodium transport proteins since the review by Staines et al. (2010). 

Here, I compile what we know about transporters using the transportome of R. E. 

Martin et al. (2005) and Kirk and Lehane (2014) as additional guides for identifying 

candidate Plasmodium transporters. A list of Plasmodium membrane transporters 

associated with biological data including experimental evidence for subcellular 

localisation, essentiality and natural substrate, is presented in Table 1.1. 
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Plasmodium membrane transporters with biological data were identified with 

Plasmodium genome database (PlasmoDB) version 30 (Aurrecoechea et al. 2009) as a 

vital resource that also highlighted the relevant literature. Additionally, PlasmoDB gene 

annotations were recorded and protein sequences were collected for TMHMM version 

2.0 (http://www.cbs.dtu.dk/services/TMHMM/) and TMpred 

(http://www.ch.embnet.org/software/TMPRED_form.html) TMD prediction analyses. 

This search identified 75 Plasmodium transporters that have at least one of the three 

pieces of biological data that were screened for (Table 1.1). While it is impossible to 

claim that the literature referenced in Table 1.1 is all inclusive of what is known about 

each Plasmodium membrane transporter, it does include the main studies that present 

important biological data, and serves as a starting point for further reading and 

investigation.  

 

Of the 44 Plasmodium membrane transporters with published localisation data, half 

have been localised to the parasite plasma membrane (Table 1.1). Staines et al. (2010) 

emphasised the benefits of targeting parasite plasma membrane proteins, arguing that 

drugs targeting these proteins do not have to enter the parasite to be effective and are 

thus less prone to drug resistance mechanisms such as efflux, sequestration or drug 

neutralisation within the parasite. Only 10 transporters have been localised to known 

intraparasitic membranes with four transporters localised to the digestive vacuole 

membrane (ABCB1 or MDR1, ABCB2 or MDR2, CRT and FNT) and two transporters 

localised to the mitochondrion (ADT and CHA or CAX), endoplasmic reticulum (NT2 

or ENT2, VIT) and the inner and outer apicoplast membranes (iTPT or PPT and oTPT 

or TPT) (Table 1.1).  

 

Of the Plasmodium transporters examined thus far, over half are indispensable at one or 

more stages of the life cycle, with knockout (KO) parasites unable to naturally complete 

the parasite life cycle (Table 1.1). Less than half of the Plasmodium transporters found 

to be essential for completion of the life cycle were indispensable at the blood stage of 

infection, and in some of these cases discrepancies were apparent between P. 

falciparum and P. berghei experiments (Table 1.1). The majority of the essential 

transporters were thus required during mosquito or transmission stages. Two recent P. 
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berghei studies, Kenthirapalan et al. (2016) and Bushell et al. (2017), made significant 

contributions to the essentiality data for Plasmodium transporters (Table 1.1).  

 

Finally, whilst many Plasmodium transporters have assigned putative substrates (R. E. 

Martin et al. 2005), only 23 of the 75 with some published biological data, have 

experimental evidence for their natural substrate (Table 1.1). Of these, 16 Plasmodium 

transporters also have biological data for their localisation and life cycle essentiality, 

including ABCC1 or MRP1, AQP, CHA, CTR1, CuP or CuTP, FT1, FT2, HT, K1 or 

Kch1, NPT1, NT1 or ENT1, PAT, iTPT, oTPT, VIT and ZIPCO (Table 1.1). 

Additionally, 11 transporters have been implicated in antimalarial drug resistance: 

ABCB2 or MDR2, ABCB5 or MDR5, ABCB6 or MDR6, ABCC1 or MRP1, ABCC2 

or MRP2, ATP4 or ATPase4, ATP6 or ATPase6, CRT, MDR1 or Pgh1, MFS5 and 

SulP (Table 1.1). For the majority of these transporters, their natural substrates, and thus 

biological roles, are yet to be uncovered (Table 1.1). It is also interesting to note that 

most of these transporters with suggested roles in drug resistance are from the ATP-

Binding Cassette (ABC) Superfamily, and additionally, they are among the most 

commonly investigated Plasmodium transporters, which also include members of the P-

Type ATPase (P-ATPase) Superfamily. Together, ABC and P-ATPase Superfamily 

members make up almost one third of the biologically described Plasmodium 

transporters to date (Table 1.1).  

 

1.4.1.1 Apicoplast membrane transporters 

 

The apicoplast imports phosphoenolpyruvate (PEP) to fuel the IPP and fatty acid 

biosynthesis pathways (Lim et al. 2010), and iron for the [Fe-S] biosynthesis pathway 

(Figure 1.1). The rest of the parasite requires IPP and fatty acids, so these metabolites 

must be exported across the four apicoplast membranes (Figure 1.1). An IPP membrane 

transporter is potentially an excellent drug target as IPP biosynthesis is the only 

essential function of the apicoplast during the medically relevant blood stage (Yeh & 

DeRisi 2011). It is not known how IPP or fatty acids are exported, or how iron is 

imported to fuel [Fe-S] biosynthesis, though membrane transporters are probably 

involved. The only known apicoplast membrane transporters are the inner and outer 
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triose phosphate transporters, iTPT and oTPT (Mullin et al. 2006; Lim et al. 2010) 

(Table 1.1; Figure 1.1).  

 

PfiTPT has a classical bipartite leader sequence to target it to the inner apicoplast 

membrane whilst PfoTPT does not have a leader sequence and is localised to the outer 

apicoplast membrane (Mullin et al. 2006) (Table 1.1; Figure 1.1). This suggests that 

apicoplast membrane transporters located on the inner membrane can be predicted by 

the presence of a leader sequence, whilst outer membrane transporters cannot be 

predicted without possessing a leader sequence. With little knowledge of outer 

membrane targeting mechanisms, it is difficult to identify and localise novel outer 

apicoplast membrane transporters in Plasmodium. This has potentially inhibited the 

amount of biological data available for apicoplast membrane transporters, along with 

the technical difficulties associated with subcellular membrane proteins.  

 

1.5 Treatment strategies 

 

1.5.1 Plasmodium membrane transporter inhibitors 

 

In the face of growing antimalarial drug resistance, there is an increased urgency for 

biological data, especially for the specific molecular targets of current drugs and drugs 

in development (Mishra et al. 2017). This area of research may also aid in reversing 

resistance to a particular drug, if, for example, a specific transporter is found to be 

involved. It should also be noted that whilst the apicoplast transportome is potentially a 

suite of novel drug targets, there is currently no biological data to suggest that any 

apicoplast membrane transporter (oTPT or iTPT) is involved in drug resistance or can 

be inhibited to kill or perturb parasites. However, PboTPT is essential in blood stage 

parasites (Banerjee et al. 2012) and may therefore be targetable.  

 

1.5.1.1 HT 

 

PfHT is a promising drug target as there are important functional and structural 

differences from host transporters, the parasite cannot survive without its substrate, 
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glucose, and it is a single-copy gene (Woodrow et al. 1999; Krishna et al. 2000; Joët, 

Morin, et al. 2003; Joët & Krishna 2004). The glucose analogue, compound 3361, 

specifically inhibits glucose and fructose uptake mediated by PfHT with a concentration 

of 1 mM and an inhibition greater than 98 % (Joët, Eckstein-Ludwig, et al. 2003). 

Compound 3361 was also shown to inhibit P. vivax, P. knowlesi and P. yoelii hexose 

transporters, kill P. falciparum in vitro and suppress P. berghei growth in vivo (Joët, 

Eckstein-Ludwig, et al. 2003). Although compound 3361 has undesirable physiological 

properties, it does encourage further research into PfHT as a tangible target for novel 

antimalarials (Joët, Morin, et al. 2003). Recent metabolomics work found that treating 

P. falciparum with compound 3361 results in a rapid decrease in parasite glucose 

concentration and an increase in glucose within the infected red blood cell, consistent 

with the idea that compound 3361 specifically targets parasite glucose transporters 

(Cobbold et al. 2016).  

 

More recently, an HIV protease inhibitor, lopinavir, was found to specifically inhibit 

PfHT and thus block glucose uptake in P. falciparum at 1.9 µM (Kraft et al. 2015). 

Short-term lopinavir use is generally well tolerated with minimal side effects (Barragan 

& Podzamczer 2008) and it might be possible to specifically target PfHT and not 

mammalian glucose transporters, with lopinavir as a starting point (Kraft et al. 2015). 

All in all, these studies provide the groundwork for further investigation into novel 

antimalarials targeting PfHT, especially since PfHT is essential to blood stage parasites 

and also in transmission stages. This also showcases the benefits of repurposing existing 

drugs as the existing lopinavir safety and pharmacokinetic studies could fast track its 

investigation as an antimalarial (Kraft et al. 2015).  

 

1.5.1.2 ATP4 

 

A study investigating the potential for drug resistance and drug mode of action, found 

that NITD609, an optimised spirotetrahydro-b-carboline (or spiroindolone) compound, 

acted on PfATP4 (Table 1.1) (Rottmann et al. 2010). It was later reported that this 

causes parasite Na+ efflux inhibition that implicated ATP4 in Na+ transport (Spillman, 

Allen, McNamara, et al. 2013). Researchers were subsequently prompted to identify 
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Malaria Box compounds, compiled by the Medicines for Malaria Venture (MMV) 

(Spangenberg et al. 2013), that interfered with the parasites Na+ regulation (Lehane et 

al. 2014). Twenty eight compounds matched the criteria for PfATP4 inhibition, and six 

chemically diverse structures were found to have decreased activity on parasites with 

PfATP4 mutations (Lehane et al. 2014). These findings were significant and presented 

PfATP4 as an attractive drug target. In addition, (+)-SJ733, a clinical candidate, was 

reported to increase intraparasitic Na+ concentration through inhibition of PfATP4 

(Jiménez-Díaz et al. 2014). (+)-SJ733 has therefore been suggested as an attractive 

inhibitor for the development of fast-acting components of combination therapies for 

single dose cure of malaria (Jiménez-Díaz et al. 2014). Additionally, this encouraging 

work should focus efforts on confirming whether ATP4 is essential to parasite growth, 

as PlasmoGEM have reported that PbATP4 KO asexual parasites are slow growing at 

the blood stage (Table 1.1) (Bushell et al. 2017). 

 

1.5.1.3 FNT 

 

FNT was recently characterised in P. falciparum and found to localise to the parasite 

plasma membrane (Wu et al. 2015) and digestive vacuole membrane (Table 1.1) 

(Marchetti et al. 2015). Multiple functional studies have found that PfFNT can transport 

lactate, formate and acetate by a proton symport system (Wu et al. 2015; Marchetti et al. 

2015; Holm-Bertelsen et al. 2016). The human genome does not encode similar proteins 

to PfFNT so it is therefore an attractive drug target (Marchetti et al. 2015; Golldack et 

al. 2017). Recently, Malaria Box compounds were found to be effective against PfFNT 

expressed in the yeast system that was used to functionally characterise the protein (Wu 

et al. 2015; Golldack et al. 2017). This heterologous expression system allowed for a 

high throughput phenotypic screen for PfFNT inhibitors, and identified two compounds 

that inhibited lactate transport, MMV007839 and MMV000972 (Golldack et al. 2017). 

These compounds also killed P. falciparum parasites in culture and a single mutation 

within PfFNT (G107S) confirmed that it was in fact the target (Golldack et al. 2017). 

This study also investigates the binding and dissociation kinetics of MMV007839, 

finding that it rapidly binds but dissociates very slowly or irreversibly, indicating that 

MMV007839 is not a substrate of PfFNT (Golldack et al. 2017). Further, it was found 
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that structural changes to MMV007839 affect the inhibition of PfFNT (Golldack et al. 

2017).  

 

Another study also identified that MMV007839 and MMV000972 inhibit lactate 

transport in another heterologous system, Xenopus oocytes (Hapuarachchi et al. 2017). 

Hapuarachchi and colleagues (2017) arrived at this conclusion by screening the Malaria 

Box for compounds that affect cytosolic pH, and reasoned that the pH lowering effects 

of the two compounds could result from complete inhibition of lactate:H+ transport 

(Hapuarachchi et al. 2017). The single G107S PfFNT resistance mutation reported in 

the previous study was also observed here in parasites exposed to MMV007839. 

MMV007839 and MMV000972 were reported to have toxicity in some assays (Van 

Voorhis et al. 2016), which indicates that more suitable PfFNT inhibitors need to be 

identified for clinical candidates (Hapuarachchi et al. 2017). It is yet to be validated 

whether PfFNT is essential for parasite growth (Table 1.1), but together, these studies 

are encouraging for the development of a new class of antimalarial drugs that target 

PfFNT.  

 

In addition to the inhibitors described above, there is evidence that Torin 2, a compound 

known to have potent effects on gametocyte and asexual stage parasites, targets 

PfMFR4 (Table 1.1) (Sun et al. 2014; Cobbold et al. 2016). P. falciparum gametocyte 

lysate was incubated with a Torin 2 affinity probe and one of the bound proteins was 

identified as PfMFR4 (Sun et al. 2014). Interestingly, recent mass spectrometry 

profiling of Torin 2 treated parasites displayed a fast and specific decrease in 

haemoglobin-derived peptides (Cobbold et al. 2016). The authors report that their 

unpublished work found a dual localisation for PfMFR4 at the parasite plasma 

membrane and the digestive vacuole membrane and further suggest that the protein may 

contribute to haemoglobin catabolism (Cobbold et al. 2016). PfMFR4 is an essential 

protein for completion of the life cycle however its natural substrate is yet to be 

determined (Table 1.1) and we await the validation of Torin 2 as an MFR4 inhibitor.  
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1.5.2 Reversing drug resistance 

 

Antimalarial drug resistance is one of the biggest challenges for malaria control. 

However, there are molecules that can reverse drug resistance that typically inhibit 

efflux processes and are known as chemosensitisers or reversal agents (Peyton 2012). 

One of the most studied examples of resistance reversal is the activity of verapamil, a 

calcium channel blocker, on the chloroquine resistance transporter, PfCRT (Table 1.1) 

(S. K. Martin et al. 1987). PfCRT is one of the most thoroughly studied transporters in 

malaria due to its involvement in widespread chloroquine resistance. PfCRT is localised 

to the digestive vacuole membrane and mutations in PfCRT are known to broaden its 

substrate specificity, causing it to export drugs from the digestive vacuole and thus drug 

resistance (Fidock et al. 2000; Cooper et al. 2002; Waller et al. 2003; Mu et al. 2003; R. 

E. Martin & Kirk 2004; R. E. Martin, Marchetti, et al. 2009; Patzewitz et al. 2013). The 

antihistamine, chlorpheniramine, is also known to reverse chloroquine resistance and 

has been used in Africa in combination with other antimalarials (Sowunmi et al. 1998; 

Ogungbamigbe et al. 2008). Furthermore, chlorpheniramine analogues were shown to 

achieve this reversal effect by inhibiting PfCRT (Deane et al. 2014).  

 

Recently, Richards et al. (2016) found that the 76I-PfCRTK1 strain of chloroquine 

resistant parasites is hypersensitive to quinine due to 76I-PfCRTK1 having a very high 

affinity for quinine and a low maximum rate of transport. This prevents PfCRT from 

performing its normal transport role whilst allowing quinine to exert its effect in the 

digestive vacuole (Richards et al. 2016). This interesting insight also highlights that 

PfCRT is a valid drug target (Richards et al. 2016). Additionally, 76T-PfCRTK1 

parasites are able to transport quinine out of the digestive vacuole and therefore impart 

low level resistance (Richards et al. 2016). It has also been observed that verapamil and 

quinidine inhibit chloroquine uptake by PfCRT, suggesting that these drugs are 

competitive inhibitors of PfCRT regardless of sensitivity to chloroquine (Juge et al. 

2015).  

 

Interestingly, evidence was presented to suggest that a 2-amino quinoline drug, MK571, 

that is well tolerated in humans (Depré et al. 1992), interacts with PfMDR1 (Table 1.1), 
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inhibiting its ability to transport antimalarials into the digestive vacuole (Edaye et al. 

2014). Furthermore, MK571 does not appear to interact with PfCRT as the 

susceptibility of chloroquine sensitive and resistant strains correlates with PfMDR1 

mutations and not mutant PfCRT (Edaye et al. 2014). In addition, MK571 susceptibility 

cannot be reversed with verapamil (Edaye et al. 2014). This provides further evidence 

that verapamil acts on PfCRT and suggests that there are multiple means to reverse drug 

resistance in malaria parasites.  

 

Mutations in PfMDR1 are implicated in chloroquine, quinine, mefloquine and 

halofantrine resistance (Reed et al. 2000), and PfMDR2 has been implicated in 

pyrimethamine resistance (Table 1.1) (Briolant et al. 2012). Mu et al. (2003) also 

reported that single nucleotide polymorphisms (SNPs) from multiple putative 

Plasmodium membrane transporters, including PfCRT, PfMDR1, PfMRP1, PfMDR6, 

PfSulP and PfMFS5 (Table 1.1), are involved in responses to chloroquine and quinine. 

This study demonstrates the seemingly important role that Plasmodium transporters, 

particularly from the ABC Superfamily, play in antimalarial drug resistance. Not only 

does this give more weight to the importance of characterising the Plasmodium 

transportome, but also it perhaps presents opportunities for reversing devastating drug 

resistance. Inhibitors of these multi-drug resistance transporters have the potential to 

perturb parasite growth but also perhaps sensitise them to antimalarials, as verapamil 

does.  

 

1.6 Prevention strategies 

 

1.6.1 Genetically attenuated parasite vaccines 

 

Irradiated sporozoites successfully infect hepatocytes but cannot fully develop, so the 

immune system has the opportunity to respond to antigens expressed on the invading 

parasites and no malaria symptoms are presented (Hoffman et al. 2002). Immunisation 

of volunteers with irradiated sporozoites provided protective immunity and 

demonstrated the feasibility of producing an efficient malaria vaccine (Hoffman et al. 

2002). Humans are known to gain immunity from exposure to sporozoite and liver stage 
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parasites, and among the pre-erythrocytic antigen vaccine strategies, whole parasite 

approaches are being considered (Schwartz et al. 2012). One of the most interesting 

approaches is the use of genetically attenuated sporozoites.  

 

A number of Plasmodium genes have been disrupted, including PbUIS3 and PbUIS4 

(up-regulated in infective sporozoites gene 3 and 4), that result in growth arrest at the 

liver stage (Mueller, Labaied, et al. 2005; Mueller, Camargo, et al. 2005; VanBuskirk et 

al. 2009; Ishino et al. 2005; van Dijk et al. 2005). These KO sporozoites were used to 

immunise mice that subsequently conferred protective immunity against malaria 

challenge (Mueller, Labaied, et al. 2005; Mueller, Camargo, et al. 2005; van Dijk et al. 

2005). It was therefore suggested that these pre-erythrocytic stage, genetically 

attenuated sporozoites are promising vaccine candidates (Mueller, Labaied, et al. 2005; 

Mueller, Camargo, et al. 2005). Genetically attenuated sporozoites have since shown 

some potential in human malaria, when P52 and P36 were simultaneously deleted in P. 

falciparum resulting in liver stage arrest by day six (VanBuskirk et al. 2009). Pre-

erythrocytic stage, genetically attenuated sporozoite candidate genes must pass strict 

criteria, including being specifically essential during liver stage development, so that 

healthy mutant sporozoites can invade the host to stimulate a sufficient immune 

response, before completely arresting prior to the establishment of a blood stage 

infection (Annoura et al. 2012). Consequently, there is a need for more candidate genes 

for genetically attenuated sporozoites.   

 

Recently, Plasmodium membrane transporters have been identified as having desirable 

qualities for use in a genetically attenuated sporozoite vaccine (Kenthirapalan et al. 

2016; Rijpma, van der Velden, González-Pons, et al. 2016). PbMFS6 (Table 1.1) KO 

parasites arrest at the late liver stage and do not produce merozoites (Kenthirapalan et 

al. 2016), which are ideal characteristics for a late arresting candidate. Although there 

was occasional parasite breakthrough when mice were infected with a high dose of 

PbMFS6 KO sporozoites, some sterile protection against re-infection was observed 

(Kenthirapalan et al. 2016). In a similar vein, MRP2 (Table 1.1) KO parasites were 

proffered as an attractive candidate for a genetically attenuated sporozoite vaccine 

because PbMRP2 KO parasites completely arrest at the late liver stage with no 
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breakthrough, even with high doses of KO sporozoites (Rijpma, van der Velden, 

González-Pons, et al. 2016). This phenotype has advantages with prolonged antigen 

exposure in the liver stage and heightened safety due to no apparent risk of a blood 

stage infection (Annoura et al. 2012; Rijpma, van der Velden, González-Pons, et al. 

2016). While the clinical and logistical challenges of a live sporozoite vaccine remain 

(Hoffman et al. 2002; Annoura et al. 2012), further research into the feasibility of MFS6 

and MRP2 in the production of genetically attenuated sporozoite vaccines is justifiable 

as preliminary results are promising and inspire further exploration into Plasmodium 

membrane transporters that arrest at the liver stage.  

 

1.7 Technical advances to improve characterisation studies 

 

P. berghei is the most genetically amenable Plasmodium species (Janse et al. 2006). 

However, there are currently some major limiting factors including the in vivo cloning 

step that is required to generate clonal mutant parasite lines (Kenthirapalan et al. 2012). 

Furthermore, the Plasmodium AT-rich genome (Gardner et al. 2002) and its low 

homologous recombination rates (Pfander et al. 2011) have, until recently, limited the 

high throughput functional characterisation of P. berghei genes. This has therefore 

restricted the number of Plasmodium transporters with biological data. Another 

significant limitation for the characterisation of the Plasmodium transportome is the 

difficulty in assessing essential genes as KO methods result in lethal or severe growth 

defect phenotypes (de Koning-Ward et al. 2015).  

 

Thankfully, there has been a lot of progress in the development of genetic manipulation 

strategies for Plasmodium (de Koning-Ward et al. 2015) and a number of recent 

technical advances have had a significant positive impact on Plasmodium transporter 

research. These techniques have been integral to a number of transporter studies 

(Kenthirapalan et al. 2016; Rijpma, van der Velden, González-Pons, et al. 2016; 

Rijpma, van der Velden, Annoura, et al. 2016; Bushell et al. 2017) and will undoubtedly 

lead to further developments in the field.  
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1.7.1 Berghei Adaptable Transfection plasmid 

 

In 2012, a P. berghei transfection vector, named the Berghei Adaptable Transfection 

(pBAT) plasmid, was engineered that boasted robust green fluorescent labeling of 

recombinant parasites (Kooij et al. 2012). Using the pBAT plasmid, Kenthirapalan et al. 

(2012) devised a novel method using flow cytometry-assisted cell sorting to isolate 

isogenic populations of parasites with integrated constructs for downstream analysis. 

This strategy reduces the use of animals by more than 80 % and perhaps provides a 

more robust way of phenotyping mutant parasites as isogenic parasites may have greater 

genetic background variations that could evolve after transfection (Kenthirapalan et al. 

2012). This technique was validated by the further characterisation of PbAQP 

(Kenthirapalan et al. 2012) and was also used by Kenthirapalan et al. (2016) to 

characterise a number of other P. berghei transporters, which significantly contributed 

to our knowledge of the Plasmodium transportome (Table 1.1).   

 

1.7.2 PlasmoGEM 

 

A revolutionary development for reverse genetics in Plasmodium was established by 

creating a P. berghei ANKA genomic DNA (gDNA) library, covering 76 % of genes, 

that can be efficiently modified with the lambda red method of recombineering in E. 

coli (Wang et al. 2006; Pfander et al. 2011). Both deletion and tagging transfections 

vectors are produced from this pipeline, which is known as the Plasmodium genetic 

modification or PlasmoGEM project (Pfander et al. 2011; Schwach et al. 2015; Gomes 

et al. 2015). The gDNA library on which the PlasmoGEM constructs are based was 

produced in a low-copy plasmid derived from bacteriophage N15, which accommodates 

relatively large inserts of AT-rich DNA (Godiska et al. 2010). The resulting 

PlasmoGEM transfection vectors therefore have long homology arms that improve 

transfection efficiency and reduce the incidences of false integration or episomally 

maintained vectors (Pfander et al. 2011) that previously hindered many molecular 

genetic approaches to the parasite.  

 

Library clones and intermediate and transfection vectors from this large-scale resource 
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are freely available to the scientific community through an online database 

(http://plasmogem.sanger.ac.uk). Gomes et al. (2015) demonstrated how this valuable 

resource can be utilised in P. berghei reverse genetic screens. Each PlasmoGEM vector 

contains a unique genetic barcode so a single mouse can be co-transfected with multiple 

vectors that can then be screened by barcode sequencing to determine the fitness of each 

parasite strain (Gomes et al. 2015). This technology promotes high throughput 

screening of P. berghei genes to determine blood stage essentiality and thus direct 

future focus for drug target research. The benefit of this work is already evident on the 

PlasmoGEM phenotypes online database (http://plasmogem.sanger.ac.uk/phenotypes) 

where a number of blood stage growth phenotypes of Plasmodium transporter mutants 

can be searched (Bushell et al. 2017), significantly contributing to the list of 

Plasmodium transporters with biological data (Table 1.1).   

 

1.7.3 Conditional mutagenesis  

 

A number of conditional mutagenesis systems have been developed that act at the RNA, 

DNA and protein level to assist with the characterisation of essential Plasmodium genes 

(de Koning-Ward et al. 2015). The glmS ribozyme knockdown (Prommana et al. 2013) 

strategy cleaves messenger RNA (mRNA) whilst the TetR-aptamer system (Goldfless et 

al. 2014) represses mRNA to alter protein synthesis. Conditional expression of Flippase 

(FLP) or Cre recombinase in Plasmodium has also been useful to specifically delete, 

insert or invert DNA (Carvalho et al. 2004; Lacroix et al. 2011; O’Neill et al. 2011; 

Collins et al. 2013). Furthermore, CRISPR-Cas9 gene editing is a promising technique 

to target specific DNA sequences in Plasmodium (Ghorbal et al. 2014; Wagner et al. 

2014). Interestingly, the CRISPR-Cas9 method has had some success in confirming that 

point mutations within PfMDR1 facilitate resistance to antimalarials (Ng et al. 2016). 

Finally, destabilisation domain (DD) systems provide a way of regulating protein levels 

by promoting their degradation or mislocalisation (Armstrong & Goldberg 2007; 

Dvorin et al. 2010; Muralidharan et al. 2011). These conditional mutagenesis techniques 

are providing much needed options for the further characterisation of genes that are 

essential at one or more stages of the Plasmodium life cycle. 
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Plasmodium genetic modification requires drug-resistant selectable markers to be 

introduced into the genome to select for genetically modified parasites. This not only 

limits the number of modifications made in a single mutant parasite line but it is also 

considered undesirable to leave antibiotic resistance genes in genetically attenuated 

parasites in malaria vaccines. To overcome these obstacles, van Schaijk et al. (2010) 

used a FLP recombinase system (Andrews et al. 1985) that allowed for the generation of 

mutant parasite lines without selectable markers. This strategy was implemented in the 

characterisation of multiple Plasmodium transporters where DHFR was removed from 

PfMDR2 and PfMDR5 KO lines (van der Velden et al. 2015) and also from PfMRP1 

and PfMRP2 KO lines, allowing the subsequent generation of a PfMRP1-PfMRP2 

double deletion line (Rijpma, van der Velden, Bilos, et al. 2016; Rijpma, van der 

Velden, González-Pons, et al. 2016). Additionally, the FLP recombinase system has 

been used for the conditional knockdown of PbEXP2 (Kalanon et al. 2015). Further 

advances in the generation of recombinant lines without residual resistance markers will 

expedite research into transporter function, attenuated vaccine development and general 

malaria parasite genetics. These studies further highlight the value of conditional 

mutagenesis systems in Plasmodium.  

 

1.8 The future of the Plasmodium transportome 

 

Fifteen years on from the unveiling of the Plasmodium genome, the characterisation of 

membrane transporters in Plasmodium is still in its early stages. However, the potential 

of the Plasmodium transportome for novel malaria treatment and prevention strategies is 

clear. New technologies are being developed at an increasing rate to make working with 

this difficult parasite and characterising membrane transporters more streamlined. 

Strikingly, around 80 % of Plasmodium membrane transporters with biological data on 

localisation, life cycle essentiality and natural substrate, have benefited from studies 

published in the last three years (Table 1.1). Unfortunately, no novel apicoplast 

membrane transporters have been identified for over 10 years (Table 1.1). These recent 

studies will prompt the future work required for a more complete understanding of 

Plasmodium membrane transporters. This is also encouraging that more Plasmodium 

transportome research is in the pipeline to significantly contribute to what we already 
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know, and bridge the gap in knowledge of organellar membrane transporters such as the 

apicoplast.  

 

Substantial progress is being made in the genetic manipulation of the rodent malaria 

parasite, P. berghei, which is contributing to a better understanding of the roles of 

Plasmodium membrane transporters during pre-erythrocytic stages. This research is 

enabling higher throughput genetic screens that is evident in the work by Kenthirapalan 

et al. (2016) and Bushell et al. (2017). P. berghei genetic disruption studies have 

identified two Plasmodium membrane transporters, PbMFS6 (Kenthirapalan et al. 

2016) and PbMRP2 (Rijpma, van der Velden, González-Pons, et al. 2016), as 

candidates for genetically attenuated sporozoite vaccines. This novel malaria prevention 

strategy is suited to Plasmodium transporters that are critical to parasite progression 

from the liver stage of infection. Further genetic disruption studies, aided by the 

pioneering efforts of PlasmoGEM (Schwach et al. 2015; Gomes et al. 2015), should 

provide more vaccine candidates for late liver arresting KO parasites. The advances in 

P. berghei are providing a more detailed understanding of the P. berghei transportome, 

with more biological data. The next challenge is to take advantage of this knowledge to 

combat the deadliest human malaria parasite, P. falciparum. Conditional mutagenesis 

systems now established in P. falciparum will assist in the validation of these P. berghei 

transporter studies.  

 

High throughput screening is becoming more feasible for Plasmodium transporters and 

yeast heterologous systems have recently been used in high throughput screens to 

identify inhibitors of Plasmodium transporters (Blume et al. 2011; Golldack et al. 

2017). The development of the MMV Malaria Box (Spangenberg et al. 2013) is also 

proving to be a vital resource in the identification of transporter inhibitors, that are 

ultimately required for drug development. Golldack et al. (2017) utilised the Malaria 

Box and identified two compounds that inhibit PfFNT, which was also published by 

Hapuarachchi and colleagues (2017). Additionally, 28 Malaria Box compounds were 

found to target PfATP4 (Lehane et al. 2014). These developments are promising for the 

functional characterisation and identification of inhibitors of the Plasmodium 

transportome.  
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The majority of Plasmodium membrane transporters studied are parasite plasma 

membrane proteins while organellar transporters potentially contain a suite of novel 

molecular drug targets. The recent developments and technological advances described 

in this Chapter will expand our ability to characterise Plasmodium organellar membrane 

transporters that should also be vulnerable to therapeutic intervention. The transportome 

is recognised as a vital area of Plasmodium molecular biology research that will have an 

important part to play in elucidating the complex network of biological pathways within 

the malaria parasite in the quest to maintain our control over this persistent and deadly 

parasite.  

 

1.9 Aims 

 

There is minimal biological data on Plasmodium apicoplast membrane transporters and 

thus an incomplete understanding of apicoplast membrane transport processes. It is 

therefore the overarching aim of this thesis to characterise apicoplast membrane 

transporters by assigning biological data to candidate genes. To achieve this, a list of 

candidate apicoplast membrane transporters was compiled and two central questions 

were asked of each candidate: is it essential to parasite survival at the blood stage? and 

is it localised to the apicoplast? To address these questions, candidates were 

individually deleted in P. berghei blood stage parasites and also tagged for localisation 

experiments. One hurdle in identifying and subsequently characterising all apicoplast 

membrane transporters is the predicted cohort of non-canonically targeted proteins. To 

address this problem, I aimed to increase our knowledge of the targeting mechanisms of 

leaderless apicoplast membrane transporters. The targeting mechanisms of the only 

known leaderless apicoplast membrane transporter, PfoTPT, were therefore dissected. 

Additionally, some leaderless candidate membrane transporters were selected with the 

hope of identifying further apicoplast membrane transporters to study. Finally, with the 

goal of determining the roles of apicoplast membrane transporters in P. falciparum, 

candidates found to be essential and apicoplast localised in P. berghei where shortlisted 

for knockdown in P. falciparum. With this focus, this thesis provides a platform for 

further studies to understand the transport processes of the Plasmodium apicoplast.   
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Table 1.1. Plasmodium membrane transporters with biological data on localisation, life cycle essentiality and natural substrate. 

 

P. falciparum ID Name Localisation Essentialb Natural substratec

Pf3D7_0523000
ABCB1, 
MDR1 or 
Pgh1 

Multidrug resistance protein 1
Multidrug Resistance Exporter 
(MDR) Family (ATP-Binding 
Cassette (ABC) Superfamily)

11 Digestive vacuole membrane Yes Unknown

Mutations in MDR1 decrease drug sensitivity and heterologous 
expression showed chloroquine, halofantrine and quinine 
transport that causes drug resistance. PbMDR1 was refractory to 
deletion and PlasmoGEM also found that it is "likely essential" for 
asexual blood stage parasite growth. The rate of solute transport 
for different PfMDR1 mutations was measured using Fluo-4, a 
known surrogate substrate of MDR1, to determine which 
mutations are more effective at altering MDR1 transport. 

Cowman et al. 1991; van Es et 
al 1994; Reed et al. 2000; Mu 
et al. 2003; R. E. Martin et al. 
2005; Sanchez et al. 2008; 
Sanchez et al. 2010; Friedrich 
et al. 2014; Rijpma, van der 
Velden, Annoura, et al. 2016; 
Bushell et al. 2017

Pf3D7_1447900
ABCB2 
or MDR2 Multidrug resistance protein 2

Heavy Metal Transporter 
(HMT) Family (ATP-Binding 
Cassette (ABC) Superfamily)

10/11
Parasite plasma membrane 
and digestive vacuole 
membrane

No Unknown

PfMDR2 has a suggested role in heavy metal efflux and thus 
heavy metal tolerance. PfMDR2 mutations have been implicated 
in pyrimethamine and other antimalarial drug resistance and 
PfMDR2 KO parasites displayed altered sensitivity to some 
antimalarials. MDR2 is involved in sporogeny as PfMDR2 and 
PbMDR2 KO parasites had reduced oocyst formation and 
sporozoite production. PbMDR2 KO asexual blood stage 
parasites grew slowly (PlasmoGEM) whilst PfMDR2 KO asexual 
parasites have a normal growth rate. 

Zalis et al. 1993; Rubio & 
Cowman 1994; Rosenberg et 
al. 2006; Briolant et al. 2012; 
van der Velden et al. 2015; 
Rijpma, van der Velden, 
Annoura, et al. 2016; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1145500 ABCB3 
or MDR3

ABC transporter B family 
member 3, putative

MHC Peptide Transporter 
(TAP) Family (ATP-Binding 
Cassette (ABC) Superfamily)

6/7 Unknown No Unknown

PbABCB3 KO parasites had a strongly reduced asexual blood 
stage growth rate whilst PfABCB3 KO parasites showed no 
growth defect in asexual blood stage parasites or mosquito stage 
parasites. 

R. E. Martin et al. 2005; 
Rijpma, van der Velden, 
Annoura, et al. 2016

Pf3D7_0302600 ABCB4 
or MDR4

ABC transporter B family 
member 4, putative

MHC Peptide Transporter 
(TAP) Family (ATP-Binding 
Cassette (ABC) Superfamily)

6 Unknown Yes/No Unknown
In contrast to Rijpma, van der Velden, Annoura, et al. (2016), 
PlasmoGEM report PbABCB4 KO parasites as being dispensable 
to asexual blood stage parasites. 

R. E. Martin et al. 2005; 
Rijpma, van der Velden, 
Annoura, et al. 2016; Bushell et 
al. 2017

Pf3D7_1339900
ABCB5 
or MDR5

ABC transporter B family 
member 5, putative

Multidrug Resistance Exporter 
(MDR) Family (ATP-Binding 
Cassette (ABC) Superfamily)

4/6 Parasite plasma membrane No Unknown

MDR5 is a half transporter (1 NBD). P. berghei KO parasites have 
reduced blood stage growth and reduced oocyst formation and 
sporozoite production. PbMDR5 thus plays a role in sporogeny. 
PlasmoGEM found that PbMDR5 KO asexual parasites were slow 
growing at the blood stage whilst PfMDR5 KO asexual blood 
stage parasites showed normal growth. PfMDR5 KO parasites 
were found to be slightly more sensitive to artemisinin. PfMDR5 
KO parasites had a reduced number of oocysts and salivary gland 
sporozoites.

R. E. Martin et al. 2005; 
Kavishe et al. 2009; van der 
Velden et al. 2015; Rijpma, van 
der Velden, Annoura, et al. 
2016; Bushell et al. 2017

Pf3D7_1352100
ABCB6 
or MDR6

ABC transporter B family 
member 6, putative

Heavy Metal Transporter 
(HMT) Family (ATP-Binding 
Cassette (ABC) Superfamily)

5/6 Unknown Yes Unknown
PfMDR6 was found to be involved in a response to chloroquine 
and quinine. 

R. E. Martin et al. 2005; Mu et 
al. 2003; Rijpma, van der 
Velden, Annoura, et al. 2016

Pf3D7_1209900
ABCB7 
or MDR7

ABC transporter B family 
member 7, putative

MHC Peptide Transporter 
(TAP) Family (ATP-Binding 
Cassette (ABC) Superfamily)

5/6 Unknown Yes Unknown N/A
R. E. Martin et al. 2005; 
Rijpma, van der Velden, 
Annoura, et al. 2016

Pf3D7_0112200
ABCC1 
or MRP1

Multidrug resistance-
associated protein 1

Conjugate Transporter (CT) 
Family (ATP-Binding Cassette 
(ABC) Superfamily)

11/13

Parasite plasma membrane 
and membrane-bound vesicles 
or parasite intracellular 
networks

No Glutathione

PfMRP1 was successfully deleted in blood stage parasites. KO 
parasites displayed impaired growth, perhaps due to an inability to 
export toxic metabolites, and accumulated glutathione, 
chloroquine and quinine. PfMRP1 expression was higher in 
chloroquine and mefloquine treated parasites. P. berghei 
orthologue is not syntenic.

Klokouzas et al. 2003; Mu et al 
2003; Klokouzas et al. 2004; R. 
E. Martin et al. 2005; Nogueira 
et al. 2008; Raj et al. 2009; 
Kavishe et al. 2009; Rijpma, 
van der Velden, González-
Pons, et al. 2016

Pf3D7_1229100 ABCC2 
or MRP2

Multidrug resistance-
associated protein 2

Conjugate Transporter (CT) 
Family (ATP-Binding Cassette 
(ABC) Superfamily)

11/17 Parasite plasma membrane Yes Unknown

PfMRP2 expression was higher in chloroquine and mefloquine 
treated parasites. PfMRP2 and PbMRP2 were disrupted in blood 
stage parasites and PbMRP2 was found to be essential for liver 
stage development. PbMRP2 KO asexual blood stage parasites 
grew slowly (PlasmoGEM). MRP2 KO parasites may be a 
genetically attenuated parasite vaccine candidates. 

R. E. Martin et al. 2005; 
Nogueira et al. 2008; Kavishe 
et al. 2009; Rijpma, van der 
Velden, González-Pons, et al. 
2016; Bushell et al. 2017
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Pf3D7_1426500 ABCG2 ABC transporter G family 
member 2

Eye Pigment Precursor 
Transporter (EPP) Family (ATP-
Binding Cassette (ABC) 
Superfamily)

6

Novel, neutral lipid-rich 
structure (female gametocytes) 
or the parasite plasma 
membrane and novel spherical 
structures

No Unknown

PfABCG2 KO asexual parasites grew normally but produced few 
gametocytes whilst another study found that deletion of PfABCG2 
increased gametocyte production. A third study identified 
PbABCG2 KO parasites as completely dispensable throughout 
the entire life cycle whilst PlasmoGEM indicated that KO asexual 
parasites were slow growing during the blood stage.

R. E. Martin et al. 2005; 
Eastman et al. 2013; Tran et al. 
2014; Edaye & Georges 2015; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0319700 ABCI3
ABC transporter I family 
member 1, putative

ATP-Binding Cassette (ABC) 
Superfamily 13/15

Intraparasitic structures and 
surrounding membranes Yes Unknown Essential in the blood stage. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1404600 ACalpha 
or ACα

Adenylyl cyclase alpha P-Type ATPase (P-ATPase) 
Superfamily

4/5 Unknown No Mn2+ or Mg2+ and ATP

Heterologous expression of PfACα showed that it is a functional 
adenylyl cyclase. PbACα KO parasites grew normally throughout 
the blood stage. Similarly, oocyst and sporozoite production was 
within the WT range, however, KO sporozoites were 50 % less 
infective than WT parasites, indicating that PbACα has a role in 
exocytosis. 

Muhia et al 2003; Weber et al. 
2004; Ono et al. 2008

Pf3D7_1037300 ADT
ADP/ATP transporter on 
adenylate translocase Unknown 3/5 Inner mitochondrial membrane Unknown ADP and ATP

Bongkrekic acid was shown to have an inhibitory effect on PfADT 
ATP transport. 

Hatin et al. 1992; Hatin & 
Jaureguiberry 1995; 
Razakantoanina et al. 2008

Pf3D7_1132800 AQP Aquaglyceroporin Aquaporin Family 6 Parasite plasma membrane or 
perinuclear structures

No
Water, glycerol and 
low-molecular-mass 
solutes

PbAQP KO parasites have a reduced blood stage growth rate 
whilst another study found no defect. The two studies reported 
different localisations for PbAQP. 

Hansen et al. 2002; Promeneur 
et al. 2007; Pavlovic-Djuranovic 
et al. 2006; Zeuthen et al. 2006; 
Kenthirapalan et al. 2012

Pf3D7_0516100 ATP1 or 
ATPase1

Cation-transporting ATPase 1 P-Type ATPase (P-ATPase) 
Superfamily

10/12 Parasite plasma membrane 
and pigment body

Unknown Unknown P. berghei orthologue is not syntenic. Krishna et al. 1993; R. E. 
Martin et al. 2005

Pf3D7_1219600
ATP2 or 
ATPase2

Aminophospholipid-
transporting P-ATPase

P-Type ATPase (P-ATPase) 
Superfamily 10/11 Parasite-host interface Yes Unknown Essential in the blood stage. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0504000
ATP3 or 
ATPase3 Cation transporting P-ATPase

P-Type ATPase (P-ATPase) 
Superfamily 12/14 Parasite intracellular membrane Yes Unknown

ATP3 immunofluorescence was highly concentrated in 
gametocytes. PlasmoGEM found that PbATP3 was "likely 
essential" for asexual blood stage parasites. 

Rozmajzl et al. 2001; R. E. 
Martin et al. 2005; Bushell et al. 
2017

Pf3D7_1211900 ATP4 or 
ATPase4

Non-SERCA-type Ca2+-
transporting P-ATPase

P-Type ATPase (P-ATPase) 
Superfamily

8 Parasite plasma membrane No Na+

PfATP4 activity has been shown to be Ca2+-dependent whilst it 
has since been found that ATP4 has a role in Na+ efflux. 
Additionally, mutations within PfATP4 have been shown to confer 
resistance to spiroindolones and a number of Malaria Box 
compounds are suggested to inhibit PfATP4. A clinical candidate 
was also found to act upon PfATP4, with mutations in PfATP4 
conferring resistance to (+)-SJ733. PlasmoGEM found that 
PbATP4 KO asexual blood stage parasites were slow growing.

Dyer et al. 1996; Krishna et al. 
2001; R. E. Martin et al. 2005; 
Rottmann et al. 2010; Spillman, 
Allen & Kirk 2013; Spillman, 
Allen, McNamara, et al. 2013; 
Flannery et al. 2014; Lehane et 
al. 2014; Jiménez-Díaz et al. 
2014; Bushell et al. 2017

Pf3D7_0106300
ATP6 or 
ATPase6 Calcium-transporting ATPase

P-Type ATPase (P-ATPase) 
Superfamily 8/11 Unknown Yes Ca2+

Heterologous expression studies found that the Ca2+-dependent 
ATPase activity of PfATP6 was completely inhibited by artemisinin 
and thapsigargin and mutations within PfATP6 can confer 
resistance to artemisinin. In contrast, two studies found that 
artemisin had no effect on PfATP6 activity. A recent study reported 
that artemisin binding affinity is affected by PfATP6 mutations. 
PlasmoGEM reported that PbATP6 is "likely essential". 

Eckstein-Ludwig et al. 2003; 
Uhlemann et al. 2005; R. E. 
Martin et al. 2005; Cardi et al. 
2010; Arnou et al. 2011; Pulcini 
et al. 2013; N et al. 2016; 
Bushell et al. 2017

Pf3D7_0319000
ATP7 or 
ATPase7 P-type ATPase, putative

P-Type ATPase (P-ATPase) 
Superfamily 10/11

Intraparasitic structures and 
surrounding membranes Yes/No Unknown

In contrast to Kenthirapalan et al. (2016), PlasmoGEM found that 
PbATP7 was dispensable in asexual blood stage parasites with 
KO parasites displaying normal growth. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1223400
ATP8 or 
ATPase8

Phospholipid-transporting 
ATPase, putative

P-Type ATPase (P-ATPase) 
Superfamily 10 Parasite-host interface Yes/No Unknown

In contrast to Kenthirapalan et al. (2016), PlasmoGEM found that 
PbATP8 was dispensable in asexual blood stage parasites with 
KO parasites displaying slow growth.

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0715900 CDF
Cation diffusion facilitator 
family protein, putative

Cation Diffusion Facilitator 
Family 6 Unknown No Unknown

Whilst asexual PbCDF KO parasites displayed no growth defect 
in the blood stage, male gamete exflagellation and ookinete 
formation rates were very low, although KO parasites could 
complete the life cycle. PlasmoGEM also found that PbCDF KO 
asexual blood stage parasites grew within the WT range. 

Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0603500 CHA or 
CAX

Cation/H+ antiporter Ca2+:Cation Antiporter Family 11/10
Mitochondrion (P. falciparum) 
or cytosolic membranous 
networks (P. berghei)

Yes Ca2+, Mn2+ and Mg2+

PfCHA mediates proton-coupled Ca2+, Mn2+ and Mg2+ exchange. 
PbCHA is dispensable in blood stage parasites but is essential for 
ookinete development and mosquito infection. PbCHA was not 
found to be localised to the mitochondrion.

R. E. Martin et al. 2005; 
Rotmann et al. 2010; Guttery et 
al. 2013
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Pf3D7_0911300 CRMP1 Cysteine repeat modular 
protein 1

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

10/14 Erythrocyte plasma membrane Yes Unknown

PbCRMP1 KO parasites grew normally until KO sporozoites were 
not found in the salivary glands resulting in a natural transmission 
defect. Purified KO sporozoites could infect at a low efficiency if 
injected, indicating that CRMP1 is essential for targeting 
sporozoites to the salivary glands. PlasmoGEM also found 
PbCRMP1 to be dispensable in asexual blood stage parasites.

Thompson et al. 2007; Bushell 
et al. 2017

Pf3D7_0718300 CRMP2 Cysteine repeat modular 
protein 2

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

10/11 Erythrocyte plasma membrane 
and sporozoite surface

Yes Unknown

PbCRMP2 KO parasites grew normally until KO sporozoites were 
not found in the salivary glands resulting in a natural transmission 
defect. Purified KO sporozoites could infect at a low efficiency if 
injected, indicating that CRMP2 is essential for targeting 
sporozoites to the salivary glands. PlasmoGEM found PbCRMP2 
to be dispensable in asexual blood stage parasites.

Thompson et al. 2007; Bushell 
et al. 2017

Pf3D7_1208200 CRMP3 Cysteine repeat modular 
protein 3

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

8/17 Unknown Yes Unknown

PbCRMP3 KO parasites grew within the WT range during the 
blood stage and successfully established an infection in 
mosquitoes, however, sporozoites failed to egress from oocysts, 
which were found to have no gliding or motility defect. KO 
parasites finally arrested at the liver stage. PbCRMP3 KO 
sporozoites were intravenously injected into mice although none 
showed protective immunity when challenged with WT 
sporozoites.

R. E. Martin et al. 2005; 
Thompson et al. 2007; 
Douradinha et al. 2011

Pf3D7_1475400 CRMP4
Cysteine repeat modular 
protein 4

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

10 Unknown Yes Unknown

PbCRMP4 KO parasites grew within the WT range during the 
blood stage and successfully established an infection in 
mosquitoes, however, sporozoites failed to egress from oocysts, 
which were found to have no gliding or motility defect. KO 
parasites finally arrested during the liver stage. PbCRMP4 KO 
sporozoites were intravenously injected into mice although none 
showed protective immunity when challenged with WT 
sporozoites. PlasmoGEM found that PbCRMP4 KO asexual 
parasites grew slowly at the blood stage.

Thompson et al. 2007; 
Douradinha et al. 2011; Bushell 
et al. 2017

Pf3D7_0709000 CRT
Chloroquine resistance 
transporter

10 TMS Drug/Metabolite 
Exporter Family 
(Drug/Metabolite Transporter 
Superfamily)

10 Digestive vacuole membrane Yes Unknown

Mutations in CRT broaden its substrate specificity causing 
chloroquine to be exported from the digestive vacuole and thus 
drug resistance. PfCRT knockdown parasites grew slowly and KO 
attempts were unsuccessful in blood stage parasites. PbCRT is 
"likely essential" for asexual blood stage growth (PlasmoGEM). A 
study has suggested that mutant PfCRT transports glutathione. 

Fidock et al. 2000; Cooper et 
al. 2002; Waller et al. 2003; Mu 
et al 2003; Martin & Kirk 2004; 
R. E. Martin et al. 2005; R. E. 
Martin, Marchetti, et al. 2009; 
Patzewitz et al. 2013; Bushell 
et al. 2017

Pf3D7_1439000 CTR1 Copper transporter Copper Transporter (Ctr) 
Family

2/3 Erythrocyte and parasite 
plasma membrane

Yes Copper, putative

The PfCTR1 recombinant amino terminal domain was found to 
bind copper. PbCTR1 KO blood stage parasites were viable but 
presented sporozoite defects resulting in a lethal transmission 
phenotype. 

Choveaux et al. 2012; 
Kenthirapalan et al. 2016

Pf3D7_1421900 CTR2 Copper transporter, putative
Copper Transporter (Ctr) 
Family 4/3 Unknown Yes Unknown

PbCTR2 KO parasites grew within the WT range until failing to 
establish a blood stage infection. This natural transmission defect 
was reversed by intravenous delivery of sporozoites. 

Kenthirapalan et al. 2016

Pf3D7_0904900
CuP or 
CuTP Copper-transporting ATPase

P-Type ATPase (P-ATPase) 
Superfamily 7/10

Erythrocyte and parasite 
plasma membrane (P. 
falciparum) or cytoplasmic 
vesicle-like structures (P. 
berghei)

No Copper, putative

Copper was found to decrease in infected red blood cells 
suggesting that P. falciparum avoids copper toxicity by efflux. 
Recombinant expression of the PfCuP metal-binding domain was 
shown to bind reduced copper. PbCuP was dispensable in 
asexual blood stage parasites although PbCuP KO parasites 
were unable to efficiently infect mosquito midguts resulting in a 
transmission defect. 

Rasoloson et al. 2004; R. E. 
Martin et al. 2005; 
Kenthirapalan et al. 2014

Pf3D7_0715800 DMT1 Drug/metabolite transporter, 
putative

10 TMS Drug/Metabolite 
Exporter Family 
(Drug/Metabolite Transporter 
Superfamily)

9/10 Unknown No Unknown

PbDMT1 KO parasites could complete the lifecycle although one 
mouse did not become infected after being bitten by PbDMT1 KO 
mosquitoes. PlasmoGEM also found that PbDMT1 was 
completely dispensable for asexual blood stage parasites. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0716900 DMT2
Drug/metabolite transporter, 
putative

Drug/Metabolite Transporter 
Superfamily 9

Intraparasitic structures and 
surrounding membranes Yes Unknown Essential in the blood stage. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0316600 FNT Formate-nitrite transporter
Formate-Nitrite Transporter 
Family 6/7

Parasite plasma membrane 
and digestive vacuole 
membrane

Unknown
Formate, lactate and 
acetate PfFNT displays a lactate/proton symport mechanism. 

R. E. Martin et al. 2005; Wu et 
al. 2015; Marchetti et al. 2015; 
Holm-Bertelsen et al. 2016
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Pf3D7_0828600 FT1 Folate transporter 1
Folate-Biopterin Transporter 
Family 12 Parasite plasma membrane No

Folate derivatives and 
precursors

PlasmoGEM found that PbFT1 was dispensable in blood stage 
parasites with KO asexual parasites displaying normal growth.

R. E. Martin et al. 2005; 
Salcedo-Sora et al. 2011; 
Bushell et al. 2017

Pf3D7_1116500 FT2 Folate transporter 2
Folate-Biopterin Transporter 
Family 11 Parasite plasma membrane No

Folate derivatives and 
precursors

PlasmoGEM found that PbFT1 was dispensable in blood stage 
parasites with KO asexual parasites displaying normal growth.

R. E. Martin et al. 2005; 
Salcedo-Sora et al. 2011; 
Bushell et al. 2017

Pf3D7_0515700 GAP40
Glideosome-associated protein 
40, putative

Drug/Metabolite Transporter 
Superfamily 10 Inner membrane complex Yes Unknown

GAP40 is a member of the glideosome motor complex. 
PlasmoGEM reported that PbGAP40 is "likely essential" for 
asexual blood stage parasites. 

R. E. Martin et al. 2005; Frénal 
et al. 2010; Kenthirapalan et al. 
2016; Bushell et al. 2017

Pf3D7_1138400
Gcalpha 
or GCα Guanylyl cyclase

P-Type ATPase (P-ATPase) 
Superfamily 19/24

Parasite 
plasma/parasitophorous 
vacuole membrane 
(gametocytes) or intraparasitic 
structures and surrounding 
membranes (intraerythrocytic 
parasites)

Yes/No Unknown
In contrast to Kenthirapalan et al. (2016), PlasmoGEM found that 
PbGCα was dispensable in asexual blood stage parasites with 
KO parasites displaying slow growth.

Carucci et al. 2000; R. E. 
Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1360500 Gcbeta 
or GCβ

Guanylyl cyclase beta P-Type ATPase (P-ATPase) 
Superfamily

21/22 Unknown Yes Unknown

Two studies disrupted GCβ in P. berghei parasites and identified 
ookinete motility defects, consequently, an oocyst infection could 
not be established. Another study also found that PbGCβ KO 
parasites arrested in the mosquito stage. In addition, PlasmoGEM 
found that PbGCβ was dispensable in asexual blood stage 
parasites with KO parasites displaying slow growth. It has been 
suggested that GCβ is involved in controlling cGMP levels in 
ookinetes. 

Carucci et al. 2000; R. E. 
Martin et al. 2005; Hirai et al. 
2006; Taylor et al. 2008; Moon 
et al. 2009; Kenthirapalan et al. 
2016; Bushell et al. 2017

Pf3D7_0204700 HT Hexose transporter Sugar Porter Family (Major 
Facilitator Superfamily)

12 Parasite plasma membrane Yes
Glucose, fructose, 
mannose and 
galactose

PfHT and PbHT were refractory to KO in blood stage parasites. 
PbHT was found to have roles in liver and transmission stages 
and is predicted to be essential for the entire Plasmodium 
lifecycle.

Woodrow et al. 1999; Woodrow 
et al. 2000; R. E. Martin et al. 
2005; Slavic et al. 2010; Blume 
et al. 2011

Pf3D7_1227200 K1 or 
Kch1

Potassium channel Voltage-Gated Ion Channel 
Superfamily

8/10 Erythrocyte plasma membrane Yes K+

PbK1 KO parasites grew normally during the blood stage but 
PbK1 was indispensable for the mosquito stages where no 
sporozoites were produced. PlasmoGEM found PbK1 to be 
dispensable in asexual blood stage parasites.

Ellekvist et al. 2004; R. E. 
Martin et al. 2005; Ellekvist et 
al. 2008; Waller et al. 2008; 
Bushell et al. 2017

Pf3D7_1465500 K2 or 
Kch2

Potassium channel Voltage-Gated Ion Channel 
Superfamily

7/10 Developing merozoites Yes Unknown N/A R. E. Martin et al. 2005; Waller 
et al. 2008

Pf3D7_0212800 MATE Multidrug efflux pump, putative Multi Antimicrobial Extrusion 
(MATE) Family

11/10 Unknown No Unknown

Although PbMATE KO parasites produced a low number of 
sporozoites, they were able to complete the life cycle. 
PlasmoGEM also found that PbMATE was dispensable in asexual 
blood stage parasites. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0614300 MFR1 Major facilitator superfamily-
related transporter, putative

Organo Anion Transporter 
Family

12 Unknown No Unknown

PbMFR1 KO parasites could complete the life cycle and showed 
no phenotype outside of the WT range. PlasmoGEM also found 
that PbMFR1 was completely dispensable for asexual blood stage 
parasites. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0104700 MFR2
Major facilitator superfamily-
related transporter, putative

Novel Putative Transporter 
Family 12/11 Unknown No Unknown

PbMFR2 KO asexual parasites were slow growing at the blood 
stage but displayed no growth defect in competition with WT 
parasites. The KO parasites had low exflagellation rates, normal 
sporozoite production and one mouse failed to become infected 
after being bitten by PbMFR2 KO mosquitoes. PlasmoGEM found 
that PbMFR2 KO asexual blood stage parasites grew within the 
WT range. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0312500 MFR3 Major facilitator superfamily-
related transporter, putative

Novel Putative Transporter 
Family

12/11 Unknown No Unknown Although PbMFR3 KO parasites produced a low number of 
sporozoites, they were able to complete the life cycle. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016

Pf3D7_0914700 MFR4 Major facilitator superfamily-
related transporter, putative

Novel Putative Transporter 
Family

11 Unknown Yes Unknown

PbMFR4 KO parasites grew normally until no sporozoites were 
produced. PfMFR4 is a potential target of the antimalarial 
compound Torin 2 and a study found that PfMFR4 might 
contribute to haemoglobin catabolism and stated that it localises 
to the digestive vacuole and parasite plasma membrane 
(unpublished). 

R. E. Martin et al. 2005; Sun et 
al. 2014; Kenthirapalan et al. 
2016; Cobbold et al. 2016

Pf3D7_1129900 MFR5 Major facilitator superfamily-
related transporter, putative

Novel Putative Transporter 
Family

12 Unknown Yes Unknown PbMFR5 KO parasites had a severe growth defect at the blood 
stage and finally arrested in the mosquito stage. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016
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Pf3D7_0516500 MFS1
Major facilitator superfamily 
domain-containing protein, 
putative

Drug:H+ Antiporter-1 Family 
(Major Facilitator Superfamily) 10/11 Unknown Yes Unknown

PbMFS1 KO parasites grew within the WT range until a low 
number of sporozoites were produced that were unable to 
establish a blood stage infection. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016

Pf3D7_0916000 MFS2
Major facilitator superfamily 
domain-containing protein, 
putative

Sugar Porter Family (Major 
Facilitator Superfamily) 11/13 Unknown Yes Unknown

PbMFS2 KO parasites grew within the WT range before arresting 
at the mosquito stage. PlasmoGEM also found that PbMFS2 KO 
asexual blood stage parasites grew within the WT range. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_0919500 MFS3
Major facilitator superfamily 
domain-containing protein, 
putative

Sugar Porter Family (Major 
Facilitator Superfamily) 11/12 Unknown No Unknown

Although PbMFS3 KO parasites produced a low number of 
sporozoites, they were able to complete the life cycle. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016

Pf3D7_1203400 MFS4
Major facilitator superfamily 
domain-containing protein, 
putative

Major Facilitator Superfamily 12 Unknown No Unknown

PbMFS4 KO parasites could complete the life cycle and showed 
no phenotype outside of the WT range. PlasmoGEM also found 
that PbMFS4 was completely dispensable for asexual blood stage 
parasites. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1428200 MFS5
Major facilitator superfamily 
domain-containing protein, 
putative

Drug:H+ Antiporter-1 Family 
(Major Facilitator Superfamily) 12/11 Unknown No Unknown

PbMFS5 KO parasites could complete the life cycle and showed 
no phenotype outside of the WT range. PlasmoGEM also found 
that PbMFS5 was completely dispensable for asexual blood stage 
parasites. In addition, PfMFS5 was found to be involved in a 
response to chloroquine and quinine.

Mu et al. 2003; R. E. Martin et 
al. 2005; Kenthirapalan et al. 
2016; Bushell et al. 2017

Pf3D7_1440800 MFS6
Major facilitator superfamily 
domain-containing protein, 
putative

Drug:H+ Antiporter-1 Family 
(Major Facilitator Superfamily) 12 Unknown Yes Unknown

PbMFS6 KO parasites had a blood stage growth defect and 
severely reduced exflagellation rates whilst sporozoite production 
was normal. However, PbMFS6 KO sporozoites were unable to 
establish a blood stage infection and is therefore a candidate for a 
genetically arrested parasite vaccine. PlasmoGEM also found that 
PbMFS6 KO asexual parasites grew slowly at the blood stage.

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1120300 MIT1 CorA-like Mg2+ transporter 
protein, putative

CorA Metal Ion Transporter 
(MIT) family

2 Unknown No Unknown Although PbMIT1 KO parasites produced a low number of 
sporozoites, they were able to complete the life cycle. 

Kenthirapalan et al. 2016

Pf3D7_1304200 MIT2 CorA-like Mg2+ transporter 
protein, putative

CorA Metal Ion Transporter 
(MIT) family

2/3 Unknown Yes Unknown PbMIT2 KO parasites grew normally until arresting at the 
mosquito stage.

Kenthirapalan et al. 2016

Pf3D7_1427600 MIT3 CorA-like Mg2+ transporter 
protein, putative

CorA Metal Ion Transporter 
(MIT) family

2 Unknown No Unknown

PbMIT3 KO parasites could complete the life cycle and showed 
no phenotype outside of the WT range. PlasmoGEM also found 
that PbMIT3 was completely dispensable for asexual blood stage 
parasites. 

Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1107900 MSCS
Mechanosensitive ion channel 
protein, putative

Small Conductance 
Mechanosensitive Ion Channel 
(MscS) family

5/6 Unknown No Unknown
Although PbMSCS KO parasites produced a low number of 
sporozoites, they were able to complete the life cycle. Kenthirapalan et al. 2016

Pf3D7_0104800 NPT1 Novel putative transporter 1, 
putative

Novel Putative Transporter 
Family

12 Parasite plasma membrane Yes Cationic amino acids

PbNPT1 KO parasites produced a low number of gametocytes 
and were not infectious to mosquitos. PbNPT1 KO asexual 
parasites were no different than WT in the blood stage, also 
suggested by PlasmoGEM. PbNPT1 expressed in Xenopus 
oocytes transported arginine and lysine and their uptake in 
PbNPT1 KO parasites was significantly reduced. 

R. E. Martin et al. 2005; 
Boisson et al. 2011; 
Kenthirapalan et al. 2016; 
Rajendran et al. 2017; Bushell 
et al. 2017

Pf3D7_1347200 NT1 or 
ENT1

Nucleoside transporter 1 Equilibrative Nucleoside 
Transporter Family

9/10 Parasite plasma membrane
Yes and no 
(P. 
berghei)

Nucleosides and 
nucleobases

PfNT1 KO parasites were not viable at physiological 
concentrations of adenosine, inosine and hypoxanthine. PyNT1 
KO blood stage parasites were viable but displayed a severe 
growth defect and were unable to establish a mosquito infection. 
PbNT1 KO blood stage parasites were generated but displayed a 
growth defect.

Carter et al. 2000; Parker et al. 
2000; Rager et al. 2001; R. E. 
Martin et al. 2005; Bissati et al. 
2006; Bissati et al. 2008; Aly et 
al. 2010; Niikura et al. 2013

Pf3D7_0824400 NT2 or 
ENT2

Nucleoside transporter 2 Equilibrative Nucleoside 
Transporter Family

10/11 Endoplasmic reticulum No Unknown
PbNT2 was dispensable throughout the entire life cycle with KO 
parasites growing within the WT range. Although, PlasmoGEM 
found that PbNT2 KO parasites grew slowly at the blood stage. 

R. E. Martin et al. 2005; Downie 
et al. 2010; Kenthirapalan et al. 
2016; Bushell et al. 2017

PF3D7_1469400 NT3 or 
ENT3

Nucleoside transporter 3, 
putative

Equilibrative Nucleoside 
Transporter Family

11 Parasite plasma membrane Unknown Unknown N/A Kumari et al. 2015

Pf3D7_0103200
NT4 or 
ENT4 Nucleoside transporter 4

Equilibrative Nucleoside 
Transporter Family 11 Unknown Yes

Adenine, adenosine 
and 2'-deoxydenosine

Purines may not be the primary substrates of NT4, which may 
play a role in purine salvage. PbNT4 was deleted in blood stage 
parasites and found to be essential for sporozoite parasites. 
PbNT4 was also found to be completely dispensable in blood 
stage parasites by PlasmoGEM.

R. E. Martin et al. 2005; Frame 
et al. 2012; Kenthirapalan et al. 
2016; Bushell et al. 2017
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Pf3D7_0206200 PAT Pantothenate transporter
Drug:H+ Antiporter-1 Family 
(Major Facilitator Superfamily) 11

Parasite plasma membrane (P. 
falciparum blood stage 
parasites and P. berghei 
sporozoites), osmiophilic 
bodies (P. berghei gametocytes 
and ookinetes) or micronemes 
(P. berghei sporozoites)

Yes Pantothenate

Pantothenate has been shown to enter the parasite by a H+ 

symport process. PfPAT could not be disrupted in blood stage 
parasites whilst PyPAT was disrupted successfully and found to 
be essential for oocyst and sporozoite development. PbPAT was 
not essential at the blood stage but was found to be essential for 
mosquito stage parasites. PAT may also transport fenpropimorph 
and was shown to be involved in microneme secretion. 

Saliba & Kirk 2001; R. E. Martin 
et al. 2005; Augagneur et al. 
2013; Hart et al. 2014; 
Kenthirapalan et al. 2016; 
Kehrer et al. 2016

Pf3D7_1340900 PiT Sodium-dependent phosphate 
transporter

Inorganic Phosphate 
Transporter Family

10/11 Parasite plasma membrane Unknown Inorganic phosphate Heterologous expression transport assays indicate that PfPiT is a 
Na+-dependent transporter. 

R. E. Martin et al. 2005; Saliba 
et al. 2006

Pf3D7_0613300 ROP14 Rhoptry protein ROP14 Unknown 11/10 Rhoptry Unknown Unknown It is suggested that PfROP14 is secreted after merozoite invasion. R. E. Martin et al. 2005; 
Zuccala et al. 2012

Pf3D7_1471200 SulP Inorganic anion exchanger, 
inorganic anion antiporter

Sulphate Permease Family 11 Parasite plasma membrane Unknown Unknown PfSulP was found to be involved in a response to chloroquine and 
quinine.

Mu et al. 2003; R. E. Martin et 
al. 2005; Henry et al. 2007

Pf3D7_0530200 iTPT or 
PPT

Phosphoenolpyruvate/ 
phosphate translocator

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

7/8 or 
10*

Inner apicoplast membrane No/Yes
Triose phosphate and 
phosphoenolpyruvate 
(PEP)

Triose phosphate and PEP are exchanged for inorganic 
phosphate. Banerjee et al. (2012) found that PbiTPT was 
dispensable during the blood stage whilst PlasmoGEM found that 
PbiTPT is "likely essential" for asexual blood stage parasites. 
PbiTPT was found to be important in mosquito and liver stage 
parasite development.

R. E. Martin et al. 2005; Mullin 
et al. 2006; Lim et al. 2010; 
Banerjee et al. 2012; Bushell et 
al. 2017

Pf3D7_0508300
oTPT or 
TPT Triose phosphate transporter

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

9 or 
10* Outer apicoplast membrane Yes

Triose phosphate and 
phosphoenolpyruvate 
(PEP)

Triose phosphate and PEP are exchanged for inorganic 
phosphate. PboTPT was deemed essential during the blood stage 
as KO parasites could only survive a few cycles of growth.

R. E. Martin et al. 2005; Mullin 
et al. 2006; Lim et al. 2010; 
Banerjee et al. 2012

Pf3D7_1218400 TPT3
Triose or hexose 
phosphate/phosphate 
translocator, putative

Triose-Phosphate Transporter 
Family (Drug/Metabolite 
Transporter Superfamily)

10 Unknown No Unknown

PbTPT3 KO parasites could complete the life cycle and showed 
no phenotype outside of the WT range. PlasmoGEM also found 
that PbTPT3 was completely dispensable for asexual blood stage 
parasites. 

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1223700 VIT Vacuolar iron transporter Vacuolar Iron Transporter (VIT) 
Family

5 Endoplasmic reticulum No Fe2+

In contrast to published results finding that PbVIT KO asexual 
blood stage parasites were slow growing, PlasmoGEM report no 
blood stage growth defect in PbVIT KO asexual parasites. PbVIT 
KO parasites normally progressed through the mosquito stages 
before a liver stage defect was observed. It has been suggested 
that PbVIT is involved in cellular iron detoxification in blood and 
liver stage parasites. PfVIT was found to facilitate Fe2+/H+ 

exchange.

Slavic et al. 2016; Labarbuta et 
al. 2017; Bushell et al. 2017

Pf3D7_1456800 VP1 V-type H+-translocating 
pyrophosphatase, putative

H+-Translocating 
Pyrophosphatase Family

16/15 Parasite plasma membrane No Unknown
The digestive vacuole proteome identified PfVP1 suggesting that 
it is localised to the organelle. PlasmoGEM reported that PbVP1 
KO asexual parasites were slow growing in the blood stage. 

Luo et al. 1999; McIntosh et al. 
2001; R. E. Martin et al. 2005; 
Lamarque et al. 2008; Bushell 
et al. 2017

Pf3D7_1235200 VP2
V-type K+-independent H+-
translocating inorganic 
pyrophosphatase

H+-Translocating 
Pyrophosphatase Family

16 Parasite plasma membrane No Unknown
PlasmoGEM found that PbVP2 was dispensable to asexual blood 
stage parasites. There has been some evidence to indicate that 
PfVP2 is involved in chloroquine resistance. 

Luo et al. 1999; McIntosh et al. 
2001; R. E. Martin et al. 2005; 
Ganesan et al. 2011; Jovel et 
al. 2014; Bushell et al. 2017

Pf3D7_0609100 ZIP1 Zinc transporter ZIP1, putative Zinc (Zn2+)-Iron (Fe2+) 
Permease Family

8 Unknown Yes Unknown

PbZIP KO parasites had a growth defect during the blood stage 
and reduced gametocyte numbers that were skewed towards 
female production. Ultimately PbZIP KO parasites failed to form 
flagella resulting in no ookinetes. PlasmoGEM found that PbZIP1 
was dispensable in asexual blood stage parasites with KO 
parasites displaying slow growth.

R. E. Martin et al. 2005; 
Kenthirapalan et al. 2016; 
Bushell et al. 2017

Pf3D7_1022300 ZIPCO ZIP domain-containing protein, 
putative

Zinc (Zn2+)-Iron (Fe2+) 
Permease Family

7/8 Parasite plasma membrane No Zinc and iron, 
putative

Contrary to Sahu et al. (2014) reports that PbZIPCO KO parasites 
have similar replication rates to WT parasites, PlasmoGEM report 
that PbZIPCO KO asexual blood stage parasites are slow 
growing. PbZIPCO KO parasites progressed normally throughout 
the mosquito stages before a growth defect in the liver stage was 
observed. Both supplementation of ZnCl2 and ferric ammonium 
citrate increased the size of the abnormal PbZIPCO KO liver 
stage parasites. 

Sahu et al. 2014; Bushell et al. 
2017
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aNumber of transmembrane domains (TMDs) predicted by TMHMM and TMpred. If there was a discrepancy, the TMHMM and strongest 

TMpred results were given (TMHMM/TMpred). bGene is deemed essential if knockout (KO) asexual parasites could not be recovered in 

the blood stage or if KO parasites could not naturally complete the life cycle. Although some genes are not essential, KO parasites may 

have some growth defects so in this case, details are given in the additional information. cNatural substrate is only given if there is some 

experimental evidence. *Mullin et al. (2006) predicted 10 TMDs for PfoTPT and PfiTPT. PlasmoGEM phenotypic data 

(http://plasmogem.sanger.ac.uk/phenotypes) has recently been published by Bushell et al. (2017).  

 

 
 
 



52 
	

	

	
	
Figure 1.1. Summary of the Plasmodium apicoplast biochemical pathways and 

known membrane transporters. The isoprenoid precursor (IPP), fatty acid and iron-

sulfur cluster ([Fe-S]) biosynthesis pathways are localised to the apicoplast. iTPT 

contains a canonical bipartite leader that targets it to the inner apicoplast membrane 

while oTPT is leaderless and localises to the outer membrane. The TPTs import 

phosphoenolpyruvate (PEP) to fuel the IPP and fatty acid biosynthesis pathways (Lim et 

al. 2010). It is not known how the products of these pathways exit the apicoplast, or 

how the [Fe-S] biosynthesis precursors are imported.  
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Chapter 2 

 

A genetic screen for apicoplast membrane transporters in   

Plasmodium berghei 
 

2.1 Introduction 

 

The Plasmodium apicoplast has great drug target potential (Goodman & McFadden 

2012). Despite this, surprisingly little is known about apicoplast membrane transport 

processes that import molecules required to fuel apicoplast metabolism and export 

metabolites to the rest of the parasite. The outer apicoplast membrane is intermittently 

continuous with the host’s endomembrane and the second outermost ‘periplastid’ 

membrane is derived from the red algal plasma membrane (van Dooren & Striepen 

2013). The two innermost membranes of the apicoplast are homologous to the primary 

plastids of red algae, such as chloroplasts (van Dooren & Striepen 2013). To maintain 

apicoplast metabolism, and thus ensure parasite survival, one or more of the apicoplast 

membranes must act as a molecular selective barrier.  

 

Membrane transporters are involved in the trafficking of molecules across biological 

membranes (Saier 2000). In plants, a number of transport processes have been 

characterised in the chloroplast inner membrane (Fischer 2011), and it appears that 

selective channels also exist in the outer chloroplast membrane, suggesting that it is 

more than a passive diffusion barrier based on size alone (Bölter & Soll 2001; Fischer 

2011; Pick & Weber 2014). This argues for the inner apicoplast membrane containing a 

number of membrane transporters and the second membrane out containing a number of 

channels. It is possible that transporters that were originally located on the inner 

membranes have relocated to the third and fourth apicoplast membranes. Nevertheless, 

genetic and metabolic analysis argues for the presence of transporters embedded in one 

or more of the apicoplast membranes.  

 

In 2005, detailed sequence analysis identified over 100 membrane transporters in the P. 

falciparum genome (Martin et al. 2005). These findings were based on the observation 
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that most transporters contain multiple hydrophobic TMDs that are connected by 

hydrophilic loops (Martin et al. 2005), and that many membrane transporters have eight 

to 14 TMDs (Saier 2000). Although discovering more Plasmodium transporters than 

first thought (54 were initially identified in the genome annotation), the malaria parasite 

genome is still considered to be minimalistic in terms of transporter abundance (Martin 

et al. 2005). With just over 2 % of the genome encoding transporters (Martin et al. 

2005), it is reasonable to infer that there is a low level of gene redundancy amongst 

Plasmodium transporters relative to the transportomes of other organisms. Thus, many 

Plasmodium membrane transporters should be indispensable at some stage of the 

parasite life cycle. 

 

Membrane transporters are ideal drug targets as the parasite is heavily reliant on them to 

establish an infection within host cells, scavenge from the environment and shuffle 

resources within. Many membrane transporter inhibitors are used in the treatment of 

human disease as they are vulnerable to pharmacological agents (Kirk 2004). 

Furthermore, a number of Plasmodium transporters are beginning to emerge as 

attractive molecular targets for drug design (Chapter 1). Therefore, the Plasmodium 

transportome is a vital area of research that will aid our general understanding of 

malaria parasite biology, and ultimately offer novel drug targets in the fight against the 

disease.  

 

Mullin and colleagues (2006) characterised the first membrane transporters of the 

apicoplast, PfiTPT and PfoTPT. These two proteins are homologs of the plastidic 

phosphate translocators (pPTs) in plants (Weber & Linka 2011). A bipartite leader 

sequence was found to target PfiTPT to the innermost apicoplast membrane, whilst 

leaderless PfoTPT localised to the outermost apicoplast membrane (Mullin et al. 2006). 

The pPTs of Plasmodium were later found to fuel apicoplast metabolism by importing 

PEP, dihydroxyacetone (DHAP) and 3-phosphoglycerate (3PGA) from parasite 

glycolysis in the cytosol (Lim et al. 2010).  

 

Banerjee et al. (2012) reported that during the blood stage of infection of the rodent 

malaria parasite, P. berghei, PbiTPT is dispensable and PboTPT is essential. However, 
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before dying, PboTPT KO parasites did survive and grew slowly to reach 11 % 

parasitaemia (Banerjee et al. 2012). It is possible that cellular substrate stores allow 

oTPT-minus parasites to live for a short period of time before perishing. It was 

concluded that oTPT can also transport iTPT substrates, allowing iTPT to be deleted 

(Banerjee et al. 2012).  

 

Kenthirapalan et al. (2016) reported a genetic screen of 35 putative membrane 

transporters in P. berghei. During the disease causing blood stage of infection, 17.14 % 

of these putative membrane transporters were found to have essential functions, 11.43 

% were required for normal growth, and 71.43 % could be deleted with no growth 

defect or arrest across the life cycle (Kenthirapalan et al. 2016). However, of the genes 

that could be deleted in the blood stage, 45 % were found essential for completion of the 

life cycle, 31 % were later required for normal growth and only 24 % were not needed 

for normal growth throughout the entire life cycle (Kenthirapalan et al. 2016).	This was 

our first major insight into the phenotypes of membrane transporters in Plasmodium. 

More recently, Bushell et al. (2017) found that of the 79 transporters targeted for 

genetic deletion in blood stage P. berghei parasites, 33 % were essential, 24 % were 

necessary for normal growth and 43 % were dispensable. This may indicate that many 

membrane transporters have vital roles outside of the blood stage. 

 

As discussed in Chapter 1, large scale genetic studies in Plasmodium have typically 

been constrained by difficulty in manipulating the AT-rich genome (Gardner et al. 

2002) and by low homologous recombination rates (Pfander et al. 2011). A 

development by the Wellcome Trust Sanger Institute changed the way we think about 

the genetic manipulation of P. berghei when a pipeline for generating P. berghei genetic 

modification vectors, known as PlasmoGEM, was established to expedite malaria 

molecular genetics in the tractable mouse malaria model (Gomes et al. 2015; Schwach 

et al. 2015; Pfander et al. 2012; Pfander et al. 2011). By distributing tools for the 

genetic manipulation of malaria parasites, PlasmoGEM supports the analysis of gene 

function by targeted gene deletion and tagging. This development provided an essential 

tool necessary in characterising the apicoplast transportome, one of the aims of this 

thesis.  
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A list of candidate membrane transporters was compiled to identify novel apicoplast 

membrane transporters that could then be investigated using the PlasmoGEM vectors. 

In assembling the candidate gene list, a number of protein features were considered, 

including the number of TMDs, an important characteristic of membrane transporters. 

Once a candidate membrane transporter is identified, the key steps in characterisation 

are confirming the localisation and determining if, and when, it is essential to parasite 

survival. In this Chapter, a medium throughput genetic screen for apicoplast membrane 

transporters in P. berghei is described. Blood stage essentiality and subcellular 

localisation are discussed for a number of candidate membrane transporters. This screen 

has identified seven novel apicoplast putative membrane proteins, five of which are 

putative transporters, and produced biological data in agreement with the results 

reported by Kenthirapalan et al. (2016), indicating that a number of Plasmodium 

membrane transporters can be deleted at the blood stage.  

 

2.2 Methods 

 

2.2.1 Candidate gene selection 

 

A candidate apicoplast membrane transporter gene list was created from two sources: a 

list of 80 predicted P. falciparum putative transporters by Martin and colleagues (2005) 

and an unpublished list by Stuart Ralph comprising of 392 predicted P. falciparum 

apicoplast proteins that contain multiple TMDs. To choose candidate apicoplast 

membrane transporters, the two lists were screened using PlasmoDB (Aurrecoechea et 

al. 2009). Many P. falciparum membrane transporters have seven or more TMDs, 

whilst some have six or fewer (Martin et al., 2005). Without biological data to confirm 

membrane transport activity and due to the difficulty in definitively predicting 

membrane protein structure from protein sequence, I selected candidate proteins 

predicted to have at least six TMDs.  

 

PlasmoDB gene annotations were recorded and protein sequences were collected for 

TMHMM version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) and TMpred 
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(http://www.ch.embnet.org/software/TMPRED_form.html) TMD prediction analyses. 

Protein localisation predictions were performed using the bioinformatic tools, 

PlasmoAP (Foth et al. 2003) and PATS (Zuegge et al. 2001). P. berghei blood stage 

expression data was obtained for all candidates (Otto et al. 2014) and binned with 

thresholds on sample percentiles. Candidate orthologues were identified using 

OrthoMCL (Li et al. 2003). Additionally, genes were deprioritised if they were found in 

Cryptosporidium, an apicomplexan that no longer has an apicoplast (Zhu et al. 2000).  

 

2.2.2 Blood stage parasite growth, monitoring and processing 

 

P. berghei ANKA (PbANKA) blood stage parasites were grown in four to six week old 

Swiss Webster mice that were sourced from the Monash Animal Research Platform. All 

animal procedures and experiments were performed in agreement with the local 

Prevention of Cruelty to Animals legislation and the University of Melbourne Animal 

Ethics Committee guidelines under ethics permits 1112043, 1212488 and 1413078.  

 

To monitor blood parasitaemia levels, mice were tail pricked and a small drop of blood 

was obtained for a thin blood smear that was fixed in methanol, stained with Giemsa 

(Merck Millipore) and analysed by light microscopy. Most experiments required 

approximately 5 % parasitaemia, at which point mice were euthanised with CO2 (20 % 

slow fill method). Blood was then immediately collected by cardiac puncture using a 22 

G needle and a heparin (Hospira)-coated 1 mL syringe. 300 to 400 µL stocks were made 

for liquid nitrogen storage by adding equal volumes of infected mouse blood to 30 % 

glycerol. Remaining blood was then processed for downstream analyses. 

 

For parasite genomic DNA (gDNA), protein and RNA extraction, a filtration method 

was employed to remove leukocytes from infected blood. Approximately 1 cm2 of 

cheesecloth was placed at the tip of a 10 mL syringe before CF11 cellulose powder 

(Whatman) was compressed to the 3 mL mark. The CF11 column was vertically loaded 

onto a retort stand and at least 200 µL of blood was added before washing with 1X 

DPBS (Dulbecco’s Phosphate Buffered Saline; Thermo Fisher Scientific). The sample 



58 
	

was centrifuged at 2500 rpm for 10 minutes and the supernatant was discarded. The 

filtered blood was stored at -20 °C.  

 

2.2.3 PlasmoGEM transfection vectors 

 

For the 28 candidate apicoplast membrane transporter genes, 23 KO and 17 HA-tag 

(TAG) transfection vectors were available from the PlasmoGEM resource and obtained 

in bacterial agar stabs. All PlasmoGEM vector identification numbers are in 

Supplementary table 2.1. To isolate plasmid DNA for transfection experiments, the agar 

stabs were inoculated into 250 mL of Luria-Bertani (LB) medium (Appendix II) with 30 

µg/mL kanamycin (Sigma-Aldrich) and grown for 16 to 21 hours at 37 °C with shaking. 

The manufacturer’s protocol of a PureYield Plasmid Maxiprep kit (Promega) was then 

followed and plasmid DNA quality and quantity was measured with a DS-11+ 

Spectrophotometer (DeNovix).  

 

2.2.4 KO construct cloning  

 

Three candidate genes were predicted to be apicoplast-localised and did not have 

PlasmoGEM KO transfection vectors available. Double crossover homologous 

recombination KO constructs were therefore made for PbANKA_0942100, 

PbANKA_0401200 and PbANKA_0505500. Template WT PbANKA gDNA was 

isolated from approximately 20 µL of infected mouse blood with an ISOLATE II 

Genomic DNA Kit (Bioline). Homologous 5’ and 3’ gene specific flanks were then 

amplified from the WT gDNA by polymerase chain reaction (PCR) using a Thermal 

Cycler (Bio-Rad). Flanks were generally amplified with Taq DNA polymerase (Thermo 

Fisher Scientific) or a proofreading enzyme such as Phusion High-Fidelity DNA 

polymerase (Thermo Fisher Scientific). Primer sequences used to generate each gene 

specific flank are found in Table 2.1 and typical PCR cycling conditions are outlined 

below: 

 

Initial denaturation:  94 °C  30 seconds   

35 cycles:   94 °C  15 seconds 
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58 °C  30 seconds 

65 °C  1 minute/kb 

Final extension:  68 °C  5 minutes 

Hold:    12 °C 

 

With Taq DNA polymerase, a polyA tail was added to PCR products generated with a 

proofreading enzyme, allowing the two flanks to be ligated into the intermediate 

pGEM-T Easy Vector (Promega). Ligations were transformed into ElectroMAX DH5α-

E Competent Cells (Thermo Fisher Scientific) in a 0.2 cm cuvette using a MicroPulser 

Electroporator (Bio-Rad). Cells were recovered in S.O.C. medium (Thermo Fisher 

Scientific) for up to 45 minutes before being plated out on LB agar (Appendix II) with 

100 µg/mL ampicillin (Thermo Fisher Scientific), coated with 20 µL of 20 mg/mL X-

Gal (Thermo Fisher Scientific) and 20 µL of 100 mM IPTG (Sigma-Aldrich) for blue-

white screening of colonies. Agar plates were incubated overnight at 37 °C.  

 

White colonies containing plasmids with the integrated flank were selected and 

inoculated into LB medium with 100 µg/mL ampicillin and incubated at 37 °C for 12 to 

16 hours with shaking. Plasmid DNA was extracted with an ISOLATE II Plasmid Mini 

Kit (Bioline) and analysed by EcoRI (all enzymes used were from New England 

BioLabs) digestion. 600 to 1500 ng of purified double-stranded plasmid DNA with the 

correct insert size was sequenced by the Australian Genome Research Facility (AGRF) 

with 9.6 pmol of the SP6 and T7 primers (Appendix III). Sequences were subsequently 

analysed with Sequencher 5.0.1.  

 

Restriction enzymes were used to cut the correct flanks out of the pGEM-T Easy Vector 

that were then ligated on either side of the pLDC (fusion of mCherry to the DHFR in 

the pL0006 vector (Malaria Research and Reference Reagent Resource Center)) 

selectable marker, DHFR, with corresponding restriction enzyme sites. Ligations were 

transformed as above and the final clones were inoculated into 250 mL of LB medium 

with ampicillin and grown for 16 to 21 hours at 37 °C with shaking. Plasmid DNA was 

then isolated and assessed as described in 2.2.3. 
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2.2.5 DNA preparation for transfection  

 

Before parasite transfection, approximately 10 µg of insert DNA, containing the 5’ and 

3’ homologous flanks and DHFR selectable marker, was released from the pJAZZ 

(PlasmoGEM vector) (Godiska et al. 2010) and pLDC vector backbones by NotI and 

EcoRI/HindIII digestions, respectively. No purification of the insert DNA was required 

for PlasmoGEM constructs while digested pLDC insert DNA fragments were separated 

by gel electrophoresis. The insert was then extracted from the gel and purified with an 

ISOLATE II PCR and Gel Kit (Bioline).  

 

To precipitate DNA for transfection, 1/10X volumes of 3 M sodium acetate pH 5.2 and 

2.5X volumes of 100 % ethanol were added to the DNA sample before gently inverting 

to mix and incubating at -20 °C for at least 1 hour. Centrifugation at 13,000 rpm for 20 

minutes at 4 °C was used to pellet the DNA. The supernatant was removed and the 

pellet was washed with 70 % ethanol before being centrifuged again at room 

temperature for 10 minutes. The supernatant was discarded and the pellet was dried. 

The DNA was resuspended in 10 µL of 1X TE buffer once all ethanol had evaporated, 

and stored at 4 °C in preparation for the transfection experiment. 

 

2.2.6 Parasite transfection 

 

To generate parasites for transfection, a donor mouse was infected by intraperitoneal 

injection (IP) with fresh blood or a frozen blood stock containing WT PbANKA 

parasites. Infected blood was subsequently collected from the donor as described in 

2.2.2. Up to 200 µL of the fresh blood was immediately added to 10 mL of medium 

containing 70 % RPMI Medium 1640 + GlutaMAX-I (Thermo Fisher Scientific), 30% 

heat-inactivated fetal bovine serum (HI FBS; Australian origin, Thermo Fisher 

Scientific) and 0.4 % gentamicin (10 mg/mL; Thermo Fisher Scientific). The culture 

was incubated in 5 % CO2, 5 % O2 and 90 % N2 at 37 °C for approximately 20 hours to 

allow the parasites to mature. To purify the schizont parasites, the culture was slowly 

passed through a CS column (Miltenyi Biotec) on a VarioMACS magnetic separator 
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(Miltenyi Biotec). The column was then washed with wash buffer (Appendix II) before 

it was removed from the magnet. The schizonts were then eluted in wash buffer.  

 

Schizont parasites were pelleted by centrifugation and resuspended in the prepared 

DNA (2.2.5), 81.9 µL of Basic Parasite Nucleofector Solution 2 (Lonza) and 18.2 µL of 

Supplement 3 (Lonza). This mixture was transferred to an electroporation cuvette 

(Lonza) and electroporated using the ‘U33’ program on an Amaxa Nucleofector Device 

(Lonza). Complete medium saved from the schizont culture supernatant was 

immediately added to the electroporated mixture that was then injected into the tail vein 

of a naïve mouse. The following day, 7 mg/mL pyrimethamine (TCI) was introduced 

into the mouse drinking water to a final concentration of 70 µg/mL, to select for 

pyrimethamine-resistant parasites. Mice were typically monitored for parasites (2.2.2) 

from day seven until day 14 post infection. Candidate genes were considered to be 

essential at the blood stage if mice injected with KO construct transfected parasites 

remained uninfected after 14 days. At least three biological replicates were performed in 

this case to confirm the negative result.  

 

2.2.7 PCR genotyping 

 

To screen pyrimethamine-resistant parasite populations, PCR primers were designed to 

detect the WT locus, successful integration and presence of the transfection vector 

(Figure 2.1) in isolated parasite gDNA (2.2.4). A simple positive/negative approach was 

adopted to determine whether candidate genes were likely essential at the blood stage. 

A candidate was listed as probably essential when there was an absence of a successful 

integration PCR band after at least three biological replicates. PCR was typically 

performed with Taq DNA polymerase as described in 2.2.4. Primer pairs for each 

candidate gene are given in Table 2.2 and Table 2.3.  

 

2.2.8 Sub-cloning of transfected parasites 

 

In most cases, clonal parasites were not required for general screening, so mixed 

parasite populations were analysed in downstream experiments. However, for Southern 
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blot and reverse-transcriptase (RT)-PCR analysis of PbANKA_0401200 KO parasites, 

parasite sub-cloning was required to achieve a clonal population of KO parasites. 200 

µL of a PbANKA_0401200 KO frozen blood stock was used to infect a donor mouse 

by IP. Once the donor mouse was between 0.3 and 1 % parasitaemia, 5 µL of tail blood 

was mixed with 1 mL of RPMI Medium 1640 + GlutaMAX-I with 10 % HI FBS. This 

was diluted approximately 1 in 20 and loaded onto a haemocytometer to count the 

number of red blood cells per µL. From this, the number of parasites per µL was 

determined. The solution was diluted so one parasite in 200 µL could be intravenously 

injected into each of the 10 sub-cloning mice. Sub-cloning was successful when two to 

five mice became infected. Clonal PbANKA_0401200 KO parasites were ultimately 

genotyped by PCR (2.2.7).  

 

2.2.9 Southern blot analysis 

 

2.2.9.1 gDNA extraction 

 

For Southern blot analysis, 200 µL of leukocyte-free infected blood was diluted in 800 

µL of 1X DPBS before 250 µL aliquots were made. 40 µL of 10 % w/v SDS, 40 µL of 

50 mM EDTA pH 8.0 and 4 µL of Proteinase K were added to each aliquot. Samples 

were vortexed and incubated at 55 °C for at least 1 hour. An additional 300 µL of 1X 

DPBS was added to each tube. Equal volumes of phenol-chloroform-isoamyl alcohol 

mixture (Sigma-Aldrich) were introduced before vortexing for at least 1 minute. 

Centrifugation at 13,000 rpm for 10 minutes separated two phases with phenol in the 

bottom phase and the soluble DNA in the upper aqueous phase. The interface 

containing cell debris and protein was avoided. The top phase was carefully transferred 

to a fresh tube and the phenol-chloroform-isoamyl alcohol mixture extraction was 

repeated. The new aqueous phase was transferred to a fresh tube and an equal volume of 

chloroform was added. Each sample was vortexed for at least 1 minute and centrifuged 

at 13,000 rpm for 5 minutes. Finally, the upper phase containing the DNA was 

transferred to a fresh tube and DNA was precipitated as described in 2.2.5.  
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2.2.9.2 Digoxigenin-labelled probe synthesis 

 

1 ng of template DNA (KO plasmid Maxiprep) was used with the PCR Digoxigenin 

(DIG) Probe Synthesis Kit (Roche) to generate a DIG-labeled probe using a ratio of 1:9 

(DIG-dUTP:dTTP) in a 20 µL reaction. To generate gene specific probes, 

PbANKA_0942100 and PbANKA_0401200 used 5’ flank cloning primers (Table 2.1) 

and PbANKA_0614600 used 5’ flank primers (Appendix III). A standard DHFR probe 

was also used (Appendix III).  

 

2.2.9.3 Gel electrophoresis and membrane transfer  

 

Approximately 2.5 µg of gDNA was digested with the appropriate restriction enzymes 

overnight. The cut gDNA was then precipitated as in 2.2.5 and the pellet was 

resuspended in 20 µL of 1X TE buffer. 1X Gel Loading Dye (New England BioLabs) 

was added to the gDNA, which was loaded into a gel containing 0.8 % w/v agarose 

(Bioline) with 0.05 % ethidium bromide in 1X TAE (5Prime). The gel was run at 120 V 

for approximately 3 hours or until the Gel Loading Dye front reached the appropriate 

distance, depending on the size of the DNA fragments. Using an orbital shaker, the 

DNA was depurinated with 0.125 M HCl for 15 minutes. After rinsing the gel with 

distilled water, the DNA was hydrolysed with 0.5 M NaOH, 1.5 M NaCl for 30 

minutes. The gel was rinsed again before neutralising with 0.5 M TrisHCl pH 7.5, 1.5 

M NaCl for 30 minutes. Finally, after rinsing, the gel was equilibrated in 2X SSC 

(Appendix II). For three nights, the DNA was transferred from the gel to an Amersham 

Hybond-N+ nylon membrane (GE Healthcare) with 20X SSC, using Whatman 3MM 

Chr Chromatography Paper (Thermo Fisher Scientific) as a wick. After transfer, the 

DNA was fixed to the membrane by a UVC 500 Ultraviolet Crosslinker (Amersham 

Biosciences) with 70,000 µJ/cm2. The membrane was then rinsed with 2X SSC before 

hybridisation.  
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2.2.9.4 Probe hybridisation 

 

In a hybaid oven (Integrated Sciences), 20 mL of Denharts hybridisation solution 

(Appendix II) was used to pre-hybridise the membrane at 62 °C for 1 hour. 10 mL of 

Denharts hybridisation solution with 2 µL of the denatured DIG-labeled probe reaction 

hybridised overnight at 62 °C. The membrane was washed twice with 2X SSC before 

being equilibrated in 20 mL of 1X Washing Buffer (DIG Wash and Block Buffer Set, 

Roche). Blocking was performed for 30 minutes in 40 mL of Blocking Solution 

(Appendix II). The membrane was then incubated in the anti-DIG-AP, Fab fragments 

antibody (1:10,000 dilution in 10 mL of Blocking Solution; DIG Luminescent Detection 

Kit, Roche) for 15 minutes. Washing was performed twice with 40 mL of Washing 

Buffer for 15 minutes. Equilibration of the membrane was done in 18 mL of 1X 

Detection Buffer (DIG Wash and Block Buffer Set, Roche) for 3 minutes. For 

chemiluminescent detection, 2 mL of 1X Detection Buffer containing 20 µL of CSPD 

(DIG Luminescent Detection Kit, Roche) was added to the DNA side of the membrane 

and incubated for 5 minutes before incubating at 37 °C for 10 minutes. Imaging was 

performed with a ChemiDoc (Bio-Rad). To strip the probe, the membrane was rinsed in 

distilled water before washing twice with 0.2 M NaOH, 0.1 % SDS for 15 minutes at 37 

°C. The membrane was rinsed in 2X SSC for 5 minutes and stored at 4 °C. When re-

probing, used hybridisation buffer was heated to 2 °C above the hybridisation 

temperature for 15 minutes.  

 

2.2.10 RT-PCR 

 

WT PbANKA and clonal PbANKA_0401200 KO intraerythrocytic parasites were 

isolated with 10X volumes of 0.15 % w/v saponin (Sigma-Aldrich) in 1X DPBS. After 

incubating on ice for 10 minutes, parasites were pelleted by centrifuging at maximum 

speed for 5 minutes at 4 °C and then washed with cold 1X DPBS. Parasites were again 

pelleted before storing at -20 °C. RNA was extracted from the isolated parasites 

according to the manufacturer’s protocol of an ISOLATE II RNA Mini Kit (Bioline). 

Immediately following extraction, 1 µg of each RNA sample was synthesised into 

complementary DNA (cDNA) with SuperScript III Reverse Transcriptase (Invitrogen), 
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according to the manufacturer’s procedure. No RT reactions were used as negative 

controls. The resulting cDNA was then used as templates for amplification in PCR with 

Taq DNA polymerase. Primers were designed (Table 2.4) within the 

PbANKA_0401200 coding sequence to determine whether the gene is being expressed 

in KO parasites.  

 

2.2.11 Mosquito infection 

 

Mosquitoes were infected with TAG parasite lines to assess protein expression in the 

pre-erythrocytic parasite stages. Approximately 200 µL of a frozen blood stock was 

used to infect a donor mouse by IP. Once the donor was at approximately 5 % 

parasitaemia, the mouse was anaesthetised by IP of 10 µL/g Rodent Cocktail (10 

mg/mL ketamine, 1.6 mg/mL xylazine). The anaesthetised mouse was placed on a cage 

containing 100 naïve female Anopheles stephensi mosquitoes (strain MR4). The 

mosquitoes were allowed to feed for 30 minutes in a 20 °C incubator before the mouse 

was euthanised (described in 2.2.2). Mosquito midgut oocysts were typically harvested 

from day 9 post infection and salivary gland sporozoites from day 20 post infection.  

 

2.2.12 Liver infection 

 

To investigate protein expression in liver cell stage parasites, human hepatoma HepG2 

cells (ATCC) were grown at 37 °C with 5 % CO2 in Advanced MEM medium (Thermo 

Fisher Scientific) containing 10 % HI FBS, 2 mM GlutaMAX (100X; Thermo Fisher 

Scientific), 1 % penicillin-streptomycin (GE Healthcare) and 0.1 % amphotericin B (GE 

Healthcare) (Hollingdale et al. 1983). Cells were seeded onto coverslips in 24-well 

plates (Greiner) and grown overnight before P. berghei sporozoite infection. After 

dissecting infected mosquito salivary glands, at least 20,000 TAG sporozoites (2.2.11) 

were added to each HepG2 cell well. The media was changed two hours after infection 

and then twice a day to reduce fungal contamination.  
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2.2.13 Western blot analysis 

 

Intraerythrocytic parasites were saponin-isolated as described in 2.2.10, but before 

storing at -20 °C, parasites were resuspended in 1X protease inhibitor (Roche) and 

drawn through a 29 G needle 15 times and 1X reducing buffer (Appendix II) was added. 

Samples were heated to 70 °C before analysis. For sporozoite protein, approximately 

100,000 sporozoites were released from dissected mosquito salivary glands in 1X 

DPBS. The sample was centrifuged at 8000 rpm for 10 minutes before the supernatant 

was discarded, leaving approximately 50 µL, to which reducing buffer was added to a 

concentration of 1X. The sporozoite sample was frozen before being boiled prior to gel 

loading.   

 

In an XCell SureLock Mini-Cell (Thermo Fisher Scientific), protein sample 

supernatants were loaded onto a NuPAGE Bis-Tris gel (Thermo Fisher Scientific) and 

run with 1X NuPAGE MES SDS Running Buffer (Thermo Fisher Scientific) at 150 V 

until enough separation was achieved. At 30 V for 90 minutes, proteins were transferred 

from the gel to a 0.22 µm UltraCruz Nitrocellulose Pure Transfer Membrane (Santa 

Cruz Biotechnology) or a methanol soaked 0.45 µm polyvinyl difluoride (PVDF) 

membrane (Thermo Fisher Scientific) in 1X transfer buffer (Appendix II) with 10 % 

methanol (20 % if transferring two gels), in an XCell II Blot Module (Thermo Fisher 

Scientific). 

 

Membrane protein transfer was assessed with Ponceau S (Sigma-Aldrich). After 

washing with distilled water, the membrane was blocked for at least 1 hour in 5 % skim 

milk in TTBS (Appendix II). To visualise HA or GFP-containing fragments, the 

membrane was incubated for 1 hour with a monoclonal rat anti-HA antibody (Roche), 

diluted 1:250, or a mouse anti-GFP antibody (Roche), diluted 1:100, in 5 % skim milk 

in TTBS. The membrane was then washed in TTBS before incubating for 1 hour in goat 

anti-rat horseradish peroxidase (HRP)-conjugated antibody or goat anti-mouse HRP-

conjugated antibody (Thermo Fisher Scientific), diluted 1:1000, in 5 % skim milk in 

TTBS. After washing again with TTBS, protein bands were detected on a ChemiDoc 
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using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific).  

 

2.2.14 Immunofluorescence assays 

  

2.2.14.1 Intraerythrocytic parasites 

 

Hydrophobic rings were drawn on 1.5 coverslips (Leica Biosystems) with a Super Pap 

Pen (Daido Sangyo) within which 0.5 mg/mL concanavalin A (conA, Type V, Sigma-

Aldrich) was added. Infected blood was washed with wash buffer before being diluted 

to 1 % in wash buffer. Coverslips were washed with 1X DPBS and the diluted blood 

was applied and incubated at 37 °C for 15 minutes. After washing off unbound cells 

with wash buffer, cells were fixed for 20 minutes with 4 % paraformaldehyde, 0.005 to 

0.0075 % glutaraldehyde (Electron Microscopy Sciences) in 1X DPBS. The fixative 

was washed off with 1X DPBS before cells were permeabilised with 0.1 % Triton X-

100 (Fisher Scientific) in 1X DPBS for 10 minutes. After washing, non-specific 

labeling caused by glutaraldehyde was reduced by incubating cells in 0.1 mg/mL 

NaBH4 (BDH Chemicals) in 1X DPBS for 5 to 10 minutes. Cells were washed before 

being blocked for 30 minutes in 3 % bovine serum albumin (BSA; Sigma-Aldrich) in 

1X DPBS.  

 

Primary antibodies, monoclonal rat anti-HA (1:250; Roche) and the apicoplast marker 

acyl carrier protein (ACP) anti-serum (1:250), were diluted in 3 % BSA and added to 

the cells for a 1 hour incubation before being washed with 1X DPBS. Secondary 

antibodies, goat anti-rat Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 546 (1:5000; 

Thermo Fisher Scientific), were diluted in 3 % BSA and added to the cells for a 1 hour 

incubation. Cells were washed again with 1X DPBS and Hoechst 33342 (1:10,000; 

Thermo Fisher Scientific) was included in the first few washes, incubating for 5 minutes 

each. Anti-fade mounting media, 0.01 % DABCO (Sigma-Aldrich) in 50 % glycerol 

and 1X DPBS, was added to the cells on the coverslips before being inverted onto a 

clean glass slide and sealed with VALAP (vaseline:lanolin:paraffin; 1:1:1). Control 

cells were incubated with secondary antibodies only.  
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2.2.14.2 Midgut oocysts 

 

In 24-well plates, infected midguts (2.2.11) were fixed in 4 % paraformaldehyde in 1X 

DPBS for 1 hour. Blocking and permeabilisation were performed at 4 °C overnight in 

0.25 % Triton X-100, 5 % BSA. Midguts were then incubated with primary antibodies 

(2.2.14.1) for at least 4 hours on an orbital shaker, at approximately 70 rpm, before 

washing three times with 1X DPBS on the orbital shaker. Samples were then incubated 

in secondary antibodies (1:2000; 2.2.14.1) for 2 hours on the orbital shaker and then left 

stationary at 4 °C overnight. Midgut samples were washed three times with the second 

wash containing Hoechst (2.2.14.1). Midguts, within a hydrophobic ring on a coverslip, 

were finally mounted on clean glass slides in DAKO (Agilent).  

 

2.2.14.3 Salivary gland sporozoites 

 

Coverslips were prepared with hydrophobic rings and pre-coated with 3 % BSA in 1X 

DPBS for at least 20 minutes at 37 °C in a humid chamber. The BSA solution was 

removed before the sporozoites (2.2.11) were added to the coverslips that were then 

incubated at 37 °C for up to 15 minutes. Sporozoites were fixed with 4 % 

paraformaldehyde in 1X DPBS for 10 minutes. Permeabilisation was subsequently 

performed by adding 0.2 % Triton X-100 in 1X DPBS for 20 minutes. Samples were 

incubated with primary antibodies (2.2.14.1) diluted in 3 % BSA, 1X DPBS for at least 

1 hour. The antibody solution was discarded and samples were washed three times with 

1X DPBS before incubating in secondary antibodies (2.2.14.1) for at least 1 hour. The 

antibody solution was again washed away with one wash containing Hoechst (2.2.14.1). 

Lastly, coverslips were mounted on glass slides with DAKO.  

 

2.2.14.4 Liver cell parasites 

 

Infected liver cells (2.2.12) were fixed on coverslips with 4 % paraformaldehyde for 20 

minutes at 24, 48 and 63 hours post infection. Samples were then washed with 1X 

DPBS before ice-cold methanol was added for storage at -20 °C. The methanol was 

discarded and wells were washed twice with 1X DPBS before 0.1 % Triton X-100 in 
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1X DPBS was added for 20 minutes to permeabilise cells. After washing twice, 3 % 

BSA in 1X DPBS was added for 30 minutes before the liver cell coated coverslips were 

placed on the diluted primary antibodies (2.2.14.1) on Parafilm M (Bemis) for 1 hour. 

Coverslips were then transferred back to their wells containing 1X DPBS. The wash 

was repeated twice. As before, the coverslips were placed on diluted secondary 

antibodies (2.2.14.1) containing Hoechst (2.2.14.1) for 1 hour. The coverslips were 

again washed twice with 1X DPBS. Coverslips were washed in distilled water before 

being mounted onto clean glass slides with DAKO.  

 

2.2.14.5 Confocal microscopy 

 

Immunofluorescence assays (IFAs) were imaged on an inverted Leica SP2 confocal 

microscope with a 63X oil immersion objective. Image brightness, contrast and noise 

were adjusted in Fiji (Schindelin et al. 2012) when appropriate, and images were 

merged.  

 

2.3 Results 

 

2.3.1 Candidate gene list 

 

A list of 28 candidate apicoplast membrane transporters was compiled, 21 of which are 

putative membrane transporters and 7 of which are putative integral membrane proteins 

(Table 2.5). All candidate genes have P. berghei and P. falciparum orthologues with 

mostly putative or unknown functions. Nine candidates have Toxoplasma gondii 

orthologues, nine have orthologues in Theileria, six in Babesia and 10 in 

Cryptosporidium. Candidate transporters have six to 17 TMDs. Although multiple 

TMDs is a minimum requirement of most membrane transporters, some of these 

proteins may be integral membrane proteins with other functions, in which case further 

investigation is required. The first 11 candidates listed in Table 2.5 are predicted to have 

apicoplast targeting signals or bipartite leaders, and are thus expected to be apicoplast-

localised. The remaining 17 candidate genes are not predicted to contain bipartite 

leaders and, by our current apicoplast localisation prediction tools, are not expected to 
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target to the apicoplast organelle but were included in the hope of extending the list of 

non-canonically targeted apicoplast membrane transporters. Finally, we considered the 

blood stage expression levels of each candidate, which ranged from very low to very 

high.  

 

2.3.2 Gene essentiality  

 

The initial experiments performed in this genetic screen aimed to determine whether 

candidate genes were likely to be essential (can not be deleted) or non-essential (can be 

deleted) during the blood stage of infection, to ultimately shortlist genes essential to 

parasite survival. This was achieved by individually deleting each candidate gene in P. 

berghei. Deletion of PbANKA_0505500 was attempted three times with no experiment 

yielding any parasites. PbANKA_0505500 was therefore deemed probably essential for 

the blood stage (Table 2.5). Parasites were obtained for 25 additional gene KO 

experiments and PCR screening was subsequently performed on the mixed parasite 

lines generated (Figure 2.2) to determine whether parasites lack the gene of interest or 

have WT loci. All experiments have positive controls with WT locus PCR product 

bands from control WT gDNA, and negative controls with no integrant or KO vector 

PCR product bands from control WT gDNA.  

 

Nineteen candidates had positive bands for both integrant and KO vector primers in 

mixed parasite populations: PbANKA_0809500, PbANKA_0401200, 

PbANKA_1008700, PbANKA_0417100, PbANKA_1103600, PbANKA_1364800, 

PbANKA_0208300, PbANKA_1446100, PbANKA_0602400, PbANKA_0817000, 

PbANKA_0410500, PbANKA_1231300, PbANKA_1115100, PbANKA_0112500, 

PbANKA_1304700, PbANKA_0916000, PbANKA_1016400, PbANKA_1422100 and 

PbANKA_0606900, indicating that the genes of interest had been deleted. These genes 

were therefore considered to probably be non-essential to parasite survival at the blood 

stage. Six candidates were considered likely essential to parasite survival at the blood 

stage as they lacked PCR product bands for integrant primers in mixed parasite 

populations: PbANKA_1429300, PbANKA_0107700, PbANKA_0942100, 

PbANKA_0614600, PbANKA_0211900 and PbANKA_0311600. Instead, these 
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parasite lines had PCR product bands for WT locus or KO vector primers, indicating 

that random integration had occurred and that the gene could not be deleted in the 

surviving parasites.  

 

For additional confirmation, further genotyping was conducted on three parasite lines. 

Southern blot analysis was performed on clonal PbANKA_0401200 KO parasites that 

were deemed to be integrated KO parasites (Supplementary figure 2.1 and Figure 2.3). 

The HpaI digestion suggested that KO parasites were present, producing the predicted 

band of 4.8 kb in size (Figure 2.3 B). The PacI digestion results were less clear, 

producing a band much larger than predicted for WT and KO loci at 9.0 kb (Figure 2.3 

B). RT-PCR was performed to investigate the irregularity in PbANKA_0401200 KO 

Southern blot results (Figure 2.4). Three primer pairs within the PbANKA_0401200 

coding sequence amplified the expected WT product sizes from clonal KO parasite 

cDNA (Figure 2.4). This suggests that unusual integration has occurred in 

PbANKA_0401200 KO parasites, whereby the gene locus has been modified but is still 

being expressed. Although this could reflect a lack of true clonality, PbANKA_0401200 

is, contrary to first thought, probably essential at the blood stage.  

 

Southern blot analysis was also performed on the three replicate PbANKA_0942100 

KO mixed parasite lines generated (KO 1, KO 2 and KO 3) to confirm that no KO 

parasites were generated (Supplementary figure 2.2). The EcoRI/SpeI digested gDNA 

hybridised to the 5’ flank probe produced bands of the expected size for the WT locus 

in all three KO parasites (Supplementary figure 2.2 B). However, KO 3 produced a 

band of the expected size for the KO locus (Supplementary figure 2.2 B). This was also 

reflected in the DHFR probed blot, showing a faint band in KO 3 at 4.4 kb 

(Supplementary figure 2.2 B). Multiple smaller bands were observed for this digest in 

all KO parasite lines for both probes used, probably the result of random integration of 

the KO construct (Supplementary figure 2.2 B). Bands at approximately 3.0 kb may be 

explained by the introduction of the EcoRI cloning site. The BamHI/SphI digestion also 

produced multiple bands for the 5’ flank probe (Supplementary figure 2.2 B). Bands at 

the expected size of 8.8 kb for the WT locus were found in all KO parasite lines, 

however, KO 3 produced a very faint WT band and perhaps a band at the predicted size 
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of the KO locus at 4.1 kb (Supplementary figure 2.2 B). Whilst it appears that all 

PbANKA_0942100 KO parasites contain the WT locus, KO 3 perhaps contains KO 

parasites, so a spanning PCR was performed (Supplementary figure 2.3). The spanning 

PCR primers only produced the predicted WT locus sized band in KO 3 parasite gDNA 

(Supplementary figure 2.3). These results together suggest that PbANKA_0942100 is 

likely essential during the P. berghei blood stage.  

 

Finally, a Southern blot was performed on PbANKA_0614600 KO mixed parasite lines 

to confirm that only the WT locus is present and that is it therefore likely to be essential 

(Supplementary figure 2.4). PacI and HindIII digestions were used to cut gDNA that 

was then hybridised with PbANKA_0614600 5’ flank and DHFR probes. Faint bands at 

the predicted WT locus size were evident in PacI digests and no KO size bands were 

observed in either digest (Supplementary figure 2.4 B). This further indicates that only 

the WT PbANKA_0614600 locus is present in the four replicate mixed parasite lines 

and that it is probably essential to blood stage parasite growth. 

 

2.3.3 Gene localisation 

 

2.3.3.1 Genotyping tagged candidates 

 

Candidate genes were then HA-tagged for localisation experiments. PCR screening was 

performed on the 17 HA-tag (TAG) P. berghei parasite lines generated to determine 

whether the TAG vector or WT locus was present (Figure 2.5). All experiments had 

positive and negative controls with WT locus PCR bands from control WT gDNA and 

no TAG vector bands from control WT gDNA. All parasite lines contain the TAG 

vector as indicated by a positive PCR band (Figure 2.5). The WT gene of interest locus 

was also present in PbANKA_0505500, PbANKA_1446100, PbANKA_1304700 and 

PbANKA_0916000 TAG parasites (Figure 2.5). All TAG parasite lines are mixed 

populations, and these contain a proportion of parasites that lack correct manipulation of 

the gene of interest, probably due to random integration. Correctly genetically 

manipulated tagged parasites appear to outnumber these in all cases and it is unlikely 

that randomly integrated HA-tags will successfully express.  
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2.3.3.2 Expression of tagged candidates 

 

Western blot analysis was performed on each of the 17 TAG P. berghei parasite lines 

(Figure 2.6). Protein expression was confirmed for the majority of candidates, with 

some exceptions having very low HA expression, multiple protein bands or bands at 

different masses to those predicted.   

 

Eleven candidates had a single HA band within 10 % of the predicted mass: 

PbANKA_0809500, PbANKA_0107700, PbANKA_0505500, PbANKA_0401200, 

PbANKA_0208400, PbANKA_0417100, PbANKA_0208300, PbANKA_1446100, 

PbANKA_0311600, PbANKA_0817000 and PbANKA_0112500 (Figure 2.6). As 

expected, with low blood stage expression (Table 2.5), PbANKA_0809500 TAG 

protein could not be detected in blood stage parasites (data not shown) so protein was 

extracted from sporozoite parasites where protein expression was higher. 

PbANKA_0417100 also had low blood stage expression (Table 2.5), which is evident 

with the faint dot observed at the predicted protein mass (Figure 2.6). Additionally, 

PbANKA_1446100 and PbANKA_0817000 TAG expression was particularly faint.  

 

Three candidates had a single HA band within 10 % of the predicted mass but also had 

bands smaller than the expected mass: PbANKA_1103600, PbANKA_0602400 and 

PbANKA_0916000 (Figure 2.6). PbANKA_1304700 had a single HA band within 10 

% of the predicted mass but also had a band larger than the expected mass (Figure 2.6). 

Finally, just two candidates had single HA bands smaller than the predicted mass: 

PbANKA_0942100 and PbANKA_0410500 (Figure 2.6).  

 

Candidates with size discrepancies in Figure 2.6 likely suffer from electrophoresis 

anomalies common to membrane proteins (Kaur & Bachhawat 2009). Furthermore, it 

appears that protein degradation and/or aggregation occurred in a number of cases 

where HA bands were observed at higher or lower masses than predicted. Finally, it is 

plausible that a different protein has been tagged by random integration, causing a size 

discrepancy. However, the nature of the TAG constructs and the dominating presence of 
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the TAG vector compared to the WT locus, as judged by PCR (Figure 2.5), suggests 

that this is very unlikely.  

 

2.3.3.3 Immunofluorescence of tagged candidates 

 

IFAs were performed on all HA-tagged candidate genes. Five candidate genes could not 

be localised due to no observable immunofluorescence signal at the blood stage: 

PbANKA_0942100, PbANKA_0208400, PbANKA_0417100, PbANKA_1446100 and 

PbANKA_0602400 (data not shown). Five genes co-localised with the apicoplast 

marker, ACP: PbANKA_0809500, PbANKA_0401200, PbANKA_1103600, 

PbANKA_0505500 and PbANKA_1304700 (Figure 2.7). In addition, a GFP-tagged 

transfection vector for the PbANKA_0903500 orthologue, Pf3D7_1145500, was made 

by Liting Lim and transfected as part of this thesis work and localised to the apicoplast 

(Supplementary figure 2.5; refer to section 3.2 for methods). PbANKA_0614600 was 

not localised in P. berghei but its P. falciparum orthologue was localised to the 

apicoplast in Chapter 4 (4.3.2.2). Seven candidates localised to non-apicoplast 

structures within the parasite: PbANKA_0107700, PbANKA_0208300, 

PbANKA_0311600, PbANKA_0817000, PbANKA_0410500, PbANKA_0112500 and 

PbANKA_0916000 (Figure 2.8).  

 

Midgut oocyst, salivary gland sporozoite and liver cell IFAs were performed on 

PbANKA_0942100 TAG, PbANKA_0809500 TAG and PbANKA_1103600 TAG 

parasites, in an attempt to localise the proteins at a life cycle stage with higher protein 

expression levels. However, no signal was observed for PbANKA_0942100 TAG 

parasites so its localisation remains unknown (data not shown). PbANKA_0809500 

could be seen to co-localise with the apicoplast in midgut oocyst and liver cell stage 

parasites (Supplementary figure 2.6) and PbANKA_1103600, included as a positive 

control in mosquito and liver stage IFA experiments, was found to be expressed in 

midgut oocysts, salivary gland sporozoites and liver cell stage parasites (Supplementary 

figure 2.6).  
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2.3.4 Genetic screen summary 

 

Gene essentiality and localisation results for each candidate gene are complied in Figure 

2.9. Eight candidate genes were essential at the blood stage, three of which were 

apicoplast-localised and two of which were non-apicoplast. Twenty genes were non-

essential at the blood stage, four of which were apicoplast-localised and five of which 

were non-apicoplast. A total of five new apicoplast putative membrane transporters and 

two new apicoplast putative membrane proteins were identified (Table 2.5).  

 

2.4 Discussion 

 

The Plasmodium transportome is a vital area of malaria research as transport proteins 

have drug target potential (Kirk 2004; Krishna et al. 2001). Membrane transporters are 

difficult to work with as they are embedded in hydrophobic membranes, yet 

characterising membrane transporters in malaria parasites that reside within 

erythrocytes presents even more technical challenges (Krishna et al. 2001). The 

majority of membrane transporters characterised in Plasmodium are on the parasite 

plasma membrane (Krishna et al. 2001; Kirk 2004). Although there is an obvious 

importance of characterising transporters at the parasite/host interface, it perhaps also 

reflects the methodological challenges of working with subcellular membrane 

transporter systems such as those of organelles. As established in Chapter 1, few 

transporters have been characterised that reside in the membranes of Plasmodium 

organelles such as the apicoplast.  

 

Ten years after the discovery of the apicoplast in 1996 (McFadden et al. 1996), two 

membrane transporters, oTPT and iTPT, were characterised in Plasmodium and found 

to localise to the apicoplast membranes and fuel apicoplast metabolism (Mullin et al. 

2006). Another 10 years have passed and until now, these transporters remained the 

only characterised apicoplast membrane transporters. It continues to be crucial to 

understand how molecules pass across the four apicoplast membranes to fully 

understand Plasmodium biology and potentially offer a novel suite of molecular drug 

targets. With little biological data on Plasmodium apicoplast membrane transporters, a 
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novel medium throughput genetic screen employing a shortlisting approach was 

designed to prioritise candidates for further characterisation.  

 

In the last five years, a resource known as PlasmoGEM has been developed to aid 

Plasmodium genetic work such as this (Gomes et al. 2015; Schwach et al. 2015). A 

genetic screen of this scale is now a lot more achievable due to this resource, which 

freely distributes available P. berghei KO and HA-tagging transfection vectors on 

request. This resource significantly reduces the hurdle of difficult Plasmodium gene 

manipulation as troublesome bacterial cloning steps are completely removed so focus 

can be redirected to important biological questions that higher throughput genetic 

screening can answer.  

 

Sequence analysis by Martin et al. (2005) and Ralph (unpublished) generated lists with 

over 100 predicted Plasmodium transporters and almost 400 putative apicoplast proteins 

with multiple TMDs, respectively. These benchmark resources gave a tangible starting 

point for compiling a list of candidate Plasmodium apicoplast membrane transporters 

for genetic screening in P. berghei, a rodent malaria parasite more amenable to a 

medium throughput genetic screen. A shortlist of 28 candidates was subsequently 

chosen with each gene encompassing one or more of the desired characteristics, such as 

an apicoplast targeting sequence and multiple TMDs. For membrane transporters to be 

investigated as drug targets, some basic biological information is required, such as 

whether the gene is essential and where the gene is localised. To address these, the 

candidates were individually deleted in blood stage parasites, and also tagged for 

localisation experiments.  

 

Eight novel putative membrane proteins that are essential at the P. berghei blood stage 

were identified, five of which are putative transporters. Three of these essential genes 

are apicoplast-localised, PbANKA_0505500, PbANKA_0401200 (ABCB4 or MDR4) 

and PbANKA_0614600 (DMT2; P. falciparum orthologue localised in Chapter 4), 

which makes them all potentially good drug targets worthy of further characterisation 

efforts (Chapter 4). Another three essential genes have not yet been localised but 

PbANKA_1429300 is strongly predicted to have an apicoplast targeting sequence while 
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PbANKA_0942100 has a weaker prediction of an apicoplast targeting sequence and 

may or may not be apicoplast-localised. Although PbANKA_0211900 is not predicted 

to contain an apicoplast targeting sequence, it cannot be ruled out as being an apicoplast 

protein, and thus should be tagged and localised (a PlasmoGEM TAG construct is not 

yet available). The two remaining essential genes identified here, PbANKA_0107700 

(ZIP1) and PbANKA_0311600, were localised to non-apicoplast structures within the 

parasite and are also worthy of further investigation to determine their subcellular 

localisation.  

 

Eighteen candidates were deleted in asexual blood stage parasites and therefore found to 

be non-essential for blood stage growth. Additionally, Rijpma et al. (2016) and 

Kenthirapalan et al. (2016) have since determined, respectively, that 

PbANKA_0903500 (ABCB3 or MDR3) and PbANKA_0208400 (MFR2) are non-

essential for blood stage growth. Four of these non-essential candidates are apicoplast 

localised (PbANKA_0809500, ABCB3, PbANKA_1103600 (ATP3 or ATPase3) and 

PbANKA_1304700 (MFS6)), five are non-apicoplast, and the remaining 11 are yet to 

be localised. Whilst not crucial at the blood stage, they may be necessary for normal 

growth, parasite transmission or mosquito vector or liver cell invasion.  

 

Recent P. berghei genetic studies by Rijpma et al. (2016), Kenthirapalan et al. (2016) 

and Bushell et al. (2017) have provided additional biological data for a number of the 

candidate genes studied in this Chapter. This will be discussed further in Chapter 5 to 

perhaps provide more information on the biological roles of these potential Plasmodium 

membrane transporters. Crucial involvement in pre-erythrocytic or transmission stages 

would make these ideal candidates for transmission or prophylactic drugs to prevent 

disease. Novel prophylactic drug targets are essential in world malaria control efforts to 

prevent disease spread and ultimately support eradication. The P. berghei genetic screen 

presented in this Chapter serves as a building block for newly focused characterisation 

studies to classify more of the Plasmodium transportome.  

 

Many candidate apicoplast membrane proteins were non-essential to parasite survival at 

the blood stage. Although termed non-essential, it is important to note that growth rates 
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were not measured in this thesis, and that the blood stage non-essential genes could be 

important for normal growth and development. My results are comparable to the recent 

screens by Kenthirapalan et al. (2016) and Bushell et al. (2017). Here, I found that 70 % 

of the candidate apicoplast membrane transporters studied were non-essential at the 

blood stage. This begs the question of whether these candidate membrane proteins are 

required for completion of the parasite life cycle or simply dispensable, which is an 

important factor to consider before embarking on any targeted drug development 

strategy against any selected target. Taking into consideration the complexities of the 

parasite life cycle, and the physical and physiological differences between vertebrate 

and mosquito hosts, it could well be that some transporters are simply dispensable at 

certain life cycle stages and indispensable at others. The parasite undergoes remarkable 

morphological changes (Hall et al. 2005) as it transitions from mammalian to mosquito 

vector stages, and it is perhaps not surprising that transportome proteins are ‘switched 

on and off’ across this diverse and demanding life cycle.  

 

PlasmoGEM transfection vectors were advertised as having low rates of false 

integration and episomally maintained vectors due to their long homology arms 

(Pfander et al. 2011). It was therefore surprising that a larger than expected proportion 

of PlasmoGEM transfection vectors resulted in false integration or episomally 

maintained vectors, indicated by positive PCR bands for the WT locus. The most 

striking results were from the PlasmoGEM KO vectors that experienced almost a 50 % 

rate of unsuccessful integration. It should be noted that only four of these candidate 

genes were deemed essential for blood stage growth, with no successful integration 

observed. All other KO experiments resulted in mixed parasite populations including 

parasites with successful integration of the KO construct. PlasmoGEM is proving to be 

an invaluable tool in P. berghei genetic screens. However, caution should be taken 

when interpreting high throughput KO screens where genotypes have not been verified.  

 

Interestingly, three of the novel apicoplast putative membrane transporter candidates 

identified, DMT2, ATP3 and MFS6, lack the canonical apicoplast targeting signal 

(Table 2.5). This may suggest that these candidates reside in the outer apicoplast 

membrane, as the only leaderless apicoplast transporter known previously, oTPT, is 
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embedded in this membrane (Mullin et al. 2006). This reminds us on what little we 

know about apicoplast targeting, which could lead to the identification of other 

leaderless apicoplast proteins. This subject is further investigated in Chapter 3.  

 

Aside from the essential apicoplast candidates identified in this screen, the non-essential 

apicoplast candidates are also worthy of follow up studies to resolve when and where 

they are essential to parasite survival. The proportion of blood stage non-essential 

transporters identified in this Chapter signifies the importance of transmission biology 

in malaria and the value of prophylactics as opposed to a sole focus on therapeutic drugs 

targeting the medically relevant blood stage of the disease. My KO parasites can now be 

used in transmission assays to tease out their roles across the life cycle.  
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2.6 Tables and figures for Chapter 2 

 

Table 2.1. Knockout construct cloning primers. Listed are the 5’ and 3’ homologous 

gene specific flank primer sequences for the three knockout (KO) constructs made. 

Cloning restriction enzyme sites are in bold. PbANKA_0942100 KO and 

PbANKA_0401200 KO 5’ flanks include EcoRI and XhoI sites, and the 3’ flanks 

include SacII and HindIII sites. The PbANKA_0505500 KO 5’ flank includes SacII and 

BglII sites, and the 3’ flank includes XhoI and NotI sites. Product sizes are given for 

each primer pair.  

 

 

	
	
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene construct Flank Forward primer (5'-3') Reverse primer (5'-3') Product size 
5' gaattctcataattcgtatttcccactgc ctcgagggggatataactaaacataccgatg 1009 bp
3' ccgcggttccccacttttatggcttg aagcttagaaagatgccaccacttgtat 723 bp
5' gaattctttccaaaaagagcgaatatg ctcgagaacaaattgatatcccagcag 794 bp
3' ccgcggaacaagggttacgaacaaaattac aagcttttgtgttaatatcaatcaaattgtaag 728 bp
5' ccgcggacatcaatttgcggtgtaac agatctacctcaccaattttattttcttc 1584 bp
3' ctcgagttttcatttgctcttttaatgc gcggccgcagctcatccgcatattcatc 1567 bp

PbANKA_0942100 KO

PbANKA_0401200 KO

PbANKA_0505500 KO
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Table 2.2. Candidate gene knockout PCR screening primers. Genomic DNA was 

extracted from wild-type (WT) PbANKA parasites and parasites from each candidate 

gene knockout (KO) transfection and screened with WT locus, integrant and KO vector 

primers. Whilst most integrant PCR primers only span the region at which one vector 

homologous flank meets the genome, three integrant primers span the entire KO 

vector#^~. In these cases, the integrated KO vector product size is given and presence of 

the WT locus gives a product of #1931 bp, ^3057 bp and ~2567 bp.  
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Table 2.3. Candidate gene HA-tag PCR screening primers. Parasites from each 

candidate gene HA-tag (TAG) transfection were screened with WT locus and TAG 

vector primers. Product sizes are listed for each primer pair.  

 
	
	
	
	
	
	
	
	
	
 

 

 

 

Gene construct Target Forward primer (5'-3') Reverse primer (5'-3') Product size 
WT locus tctttttactaattcaagcaatgacc tttacagtgcaaacaaaatcacag 1027 bp
TAG vector tctttttactaattcaagcaatgacc ccggcctcgaaattgaag 917 bp
WT locus cctcacaggaatgattgttgg caatgtatcgatggttatgtattcg 999 bp
TAG vector cctcacaggaatgattgttgg tatggataccgcggcaag 901 bp
WT locus ccttttcatttgctcttttaatgc tcaatgcacacaccagttttc 453 bp
TAG vector ccttttcatttgctcttttaatgc ccggcctcgaaattgaag 679 bp
WT locus tgaatattcgaaaaagctcaacg gcgcaggcatgtaaaaataag 507 bp
TAG vector tgaatattcgaaaaagctcaacg ccggcctcgaaattgaag 636 bp
WT locus aggaaggtggatgggtatacaaag aaatagaaagatgccaccacttg 1080 bp
TAG vector aggaaggtggatgggtatacaaag ccggcctcgaaattgaag 1031 bp
WT locus aaataaccctgatccctttgc cgagcccccaagtctaaag 1030 bp
TAG vector aaataaccctgatccctttgc ggtgctttgaggggtgag 848 bp
WT locus gggggataaatggaaggtctc gccatgcgttttattatcatttc 1084 bp
TAG vector gggggataaatggaaggtctc atatggataccgcggcaag 524 bp
WT locus attcggctggaggtttatcc tgcaaatttgtggtgttgtg 666 bp
TAG vector attcggctggaggtttatcc gtgctttgaggggtgagc 926 bp
WT locus ctttcccttcagttgtttttgg aacagcgtgggtaaaacgac 1105 bp
TAG vector ctttcccttcagttgtttttgg ggtgctttgaggggtgag 984 bp
WT locus ttgagcgccttttcatttg aatatgatgccctcgaaagtg 835 bp
TAG vector ttgagcgccttttcatttg gtgctttgaggggtgagc 780 bp
WT locus cctgcaagtattggaaaatgc aaatgtgtatgcgcaacgag 969 bp
TAG vector cctgcaagtattggaaaatgc atatggataccgcggcaag 669 bp
WT locus tgggcaccttggttttattg tgcgtaaagcagaaaatttgg 948 bp
TAG vector tgggcaccttggttttattg ggtgctttgaggggtgag 995 bp
WT locus atttggttggttttctgcac caaatgcttgaaatgtattagttgg 801 bp
TAG vector atttggttggttttctgcac gagctcgaaaagaattaagctg 1059 bp
WT locus ccctcatttattatcaaacaacaag cggggcaattcgttttattc 668 bp
TAG vector ccctcatttattatcaaacaacaag gtgctttgaggggtgagc 1091 bp
WT locus aacactcgctccagattgtg attcatggatagcggaaatg 736 bp
TAG vector aacactcgctccagattgtg aaaaacggggcccttatg 550 bp
WT locus ctcggcatcattttcatcg gttgtgcatcaattctgaaagg 931 bp
TAG vector ctcggcatcattttcatcg atatggataccgcggcaag 989 bp
WT locus aaaatcatcaacaccccttacc aaaatcaggaatgggaaatgtg 825 bp
TAG vector aaaatcatcaacaccccttacc gtgctttgaggggtgagc 919 bp

PbANKA_0809500 TAG

PbANKA_0107700 TAG

PbANKA_0505500 TAG

PbANKA_1446100 TAG

PbANKA_0417100 TAG

PbANKA_1103600 TAG

PbANKA_0401200 TAG

PbANKA_0942100 TAG

PbANKA_0208400 TAG

PbANKA_0208300 TAG

PbANKA_1304700 TAG

PbANKA_0916000 TAG

PbANKA_0817000 TAG

PbANKA_0410500 TAG

PbANKA_0602400 TAG

PbANKA_0311600 TAG

PbANKA_0112500 TAG
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Table 2.4. RT-PCR primers. Three primer pairs were designed within the wild-type 

(WT) PbANKA_0401200 coding sequence to determine whether the gene is being 

expressed in knockout parasites. Tubulin primers were used as a positive control. 

Product sizes are given for each primer pair.  

	

	
 

 

 

 

 

 

 

 

 

 

 

 

Target
Primer 
pair 
number

Forward primer (5'-3') Reverse primer (5'-3') Product size 

1 aataaacgccttaaataaaaataggc tttttgcaaacagttttgtgg 166 bp
2 tttcaaagcgataacgacattc tttttgtcctcctgataaattatgg 366 bp
3 acaatattcgcgggttcaag tttttgtcctcctgataaattatgg 2146 bp

Tubulin N/A attgatgtgtgtttggatcg ccaaatccacttccagtacc 100 bp

WT
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Table 2.5. Candidate apicoplast membrane transporters in Plasmodium. Gene IDs are given for both P. berghei and P. falciparum 

orthologues and PlasmoDB annotations are shown, distinguishing between putative membrane transporters and putative integral membrane 

proteins. If a gene name has been assigned, it is given in brackets after the annotation. Presence of a gene orthologue in Toxoplasma gondii, 

Theileria, Babesia and Cryptosporidium is indicated by ‘+’ and absence is shown by ‘-’. aTransmembrane domains (TMD) were predicted 

in P. falciparum with TMHMM and TMpred. If there was a discrepancy, the TMHMM and strongest TMpred results are given 

(TMHMM/TMpred). bLocalisation was predicted with PlasmoAP and PATS in P. falciparum. cP. berghei normalised expression for rings 

(R), trophozoites (T), schizonts (S) and gametocytes (G) (Otto et al. 2014), was binned with thresholds on sample percentiles: 0-5 % (Very 

low), 5-25 % (Low), 25-75 % (Moderate), 75-95 % (High), 95-100 % (Very high). For results: ND = no data, *localised in P. falciparum, 

αRijpma et al. (2016), βcontradicted by Kenthirapalan et al. (2016), θconfirmed by Rijpma et al. (2016), γKenthirapalan et al. (2016), 

δconfirmed by Kenthirapalan et al. (2016), §contradicted by Rijpma et al. (2016), νconfirmed by Bushell et al. (2017), λcontradicted by 

Bushell et al. (2017), Ωmutant displays significantly slow growth (Bushell et al. 2017). Each candidate was categorised by colour 

depending on blood stage essentiality and localisation results displayed in Figure 2.9. 
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Plasmodium 
berghei

Plasmodium 
falciparum

Toxoplasma 
gondii Theileria Babesia Cryptosporidium PlasmoAP                            

[signal, transit] PATS R T S G Localisation Blood stage 
essentiality Category

PbANKA_0809500 Pf3D7_0908100 Conserved Plasmodium protein, unknown function - - - - 10 [++, ++] 0.97 Apicoplast Non-essentialν

PbANKA_0903500 Pf3D7_1145500 ABC transporter B family member 3, putative (ABCB3 or MDR3) - - - - 6/7 [++, ++] 0.95 Apicoplast* Non-essentialα

PbANKA_1429300 Pf3D7_1213500 Integral membrane protein GPR180, putative - - - + 7/8 [++, ++] 0.94 ND Essentialλ

PbANKA_0107700 Pf3D7_0609100 Zinc transporter ZIP1 (ZIP1) + + - + 8 [++, ++] 0.91 Non-apicoplast EssentialβΩ

PbANKA_0505500 Pf3D7_1021300 Conserved Plasmodium protein, unknown function - - - - 7 [++, +] 1.00 Apicoplast Essential

PbANKA_0401200 Pf3D7_0302600 ABC transporter B family member 4, putative (ABCB4 or MDR4) + - - - 6 [+, ++] 0.99 Apicoplast Essentialθλ

PbANKA_0942100 Pf3D7_1104800 Metabolite/drug transporter, putative + - - + 9 [-, ++] 0.93 ND Essentialν

PbANKA_0208400 Pf3D7_0104700 Major facilitator superfamily-related transporter, putative (MFR2) - + - - 12/11 [++, -] 0.83 ND Non-essentialγν

PbANKA_0614600 Pf3D7_0716900 Drug/metabolite transporter, putative (DMT2) + + + - 9 [++, -] 0.82 Apicoplast* Essentialδν

PbANKA_1008700 Pf3D7_1436100 Conserved Plasmodium protein, unknown function - + - + 5/13 [+, -] 0.98 ND Non-essentialν

PbANKA_0417100 Pf3D7_0904300 Conserved protein, unknown function - - - - 11/17 [+, ++] 0.76 ND Non-essentialν

PbANKA_1103600 Pf3D7_0504000 Cation transporting P-ATPase, putative (ATP3 or ATPase3) - + + + 12/14 [0, ++] 0.25 Apicoplast Non-essentialλ

PbANKA_0211900 Pf3D7_0727800 Cation transporting ATPase, putative - + + + 12/13 [-, ++] 0.11 ND Essentialν

PbANKA_1364800 Pf3D7_1352100 ABC transporter B family member 6, putative (ABCB6 or MDR6) - - - - 5/6 [-, ++] 0.04 ND Non-essential§λ

PbANKA_0208300 Pf3D7_0104800 Novel putative transporter 1 (NPT1) + + + + 12 [-, ++] 0.03 Non-apicoplast Non-essentialδν Expression

PbANKA_1446100 Pf3D7_1231400 Amino acid transporter, putative - - - - 9/10 [-, ++] 0.02 ND Non-essentialλ Very low

PbANKA_0311600 Pf3D7_0214800 Conserved Plasmodium protein, unknown function - - - - 11/10 [-, +] 0.03 Non-apicoplast Essentialν Low

PbANKA_0602400 Pf3D7_1203400 Major facilitator superfamily domain-containing protein, putative (MFS4) - - - - 12 [0, -] 0.03 ND Non-essentialδν Moderate

PbANKA_0817000 Pf3D7_0916000 Major facilitator superfamily domain-containing protein, putative (MFS2) + + + + 11/13 [-, +] 0.02 Non-apicoplast Non-essentialδν High

PbANKA_0410500 Pf3D7_0312500 Major facilitator superfamily-related transporter, putative (MFR3) - - - - 12/11 [0, -] 0.18 Non-apicoplast Non-essentialδν Very high

PbANKA_1231300 Pf3D7_0516500 Major facilitator superfamily domain-containing protein, putative (MFS1) + - - - 10/11 [-, -] 0.02 ND Non-essentialδ

PbANKA_1115100 Pf3D7_0515500 Amino acid transporter, putative - - - - 14/15 [-, -] 0.02 ND Non-essentialν Category

PbANKA_0112500 Pf3D7_0614300 Major facilitator superfamily-related transporter, putative (MFR1) - - - - 12 [-, -] 0.02 Non-apicoplast Non-essentialδν Essential

PbANKA_1304700 Pf3D7_1440800 Major facilitator superfamily domain-containing protein, putative (MFS6) - - - - 12 [-, -] 0.02 Apicoplast Non-essentialδΩ Apicoplast/Essential

PbANKA_0916000 Pf3D7_1132400 Conserved Plasmodium protein, unknown function - - - - 10/9 [-, -] 0.02 Non-apicoplast Non-essentialν Apicoplast/Non-essential

PbANKA_1016400 Pf3D7_1428200 Major facilitator superfamily domain-containing protein, putative (MFS5) + - - + 12/11 [-, -] 0.02 ND Non-essentialδν Non-essential

PbANKA_1422100 Pf3D7_0715800 Drug/metabolite transporter, putative (DMT1) - - - - 9/10 [-, -] 0.02 ND Non-essentialδν Non-apicopalst/Non-essential

PbANKA_0606900 Pf3D7_1208400 Amino acid transporter, putative + + + + 10/11 [-, -] 0.02 ND Non-essentialν Non-apicoplast/Essential

TMDaAnnotation
OrthologuesGene ID Predicted targetingb Results

Blood stage 
expressionc
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Figure 2.1. Double crossover homologous recombination transfection strategy. The 

linear transfection vector finds regions of the P. berghei genome homologous to the 5’ 

and 3’ flanks and replaces the candidate gene coding region to (A) knockout (KO) or 

(B) HA-tag (TAG) the gene, also introducing the DHFR selectable marker. Arrows 

represent the typical forward and reverse PCR screening primers designed to identify 

the WT locus (green), integrant (red) and presence of the KO or TAG vector (blue). A: 

The KO strategy can result in successful homologous integration (gene disrupted) or 

random integration (gene not disrupted). B: TAG PCR screening primers identify the 

presence of the transfection vector. This schematic is not to scale.  
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Figure 2.2. Candidate gene knockout PCR screen in P. berghei. PCR was performed 

on wild-type (WT) PbANKA and candidate gene knockout (KO) genomic DNA 

(gDNA). All KO gDNA was extracted from mixed population blood stage parasites. 

WT locus, integrant and KO vector primers were used. KO vector primers were used for 

an initial screen for the presence of the KO vector before confirming presence of the 

integrated KO vector with the integrant primers, which typically had large PCR 

products. KO vector PCRs were not performed for three candidates (N/A) as their 

homologous flanks were small and therefore integration PCRs were not technically 

challenging. PCR product bands were cropped from the correct well at the predicted 

product size of an ethidium bromide stained agarose gel image. The PbANKA_1364800 

KO integrant primers span the entire KO construct with less than a 650 bp size 

difference between the WT and KO predicted products, so both the WT and KO 

products are observed in the cropped region of the agarose gel indicating that both the 

WT locus and integrated KO vector are present in the parasite population.  
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Figure 2.3. PbANKA_0401200 knockout Southern blot analysis. A: Two restriction 

enzyme digestions were used to cut wild-type (WT) and knockout (KO) genomic DNA, 

HpaI and PacI. HpaI cuts WT gDNA 5’ to the coding region and twice within the 3’ 

flank of PbANKA_0401200 coding region. Homologous recombination of the KO 
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construct introduces another HpaI site, producing a size difference between WT and KO 

gDNA that can be observed with the 5’ flank probe (6.3 kb and 4.8 kb). PacI cuts WT 

gDNA on either side of the PbANKA_0401200 coding region producing a 5.7 kb 

fragment. Homologous recombination deleting the coding region shortens this fragment 

to 4.3 kb. This size difference between WT and KO gDNA can be observed when 

probing with the PbANKA_0401200 5’ flank probe. The DHFR probe detects presence 

of the DHFR sequence in parasite gDNA. B: Digested WT and KO gDNA fixed to a 

membrane was probed with the 5’ flank (733 second exposure) and DHFR (3222 

second exposure) probes. Fragment sizes are given on left and gDNA and digest type 

are marked above each lane.  
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Figure 2.4. PbANKA_0401200 knockout RT-PCR. A: Three primer pairs were 

designed within the PbANKA_0401200 coding sequence (CDS) to detect RNA 

expression: primers 1 (red), 2 (green) and 3 (blue). Primers 2 and 3 both use the black 

reverse primer. RNA was extracted from wild-type (WT) PbANKA and clonal 

PbANKA_0401200 knockout (KO) parasites and reverse-transcribed into cDNA. B: 

Tubulin primers were included and each primer pair was used to amplify WT PbANKA 

genomic DNA as positive controls. No template control (NTC) and PCR reactions 

without reverse transcriptase (no RT) were used as negative controls. Five dilutions of 
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cDNA were used for each primer pair reaction: 1:1, 1:10, 1:100, 1:1000 and 1:10000. C: 

Reactions were electrophoresed on an ethidium bromide agarose gel and the ladder 

(left) gives product sizes. Lane number, cDNA and reaction type and primer pair are 

given above each lane. Primer positions and fragment sizes are shown on the gene 

schematic (A).  
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Figure 2.5. Candidate gene HA-tag PCR screen in P. berghei. PCR was performed on 

wild-type (WT) PbANKA and candidate gene HA-tag (TAG) genomic DNA (gDNA). 

All TAG gDNA was extracted from a mixed population of blood stage parasites. WT 

locus and TAG vector primers were used. PCR product bands were cropped from the 

correct well at the predicted product size of an ethidium bromide stained agarose gel 

image. 
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Figure 2.6. Candidate HA-tag protein expression in P. berghei. Western blot analysis 

was performed on each HA-tagged (TAG) candidate. Parasite protein was extracted and 

separated by SDS-PAGE, transferred to a membrane and visualised by probing with rat 

anti-HA primary and anti-rat HRP secondary antibodies. Protein band masses are shown 

by a standard marker (left) and predicted protein mass is given below. Parasite protein 

was extracted during the blood stage, except for PbANKA_0809500 TAG, which was 

taken from sporozoites.  
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Figure 2.7. Immunolocalisation of apicoplast putative membrane proteins in P. 

berghei. Candidate proteins were HA-tagged and probed with rat anti-HA primary and 

anti-rat 488 secondary antibodies (green). The apicoplast was probed with rabbit anti-

ACP primary and anti-rabbit 546 secondary antibodies (red) and nuclei were stained 

with Hoechst (blue). Channels were merged with a transmission image (right) showing 

the location within the parasite. All candidates were localised within red blood cell 

stage parasites except PbANKA_0809500, which was localised in a sporozoite. Scale 

bars are 2 µm.  
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Figure 2.8. Immunolocalisation of non-apicoplast putative membrane proteins in P. 

berghei. Candidate proteins were HA-tagged and probed with rat anti-HA primary and 

anti-rat 488 secondary antibodies (green) and nuclei were stained with Hoechst (blue). 
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Channels were merged with a transmission image (right) showing the location within 

the parasite. All candidates were localised within red blood cell stage parasites. Scale 

bars are 2 µm.  

	
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure 2.9. Candidate apicoplast membrane transporter screening results. Blood 

stage essentiality (Essential or Non-essential) and localisation (Apicoplast or Non-

apicoplast) was determined for 28 candidates. Each candidate was placed into one of the 

following categories: Essential, Essential/Apicoplast, Apicoplast, Apicoplast/Non-

essential, Non-essential, Non-essential/Non-apicoplast, Non-apicoplast or Non-

apicoplast/Essential. Proteins for which gene deletion or localisation data were not 

available are presented in a single category (Essential, Apicoplast, Non-essential or 

Non-apicoplast). 
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2.7 Supplementary table and figures for Chapter 2 

 

Supplementary table 2.1. PlasmoGEM transfection vector identification numbers. 

Listed are all P. berghei candidate genes with PlasmoGEM knockout (KO) and HA-tag 

(TAG) transfection vectors and their corresponding PlasmoGEM ID numbers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P. berghei gene construct PlasmoGEM ID
PbANKA_0809500 KO PbGEM-331475
PbANKA_0809500 TAG PbGEM-283882
PbANKA_1429300 KO PbGEM-340051
PbANKA_0107700 KO PbGEM-6154
PbANKA_0107700 TAG PbGEM-6162
PbANKA_0505500 TAG PbGEM-274146
PbANKA_0401200 TAG PbGEM-11029
PbANKA_0942100 TAG PbGEM-34026
PbANKA_0208400 TAG PbGEM-268483
PbANKA_0614600 KO PbGEM-72314
PbANKA_1008700 KO PbGEM-333619
PbANKA_0417100 KO PbGEM-329163
PbANKA_0417100 TAG PbGEM-273186
PbANKA_1103600 KO PbGEM-342548
PbANKA_1103600 TAG PbGEM-40545
PbANKA_0211900 KO PbGEM-226941
PbANKA_1364800 KO PbGEM-62141
PbANKA_0208300 KO PbGEM-229203
PbANKA_0208300 TAG PbGEM-268459
PbANKA_1446100 KO PbGEM-265644
PbANKA_1446100 TAG PbGEM-121338
PbANKA_0311600 KO PbGEM-270730
PbANKA_0311600 TAG PbGEM-270722
PbANKA_0602400 KO PbGEM-17291
PbANKA_0602400 TAG PbGEM-17299
PbANKA_0817000 KO PbGEM-25749
PbANKA_0817000 TAG PbGEM-25757
PbANKA_0410500 KO PbGEM-121322
PbANKA_0410500 TAG PbGEM-121426
PbANKA_1231300 KO PbGEM-72310
PbANKA_1115100 KO PbGEM-121266
PbANKA_0112500 KO PbGEM-6740
PbANKA_0112500 TAG PbGEM-121418
PbANKA_1304700 KO PbGEM-121314
PbANKA_1304700 TAG PbGEM-121410
PbANKA_0916000 KO PbGEM-93381
PbANKA_0916000 TAG PbGEM-93389
PbANKA_1016400 KO PbGEM-263196
PbANKA_1422100 KO PbGEM-321267
PbANKA_0606900 KO PbGEM-330067
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Supplementary figure 2.1. Clonal PbANKA_0401200 knockout PCR screen. PCR was 

performed on wild-type (WT) PbANKA and sub-cloned candidate gene knockout (KO) 

genomic DNA (gDNA). PCR products were electrophoresed on an ethidium bromide 

stained agarose gel. PbANKA_0401200 KO WT locus and integrant primers were used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KO  
KO 

W
T 

W
T 

WT  
locus  Integrant 

1.0 kb  

1.5 kb  

0.8 kb  



104 
	

 



105 
	

Supplementary figure 2.2. PbANKA_0942100 knockout Southern blot analysis. Two 

restriction enzyme digestion combinations were used to cut wild-type (WT) PbANKA 

and PbANKA_0942100 knockout (KO) genomic DNA (gDNA), BamHI/SphI and 

EcoRI/SpeI. A: EcoRI and SpeI cut WT gDNA four times around the 

PbANKA_0942100 coding sequence, producing DNA fragments of 2.6 kb, 2.2 kb and 

0.6 kb in size. This enzyme combination produces different fragments from 

PbANKA_0942100 KO gDNA that are 4.4 kb, 0.8 kb and 0.6 kb in size. BamHI/SphI 

cuts around the coding sequence three times, producing 8.8 kb and 0.5 kb fragments. 

The KO construct introduces two new sites, producing 4.1 kb, 1.3 kb, 3.8 kb and 0.5 kb 

sized fragments. B: Digested gDNA was electrophoresed on an agarose gel and 

transferred to a membrane and fixed. Fixed gDNA was hybridised with 

PbANKA_0942100 5’ flank (400 second exposure) and DHFR (800 second exposure) 

probes. Fragment sizes are given on left and sample type is marked above each lane.  
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Supplementary figure 2.3. Spanning PCR on PbANKA_0942100 knockout parasites. 

PbANKA_0942100 5’ flank forward and 3’ flank reverse primers were used to amplify 

the gene. The wild-type (WT) locus produces a product of 3.7 kb compared to 

successful homologous recombination of the PbANKA_0942100 knockout (KO) 

construct which produces a PCR product of 4.1 kb. PCR reactions were performed on 

WT PbANKA and PbANKA_0942100 KO (replicate 3) genomic DNA (gDNA) and 

electrophoresed on an ethidium bromide agarose gel. Both WT and KO gDNA produce 

product bands of 3.7 kb, the expected size resulting from the WT locus. Product sizes 

are given on left.  
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Supplementary figure 2.4. PbANKA_0614600 knockout Southern blot analysis. Two 

restriction enzyme digestions were used to cut wild-type (WT) PbANKA and 

PbANKA_0614600 knockout (KO) genomic DNA (gDNA), HindIII and PacI. A: 

HindIII cuts WT gDNA around the PbANKA_0614600 coding sequence producing a 

3.2 kb fragment. This digest produces a 6.0 kb fragment when the KO construct has 

been successfully integrated. PacI cuts WT gDNA to produce a 5.4 kb fragment and 

produces a 9.1 kb fragment from PbANKA_0614600 KO gDNA. B: Digested gDNA 

was electrophoresed, transferred and fixed to a membrane that was then hybridised with 

the PbANKA_0614600 5’ flank (2000 second exposure) and DHFR (4000 second 

exposure) probes. Fragment sizes are shown on left and sample type is noted above each 

lane. 	
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Supplementary figure 2.5. Immunolocalisation and expression of Pf3D7_1145500. A: 

The GFP-tagged Pf3D7_1144550 protein was probed with mouse anti-GFP primary and 

anti-mouse 488 secondary antibodies (green). The apicoplast was probed with rabbit 

anti-ACP primary and anti-rabbit 546 secondary antibodies (red) and nuclei were 

stained with Hoechst (blue). Channels were merged with a transmission image (right) 

showing the location within the parasite. Scale bar is 2 µm. B: To assess expression of 

Pf3D7_1145500-GFP, blood stage parasite protein was probed with mouse anti-GFP 

primary and anti-mouse HRP secondary antibodies. Two bands were observed with the 

protein being expressed lower than the predicted mass at 40 kDa, and at 28 kDa, where 

GFP may have dissociated from the protein.  
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Supplementary figure 2.6. Immunolocalisation of apicoplast putative membrane 

proteins in P. berghei mosquito and liver stage parasites. Candidate proteins were 

HA-tagged and probed with rat anti-HA primary and anti-rat 488 secondary antibodies 

(green). The apicoplast was probed with rabbit anti-ACP primary and anti-rabbit 546 

secondary antibodies (red) and nuclei were stained with Hoechst (blue). Channels were 

merged with a transmission image (right) showing the location within the parasite. Scale 

bars are 5 µm. A: PbANKA_0809500 was co-localised with the apicoplast in a 
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mosquito midgut oocyst (day 9 post infection) and a liver cell stage parasite (48 hours 

post infection). B: PbANKA_1103600 co-localised with the apicoplast in a midgut 

oocyst (day 9 post infection), salivary gland sporozoite (day 20 post infection) and a 

liver cell stage parasite (63 hours post infection).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
	

Chapter 3 

 

Investigating the targeting of leaderless apicoplast membrane 

transporters in Plasmodium 
 

3.1 Introduction 

 

Most apicoplast proteins are nucleus-encoded and targeted to the organelle whilst fewer 

than 50 proteins are encoded by the apicoplast genome (Lim & McFadden 2010; 

McFadden 2000; Wilson et al. 1996). Being able to predict the apicoplast proteome, by 

understanding how nucleus-encoded proteins are targeted to the organelle and across its 

four membranes, has taught us a lot about the apicoplast (Foth et al. 2003; Gardner et al. 

2002; Ralph, van Dooren, et al. 2004). Approximately 400 P. falciparum proteins have 

a bipartite N-terminal leader (Foth et al. 2003; Gardner et al. 2002) that is sufficient for 

targeting a protein into the apicoplast stroma (Waller et al. 2000) or inner membrane 

(Mullin et al. 2006). The first element of the bipartite leader is a standard signal peptide 

(Ralph, Foth, et al. 2004) that is usually 16 to 34 amino acids long (Waller et al. 1998), 

positively charged and followed by a cleavage site (Nielsen et al. 1997). This allows the 

insertion of the protein into the rough endoplasmic reticulum (ER) (He et al. 2001; 

Waller et al. 2000). On entering the ER lumen, the signal peptide is cleaved off, 

probably by a signal peptidase (van Dooren et al. 2002).  

 

A new N-terminus is created when the signal peptide is removed, revealing a transit 

peptide that has similar characteristics to those found in plants and alga (Ralph, Foth, et 

al. 2004). Transit peptides do not have any common structural features (Heijne & 

Nishikawa 1991). Although not conserved, Plasmodium transit peptides are typically 

positively charged, between 30 and 42 amino acids in length and are rich in lysine and 

asparagine (Waller et al. 1998). This targeting information guides the protein through 

the endomembrane system, perhaps via the Golgi (Heiny et al. 2014), until an 

endomembrane vesicle carrying an apicoplast protein docks with the outer apicoplast 

membrane and deposits the protein in the space between the outer membrane and the 

next membrane in, the periplastid membrane (Tonkin et al. 2006). The transit peptide 
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then allows apicoplast stromal proteins to cross the inner three bounding membranes, by 

a series of translocons (Bullmann et al. 2010; Kalanon et al. 2009; Spork et al. 2009). 

An inner apicoplast membrane transporter, PfiTPT, also appears to use this cleavable, 

bipartite leader targeting (Mullin et al. 2006).   

 

PlasmoAP (Foth et al. 2003) and PATS (Zuegge et al. 2001) are our current apicoplast 

targeting prediction tools that can be used to determine the likelihood of a P. falciparum 

protein containing a canonical bipartite leader, and thus whether apicoplast localisation 

is expected. Predicting this canonical bipartite leader in novel proteins has been vital in 

identifying apicoplast-localised proteins, as demonstrated by the genetic screen in 

Chapter 2. Despite this success, it has since become apparent that apicoplast targeting is 

more complex and that these bioinformatic tools will not be sufficient in predicting the 

entire apicoplast proteome.  

 

The outer membrane of the apicoplast is a critical boundary between the organelle and 

the parasite cytosol. Unexpectedly, the first protein identified in this membrane, 

PfoTPT, lacked a canonical bipartite leader (Mullin et al. 2006). A T. gondii orthologue 

was later shown to be unrestricted to the outer membrane when it was localised to 

multiple apicoplast membranes (Karnataki, DeRocher, Coppens, Nash, et al. 2007). 

These proteins belong to a family of pPTs, which counter exchange phosphorylated 

carbon compounds for inorganic phosphate, thereby regulating the interactions of 

plastid metabolism with that of the cytosol (Weber & Linka 2011). The outer apicoplast 

membrane pPTs (PfoTPT in P. falciparum and TgATP1 in T. gondii) are essential and 

have similar transport capacities (Banerjee et al. 2012; Brooks et al. 2010; Lim et al. 

2010). They supply apicoplasts with crucial sources of carbon, energy and reducing 

power by importing products of cytosolic glycolysis (Lim & McFadden 2010).  

 

Discovering a leaderless apicoplast membrane protein in P. falciparum demonstrated 

that there were apicoplast proteins with targeting mechanisms that would remain 

undetected using the existing localisation prediction methods. This highlighted a gap in 

the predicted apicoplast proteome, particularly in outer apicoplast membrane 

transporters. Without understanding how all nucleus-encoded apicoplast proteins are 
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targeted, bioinformatics cannot identify all candidate apicoplast membrane transporters 

for characterisation studies. Without knowledge of how this novel targeting mechanism 

functions, important outer apicoplast membrane transporters will be difficult to find. It 

is therefore vital that more leaderless apicoplast membrane proteins are identified so 

that novel targeting mechanisms can be further investigated. Unfortunately, this 

presents a ‘catch 22’ where leaderless apicoplast proteins need to be identified by 

currently unknown novel targeting mechanisms. 

 

It was proposed that the first TMD of PfoTPT’s 10 TMDs acts as a signal anchor that 

mediates insertion of the protein into the ER membrane, with subsequent transfer into 

the outer apicoplast membrane (Mullin et al. 2006). Several additional apicoplast outer 

membrane proteins have since been identified that all lack a bipartite leader but do have 

potential signal anchors (DeRocher et al. 2008; Karnataki, DeRocher, Coppens, Feagin, 

et al. 2007; Karnataki et al. 2009; Lim et al. 2009; Parsons et al. 2009). Mutagenesis 

analysis of TgATP1 confirmed that TMD 1 acts as a signal anchor and also identified a 

tyrosine-based motif in the cytosolic N-terminus of the protein as necessary, but not 

sufficient, for apicoplast localisation (DeRocher et al. 2012). Similar tyrosine-based 

motifs occur in the pPTs of other apicomplexan parasites including PfoTPT, and the P. 

vivax pPT N-terminus was able to direct TgATP1 to the apicoplast (DeRocher et al. 

2012). In Chapter 2, I identified three new apicoplast putative membrane transporters 

that lack classical bipartite leader sequences, namely PbANKA_0614600, 

PbANKA_1103600 and PbANKA_1304700. With a total of four leaderless apicoplast 

membrane transporters now in hand, novel apicoplast targeting mechanisms can be 

further investigated with greater biological significance.  

 

The targeting of PfoTPT to the outer apicoplast membrane was explored to further 

define the elements or essential architecture required for apicoplast targeting. 

Subcellular localisation and the targeting roles of different combinations of PfoTPT 

TMDs and a critical N-terminal tyrosine residue are described. In addition, brief 

transcriptional analysis is performed on the three novel leaderless putative apicoplast 

membrane transporters to determine whether any hidden targeting information is 
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present before N-terminal tyrosine conservation is analysed in all candidate putative 

apicoplast membrane proteins localised in Chapter 2 and Chapter 4.  

 

3.2 Methods 

 

3.2.1 Constructs and DNA preparation  

 

Details of all P. falciparum constructs used in this Chapter are found in Lim et al. 

(2016). The primers used to generate each PfoTPT truncation construct are in Table 3.1 

and shown on the PfoTPT coding sequence in Figure 3.1. As described in 2.2.4, 

construct plasmid DNA was transformed into ElectroMAX DH5α-E Competent Cells 

and inoculated into 250 mL of LB medium with 100 µg/mL ampicillin and grown for 

16 to 21 hours at 37 °C with shaking. As in 2.2.3, a PureYield Plasmid Maxiprep kit 

was used to isolate plasmid DNA for transfection experiments and DNA quality and 

quantity was measured with a DS-11+ Spectrophotometer before ethanol precipitation 

(2.2.5) and P. falciparum transfection.  

 

3.2.2 Transfection and culture of parasites 

 

All P. falciparum blood stage culturing experiments described in this thesis were 

performed with human red blood cells generously provided by the Australian Red Cross 

Service and in agreement with the University of Melbourne Human Ethics Committee 

guidelines under the ethics permit 1647087.  

 

A 10 mL culture of sorbitol (5 % w/v; Sigma-Aldrich)-synchronised P. falciparum D10 

strain parasites at 4 to 6 % rings was prepared. The infected red blood cells were 

pelleted by centrifugation. 385 µL of pre-warmed cytomix (Appendix II) and 100 µg of 

plasmid DNA in 15 µL of pre-warmed 1X TE buffer were added to the infected red 

blood cells. The mixture was slowly transferred to a 0.2 cm electroporation cuvette 

(BTX) to avoid bubbles. Electroporation was performed using a MicroPulser 

Electroporator (Bio-Rad) with the following settings: 0.950 µF, 0.310 kV, high 

capacitance and Ohms set to infinity. A successful transformation yielded a time 
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constant between 7 and 10. The electroporated mixture was immediately transferred to 

10 mL of pre-warmed 0/100 medium (Appendix II) with 2 % haematocrit. The culture 

was incubated in 5 % CO2, 5 % O2 and 90 % N2 at 37 °C (day 0). On day 2, 1 pM/mL 

WR99210 (WR; Sigma-Aldrich) was introduced to the culture medium. Media was 

changed daily until day 10, and then every second day. Half of the culture was 

discarded on day 14. Parasites were monitored by thin blood smears (2.2.2) and became 

visible between day 15 and 30.  

 

3.2.3 Triton X-114 protein partitioning  

 

Saponin-isolated parasites (2.2.10) from a 30 mL culture of 5 to 10 % parasitaemia, 

were lysed in 100 µL of 1 % Triton X-114 (Sigma-Aldrich), 2 mM EGTA, protease 

inhibitor (Roche) in 1X phosphate buffered saline (PBS) and then incubated on ice for 

30 minutes. To remove cell debris, the sample was centrifuged at 14,000 rpm for 10 

minutes at 4 °C. The cloud point of Triton X-114 is approximately 20 °C (Bordier 

1981), so to phase partition proteins by condensation, the supernatant was layered onto 

a 50 µL sucrose cushion (6 % w/v sucrose, 0.06 % Triton X-114 in 1X PBS) and 

incubated at 37 °C for 3 minutes. The sample was centrifuged at 14,000 rpm for 5 

minutes, forming three layers: the upper soluble phase, sucrose cushion and the 

insoluble pellet. The soluble fraction was collected as the ‘wash’ control and the sucrose 

cushion was discarded. Partitioning was repeated on the pellet. This time, the upper 

soluble phase was collected as the ‘soluble’ fraction, and the pellet was resuspended in 

100 µL of 1X PBS for the ‘insoluble’ fraction. To precipitate proteins from the three 

phases, 900 µL of -20 °C acetone was added and the samples were incubated at -20 °C 

for 20 minutes. After centrifuging at 14,000 rpm for 10 minutes at 4 °C, the 

supernatants were discarded and the protein pellets were dried. The protein was 

resuspended in 1X reducing buffer before being vortexed and stored at -20 °C. Samples 

were boiled immediately before Western blot analysis as described in 2.2.13.  
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3.2.4 IFAs 

 

IFAs were performed on intraerythrocytic parasites as described in 2.2.14.1. In addition, 

the plasma membrane marker rabbit anti-PfNT1 (1:400; Malaria Research and 

Reference Reagent Resource Center) (Rager et al. 2001), a nucleoside transporter 

shown to reside in the parasite plasma membrane (Carter et al. 2000), the ER marker rat 

anti-BiP (1:1000; Malaria Research and Reference Reagent Resource Center), a 

member of the heat shock protein family (PfHsp70) resident in the ER (Kumar et al. 

1991), and mouse anti-HA (1:250; Roche), were used as primary antibodies, and goat 

anti-mouse highly cross-absorbed Alexa Fluor 488 (1:5000; Thermo Fisher Scientific) 

was used as a secondary antibody. Confocal microscopy and Fiji were used for image 

analysis as described in 2.2.14.5.  

 

3.2.5 Identification of novel leaderless apicoplast putative membrane transporters 

 

In the search for novel apicoplast membrane transporters described in Chapter 2, P. 

berghei orthologues PbANKA_0614600, PbANKA_1103600 and PbANKA_1304700 

were selected (2.2.1) from a list of P. falciparum putative membrane transporters 

complied by Martin and colleagues (2005). Proteins in this list have sequence 

similarities with known or putative transport proteins and/or conserved domains of 

transport protein families.  

 

3.2.6 Transcriptional analysis 

 

PbANKA_1103600 and PbANKA_1304700 localise to the apicoplast in 

intraerythrocytic parasites (Figure 2.7). The P. falciparum orthologue of 

PbANKA_0614600, Pf3D7_0716900, is localised to the apicoplast in Figure 4.6. P. 

berghei and P. falciparum localisations are expected to be the same so syntenic P. 

falciparum orthologues were used for apicoplast predictions as both PlasmoAP and 

PATS are designed for the human malaria parasite. PlasmoAP and PATS disagree on 

their predictions about whether or not the P. falciparum protein orthologues of my three 

novel leaderless proteins are apicoplast targeted. PlasmoAP suggests that 
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PbANKA_0614600 does not have a transit peptide, PbANKA_1103600 does not have a 

signal peptide and that PbANKA_1304700 has neither a signal or transit peptide (Table 

2.5). While PATS suggests that PbANKA_0614600 is apicoplast-localised, it does not 

predict PbANKA_1103600 or PbANKA_1304700 to localise to the apicoplast (Table 

2.5). It is noteworthy that the localisation predictions are the same for the P. berghei 

proteins. Despite the lack of classical apicoplast targeting information, these three 

candidates are clearly localised to the apicoplast in blood stage parasites (Figure 2.7 and 

Figure 4.6).   

 

In 2002, it was found that the apicoplast stromal-processing peptidase (SPP) shares a 

leader sequence with Δ-aminolevulinic acid dehydratase (ALAD) (van Dooren et al.). In 

this unique case, the leader sequence is not immediately upstream of PfSPP. Instead, the 

PfALAD exons are spliced from PfSPP as an intron, thus introducing the functional 

apicoplast targeting information to PfSPP. The intron responsible for the alternative 

splicing of PfSPP is evident in the RNA sequencing (RNA-Seq) data compiled on 

PlasmoDB (Aurrecoechea et al. 2009). To determine whether a cryptic intron is likely 

to introduce targeting information in any of the novel leaderless candidate P. falciparum 

3D7 orthologues, I assessed the RNA-Seq data for each on PlasmoDB GBrowse v2. 48. 

SignalP 3.0 (Bendtsen et al. 2004) was also used to identify a potential upstream signal 

peptide sequence that was used for a BLAST (NCBI) to determine whether the 

sequence is conserved amongst apicomplexan species as it is known that functioning, 

cleavable signal peptide sequences are not conserved.  

 

3.2.7 Protein alignment  

 

To determine whether conserved N-terminal tyrosines are present in the candidates 

localised in this thesis, gene orthologues and protein sequences were obtained for each 

candidate from PlasmoDB and OrthoMCL (Li et al. 2003; Aurrecoechea et al. 2009) 

and predicted TMD locations were generated by HMMTOP (Tusnády & Simon 1998; 

Tusnády & Simon 2001). To align gene orthologue protein sequences, Clustal Omega 

(1.2.2) Multiple Sequence Alignment (Sievers et al. 2011) was used.  
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3.3 Results  

 

3.3.1 PfoTPT targeting 

 

A PfoTPT synthetic gene with different codon usage was available to us from previous 

work by Lim et al. (2010). This construct was used here to avoid spontaneous 

integration that could confound some of the planned experiments. Expression of the full 

length, HA-tagged synthetic PfoTPT gene, co-localised with ACP and so is targeted to 

the apicoplast organelle (Figure 3.2 A). The construct was also membrane-bound as it 

was only present in the insoluble fraction (Figure 3.3). To determine whether a tyrosine 

found to be necessary for the targeting of TgATP1 is functional in PfoTPT, a single 

point mutation within the synthetic PfoTPT protein was made to change the tyrosine 

(Y) residue at position 10 in the cytosolic N-terminus to an alanine (Y10A). This 

drastically altered targeting of the protein with no Y10A visible within the apicoplast 

(Figure 3.2 B). The Y10A construct remained in the membrane (Figure 3.3), and 

appears to be located in the plasma membrane (Figure 3.4 A) and the ER (Figure 3.5 A), 

on the basis of co-localisation with PfNT1 and BiP, respectively.  

 

To explore the possibility that another region of the PfoTPT protein is required for outer 

apicoplast membrane targeting, PfoTPT constructs were made with various 

combinations of loops and TMDs with C-terminal HA-tags (Figure 3.2 C-I). These 

deletion constructs used the native PfoTPT DNA sequence and showed no tendency to 

integrate; probably because integrations would corrupt the PfoTPT protein, which has 

been shown to be essential in P. berghei (Banerjee et al. 2012).  

 

The minimal construct tested, TMD 1, did not localise to the apicoplast (Figure 3.2 H) 

but instead showed ER (Figure 3.5 D) and plasma membrane (Figure 3.4 G) co-

localisation. Protein partitioning also confirmed that TMD 1 is a membrane resident 

protein (Figure 3.3). Further PfoTPT TMDs were then added back to the mutant protein 

to determine what is required for apicoplast targeting. Constructs with additional C-

terminal TMDs (TMD1to2, TMD1to5, TMD1to6, TMD1to8) also failed to target to the 

apicoplast (Figure 3.2 D-G). Again, these constructs tended to localise to the ER as well 
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as the plasma membrane (Figure 3.5 C and 3.4 C-F). Western blotting showed that all 

TMD deletion constructs are membrane proteins (Figure 3.3). The final deletion 

construct (TMD1to9) removed TMD 10 and did not show any co-localisation with ACP 

(Figure 3.2 C). Even though this construct contains almost the entire PfoTPT protein, 

TMD1to9 also did not target to the plasma membrane (Figure 3.4 B) but instead, 

exhibited perinuclear staining typical of ER localisation in Plasmodium species. This 

localisation was confirmed by co-localisation with BiP (Figure 3.5 B).  

 

This demonstrated that critical targeting elements were present in TMD 1 and TMD 10, 

with TMD 1 appearing to act as a signal anchor and also containing the necessary 

tyrosine, and TMD 10 including unknown targeting information. A minimal construct 

(TMD1+TMD10) was therefore made to bring together the three elements identified as 

apparently being essential for apicoplast outer membrane targeting: the tyrosine motif 

and the cytosolic N-terminus (TMD 1), and the cytosolic C-terminus (TMD 10). This 

construct is exclusively a membrane-bound protein (Figure 3.3) but clearly did not co-

localise with the apicoplast (Figure 3.2 I), instead appearing to accumulate in the ER 

(Figure 3.5 E) and plasma membrane (Figure 3.4 H).  

 

All constructs were demonstrated to migrate in SDS-PAGE gels at appropriate masses 

(Figure 3.3), and Triton X-114 phase partitioning demonstrated that all proteins reside 

in membranes, consistent with their predicted TMD content and the ability of TMD 1 to 

act as a recessed signal anchor (Figure 3.3).  

 

3.3.2 Novel leaderless apicoplast putative membrane transporter targeting  

 

Transcriptional data was analysed to determine whether the novel leaderless apicoplast 

membrane transporter candidates, PbANKA_0614600, PbANKA_1103600 and 

PbANKA_1304700, have cryptic bipartite leader sequences that might enable 

apicoplast targeting. RNA-Seq data did not contain any compelling evidence that 

PbANKA_0614600 and PbANKA_1304700 contain cryptic introns to introduce 

apicoplast targeting information. PbANKA_1103600 does have a potential intron that 

introduces another approximately 10 nucleotides into the coding sequence. However, 
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this is unlikely to introduce a signal peptide, which would be very rare and only affect a 

small portion of the total protein. Besides, most PbANKA_1103600 protein appears to 

be apicoplast-localised as shown by IFA (Figure 2.7). A potential signal peptide was 

identified upstream of PbANKA_1103600, however, this is not cleavable and therefore 

will not function in apicoplast targeting. Also, this sequence is conserved across 

multiple Plasmodium species, meaning that is not likely to contain targeting 

information. It is noteworthy that PfoTPT RNA-Seq data also does not appear to 

implicate any hidden leader sequences.  

 

To assess tyrosine conservation for potential targeting function, protein alignments of 

gene orthologues were performed for oTPT and all candidate apicoplast putative 

membrane proteins localised in this thesis (Figure 3.6). Firstly, the N-termini of 

leaderless apicoplast-localised proteins were analysed which would be the region that a 

targeting tyrosine motif would reside (Figure 3.6 A). The conserved tyrosine 

investigated in this Chapter is seen in the PboTPT orthologue (PbANKA_1107900) 

prior to TMD 1 at amino acid position 9 (position 10 in the P. falciparum protein) and is 

well-conserved in P. falciparum, P. reichenowi, P. yoelii yoelii, P. chabaudi chabaudi, 

P. knowlesi, P. vivax and T. gondii (Figure 3.6 A). A well-conserved tyrosine is also 

seen in PbANKA_0614600 within TMD 1 at position 17, and also after TMD 1 at 

positions 29 and 45 (Figure 3.6 A). Again, well-conserved tyrosines are observed within 

TMD 1 at position 24 in PbANKA_1103600, and prior to TMD 1 at position 17 in 

PbANKA_1304700 (Figure 3.6 A). There are also three well-conserved tyrosines 

immediately after TMD 1 in PbANKA_1304700 at positions 49, 53 and 54 (Figure 3.6 

A).  

 

To investigate whether tyrosine conservation is a unique feature of leaderless apicoplast 

proteins, protein alignments were similarly performed on all leaderless non-apicoplast 

localised candidates (Figure 3.6 B). No well-conserved tyrosines were observed in 

PbANKA_0112500 (Figure 3.6 B). However, conserved tyrosines were seen in 

PbANKA_0208300 within TMD 1 at positions 47 and 55, PbANKA_0311600 prior to 

TMD 1 at position 8 and in TMD 1 at positions 42 and 45, and PbANKA_0817000 

prior to TMD 1 at positions 12 and 51 (Figure 3.6 B). There are three well-conserved 
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tyrosines in PbANKA_0410500 within TMD 1 at positions 15, 24 and 27, and one 

immediately following TMD 1 at position 37 (Figure 3.6 B). PbANKA_0916000 also 

has one conserved tyrosine prior to TMD 1 at position 27 (Figure 3.6 B).  

 

To see how this compared to tyrosine conservation in apicoplast proteins with leaders, 

protein alignments were again conducted for the additional apicoplast proteins localised 

(Figure 3.6 C). PbANKA_0809500 has conserved tyrosines at positions 25, 37, 42 (not 

present in P. falciparum orthologue) and 49 (Figure 3.6 C). PbANKA_0505500 has a 

conserved tyrosine in TMD 1 at position 9, PbANKA_0401200 has conserved tyrosines 

prior to TMD 1 at positions 6, 15, 19 (not in P. falciparum orthologue) and 22, and 

PbANKA_0903500 has a conserved tyrosine prior to TMD 1 at position 48 (Figure 3.6 

C). Lastly, a protein alignment was conducted for the non-apicoplast localised candidate 

with a leader (Figure 3.6 D), PbANKA_0107700, which has a conserved tyrosine after 

TMD 1 (in TMD 1 for all other orthologues) at position 26, however this is not found in 

the P. falciparum orthologue.  

 

3.4 Discussion 

 

To investigate the signals responsible for targeting proteins to the outer apicoplast 

membrane in the human malaria parasite, P. falciparum, a series of episomally 

expressed constructs were generated that contain C-terminal HA-tags and incorporate 

different combinations of TMDs and connecting loops from PfoTPT. Constructs were 

driven by the PfCRT promoter that provides low expression (Mullin et al. 2006). As 

previously reported by Mullin and colleagues (2006), expression of the full PfoTPT 

gene with a C-terminal tag results in a membrane integrated protein that accumulates in 

the apicoplast. As there is no need for PfoTPT processing for correct targeting (Mullin 

et al. 2006), this TMD deletion strategy should provide information on what regions of 

the protein are necessary for targeting. Similar truncation approaches have also 

successfully dissected the ER targeting signals of ryanodine receptors in mammalian 

cells (Meur et al. 2007) and facilitated the examinations of the targeting requirements 

and topology of plant vacuolar antiporters (Yamaguchi et al. 2003) and mammalian 

ABC transporters (Kast et al. 1995). 
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PfoTPT has been shown to reside in the outer apicoplast membrane with its termini 

facing the cytosol (Mullin et al. 2006), probably due to the positive charges on the N-

terminus and the even number of TMDs. Constructs that included the N-terminus and 

even numbers of TMDs (TMD1to8, TMD1to6, and TMD1to2) are all expected to adopt 

the same configuration as full length PfoTPT, based on an understanding of membrane 

protein topology. However, these constructs failed to target to the apicoplast, so TMD 

symmetry may not be an essential factor. Construct orientation was not tested here and 

it is possible that the PfoTPT mutations alter membrane topology, perhaps resulting in 

artificial localisation results; this matter requires further investigation. 

 

Simply changing an N-terminal tyrosine residue to an alanine (Y10A) changed PfoTPT 

targeting, causing it to be non-apicoplast localised. The N-terminal tyrosine must 

therefore be involved in apicoplast targeting of PfoTPT. Tyrosine residues provide 

functionalised sites that stabilise protein structure, interact with substrates and ligands, 

and provide hydrophobic interactions (Saidijam et al. 2016). Killian and Heijne (2000) 

suggest that tyrosines may therefore influence the positioning of interfacial regions of 

membrane proteins, perhaps having an effect on the accessibility of membrane 

regulation sites. This could explain why elimination of the tyrosine in PfoTPT had such 

a significant impact on protein targeting. The most minimal construct tested, TMD1, 

also failed to target to the apicoplast, but was still membrane bound, indicating that 

TMD 1 may, as predicted by Mullin et al. (2006), act as a recessed signal anchor that 

directs PfoTPT into the endomembrane system. This has been confirmed for TgATP1 

(DeRocher et al. 2012). Finally, deleting the last TMD of PfoTPT (TMD1to9) resulted 

in the protein no longer being apicoplast targeted, so some targeting information must 

lie within TMD 10, and/or the C-terminal tail.  

 

The Y10A non-apicoplast localisation validates the identification of a tyrosine motif as 

essential for apicoplast outer membrane targeting of the orthologous protein TgATP1 in 

T. gondii (DeRocher et al. 2012). Although these studies clearly identify an N-terminal 

tyrosine as necessary for apicoplast outer membrane targeting, alone, it is not sufficient 

to direct any membrane protein to this destination as fusion of the N-terminus 
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(containing the crucial tyrosine motif) to a nucleoside sugar transporter (TgNST1) did 

not confer apicoplast targeting in T. gondii (DeRocher et al. 2012). However, it was 

considered that a minimal apicoplast targeting construct could be created by assembling 

all of the features identified here as being necessary, namely the tyrosine residue and 

signal anchor in TMD 1 and the targeting information held in TMD 10. Unfortunately, 

assembly of all of these features in TMD1+TMD10 did not result in the protein being 

apicoplast targeted, suggesting that other elements or protein architecture are needed to 

target PfoTPT to the apicoplast. Whilst it is possible that these mutations result in a 

misfolded protein, preventing apicoplast localisation, and the exact conditions for 

leaderless apicoplast targeting remain undefined, some of these protein features may be 

useful in combination with our current apicoplast prediction tools.  

 

Tyrosine is an aromatic amino acid that has a preference for the interface of 

hydrophobic and hydrophilic regions of the protein (Killian & Heijne 2000) and 

tyrosine-based motifs have long been implicated in intracellular membrane protein 

trafficking (Trowbridge et al. 1993). The tyrosine investigated in this Chapter is well 

conserved amongst oTPT orthologues so to further investigate tyrosine in the targeting 

of apicoplast membrane transporters lacking a bipartite leader, the three leaderless 

apicoplast candidates identified in Chapter 2 were revisited. It was determined that 

PbANKA_0614600, PbANKA_1103600 and PbANKA_1304700 are not likely to 

contain cryptic introns to introduce a functional apicoplast leader, as occurs for PfSPP 

(van Dooren et al. 2002). I therefore investigated whether a tyrosine is conserved in the 

N-terminal regions of the novel leaderless apicoplast proteins.   

 

It is notable that tyrosine is a regular amino acid in TMD proteins, and as discovered, 

conserved N-terminal tyrosines are not confined to leaderless apicoplast membrane 

proteins, with leaderless non-apicoplast proteins and apicoplast proteins with a leader 

also containing conserved tyrosines. However, unlike all leaderless apicoplast proteins, 

not all leaderless non-apicoplast targeted candidates contain well-conserved tyrosines. 

More convincingly, leaderless apicoplast proteins, PbANKA_0614600, 

PbANKA_1103600 and PbANKA_1304700, all have conserved tyrosines in their N-

termini, similar to the conserved tyrosine of oTPT. Y17 within TMD 1 of 
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PbANKA_0614600 is conserved in all Plasmodium orthologues and in T. gondii, Y24 

in TMD 1 of PbANKA_1103600 is conserved in all Plasmodium orthologues, and 

finally, Y17, prior to TMD 1 in PbANKA_1304700, is conserved amongst all 

Plasmodium orthologues. PbANKA_1304700 also contains three additional conserved 

tyrosines immediately following TMD 1 at Y49, Y53 and Y54. These findings warrant 

further investigation to determine whether the well-conserved N-terminal tyrosines in 

PbANKA_0614600, PbANKA_1103600 and PbANKA_1304700, provide apicoplast 

targeting information and therefore whether they can be used in future detection 

methods.  
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3.6 Table and figures for Chapter 3 

 

Table 3.1. Predicted masses and primer pairs for the PfoTPT transfection constructs. 

The tyrosine (Y) codon in synthetic PfoTPT and the alanine (A) codon in Y10A are in 

bold. The predicted mass given for TMD10 is for the entire TMD1+TMD10 protein, 

generated by fusion of TMD1 and TMD10 (containing loop 9) with a HindIII site. A 

HindIII site is naturally found within TMD 1 and one was added to the TMD10 forward 

primer. Both HindIII sites are underlined. 
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Figure 3.1. DNA sequence of the PfoTPT gene from start to stop codon. The part of 

the forward primer found in the coding region is shown with a black arrow and was 

used to generate TMD1, TMD1to2, TMD1to5, TMD1to6, TMD1to8 and TMD1to9. 

The part of the TMD10 forward primer matching the coding region is shown with a 

purple arrow. Reverse primers used to amplify portions of the gene containing various 

TMDs are shown with red arrows. The tyrosine codon is shown in orange, the HindIII 

cloning site is shown in green and loop 9, included in TMD1+TMD10, is shown in blue.  

 

 

 

 

 

 

 

ATGAAAGATAATGAAAAAAAAAATGAGTATGGAACTTTTCCAATTACTATAAATGAAGGTTATTCAGATA

ATGTAGGTGATAATAAATTGAAGAGTAAAGGGATATATCATAAATTATTTGAGAAATTAAAATTGGCGTTG

TTATTTTTAACGTGGTATACATTAAATGTATTATATAATGTAGATAATAAAAAAGCTTTAAACATGGTTAAAT

TACCTTGGTTTATTAGTTCAATGCAATTATATGTAGGATGGATATTTATATTTATATATTGGATAAGTGGAA

TGAAAAAAATCCCCAAGATATATTCATATGATATATTTATAAGAAATATATTAATTCAAAGTGTATGTCATAT

ATTTGTTCATTTTGGTGCTGTCATGGCTATGTCAGCAACTAGTGTTTCCTTTACACATGTAGTAAAAGC

ATGTGAACCTGTATTTACAGCCATTTTTTCAATTTTACTTTTAAAACAATATTTAAAAATAAATAAATATATA

GCCTTATTAATTATTGTAGGTGGTGTTGTTTGTGCATCTATGAAAGAATTACATTTTACTTGGATAGCTTT

TTGGTGTGCAACCTTATCAAATTTTGGTTCATCTATTAGATCTATTTATGCAAAAAAAATGATGACACAA

AAATCTCTTATAGGTGAAAATCTAAATGCATCTAATATTTATGCATTTATTACCATTATTTCAGCCCTAATT

TCTTTACCTTTAGTTCTAGCATTCGAAGGAAAAGAAACTTATAATTTCTTAGTTAACTATCAAGGTACAA

ATTATACTTTCAAAGATGTTATTTTTAAAATAATATTAAGTGGAATGTGGTACTATTTTAATAATGAAGTTG

CTTTTATGTGCCTTGAAAGAGTTAACCAAATCACACATGCACTTGCAAATTCAATTAAAAGAGTTGTTAT

CATTGTTTCATCAATAATTATATTTAAAACACAAATAACGTTACTTGGAGCTATAGGATCAGCAGTTGCA

ATATTCGGTGCTTTCTTGTATTCAATCTTTTAA 
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Figure 3.2. Gene expression constructs defining elements of PfoTPT essential for 

targeting to the apicoplast. Transmembrane domains (TMDs) are represented by 

numbered grey boxes and are joined by loops. All PfoTPT constructs are episomally 

expressed under the PfCRT promoter and HA-tagged at the C-terminus detected with 
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anti-HA primary and anti-rat 488 secondary antibodies (green) in parasites within red 

blood cells. The apicoplast was visualised with antisera against the apicoplast stromal 

marker (ACP) primary and then with anti-rabbit 546 secondary antibodies (red). Nuclei 

are stained with Hoechst (blue) and transmitted images of the parasites within their host 

red blood cell are shown on right. Scale bars are 2 µm. A: Full length, synthetic PfoTPT 

co-localises with ACP. B: Point mutation of tyrosine residue at position 10 (✪) in the 

synthetic PfoTPT (Y10A) abrogates targeting to the apicoplast showing no co-

localisation with the apicoplast marker. C: Removal of TMD 10 (TMD1to9) abrogates 

targeting to the apicoplast showing no co-localisation with the apicoplast marker. D: 

Removal of TMDs 9 and 10 (TMD1to8) abrogates targeting to the apicoplast showing 

no co-localisation with the apicoplast marker. E: Removal of TMDs 7, 8, 9 and 10 

(TMD1to6) abrogates targeting to the apicoplast showing no co-localisation with the 

apicoplast marker. F: Removal of TMDs 6, 7, 8, 9 and 10 (TMD1to5) abrogates 

targeting to the apicoplast showing no co-localisation with the apicoplast marker. G: 

Removal of TMDs 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1to2) abrogates targeting to the 

apicoplast showing no co-localisation with the apicoplast marker and diffuse staining 

throughout the parasite. H: Removal of TMDs 2, 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1) 

abrogates targeting to the apicoplast showing no co-localisation with the apicoplast 

marker and diffuse staining throughout the parasite. I: A combination of TMD 1 and 

TMD 10 (TMD1+TMD10) was not sufficient to reconstitute targeting to the apicoplast, 

showing no co-localisation with the apicoplast marker. 
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Figure 3.3. Western blots showing that all PfoTPT modification constructs produce 

membrane bound proteins of appropriate apparent masses. After Triton X-114 protein 

partitioning, parasite protein fractions were separated by SDS-PAGE and transferred to 

a membrane. The apicoplast stromal protein, Hsp60, is loaded as a soluble protein 

control, and PfoTPT is loaded as an insoluble protein control. The Hsp60 protein was 

visualised by probing with rabbit anti-Hsp60 primary and anti-rabbit HRP secondary 

antibodies, all other proteins were probed with rat anti-HA primary and anti-rat HRP 

secondary antibodies. The left column shows the insoluble (membrane) fraction while 

the right column shows the soluble (non-membrane) fractions after Triton X-114 protein 

partitioning. Protein mass markers are given on right.  
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Figure 3.4. Gene expression constructs not targeted to the apicoplast now co-localised 

with the plasma membrane. Transmembrane domains (TMDs) are represented by grey 

boxes and are joined by loops. All PfoTPT constructs are episomally expressed under 

the PfCRT promoter and HA-tagged at the C-terminus detected with rat anti-HA and 

anti-rat 488 secondary antibodies (green). The parasite plasma membrane is detected 

with rabbit anti-PfNTP1 primary and anti-rabbit 546 secondary antibodies (red). Nuclei 

are stained with Hoechst (blue), and transmitted light images of the parasites within 
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their host red blood cell are shown at right. Scale bars are 2 µm. A: Point mutation of 

tyrosine residue at position 10 (✪) in the synthetic PfoTPT (Y10A) relocates protein 

from the apicoplast (Figure 3.2 B) to the plasma membrane. B: Removal of TMD 10 

(TMD1to9), which completely abrogates targeting to the apicoplast (Figure 3.2 C), does 

not result in plasma membrane localisation. C: Removal of TMDs 9 and 10 (TMD1to8), 

which completely abrogates targeting to the apicoplast (Figure 3.2 D), results in some 

protein localisation to the plasma membrane. D. Removal of TMDs 7, 8, 9 and 10 

(TMD1to6), which completely abrogates targeting to the apicoplast (Figure 3.2 E), 

results in localisation of the protein that mostly overlaps with the parasite plasma 

membrane marker, PfNT1. Note that the erythrocyte is infected with three separate 

parasites. E: Removal of TMDs 6, 7, 8, 9 and 10 (TMD1to5), which completely 

abrogates targeting to the apicoplast (Figure 3.2 F), results in localisation of the protein 

that mostly overlaps with the parasite plasma membrane marker, PfNT1. Note that the 

erythrocyte is infected with two separate parasites. F: Removal of TMDs 3, 4, 5, 6, 7, 8, 

9 and 10 (TMD1to2), which completely abrogates targeting to the apicoplast (Figure 3.2 

G), results in some re-localisation of the protein to the plasma membrane. G: Removal 

of TMDs 2, 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1), which completely abrogates targeting to 

the apicoplast (Figure 3.2 H), results in some localisation of the protein to the plasma 

membrane. H: Recombining TMD 1 with TMD 10 (TMD1+TMD10) was unable to 

reconstitute apicoplast targeting (Figure 3.2 I) and resulted in some plasma membrane 

targeting. 
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Figure 3.5. Gene expression constructs not targeted to the apicoplast are now co-

localised with the endoplasmic reticulum. Transmembrane domains (TMDs) are 

represented by grey boxes and are joined by loops. All PfoTPT constructs are 

episomally expressed under the PfCRT promoter and HA-tagged at the C-terminus 

detected with mouse anti-HA primary and anti-mouse 488 secondary antibodies (green). 

The parasite endoplasmic reticulum (ER) is detected with rat anti-BiP primary and anti-

rat 546 secondary antibodies (red). Nuclei are stained with Hoechst (blue), and 

transmitted light images of the parasites within their host red blood cell are shown at 

right. Scale bars are 2 µm. A: Point mutation of tyrosine residue at position 10 (✪) in 

the synthetic PfoTPT (Y10A) relocates protein from the apicoplast (Figure 3.2 B) to the 

ER, as well as the plasma membrane (Fig 3.4 A). B: Removal of TMD 10 (TMD1to9), 

which completely abrogates targeting to the apicoplast (Figure 3.2 C), results in 

perinuclear localisation of the protein that almost entirely overlaps with the ER marker, 

BiP. C: Removal of TMDs 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1to2), which completely 

abrogates targeting to the apicoplast (Figure 3.2 G), results in re-localisation of most of 

the protein to the ER. D: Removal of TMDs 2, 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1), which 

completely abrogates targeting to the apicoplast (Figure 3.2 H), primarily results in 
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localisation of most of the protein to the ER. E: Recombining TMD 1 with TMD 10 

(TMD1+TMD10) was unable to reconstitute apicoplast targeting (Figure 3.2 I) and 

resulted in some perinuclear ER targeting, plus some parasite plasma membrane 

targeting (Figure 3.4 H). 
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Apicoplast without leader 
 
PBANKA_1107900       1  -MKENDKN-------EYGTFPITINEN-YGDKIGDLQY--KN----FYNS-LYEKVKLAL 
PF3D7_0508300        1  MKDNEKKN-------EYGTFPITINEG-YSDNVGDNKLKSKG----IYHK-LFEKLKLAL 
PRCDC_0507500        1  MKDNEKKN-------EYGTFPITINEG-YSDNVGDNKLKSKG----IYHK-LFEKLKLAL 
PY17X_1109000        1  -MKENDKN-------EYGTFPITINEN-YGDQIGDLKY--KN----FYKS-LYEKIKLAL 
PCHAS_1107600        1  MMKDNDKN-------EYGTFPITINEN-YGGKFGDFQY--KK----IYRA-LYEKAVLGF 
PKNH_1025300         1  -MKDNTKN-------EYGTFPIMINEG-HSDQVGEKKFLSGG----IYHS-ILEKAKLLC 
PVX_097975           1  -MKDSAKN-------EYGTFPITINEG-QSDQVGEKKLLSGG----IYQG-LLERAKLLA 
TGME49_061070        1  -MEESKRLGVSALPPQYGTVSTGGARP-AKD-LESQASPASG----DQTA-F--YAQLGV  
 
PBANKA_0614600       1  --------------MNKFAVEATLLLFIISYCVQPMLIDTIKYNGCANSSTFIFLIPHYL 
PF3D7_0716900        1  -------------MKNEIIFCTTFILFLISYCFQPLLIDIIKYNGCGNSSTFIFLIPHYL 
PRCDC_0714200        1  -------------MKNEIIFCTTFILFLISYCFQPLLIDIIKYNGCGNSSTFIFLIPHYL 
PY17X_0617300        1  --------------MKQYAVEATLLLFIISYCVQPMLIDTIKYNGCANSSTFIFLIPHYL 
PCHAS_0616300        1  --------------MKHFVLESTLILFVISYCVQPMLIDTIKYNGCANSSTFIFLIPHYL 
PKNH_0311700         1  -------------MKNEILYGTTFILFLVSYCFQPLLIDIIKYNGCGNSSTFIFLLPHYL 
PVX_000585           1  -------------MKNEILYGTTFVLFLISYCFQPLLIDIIKYNGCGNSSTFIFLLPHYL 
PCYB_032060          1  -------------MKNEILYGTTFILFLISYCFQPLLIDIIKYNGCGNSSTFIFLLPHYL  
TGME49_066750        1  MGQAGGDLLRAVLTRQHAIEVGVVLLFLVAYSAQPLLVDVIKINGGAHPSTFSVLIPHYY  
 
PBANKA_1103600       1  MVNFCKPDKLLIEYSELRCICFFYIFLLLCFFIWIFHKKWIRDNIEKKHKLKNYEAIFKS 
PF3D7_0504000        1  MARFCKSDKLLINHRELKYICLFYIILLFCFFLWCIFKKYHENRINRKHKRKGSDSSHKN 
PRCDC_0503200        1  MARFCKSDKLLINHRELKYICLFYIILLFCFFLWCIFKKYHENRINRKHKRKGSDSSPKN 
PY17X_1104700        1  MVNFCKPDKLLIEYSELRCICFFYIFLLLCFFIWVFHKKWMRDNIEKKHKLKNYQAIFKS 
PKNH_1029600         1  MGRVCKADSLPLTYSELTYICFFYLFLLISFLVWCVRKNRFRNQINERHKWKNTESHGKN 
PVX_097770           1  MGRVCKADSLPVTYPELTYICSFYLFLLISFLVWCLRKNRFRSKINERHKWKNSEAHAKN 
PCYB_103760          1  MGRVCKADSLPLTYSELTYICFFYFFLLISFLVWCLRKNRFRSKINERHKWKNSESHAKN 
 
PBANKA_1304700       1  MKLLRDHDNLFYENEEYEKIRKKTLFKILLSVFIKTLFESFLQPLLPFYILNYYNIEVKE 
PF3D7_1440800        1  MTMFKDDENNFNYNKEYEKVKKRTLFKILLSVFIKTLFESFLQPLLPFYILNYYDIEVKE 
PRCDC_1440100        1  MTMFKDDENNFNYNKEYEKVKKRTLFKILLSVFIKTLFESFLQPLLPFYILNYYDIEVKE 
PY17X_1308500        1  MKLLRDHDNLFYENEEYEKIRKKTLFKILLSVFIKTLFESFLQPLLPFYILNYYNIEVKE 
PCHAS_1307900        1  MKLLRDHDNLFYENEEYEKIRKKTLFKILLSVFIKTLFESFLQPLLPFYILNYYNIEVKE 
PKNH_1241500         1  MKEKTDDGNLFYDNEEYEKIKKKTLFKILLSVFIKTLFESFLQPLLPFYILNYYDIQVKE 
PVX_118450           1  MKAKRDDENLFSDNEEYEKIKKKTLFKILLSVFIKTLFESFLQPLLPFYILNYYDIQVKE 

Non-apicoplast without leader 
 
PBANKA_0112500       1  MI-NKQNEDI----NNENNQHQNEKA-SSFKM--------------EVYEQKCISNNNKF  
PF3D7_0614300        1  MSSTEKNEVINSNDTRLRKNESKKYEGEFLKSN---TTEMKGRKVVSKIDENIIDGC-GK 
PRCDC_0613000        1  MSSTEKNEVINSNDTRLRKNESKKYEGEFLKSN---TIEMKGKKVVSKIDENIIDGC-GK 
PY17X_0114100        1  MK-NKQNEDINYHINNEKNQYKIGKK-STLKM--------------EVYEQKCISNNNKF 
PCHAS_0113100        1  ME-NKRNEDINYQINNE-------TK-STLKM--------------DTYEQNCINN--NF 
PKNH_1135700         1  MKAPEKDEAVANHPKSAKGAEIIGKRIENMKINKQNEDKEAVKEYLSSIDN-------EV  
PVX_113850           1  MKAPEKDEAVANHPKSAQGAELNGKKGGALKINMQNEDEEAAKEYLSSIDN-------EV 
PCYB_114280          1  MKAPEKDEAVTYHPKSAKGAELNGKKIGALKTNMQSEDEEATKEYLSSIDN-------EV 
 
PBANKA_0208300       1  MN---ESNCTKIVNFLKGMRLKTNPNLPGAKQKTPLNIHRFYLLLIIIIYTATSACIYFD 
PF3D7_0104800        1  MS---NSIFHKIIKSVKGLKLKTDPNLPGAKQKTPLNIKRFYLLIILVIYTATSACIYFD 
PRCDC_0102700        1  MS---NSIFHKIIKSVKGLKLKTDPNLPGAKQKTPLNIKRFYLLIILVIYTATSSCIYFD 
PY17X_0209700        1  MS---ESNCTRIANFLKGMRLKTNPNLPGAKQKTPLNIHRFYLLLIIVIYTAASACIYFD  
PCHAS_0206700        1  MS---ESYCTKVLNFLKGMRLKSNPNLPGAKQETPFNINRVFLLIIILIYTATSACIYFD 
PKNH_0208700         1  MKG---TRENRCLAFLKGLRLKTDPNLPGAKQKTPFNISRFWLLIIIVIYTATSACIYFD  
PVX_081515           1  MKD--SRGKRRCLAFLKGLRLKTDPNLPGAKQKTPFNISRFWLLVIIVIYTATSACIYFD 
PCYB_021900          1  MKD--TRG-NRCLAFLKGLRLETDPNLPGAKQKTPFNISRLSLLIITVIYTATSACIYFD  
TGME49_015490        1  MAGLLSSCCGRV------YALLPDSAHPSAQQKTPFGVNRYVLLVIYMIYALLTSSVYFG 
 
PBANKA_0311600       1  -MVFFYSIYSALMKYITNKLSYSRKQKIFVINNCLFFSFILFYISYYFFFNGLIYPAVKI 
PF3D7_0214800        1  MLELLRNAYNKCKEYILGLSKKSQIYKINILNYCLLFSFFLFYASYFFFINGIINPAVKI  
PRCDC_0213700        1  MLELLRNAYNKSKEYILGLSKKSQIYKINILNYCLLFSFFLFYASYFFFINGIINPAVKI  
PY17X_0312100        1  -MVFFYSIYSALMKYITNKLNYSRQQKIFVINNCLFFSFILFYISYYFFFNGLIYPAVKI 
PCHAS_0313700        1  -MVFFYSIYSALMKYMTNKLSYSRKQKIFVINNCLFFSFILFYISYYFFFNGLIYPAVKI  
PKNH_0406000         1  -MASLNNIYSKCREHIARKFTISNKRKIYIINNSLFLSFILFYISYFFFINGIINPAVKI 
PCYB_041540          1  MMPFLKNMYRRCREQIARKLTISSKRKIYIINNSLFLSFVLFYISYFFFINGIINPAVKI 
PVX_002795           1  MMPFLSNTYSKCREQIARKLTISSKRQIYIINNSLFLSFILFYISYFFFINGIINPAVKI  
 
PBANKA_0817000       1  ---MKDVLENKKYVYKYNKENSYIDIQRNETFRSNKSANMDKTEKDINETNSIYIENLQI 
PF3D7_0916000        1  MAEIKNLIKKKENIY-------------------NKSDKI----NNNKESNNIYI----- 
PRCDC_0914000        1  MAEIKNLTKKKENIY-------------------NKSDKI----NNKKESNNIYI----- 
PY17X_0820300        1  ---MEDVLENKKYVYKYNKENSYIDMQRNETFRSNKSGNMDETEKDINETNSIYIENLQD 
PCHAS_0817300        1  ---MEDVLENKKYVYKYGRENSYINIQRDETLKSNKSDNMDETEKDINEMNSIYIENLQD 
 
PBANKA_0410500       1  MCKLKSKLIVILFMYSIATTAIVYQNYIFIANLFKKYRAFEWLCTNKN----SEGDFFLC 
PF3D7_0312500        1  MKKVKDKTIISLFMYSISTTAIVYQNYIFISNLLKNYRAFEWLCIKNEDDNIVHGDFFVC 
PRCDC_0311800        1  MKKVKDKTIISLFMYSISTTAIVYQNYIFISNLLKNYRAFEWLCIKNEDDNIIHGDFFVC  
PY17X_0413000        1  MCKLKSKLIVILFMYSIATTAIVYQNYIFIANLFKKYRAFEWLCTNKS----SGGDFFLC 
PCHAS_0411400        1  MHKFKSKLIVMLFMYSIATTAIVYQNYIFIANLFKKYRAFEWLCTDKN----SEGDFFLC  
PKNH_0829700         1  MGRPSGKTTIPLFMYSIATTAIVYQNYIFIAFLFKRYRAYEWLCTGQSN--QMGGDFFVC 
PVX_119735           1  MGPPAGRAAIPLFMYSIATTAIVYQNYIFIAFLFKKYRAYEWLCRGESD--PLGGDFFVC 
PCYB_083700          1  MGPPSGKATIPLFMYSIATTAIVYQNYIFIAFLFKEHRAYEWLCTGEKD--QMGGDFFVC  
 
PBANKA_0916000       1  ----------------MKEIKTT-PCSKVNKNNTKYNKTKEMLYYAPIRGK------IKK 
PF3D7_1132400        1  MDIENNSKNEDPTYRSKEKIFGTKVCQQKK-----KKKVNALKYHLSEQAQQVKRKSIDE 
PRCDC_1130800        1  MDIENNSKNEDPTYRSKEKIFGTKVCQQKK-----KKKVNALKYHLSEQAQKVKKKSIDE  
PY17X_0917500        1  ----------------MEEIKTT-PCSKVNKNNIKCNKTKEMLYYVPIRGK------IKK 
PCHAS_0930000        1  ----------------MEEIKTT-PYSKVNKNNIKCNKTKGMLYYVPIRGK------IKK 
PKNH_0930600         1  MR-----------MRGKMENKAN----------KEN---------MP------------- 
PVX_092225           1  -------------MRGKVENKAN-AANKVNKANMEN---------MPSEPN------MAN 

: 3 : 3 : 3 : 3 

A 

B 
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Figure 3.6. Tyrosine conservation in candidate apicoplast membrane proteins. Protein 

alignments were performed for orthologues of each candidate gene localised in this 

thesis and were divided into the following categories: apicoplast without leader (A), 

non-apicoplast without leader (B), apicoplast with leader (C) and non-apicoplast with 

leader (D). Gene identification numbers for each orthologue are given on left and the 

first amino acid in each protein follows a ‘1’. Amino acids in the first transmembrane 

domain are bold and each tyrosine (Y) is highlighted a shade of red, depending of the 

level of conservation (e.g. 1 Y at a position in all orthologues is highlighted the lightest 

shade of red and 5 or more Y at a position in the orthologues are highlighted the darkest 

shade of red, indicating high conservation).  

 

 

Apicoplast with leader 
 
PBANKA_0809500       1  MARMRAVFLFV--IITIF-IGDII----GEKYKNIKKYKIVRSYICNQYNSGNIFYTANG 
PF3D7_0908100        1  ---MNTHFLLW--LILLICYKNVECVRKNTFYEKYKPLNFVNNYN-------KQIYKCYG 
PRCDC_0906200        1  ---MNTHFLLW--LILLICYKNVECVRKNKFYEKYKPLNFVNNYN-------K-IYKCYG 
PY17X_0812800        1  MARMRAVFLFV--IITIF-IGDII----GEKYKNIKKYKIVRSYICNQYNSDNKFYTENG 
PCHAS_0809800        1  MARMRVAFLFI--IITIF-IGEII----GKKYKNIKKYKIVRSYICNQYKSDNKYYAGYG 
PKNH_0706100         1  ---MRTFTPLILLLVTLLYLAKSQ-FSKGEWKG-----GTDWGIPIRQYHVGGKCFIRVF 
PVX_098847           1  ---MNTPARLVPLLLALMHLAKSQ-LSKDAGRG-----ANSGGVPIRQYHVGGKCFIRTS 
 
PBANKA_0505500       1  MKKIKLVRYLIIVGLIKNVICLNVIKNRNFEIVS--------DLPIYYNDGNKHM-RKKM 
PF3D7_1021300        1  MKKAIFFIYLIFF-VFVKVTCLEIRRG-KYNINYDYAIKSLKDNNFKRRGGEKGRRNNIY 
PRCDC_1020700        1  MKKAIFFIYLIFF-VFVKVTCLEIRRG-KYNINYDYAIKSLKDNNFKRRGGEKGRRNNIY 
PY17X_0506600        1  MKKIKFVGYLIIVGLIKNVICLNVIKNRNFEIVS--------DLPIYYKDGNKHM-RKKM 
PCHAS_0505600        1  MKKIKLVGYFIIVGLIKNVICLNVINNRKFEIIS--------DLPTYYKDGNKHM-RKKM 
PKNH_0605600         1  MKAITVFLKIGLLAVVSSLRTPDVK-RRSQEIVPKGNPN---CLLTELKRKGTR----RI 
PVX_001930           1  MKAVTLLLRAALLAVACSLRTPDVR-GGSGEMIPRAHPK---HILTEGRRRGRGRRGKLT  
 
PBANKA_0401200       1  MKLLGYQFVRLLLFYILLYQNYNVINALN---KN----RHDIIHSGIHQN---------- 
PF3D7_0302600        1  ---MKYLFFSLFLCYNLIVYIYCVSKNA-------YNIKEKRRGECNFP-INNQRCNNNM 
PRCDC_0301900        1  ---MKYLFFSLFLCYNLVVYIYCVSKNA-------YNIKKKRRGECNFP-INNQRCNNNM  
PY17X_0403400        1  MKLVSYQFVRLLFLYILLYQNYNVINALN---KN----RHDIIHNGIHPN---------- 
PCHAS_0402100        1  MKLVGYQIIRLLILYILLYQNYNVINALN---KN----RHDIIHNGPHQN----------  
PKNH_0840500         1  --------MKFVLNWILLYLVACGTSSKNAQYKREYAVRQKNWVGTPHSAVLYKKCKNKK 
PVX_119255           1  --------MKFVHNWILLCLVACGSSSKNAQHHREYTVRQKNAVGTPHPAKLYKKCKNKK 
PCYB_084660          1  --------MKFVLNWILLYLVACGSSSKNVQHKREYTVRQKNGVGTPHPAKLYKKCKNKK  
 
PBANKA_0903500       1  MKKFINIYIILLVFFTILNKRIHIKCKQEKVVNGLNNRFIINRGNPTYNKKYLKI----- 
PF3D7_1145500        1  MRNYGLLHFLLVLLLLNLSIK-------SKILNRND-------H-IKYNSSVMYI----- 
PRCDC_1143900        1  MRNYGLLHFLLVLLFLNLSIK-------SEILNRND-------H-IKYNSSVMYI----- 
PY17X_0904900        1  MIKFVNIYIFLLVFYIILNKRAHIKCKEEKIVNKLNNRFIIKNGNRSYRQKYRQK----- 
PCHAS_0704700        1  MKKIKNVYFLLLVFFILLNKRTQIKCKQEKVVNRVNNNLIINRSNPSYNKKYFKI----- 
PKNH_0943400         1  MRKCPIVLVLFW---VLLPVM-------TKIVNAKNGSLVKKETIRGYNTKVKRKKRFKV 
PVX_092880           1  MRKCPTVLLLLV---VLLPTE-------SKIMSAKSSSLVKKDTVRGYSAKVRKKKRFKV 

Non-apicoplast with leader 
 
PBANKA_0107700       1  MDLLLAKAICIFAFLSVATGGCAIPYILGLFGK-RNRNKYENKVKNILSNLNCFGAGFIF 
PF3D7_0609100        1  MDLLFAKIICIGIFLVVTTFGCFIPHLMGLYKE-KENEEKNKRVKNILSNLNCFGSGFIF 
PRCDC_0607800        1  MDLLFAKIICISIFMVVTTFGCFIPHLMGLYKE-KENEEKNERVKNILSNLNCFGSGFIF 
PY17X_0109300        1  MDLLLAKAICIFAFLSVATGGCAIPYILGLFGK-RNRNKYESKVKNILSNLNCFGAGFIF 
PCHAS_0108300        1  MDLLLAKAICIFAFLSVATGGCAIPYILGLFGK-RNRNKYENKVKNILSNLNCFGAGFIF  
PKNH_1141100         1  MDLLLAKAICIFTFVCVATFGCSIPYLIGLLGN-KKNAEHENRIKGVLSNLNCFGSGFIF 
PVX_113615           1  MELLLAKAICIFTFLCVATFGCSIPYLIGLLGK-RKNAEHEDKIKGILSNLNCFGSGFIF  
PCYB_114740          1  MDLLLAKAICIFTFLCVATFGCSIPYLIGLLGK-KKNAEHEDKIKGILSNLNCFGSGFIF  
 
TMD1 
Number of conserved tyrosines:  
1 
2 
3 
4 
≥5 

: 3 

 2!

C 

D 
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Chapter 4 

 

Disrupting essential apicoplast putative membrane transporters in   

Plasmodium falciparum 

 
4.1 Introduction 

 

In Chapter 2, eight candidate apicoplast membrane proteins were found to be essential 

at the P. berghei blood stage, following unsuccessful attempts to delete the genes in 

blood stage asexual parasites. Two of these essential candidates were then confirmed to 

be apicoplast proteins, PbANKA_0401200 and PbANKA_0505500. A third essential 

candidate, PbANKA_0614600, was not localised to the apicoplast in Chapter 2, but was 

expected to be apicoplast targeted based on unpublished data on its T. gondii orthologue 

(personal communication with Giel van Dooren). For a gene to be validated as an 

antimalarial drug target, it must be essential to parasite survival so that disrupting a 

target gene will result in perturbed growth or death of the parasite. These three 

candidates are thus promising apicoplast drug targets, and it is of utmost importance to 

further characterise their roles in the human malaria parasite, P. falciparum.  

 

To completely characterise an essential apicoplast membrane transporter, a phenotype 

with a genetic disruption is required. As discussed in Chapter 1, it has previously been 

difficult to disrupt blood stage essential genes in P. falciparum due to a lack of tractable 

conditional mutagenesis systems (de Koning-Ward et al. 2015). Progress has been made 

and an inducible protein knockdown system has recently been introduced to 

Plasmodium biology, which may make characterising essential apicoplast membrane 

transporters more feasible. This strategy exploits the metabolite-dependent glmS 

ribozyme (Winkler et al. 2004). Prommana et al. (2013) found that the glmS ribozyme 

element inserted into the 3’-untranslated region (UTR), after the gene of interest coding 

region, can be used to efficiently knockdown protein expression with the addition of 

glucosamine (GlcN). The GlcN inducer binds to the glmS element present in the 

expressed mRNA, activating the glmS ribozyme (Prommana et al. 2013). The mRNA 
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then self-cleaves resulting in degradation of the gene of interest mRNA and therefore 

knockdown of the protein (Prommana et al. 2013). Furthermore, it was found that this 

process was also reversible by simply removing GlcN (Prommana et al. 2013). This 

useful knockdown strategy has received a lot of success in a number of P. falciparum 

genetic studies (Aroonsri et al. 2016; Chisholm et al. 2016; Elsworth et al. 2014; 

Mchugh et al. 2015; Xie et al. 2015; Sleebs et al. 2014).  

 

Although disrupting an essential apicoplast gene is lethal, parasites may survive if 

supplemented with a product that compensates for the defect. A method established by 

Yeh and DeRisi (2011) may be applied to enable blood stage essential apicoplast 

membrane transporters to be disrupted in P. falciparum. This groundbreaking study 

revealed that apicoplast-minus parasites could be chemically rescued by supplementing 

with exogenous IPP (Yeh & DeRisi 2011), the central intermediate in the biosynthesis 

of isoprenoids, a diverse class of natural products with numerous biochemical functions 

in Plasmodium (Lange et al. 2000). Yeh and DeRisi (2011) established that 

fosmidomycin inhibition could be rescued with IPP in P. falciparum and even parasites 

treated with doxycycline lose their apicoplasts but continue to grow with IPP 

supplementation. This demonstrated that exogenous IPP complements defects in 

endogenous biosynthetic function (Yeh & DeRisi 2011). Not only did this provide a 

means of working with essential apicoplast genes, but it also exposed the essential 

function of the apicoplast. It has already been demonstrated that an essential apicoplast 

gene can be disrupted so long as the parasites are supplemented with IPP (Gisselberg et 

al. 2013).  

 

It is not believed that Plasmodium can scavenge IPP in sufficient quantities from the 

host red blood cell (Janouskovec et al. 2015) but it is known that IPP is synthesised via 

the 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway that is localised to the 

apicoplast, the only site for IPP synthesis in Plasmodium (Jomaa et al. 1999; Ralph et 

al. 2004; Jordão et al. 2011). IPP is a negatively charged molecule and is therefore 

unlikely to naturally cross the four apicoplast membranes by a process such as diffusion 

(Soler et al. 1993). Curiously, it is not known how IPP is exported from the apicoplast 

to the cytoplasm for isoprenoid synthesis, although, it is hypothesised that a membrane 
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transporter is involved. Experiments in Arabidopsis thaliana conducted by Laule et al. 

(2003) suggest the likely presence of a specific membrane protein exporting IPP from 

plant plastids. Studies by Soler et al. (1993), Bick and Lange (2003) and Flügge and 

Gao (2005) have also indicated that a specific IPP transporter exists in plant plastids, yet 

a molecular candidate has not been identified. Considering that the only two well-

characterised apicoplast membrane transporters, PfoTPT and PfiTPT, have plant 

homologues, the malaria parasite may also share a homologous IPP transporter. 

 

Essential apicoplast membrane transporters are candidate IPP transporters, as an IPP 

exporter would be indispensable at the blood stage and localise to the apicoplast. It is 

known that the three essential apicoplast putative membrane proteins identified in 

Chapter 2 are crucial to the survival of blood stage parasites, although the question of 

why remains unanswered. To help uncover what their roles are in parasite biology or 

perhaps IPP export, further biochemical analysis is required. If P. falciparum parasites 

with a candidate gene disrupted are rescued by IPP, the gene may be involved in IPP 

synthesis or export, or another function essential to apicoplast survival. If the parasites 

do not survive, the gene is most likely involved in a non-apicoplast process, affecting 

something else essential to the parasite at the blood stage.  

 

As outlined in Chapter 2, the membrane transporters of the apicoplast are poorly 

understood and the identification and characterisation of new apicoplast membrane 

transporters, particularly an IPP transporter, is essential for our understanding of this 

unique organelle. A Plasmodium IPP transporter would be an attractive drug target and 

its discovery would have importance beyond parasitology, as the question of how IPP is 

exported from the plastid in plants remains unanswered (Bick & Lange 2003; Flügge & 

Gao 2005).  

 

Here, a combination of the glmS ribozyme knockdown and IPP supplementation 

strategies prove useful in the previously problematic characterisation of essential genes 

in P. falciparum. Experiments utilising these methods could provide additional 

biological information to help direct future avenues of research, or shortlist and 

prioritise genes of interest. In this Chapter, I investigate the P. falciparum orthologues 
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of two of the essential apicoplast candidates identified in Chapter 2, Pf3D7_0716900 

and Pf3D7_0302600. A classic double crossover KO with IPP supplementation of 

Pf3D7_0716900 was attempted before the ribozyme knockdown strategy was 

implemented for both candidates, leading to the further confirmation that an important 

apicoplast putative membrane transporter has been uncovered.  

 

4.2 Methods 

 

4.2.1 Construct cloning 

 

A double crossover homologous recombination KO construct (Figure 4.1) was made for 

Pf3D7_0716900 in an attempt to delete the gene under IPP supplementation. As 

described in 2.2.4, template WT 3D7 gDNA was used to amplify homologous 5’ and 3’ 

gene specific flanks before sequencing was performed (Table 4.1). With SacII/AflII (5’) 

and EcoRI/NcoI (3’), each flank was ligated into the transfection vector, pCC-1, 

containing both positive (DHFR) and negative (CD) selectable markers (Maier et al. 

2006; Maier et al. 2008). Plasmid DNA was isolated and assessed (2.2.3) before 

transfection.  

 

Single crossover glmS ribozyme knockdown and HA control constructs were made for 

Pf3D7_0302600 and Pf3D7_0716900 (Figure 4.2) to HA-tag and induce gene 

knockdown with IPP supplementation. The primers used to generate each gene specific 

flank are found in Table 4.1. BglII and PstI were used to ligate each flank into glmS and 

HA transfection vectors (Elsworth et al. 2014). Final plasmid DNA was isolated, 

assessed (2.2.3) and sequenced before transfection as described in 2.2.4. To sequence 

the gene flank insert and HA-tag of HA control constructs, SP6 and 5’-

agctgccatatccctcgac primers were used. To sequence the gene flank, glmS ribozyme 

element and HA-tag of ribozyme knockdown constructs, SP6 and 5’-

tgcacacaacatacacatttttac primers were used. M13-forward (Appendix III) and 5’-

tccaatgtgcatgataaaagaaa primers were used to sequence the DHFR element of ribozyme 

and HA control constructs.  
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4.2.2 Culture and transfection of parasites 

 

4.2.2.1 Parasite maintenance 

 

P. falciparum parasites were cultured within red blood cells in 0/100 medium and 

incubated in the conditions described in 3.2.2. The proportion of parasite-infected red 

blood cells (parasitaemia) was monitored by Giemsa-stained thin blood smears (2.2.2). 

Cultures were maintained at approximately 1 % parasitaemia by subbing and 

introducing fresh red blood cells and medium.  

 

4.2.2.2 IPP preparation 

 

IPP triammonium salt (NuChem Therapeutics) was solubilised in 10 mM NH4OH and 

70 % methanol at 2 mg/mL before an RVC 2-33 CDplus Rotational Vacuum 

Concentrator (Martin Christ) was used to evaporate the methanol from 150 µL aliquots 

of the solubilised IPP. The resulting IPP stocks were stored at -80 °C and thawed 

immediately before use. One IPP stock aliquot was used per 5 mL of culture to achieve 

a final IPP concentration of 200 µM (Yeh & DeRisi 2011).  

 

4.2.2.3 KO construct transfection 

 

As described in 3.2.2, WT D10 P. falciparum parasites were transfected with the 

Pf3D7_0716900 KO construct and 200 µM IPP was introduced to the culture medium 

on the day of transfection. Transfected parasites were fed with new 0/100 medium and 

supplemented with fresh IPP every 24 hours for 10 days and then every 48 hours. Once 

WR-resistant parasites were recovered, 5FC (2 mM; Sigma-Aldrich) was added to the 

culture to a final concentration of 1 µM. 

 

4.2.2.4 Ribozyme construct transfection 

 

As described in 3.2.2, WT 3D7 parasites were transfected with each ribozyme and HA 

control construct (Pf3D7_0302600-glmS, Pf3D7_0302600-HA, Pf3D7_0716900-glmS 
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and Pf3D7_0716900-HA). Once WR-resistant parasites were recovered, cultures were 

cycled off WR for three weeks to encourage the plasmid DNA to integrate into the 

parasite genome. WR was then added back to the cultures that were grown for three 

weeks before being taken off WR for another three weeks. This cycling process ensured 

enough plasmid DNA had integrated before parasite sub-cloning was performed (4.2.3).  

 

4.2.2.5 Genotyping 

 

WR-resistant parasites were genotyped by PCR as outlined in 2.2.7. Screening primer 

pairs for each transfection construct are given in Table 4.2 and Table 4.3.  

 

4.2.3 Parasite sub-cloning 

 

To obtain a clonal population of parasites that contain only integrated copies of the 3’ 

replacement, sub-cloning was performed. A sorbitol-synchronised culture of 2 % ring-

stage parasites was obtained of the mixed population before diluting 1:100 for counting 

on a haemocytometer to calculate the number of red blood cells per mL. A series of 

parasite dilutions were made at 2 % hematocrit: 1x105 parasites per mL, 1x103 parasites 

per mL and 3 parasites per mL. The dilutions were then seeded out into a 96-well plate 

(Greiner) with WR and 0/100 medium. The two highest dilutions were monitoring 

control cultures whilst the lowest dilution served as the cloning cultures, which were fed 

with fresh medium with drug every 48 hours. On approximately day 15, the cultures 

were split 1 in 2 and duplicated into another 96-well plate for analysis. The following 

day, 170 µL of the supernatant of the duplicated wells was removed before 200 µL of 

SYBR Green lysis buffer (Appendix II) was added and mixed well (Smilkstein et al. 

2004). The cultures were left in the dark for at least 30 minutes to lyse before measuring 

fluorescence with an EnSpire Multimode Plate Reader (Perkin Elmer) with excitation 

and emission wavelength bands centered at 485nm and 530nm and with a gain setting 

of approximately 50. Positive cloning cultures were immediately transferred to 2 mL 

cultures in a 24-well plate for further growth and subsequent genotyping (4.2.2.5).  
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4.2.4 Protein expression and localisation 

 

4.2.4.1 Western blot analysis 

 

Parasite-infected blood was saponin-lysed to separate the parasites from the red blood 

cells (2.2.10). Protein was extracted from isolated parasites by adding 1X reducing 

buffer before freezing at -20 °C. Samples were boiled before being loaded into a gel for 

Western blot analysis (2.2.13).  

 

4.2.4.2 IFAs 

 

IFAs were performed as described in 2.2.14.1 and imaged on an inverted Nikon A1R 

confocal microscope with a 63X oil immersion objective. Images were processed in Fiji 

as stated in 2.2.14.5.  

 

4.2.5 Parasite growth response to protein knockdown and glucose depletion 

 

To determine the effect of GlcN (Sigma-Aldrich) or glucose (Sigma-Aldrich) on 

ribozyme parasite growth, the fluorescence-based technique for drug trials in P. 

falciparum was used (Smilkstein et al. 2004). Typically, two times the highest 

concentration of drug (GlcN or glucose) was added to the first row of a 96-well plate 

and serially diluted down to a no drug control row. A sub-cloned (clonal) culture of 

approximately 5 % rings was diluted to 0.5 to 1 % parasitaemia in 4 % washed red 

blood cells in 0/100 or low-glucose medium (Appendix II) and added to all wells, with 

the exception of the no parasite negative control row. Each well reached a final volume 

of 200 µL and a final concentration of 2 % red blood cells. Cultures were left to 

incubate (described in 3.2.2) for 72 or 120 hours, with the 120 hour cultures fed with 

fresh media and drug after 72 hours. At the end time point, cultures were lysed with 

SYBR Green lysis buffer and analysed as outlined in 4.2.3. Mean and standard 

deviation were calculated and data were normalised to controls using the equation 

below before a logarithmic drug curve was plotted using GraphPad Prism version 7.0b.  

 



148 
	

well value	-	no parasite control	mean 
no drug control	mean -	no parasite control	mean

 × 100 

 

4.2.6 Knockdown parasite growth assays 

 

Ribozyme knockdown parasites were grown with a treatment (GlcN and/or IPP) over a 

number of days to monitor protein expression levels or parasite growth. For protein 

analysis growth assays, sorbitol-synchronised clonal cultures of approximately 5 % 

rings were used. Parasites were saponin-isolated (2.2.10) at 0, 12, 24, 48, 72, 96 and 

120 hour time points, and protein was extracted and analysed by Western blot as 

described in 4.2.4.1. In addition, the rat anti-BiP primary antibody was used as a protein 

loading control at a 1 in 500 dilution. To normalise Western blot expression data, the 

ratio of HA to BiP signal was calculated by determining the signal peak area of each 

lane on the Western blot using the gel analysis tool in Fiji (Schindelin et al. 2012). 

 

4.2.6.1 Lipid depletion 

 

Pf3D7_0302600-glmS and Pf3D7_0302600-HA control parasites were grown in lipid-

depleted medium (Appendix II) with 2.5 mM GlcN for 10 days. Thin Giemsa-stained 

blood smears were made every 24 hours and cultures were subbed to approximately 1 % 

parasitaemia every 48 hours. Blood smears were imaged with a Leica DM2500 

microscope using a 40X objective and a Leica DC300F camera. A Giemsa-Counter 

plugin in Fiji (Schindelin et al. 2012) was used to count a minimum of 2000 red blood 

cells per sample. Parasites within the red blood cells were then manually counted to 

determine parasitaemia.  

 

4.2.6.2 IPP supplementation 

 

Two clones of both Pf3D7_0716900-glmS and Pf3D7_0302600-HA parasites were 

grown in 5 mL cultures in a 6-well plate (Greiner) for up to 18 days with different 

treatments of 2.5 mM GlcN and 200 µM IPP. Cultures were smeared every 24 hours 

and imaged and counted, as in 4.2.6.1.  
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4.2.7 Real-time PCR 

 

Primers were designed to target genes in the mitochondrial, apicoplast and nuclear 

genomes (Table 4.4), which were used to amplify DNA extracted (described in 2.2.4) 

from WT 3D7 parasites and a number of parasite cultures from the IPP supplementation 

growth assay (4.2.6.2). A 2X KAPA SYBR FAST qPCR Master Mix (Universal; Kapa 

Biosystems) was used for real-time PCR reactions in a CFX Connect Real-Time PCR 

Detection System (Bio-Rad). The following real-time PCR conditions were used: 

 

1.  95 °C   3 minutes  1 cycle 

2.  95 °C    10 seconds  

60.2 °C   30 seconds   40 cycles    

3.  60.0 – 95.0 °C  5 seconds (increasing 0.5 °C per hold) 

 

To ensure that each reaction was specific, standard curves were created for each primer 

pair with five concentrations of WT gDNA with a dilution factor of 1:10. Every reaction 

was performed in triplicate and the quantification cycle (Cq) values were obtained from 

each. To calculate the relative quantification of gene expression or the ratio of 

organellar to nuclear DNA relative to WT, the following equation was used that was 

adapted from Schmittgen and Livak (2008): 

 

ΔΔCq = 2[calibrator sample (target gene Cq mean - reference gene Cq mean) - test sample (target gene Cq mean - reference 

gene Cq mean)] 

Calibrator sample = WT parasite gDNA 

Test sample = HA or glmS parasite gDNA 

Target gene = mitochondrion or apicoplast 

Reference gene = nucleus 
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4.3 Results 

 

4.3.1 Pf3D7_0716900 KO with IPP supplementation 

 

Firstly, a KO of Pf3D7_0716900 under IPP cover was attempted. This experiment 

yielded parasites after positive and then negative selections, which were genotyped by 

PCR (Figure 4.3). WT positive and negative controls were all successful but 

unfortunately, only the WT locus and episome were detected in KO parasites with no 

integrant parasites being observed (Figure 4.3). As the P. berghei orthologue of 

Pf3D7_0716900 was found to be a blood stage essential gene (2.3.2), this KO strategy 

theoretically requires constant culturing with IPP supplementation to replace the role of 

the apicoplast and thus Pf3D7_0716900. Months of continuous culturing with IPP to 

potentially obtain integrant KO parasites was not deemed viable and a new strategy to 

study essential apicoplast membrane transporters was investigated.  

 

4.3.2 Ribozyme knockdown strategy 

 

An inducible knockdown system, the glmS ribozyme strategy, was ideal for the further 

characterisation of Pf3D7_0716900 and Pf3D7_0302600, as IPP only needs to be added 

when the knockdown is induced. glmS ribozyme knockdown constructs and HA control 

constructs were made for both essential genes and sequencing showed that all elements 

were correct and particularly that the glmS element was incorporated with the correct 

sequence (Supplementary figure 4.1). glmS ribozyme and HA control constructs were 

transfected into WT 3D7 parasites and clonal integrant, WR-resistant, parasites were 

obtained for all experiments (Figure 4.4) except for the two attempts to HA-tag 

Pf3D7_0716900, for which no parasites were recovered. WT positive and negative 

control PCR reactions were successful and positive integrant bands were detected for 

seven Pf3D7_0302600-glmS clones (D7, D9, E4, F11, G3, G10 and G11), three 

Pf3D7_0302600-HA clones (G3, G8 and F8) and nine Pf3D7_0716900-glmS clones 

(B11, C3, D2, D6, E3, F3, F6, F9 and G4) (Figure 4.4). However, Pf3D7_0302600-HA 

clone G8 contained a faint product band for the WT locus and was thus not used in any 

further experiments (Figure 4.4).  
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4.3.2.1 Protein expression 

 

Protein was extracted from parasites of each clonal population to determine whether 

there was HA expression. Figure 4.5 A shows that all Pf3D7_0302600 clones are 

expressing HA at the predicted protein mass of 161 kDa and Figure 4.5 B shows that all 

Pf3D7_0716900 clones express HA at the expected protein mass of 37 kDa, with also 

some faint higher molecular mass bands that are probably the result of membrane 

protein aggregates.   

 

4.3.2.2 IFAs 

 

Next, IFAs were performed on Pf3D7_0302600-HA, Pf3D7_0302600-glmS and 

Pf3D7_0716900-glmS clones to confirm apicoplast localisation in P. falciparum. All 

tagged proteins were found to co-localise with ACP, indicating that they are apicoplast 

targeted (Figure 4.6). This confirmed that Pf3D7_0716900 is indeed an apicoplast 

protein and that the addition of the glmS element does not interfere with the apicoplast 

localisation of Pf3D7_0302600 and Pf3D7_0716900.  

 

4.3.3 Knockdown protein expression with GlcN 

 

4.3.3.1 Pf3D7_0302600 

 

To establish the efficiency of the Pf3D7_0302600 knockdown, protein was extracted 

from Pf3D7_0302600-glmS and Pf3D7_0302600-HA parasites that were growing with 

2.5 mM GlcN for up to 120 hours. Protein was probed with anti-HA and anti-BiP so 

protein expression could be compared across time points. Figure 4.7 A shows the 

typical Pf3D7_0302600 protein expression over a 120 hour period, with expression 

seemingly low at 48 hours and peaking at 24, 72 and 120 hours. WT 3D7 parasites were 

included as a negative control for anti-HA, for which no expression was detected. 

Although perhaps slightly lower, a similar expression pattern is observed for 

Pf3D7_0302600-glmS parasites in Figure 4.7 B. To better observe this difference, the 
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ratio of HA to BiP signal was plotted for each Western blot lane in Figure 4.7 C. Here it 

can be seen that only a slight protein knockdown was achieved in Pf3D7_0302600-glmS 

parasites (Figure 4.7 C).  

 

4.3.3.2 Pf3D7_0716900 

 

Pf3D7_0716900-glmS clone B11 parasites were grown without GlcN for 120 hours and 

Pf3D7_0716900-glmS clone B11 and D6 parasites were grown with GlcN for 120 

hours. Anti-HA and anti-BiP were used to probe the protein so Pf3D7_0716900 

expression could be compared among time points and between no GlcN and GlcN 

treated cultures (Figure 4.8). Figure 4.8 A gives the expression of Pf3D7_0716900 

without the addition of GlcN and it appears that the protein fluctuates, with lowest 

expression at 0, 48 and 96 hours, during the ring-stage. This is in comparison to Figure 

4.8 B-C, showing Pf3D7_0302600 expression under the regulation of GlcN. It appears 

that there is some protein down-regulation and so the ratio of HA to BiP signal was 

calculated and plotted in Figure 4.8 D. Figure 4.8 D depicts an efficient knockdown of 

Pf3D7_0716900 after 12 hours of GlcN treatment.  

 

4.3.4 Knockdown growth with GlcN 

 

Firstly, WT 3D7 parasite growth was measured after growth with a range of GlcN 

concentrations for 72 hours, serially diluting from 10 mM to 0 mM GlcN 

(Supplementary figure 4.2). Normal parasite growth was only hampered with 

concentrations above 2.5 mM GlcN, with 2.5 mM GlcN exhibiting WT growth within 

the normal range (Supplementary figure 4.2).  

 

4.3.4.1 Pf3D7_0302600 

 

Pf3D7_0302600-glmS clone F11 and G10 and Pf3D7_0302600-HA clone G3 and F8 

parasites were grown with 10 mM to 0 mM GlcN for 120 hours and displayed the same 

growth phenotype as WT parasites with the same range of GlcN concentrations (Figure 

4.9 A). As it was now clear that normal parasite growth is affected with more than 2.5 
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mM GlcN, Pf3D7_0302600-glmS clone E4 and D7 were grown for 120 hours with 2.5 

mM to 0 mM GlcN (Figure 4.9 B). This growth assay with finer GlcN concentration 

adjustments may also uncover any more subtle growth defects in knockdown parasites. 

PTEX150 glmS parasites (Elsworth et al. 2014) were also included in this experiment as 

a positive control to observe a known growth defect in the presence of GlcN (Figure 4.9 

B). Unfortunately, both Pf3D7_0302600-glmS clones did not display any growth 

repression outside of the normal WT range, in contrast to the obvious PTEX10 glmS 

parasite growth defect (Figure 4.9 B). 

 

4.3.4.1.1 Glucose depletion 

 

Sometimes subtle effects of gene disruptions cannot be detected in relatively nutrient 

rich culture conditions, particularly if a gene knockdown is not substantial. To test for 

these effects, Pf3D7_0302600-glmS parasites were ‘stressed’ when GlcN was added to 

knockdown Pf3D7_0302600. Firstly, glmS parasites were starved of glucose, which is 

necessary to fuel parasite metabolism. The normal glucose concentration in typical 

RPMI medium is approximately 11 mM, so any glucose concentrations below this 

should have some impact on parasite growth, with knockdown parasites perhaps being 

more severely impacted. In a drug trial, parasites were grown in media containing 2.5 

mM GlcN and in varying glucose concentrations from 1 to 11 mM (Figure 4.9 C). 

However, growth of Pf3D7_0302600-glmS parasites was not different compared to 

growth of control HA-tagged parasites (Figure 4.9 C).  

 

4.3.4.1.2 Lipid depletion 

 

It is known that exogenous lipids are scavenged and essential for normal parasite 

growth (Botté et al. 2013). Whilst a lipid-rich environment is vital for parasite success, 

growth can be maintained in culture with the addition of just two essential lipids, oleic 

and palmitic acid (Mi-Ichi et al. 2006; Mi-Ichi et al. 2007). A depleted lipid 

environment would put parasites under increased stress and so Pf3D7_0302600-glmS 

knockdown parasites were grown with 2.5 mM GlcN in lipid-depleted medium 

(Appendix II). In a minimal lipid environment, knockdown parasites would be expected 
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to grow and replicate at a slower rate than WT parasites if a subtle growth defect 

accompanies the gene knockdown. However, over 10 days, Pf3D7_0302600-glmS 

parasite growth did not differ from the growth of Pf3D7_0302600-HA control parasites 

(Figure 4.9 D), suggesting that lipids are not a limiting factor with the knockdown of 

Pf3D7_0302600 achieved here.  

 

4.3.4.2 Pf3D7_0716900 

 

Pf3D7_0716900-glmS clone B11, D6, F3 and F9 parasites were grown in 2.5 mM to 0 

mM GlcN for 120 hours (Figure 4.10). Compared to WT and Pf3D7_0302600-glmS and 

HA control parasites that showed no decrease in growth at 2.5 mM GlcN 

(Supplementary figure 4.2 and Figure 4.9), all Pf3D7_0716900-glmS clones displayed a 

slightly reduced growth rate (Figure 4.10).  

 

4.3.5 IPP supplementation of knockdown parasites 

 

4.3.5.1 Growth assays 

 

4.3.5.1.1 Replicate one 

 

To further investigate Pf3D7_0716900-glmS knockdown parasites and determine 

whether a growth defect can be rescued by addition of exogenous IPP, a longer-term 

growth assay was conducted. Here, Pf3D7_0716900-glmS clone B11 (glmS) and 

Pf3D7_0302600-HA clone G3 (HA) parasites were grown with different combinations 

of 200 µM IPP and 2.5 mM GlcN (Figure 4.11). Over six days, these treatments aimed 

to determine the effect of a GlcN-induced knockdown of Pf3D7_0716900, whether 

GlcN can be removed to reverse any effect, whether IPP alone affects parasite growth 

and whether IPP can rescue an effect of GlcN-induced knockdown.  

 

HA was included in the growth assay as an important control to ensure that any 

phenotype observed is specific to a Pf3D7_0716900 knockdown. HA parasites with 

both treatments (+IPP+GlcN) grew normally for six days and displayed no abnormal 
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morphology (Figure 4.11 B and D), confirming that IPP and GlcN together have no 

unusual effects. glmS parasites grown without treatment (-IPP-GlcN) were also included 

as a control for six days. These parasites replicated every 48 hours and presented normal 

growth and morphology (Figure 4.11 B and D). These control cultures exhibited a 

normal growth range and were used as comparisons for other treatments.  

 

To determine the knockdown effect, glmS parasites were grown with just GlcN (-

IPP+GlcN). glmS -IPP+GlcN parasites replicated in the first 48 hours but then failed to 

grow normally with almost no healthy parasites after six days (Figure 4.11 B and D). To 

determine whether this was reversible, a second -IPP+GlcN culture (-IPP+GlcN*) was 

grown for four days before the GlcN was removed. glmS -IPP+GlcN* parasites grew 

very slowly and did not appear to recuperate in the six day period (Figure 4.11 B). As 

another control, glmS parasites were grown with only IPP (+IPP-GlcN) and exhibited 

normal growth and morphology over six days when compared to -IPP-GlcN parasites 

(Figure 4.11 B and D). This indicated that IPP alone does not have any unusual effects 

on glmS parasites.  

 

To determine whether IPP could reverse the growth defect observed in glmS -IPP+GlcN 

knockdown parasites, glmS parasites were grown for six days with IPP and GlcN 

(+IPP+GlcN) (Figure 4.11 A and B). When compared to controls, +IPP+GlcN parasites 

grew normally over the six days, displaying no abnormal morphology or severely 

reduced growth rates (Figure 4.11 B and D). 

 

At this point, maintenance of the control HA +IPP+GlcN and glmS -IPP-GlcN cultures 

ceased as a trend for normal growth had been established. glmS -IPP+GlcN parasite 

maintenance was also stopped as the knockdown phenotype had been determined. The 

growth assay was then continued for another six days with a number of cultures and 

conditions to determine whether the glmS -IPP+GlcN* parasites could return to normal 

growth, whether there is an adverse effect of taking glmS +IPP-GlcN parasites off IPP 

and whether glmS +IPP+GlcN rescued parasites continue to grow normally (Figure 4.11 

A).  
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Furthermore, at day six, the glmS +IPP+GlcN parasites were split into four cultures, one 

continuing on both treatments (+IPP+GlcN), one taken off GlcN (+IPP-GlcN), one 

taken off IPP (-IPP+GlcN) and one taken off both treatments (-IPP-GlcN) (Figure 4.11 

A). The goal of these different treatments was to confirm that rescued knockdown 

parasites only need IPP to survive and perish without supplementation. It was also 

interesting to investigate the result of taking the rescued parasites off both treatments to 

see whether the glmS parasites could recover when taken off GlcN after IPP treatment.  

 

By day 12, the glmS -IPP+GlcN* parasites taken off GlcN at day four appeared to have 

overcome the effects of the GlcN induced Pf3D7_0716900 knockdown, returning to a 

relatively normal growth rate (Figure 4.11 C). At day six, IPP was removed from glmS 

+IPP-GlcN parasites and were then grown for another six days (Figure 4.11 C). These, 

now glmS -IPP-GlcN parasites, grew normally over the six days, confirming that IPP 

alone does not affect normal glmS parasite growth (Figure 4.11 C and E). glmS 

+IPP+GlcN parasites also experienced normal growth for another six days, displaying 

no abnormal morphology or severely reduced growth rates (Figure 4.11 C and E). It 

appears that addition of IPP prevents parasites from succumbing to the growth defects 

that a Pf3D7_0716900 knockdown produces.  

 

The results of the cultures split from the glmS +IPP+GlcN rescued parasites were 

thought provoking. Only the two cultures that remained on IPP supplementation 

survived, with both glmS -IPP+GlcN and glmS -IPP-GlcN cultures failing to replicate 

past day seven (Figure 4.11 C and E). IPP supplementation was therefore critical to the 

survival of Pf3D7_0716900-glmS knockdown parasites, with these parasites not being 

able to survive independent of IPP once they had received IPP treatment. Knockdown 

parasites removed from IPP supplementation after day six began to display the same 

abnormal morphology that was observed in glmS -IPP+GlcN parasites (Figure 4.11 D-

E).  
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4.3.5.1.2 Replicate two 

 

To confirm these findings, Pf3D7_0716900-glmS clone D6 (glmS) and 

Pf3D7_0302600-HA clone F8 (HA) parasites were used to repeat the IPP 

supplementation growth assay (Figure 4.12). The same IPP and GlcN treatments were 

repeated for the first 12 days, with an extended experiment of 18 days (Figure 4.12 A). 

As predicted, all control cultures (HA +IPP+GlcN, glmS -IPP-GlcN and glmS +IPP-

GlcN) grew normally over a 12 day period (Figure 4.12 B) and also displayed the same 

normal morphology as recorded in Figure 4.11 D-E. As before, glmS cultures growing 

without IPP and with GlcN did not replicate normally after day two and also displayed 

the same morphology defects as documented in Figure 4.11 D-E. However, it was noted 

that the parasitaemia of glmS -IPP+GlcN cultures never reached zero so they were 

maintained for an extended total of 18 days (Figure 4.12 A-C). Again, GlcN was 

removed from one of these cultures, which occurred on day 12 in this replicate 

experiment. These parasites recovered after day 14, as did the parasites still growing 

with GlcN that perhaps developed some resistance to the GlcN treatment (Figure 4.12 

C). Together with the previous results, it appears that Pf3D7_071690-glmS knockdown 

parasites are not entirely ablated and have a severe growth defect for a number of days 

until resistance can develop.  

 

All cultures originating from the glmS +IPP+GlcN culture displayed the same growth 

and morphology trends as what was observed for Pf3D7_0716900-glmS clone B11 

parasites (Figure 4.11 and Figure 4.12). In this replicate experiment, an extra culture 

was split at day 12 from the glmS +IPP+GlcN culture, where only GlcN was removed at 

day 12 before IPP was removed two days later on day 14 (+IPP*-GlcN). However, 

keeping this culture on IPP for an additional two days did not change its fate with 

+IPP*-GlcN parasites not being able to replicate past day 15 and crashing by the 

eighteenth day (Figure 4.12 C). These results indicate that Pf3D7_0716900-glmS 

knockdown parasites undergo an irreversible change when they are rescued with IPP, 

suggesting that apicoplast loss has occurred.  
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4.3.5.2 Protein expression 

 

To confirm that Pf3D7_0716900 was knocked down, a number of parasite cultures were 

harvested from the second replicate of the growth assay (4.3.5.1.2). As controls, both 

treated and untreated Pf3D7_0302600-HA parasites were also included. Western blot 

was used to analyse the protein extracted from these parasites (Figure 4.12 D-E). Anti-

HA expression can be seen in all cultures except for glmS +IPP+GlcN and WT 3D7 

parasites (Figure 4.12 D-E), confirming that Pf3D7_0716900 is absent in IPP rescued 

parasites. The apicoplast protein, ACP, was also analysed in these parasites to gauge 

whether the apicoplast was still present (Figure 4.12 D-E). Although faint, processed 

and unprocessed ACP protein bands are observed in all parasites with a noticeable 

difference in glmS +IPP+GlcN and glmS +IPP-GlcN parasites (Figure 4.12 D-E). These 

two parasite populations have an accumulation of processed apicoplast protein (Figure 

4.12 E).  

 

In addition to determining whether Pf3D7_0716900 was being expressed in rescued 

parasites, the presence of Pf3D7_0716900 protein in glmS -IPP-GlcN parasites that had 

been on GlcN was assessed. HA-tagged Pf3D7_0716900 was clearly present in these 

parasites, suggesting that protein knockdown is indeed reversible (Figure 4.12 D). 

Presence of HA-tagged protein in glmS -IPP+GlcN parasites (Figure 4.12 D) also 

indicates that parasites recovered after 14 days on GlcN due to the development of a 

resistance to GlcN that allowed Pf3D7_0716900 to be expressed with the addition of 

GlcN.  

 

4.3.5.3 Apicoplast genome loss 

 

Real-time PCR was performed on IPP rescued parasites to determine whether the 

apicoplast genome was present (Figure 4.13). As a positive control, a gene within the 

mitochondrial genome was included that showed that all parasites contained the 

mitochondrial genome (Figure 4.13). Analysis indicated that Pf3D7_0302600-HA 

control parasites growing with IPP and GlcN for 12 days retained the apicoplast genome 

(Figure 4.13 B). In addition, Pf3D7_0716900-glmS and Pf3D7_0302600-HA parasites 
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growing without treatment and glmS parasites growing with IPP all retained the 

apicoplast genome (Figure 4.13). In contrast, parasites that had been rescued with IPP 

had no evidence of the apicoplast genome suggesting apicoplast loss (Figure 4.13). 

Standard curves are given in Supplementary figure 4.3.  

 

4.3.5.4 IFAs 

 

To further confirm that the apicoplast was lost in Pf3D7_0716900-glmS IPP rescued 

parasites, IFAs were performed (Figure 4.14). Two representative IFAs are given in 

Figure 4.14 that show a strong apicoplast signal in Pf3D7_0716900-glmS parasites that 

co-localises with the HA signal, in comparison to IPP rescued parasites that have 

diffuse HA and apicoplast signals. This is further confirmation that the apicoplast 

integrity has been compromised in IPP rescued parasites.  

 

4.4 Discussion 

 

The P. berghei genetic screen in Chapter 2 identified three likely essential apicoplast 

putative membrane proteins. In order to determine whether these are viable drug targets 

and to better understand Plasmodium apicoplast biology, two of the candidates, 

predicted to have transporter roles, were characterised in further detail, utilising current 

glmS ribozyme knockdown and IPP supplementation methods. These characterisation 

strategies are established in the human malaria parasite, P. falciparum, so this target 

disease organism was used.   

 

Although theoretically possible, an attempt to delete Pf3D7_0716900 under IPP 

supplementation was unsuccessful, perhaps owing to the essential nature of the protein 

and the low efficiency of Plasmodium transfection (Crabb & Cowman 1996). In any 

case, a classical KO under IPP supplementation does not appear to be a viable strategy 

given the amount of time P. falciparum parasites need to be maintained in culture in 

order to obtain integrants and the current cost of the IPP metabolite. Although treating 

P. berghei blood stage parasites with IPP may be possible, it is not a published method 
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and too many uncontrollable physiological variables are present that would make results 

difficult to interpret.  

 

A more practical approach was a conditional system where integrated parasites could be 

generated before the gene disruption is induced and IPP supplementation begins. glmS 

ribozyme and HA control constructs were made for both Pf3D7_0716900 and 

Pf3D7_0302600. Clonal integrated parasites were obtained for all transfection 

experiments with the exception of Pf3D7_0716900-HA, which did not yield any 

parasites. In this case, Pf3D7_0302600-HA with GlcN and Pf3D7_0716900-glmS 

without GlcN were used as controls for Pf3D7_0716900-glmS with GlcN experiments.  

 

It was not possible to achieve an efficient knockdown of Pf3D7_0302600, with 

Pf3D7_0302600-glmS knockdown parasites still expressing Pf3D7_0302600 at 

approximately 65 %, on average. The remaining protein was conceivably enough to 

allow parasites to survive as no growth defect was observed when GlcN was added, 

even when parasites were stressed in low glucose or low lipid environments. It is 

plausible that Pf3D7_0302600 is not essential in the P. falciparum blood stage, however 

this is unlikely as no KO parasites were confirmed in P. berghei after multiple KO 

attempts (Chapter 2). Additionally, Rijpma et al. (2016) have since reported that 

attempts to delete the P. berghei orthologue of Pf3D7_0302600 were unsuccessful, 

further indicating that the gene is essential.  

 

Although Pf3D7_0302600-glmS parasites did not display any growth defects as a result 

of a slight protein knockdown, this is more indicative of the limitations of the glmS 

ribozyme knockdown strategy and it cannot be ruled out as an important apicoplast 

membrane transporter. Pf3D7_0302600 is an ABC transporter B, family member 4 

(ABCB4) protein. Pf3D7_0302600 also has six predicted TMDs and is therefore 

partnered with another protein to facilitate membrane transport. Further investigation is 

therefore required to understand the role of Pf3D7_0302600 in Plasmodium biology. 

This perhaps involves the use of additional gene disruption strategies such as CRISPR-

Cas9 or FLP recombinase systems as described in Chapter 1.  

 



161 
	

Conversely, Pf3D7_0716900 was efficiently knocked down with the ribozyme-

mediated system, expressing at approximately 20 % of what the average expression is 

without GlcN. An average 80 % knockdown of Pf3D7_0716900 protein was indeed 

enough to prevent parasites from growing normally as they struggled to replicate in the 

second cycle after being treated with 2.5 mM GlcN. These parasites also exhibited 

abnormal morphology as the overall blood parasitaemia dropped. This phenotype is 

reminiscent of ‘delayed death’ which has been described in other apicomplexan 

parasites, including Plasmodium (Fichera et al. 1995; Goodman et al. 2007).  

 

The cause of the delayed death phenomenon remains a mystery but it occurs when 

parasites are treated with a drug that targets apicoplast housekeeping, inhibiting 

prokaryotic transcription or translation (Goodman et al. 2007; Yeh & DeRisi 2011). The 

parasites replicate in the first cycle, producing a normal number of daughter cells that 

are able to infect new host cells, and it is only after 48 hours that the parasites succumb 

to the drug and fail to grow and replicate (Goodman et al. 2007). Delayed death was 

also evident in the Yeh and DeRisi (2011) experiments when doxycycline treated 

parasites were rescued with IPP. Interestingly, it was found that IPP was only required 

for rescue at the 48 hour time point for the beginning of the second cycle, when the 

affected progeny begin to perish (Yeh & DeRisi 2011). To my knowledge, the 

Pf3D7_0716900-glmS knockdown described here is the first reported delayed death 

phenotype that has resulted from a genetic modification of P. falciparum parasites. This 

phenotype was completely reversed by addition of 200 µM IPP, indicating that IPP 

supplements and rescues Pf3D7_0716900 knockdown parasites. Knockdown parasites 

grew with GlcN and IPP for 18 days and showed no significant growth or 

morphological defect, confirming that Pf3D7_0716900 is an important apicoplast 

putative membrane transporter.  

 

As expected, Pf3D7_0716900-glmS knockdown parasites growing with GlcN could 

recover when taken off GlcN, verifying that the knockdown is reversible as 

demonstrated by Prommana et al. (2013). Strangely, it was also found that knockdown 

parasites could become resistant to a GlcN induced knockdown as Pf3D7_0716900-

glmS parasites could recover after 14 days in culture with GlcN, at which point 
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Pf3D7_0716900 expression could be detected. However, IPP rescued Pf3D7_0716900-

glmS parasites could not be recovered when removed from IPP treatment, even when 

GlcN was removed. These parasites do not express HA as indicated by Western blot, so 

real-time PCR was performed to determine whether apicoplast-minus parasites could 

explain the IPP dependence.   

 

Real-time PCR suggested that the apicoplast genome had been lost in Pf3D7_0716900-

glmS IPP rescued parasites, explaining why the detrimental phenotype could not be 

reversed. This was also the case for doxycycline IPP rescued parasites (Yeh & DeRisi 

2011). It is puzzling that there was an accumulation of processed apicoplast protein in 

Pf3D7_0716900-glmS IPP rescued parasites, perhaps suggesting that normal protein 

degradation processes were no longer functioning. This is in contrast to the doxycycline 

apicoplast-minus parasites reported by Yeh and DeRisi (2011) that appeared to have 

lost protein processing with an accumulation of pre-processed apicoplast protein. This 

difference may also reflect the methods resulting in apicoplast loss where one 

accumulates processed apicoplast protein due to genetic knockdown and the other 

accumulates pre-processed apicoplast protein due to chemical inhibition.  

 

IFAs were subsequently performed on Pf3D7_0716900-glmS IPP rescued parasites, 

which displayed diffuse cytoplasmic ACP signal, indicating that there was no longer a 

defined apicoplast structure and further confirming that these parasites were apicoplast-

minus. In contrast to this diffuse staining, the antibiotic-treated IPP rescued parasite live 

apicoplast-GFP signal had numerous foci throughout the cytoplasm (Yeh & DeRisi 

2011). This difference may be due to the live apicoplast-GFP parasites compared to the 

anti-ACP probe used here on fixed cells. The Pf3D7_0716900-glmS apicoplast-minus 

phenotype observed in this Chapter is perhaps slightly more similar to the IFA of the 

SufC K140A mutant, which also used anti-ACP (Gisselberg et al. 2013). Possibly, the 

more diffuse apicoplast staining observed in Pf3D7_0716900-glmS IPP rescued 

parasites is due to the strange accumulation of processed apicoplast protein which is in 

contrast to the accumulation of pre-processed apicoplast protein observed in both 

doxycycline and SufC K140A mutant IPP rescued parasites (Yeh & DeRisi 2011; 

Gisselberg et al. 2013).  
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Pf3D7_0716900 was confirmed to be apicoplast targeted in this Chapter so it is an 

essential apicoplast putative membrane transporter. This gene, also known as DMT2, is 

described as a putative drug/metabolite transporter. Whilst the substrate of this 

apicoplast putative membrane transporter remains unknown, a knockdown of the 

protein in P. falciparum parasites causes an intriguing delayed death phenotype. 

Delayed death may be the result of an apicoplast housekeeping gene being disrupted, or 

perhaps a build up of IPP, due to a block in IPP export, which becomes toxic to the 

apicoplast and thus the parasite. In any case, Pf3D7_0716900 either supports the IPP 

synthesis pathway in the apicoplast or is responsible for IPP export. The generation of 

Pf3D7_0716900-glmS knockdown IPP rescued parasites presents opportunities for 

future research to investigate the role of this protein.  
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4.6 Tables and figures for Chapter 4 

 

Table 4.1. P. falciparum knockout and ribozyme construct cloning primers. Listed are 

the primer pairs designed for each P. falciparum construct made. Two homologous 

flanks were generated for the Pf3D7_0716900 double crossover knockout (KO) 

construct and one homologous flank was made for each single crossover ribozyme 

construct. Cloning restriction enzyme sites added to each primer are in bold. The KO 5’ 

flank uses SacII and AflII, and the 3’ flank uses EcoRI and NcoI. Both ribozyme 

constructs use BglII and PstI. The product sizes for each primer pair are also shown. 

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Gene construct Flank Forward primer (5'-3') Reverse primer (5'-3') Product size 
5' ccgcggacatttgtccatattgttccttttc cttaaggtggtggggcctttaacac 825 bp
3' gaattctttaacttttcattcctccttatc ccatggaccgataagctagaacattacatc 662 bp

Pf3D7_0302600 Ribozyme 3' agatctttgccaaattagctgctagg ctgcagcatattcattgaattttttaatatactcactg 1044 bp
Pf3D7_0716900 Ribozyme 3' agatctgtgttaaaggccccaccacc ctgcagctaacatcaattttgcttttttgggtaaata 1011 bp

Pf3D7_0716900 KO
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Table 4.2. Pf3D7_0716900 knockout PCR screening primers. Parasite genomic DNA 

was extracted from knockout (KO) parasites and screened with wild-type (WT) locus, 

5’ and 3’ integrant and 5’ and 3’ episome primers. The product sizes are shown for each 

primer pair.  

 

 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Gene construct Target Forward primer (5'-3') Reverse primer (5'-3') Product size 
WT locus ataatgggtgtggtaattcaag tttgtccttccatttgatgc 450 bp
5' integrant ttaaaataaaaggcaacagtcc ttttcttttatcatgcacattgg 1674 bp
3' integrant gatgtccaggaggagaaagg aatatataatccataagaagcacacac 1635 bp
5' episome ttccccctgtcaccatctc ttttcttttatcatgcacattgg 2428 bp
3' episome gatgtccaggaggagaaagg ataataccgcgccacatagc 2189 bp

Pf3D7_0716900 KO
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Table 4.3. Pf3D7_0302600 and Pf3D7_0716900 ribozyme construct PCR screening 

primers. Parasite genomic DNA was extracted from glmS and HA transfected parasites 

and screened with wild-type (WT) locus and integrant primers. Restriction enzyme sites 

(SacII) are shown in bold in the reused Pf3D7_0716900 KO 5’ flank cloning primers. 

Product sizes are given for each primer pair.  

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Gene construct Target Forward primer (5'-3') Reverse primer (5'-3') Product size 
WT locus ccacaaattatgtccactacgc tgaattatgatgggacatgaaaac 1666 bp
Integrant ccacaaattatgtccactacgc tgcacacaacatacacatttttac 1829 bp
WT locus ccacaaattatgtccactacgc tgaattatgatgggacatgaaaac 1666 bp
Integrant ccacaaattatgtccactacgc agctgccatatccctcgac 1647 bp
WT locus aatgggactcttctgtttcg tttttaatgcttatgaagagtcagg 589 bp
Integrant ccgcggacatttgtccatattgttccttttc tgcacacaacatacacatttttac 2218 bp
WT locus aatgggactcttctgtttcg tttttaatgcttatgaagagtcagg 589 bp
Integrant ccgcggacatttgtccatattgttccttttc tgcacacaacatacacatttttac 2089 bp

Pf3D7_0302600-glmS

Pf3D7_0716900-glmS

Pf3D7_0716900-HA

Pf3D7_0302600-HA
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Table 4.4. Real-time PCR primer pairs. For relative quantification, the primers below 

were designed to target genes in the mitochondrial, apicoplast and nuclear genomes. 

Cytochrome B (CytB) was targeted in the mitochondria, elongation factor Tu (TufA) 

was targeted in the apicoplast and beta-tubulin (β-Tubulin) was targeted in the nucleus. 

Product sizes are given for each primer pair.  

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Organelle Gene target Forward primer (5'-3') Reverse primer (5'-3') Product size 
Mitochondrion CytB gatacatgcacgcaacaggt aactcatttgaccccatggta 180 bp
Apicoplast TufA gatattgattcagctccagaagaaa atatccatttgtgtggctcctataa 158 bp
Nucleus β-Tubulin gtgccggagttaacacaaca tcgtcaacttcctttgtgga 128 bp
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Figure 4.1. Double crossover homologous recombination knockout strategy in P. 

falciparum. The pCC-1 transfection vector contains both 5’ and 3’ homologous gene 

specific flanks and DHFR (positive) and CD (negative) selectable markers. 

Homologous recombination occurs with the endogenous genomic DNA around the 

candidate gene coding region. Successful integration of the construct results in 

replacement of the gene coding region with the transfection vector carrying DHFR. 

Parasites containing non-integrated episomes can be removed from the culture by 

negative selection of CD. Six primer pairs were designed to genotype transfected 

parasites and their locations are shown with arrows. Cloning construct primers are 

shown in black, WT locus primers are green, 5’ integrant primers are blue, 3’ integrant 

primers are purple, 5’ episome primers are red and 3’ episome primers are orange.  
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Figure 4.2. Ribozyme knockdown strategy in P. falciparum. A: The glmS ribozyme 

plasmid contains a 3’ homologous flank, HA-tag, glmS ribozyme element and DHFR 

selectable marker. Homologous integration occurs at the 3’ end of the candidate gene 

coding region causing the gene of interest to be HA-tagged and regulated by addition of 

glucosamine which binds and activates the glmS ribozyme. B: The HA plasmid serves 

as a ribozyme control construct, to control for the effects of integration, and results in 

the gene of interest being HA-tagged. Both parasites lines can be positively selected by 

DHFR. Two primer pairs were designed to genotype the transfected parasites and their 

locations are indicated with arrows. WT locus primers are green and integrant primers 

are red.  
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Figure 4.3. Pf3D7_0716900 knockout PCR screen. PCR was performed on wild-type 

(WT) 3D7 genomic DNA (gDNA) and knockout (KO) gDNA. All gDNA was extracted 

from cultured blood stage parasites, whilst KO parasites were growing with IPP and 

positive and negative selection drugs (WR and 5FC). PCR primers were designed to 

amplify the WT locus, 5’ and 3’ KO integrant and 5’ and 3’ episome. PCR product 

bands were cropped from the correct well at the predicted product size of an ethidium 

bromide stained agarose gel image. *Pf3D7_0716900 KO 5’ forward and 3’ reverse 

cloning primers were used (WT locus product size is 2327 bp). 

 

	
	
	
	
	
	
	
	
	
	
	
	

Target 
gDNA 

WT KO 

WT locus 

WT locus* 

5’ KO integrant 

3’ KO integrant 

5’ episome 

3’ episome 



174 
	

	
	
Figure 4.4. Ribozyme and control construct PCR screen in P. falciparum. PCR was 

performed on wild-type (WT) 3D7 genomic DNA (gDNA) and every clone transfectant 

gDNA. All gDNA was extracted from cultured blood stage parasites. WT locus and 

integrant primers were used. PCR product bands were cropped from the correct well at 

the predicted product size of an ethidium bromide stained agarose gel image. 
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Figure 4.5. Ribozyme and control construct HA-tag protein expression in P. 

falciparum. Western blot analysis was performed on each clone. Parasite protein was 

extracted and separated by SDS-PAGE, transferred to a membrane and visualised by 

probing with rat anti-HA primary and anti-rat HRP secondary antibodies. Protein band 

masses are shown with a standard marker (left). A: Pf3D7_0302600-glmS and 

Pf3D7_0302600-HA control clones express HA at the predicted protein mass of 161 

kDa. B: Pf3D7_0716900-glmS clones express at approximately the predicted protein 

mass of 37 kDa, however, there are also higher molecular mass bands at 60 kDa and 

100 kDa.  
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Figure 4.6. Immunolocalisation of apicoplast putative membrane transporters in P. 

falciparum. Pf3D7_0302600-glmS and Pf3D7_0716900-glmS ribozyme parasites are 

HA-tagged, and as a control, Pf3D7_0302600 was HA-tagged without the addition of 

glmS. Intraerythrocytic parasites were fixed and probed with rat anti-HA primary and 

anti-rat 488 secondary antibodies (green). For co-localisation, the apicoplast was probed 

with rabbit anti-ACP primary and anti-rabbit 546 secondary antibodies (red). Nuclei 

were stained with Hoechst (blue). Channels were merged with a transmission image 

(right) showing the location within the parasite. Scale bars are 2 µm.  
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Figure 4.7. Pf3D7_0302600 expression with glucosamine. Western blot analysis was 

performed on protein extracted from (A) Pf3D7_0302600-HA (clone F8) and (B) 

Pf3D7_0302600-glmS (clone G10) parasites growing with 2.5 mM glucosamine (GlcN) 

over a 120 hour period. Molecular mass markers are shown on left and antibodies are 

given on right. Anti-HA was used to monitor Pf3D7_0302600 expression and anti-BiP 

as a protein loading control. Wild-type (WT) 3D7 protein was included as a negative 

control for non-specific antibody binding. To quantify protein expression, the data were 

normalised to BiP by calculating the ratio of HA to BiP signal (C) to compare 

Pf3D7_0302600-HA to Pf3D7_0302600-glmS expression in response to GlcN. 	
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Figure 4.8. Pf3D7_0716900-glmS expression with and without glucosamine. Western 

blot analysis was performed on protein extracted from the following parasites over 120 

hours: (A) Pf3D7_0716900-glmS (clone B11) without glucosamine (GlcN), (B) 

Pf3D7_0716900-glmS (clone B11) with GlcN and (C) Pf3D7_0716900-glmS (clone 

D6) with GlcN. Molecular mass markers are shown on left and antibodies are given on 

right. Anti-HA was used to monitor Pf3D7_0716900 expression and anti-BiP as a 

protein loading control. Wild-type (WT) 3D7 protein was included as a negative control 

for non-specific antibody binding. To quantify protein expression, the data were 

normalised to BiP by calculating the ratio of HA to BiP signal (D) to compare 

Pf3D7_0716900-glmS expression with and without GlcN.  
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Figure 4.9. Pf3D7_0302600 growth with glucosamine. A: Pf3D7_0302600-HA 

(clones G3 and F8) and Pf3D7_0302600-glmS (clones F11 and G10) parasites were 

grown in triplicate for 120 hours with different glucosamine (GlcN) concentrations (0 to 

10 mM). B: PTEX150 glmS (positive control) and Pf3D7_0302600-glmS (clones E4 

and D7) parasites were grown in triplicate with different GlcN concentrations (0 to 2.5 

mM) for 120 hours. C: Pf3D7_0302600-HA (clones G3 and F8) and Pf3D7_0302600-

glmS (clones F11 and G10) parasites were grown in triplicate with 2.5 mM GlcN and 1 

to 11 mM glucose for 72 hours. A SYBR Green assay was performed for A, B and C, to 

measure parasite growth and normalised parasitaemia was calculated in comparison to 

no drug and no parasite control cultures. Log transformations of the data were 

performed and standard deviation bars are shown. D: Pf3D7_0302600-HA (clone G3) 

and Pf3D7_0302600-glmS (clone F11) parasites were grown in lipid-depleted medium 

with 2.5 mM GlcN for 10 days and monitored by daily blood smears. Vertical dotted 

lines every two days indicate when cultures were subbed. Parasitaemia was determined 

by calculating the percentage of infected red blood cells to non-infected red blood cells.  
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Figure 4.10. Pf3D7_0716900-glmS growth with glucosamine. Pf3D7_0716900-glmS 

clone B11, D6, F3 and F9 parasites were grown in triplicate for 120 hours with 0 to 2.5 

mM glucosamine (GlcN). A SYBR Green assay was performed to measure parasite 

growth and normalised parasitaemia was calculated in comparison to no drug and no 

parasite control cultures. Log transformation of data was performed and standard 

deviation bars are shown.  
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Figure 4.11. Pf3D7_0716900-glmS clone B11 IPP supplementation growth assay and 

parasite morphology. Pf3D7_0716900-glmS (clone B11) and Pf3D7_0302600-HA 

(clone G3) control parasites were grown for six days and up to 12 days with or without 

IPP and glucosamine (GlcN). A: Treatment timelines for each culture are shown in the 

colour-coded table. As controls, HA parasites were grown with IPP and GlcN 

(+IPP+GlcN), and glmS parasites were grown without IPP and GlcN (-IPP-GlcN) for 

six days. On day six, cultures were discontinued, continued with the same treatment or 
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continued with a different treatment. Colour links a continued culture with the original 

culture (cultures coloured light blue, purple and green, all originate from the same 

+IPP+GlcN culture coloured dark blue). *GlcN was removed from culture on day four. 

Growth was monitored by daily blood smears and parasitaemia was determined by 

calculating the percentage of infected red blood cells. Dotted vertical lines on the graphs 

every two days indicate when the cultures were subbed. Parasitaemia for days zero to 

six are given in B and parasitaemia for days six to 12 are in C. Parasite morphology was 

monitored by daily blood smears, days zero to six are in D and days six to 12 in E.  
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Figure 4.12. Pf3D7_0716900-glmS clone D6 IPP supplementation growth assay and 

protein expression. Pf3D7_0716900-glmS (clone D6) and Pf3D7_0302600-HA (clone 

F8) control parasites were grown for 12 days and up to 18 days with or without IPP and 

glucosamine (GlcN). A: Treatment timelines for each culture are shown in the colour-

coded table. As controls, HA parasites were grown with IPP and GlcN (+IPP+GlcN) 

and glmS parasites were grown without treatment (-IPP-GlcN) for 12 days. On day 12, 

cultures were discontinued, continued with the same treatment or continued with a 

different treatment. Colour links a continued culture with the original culture (the four 

cultures coloured light blue, purple, green and yellow-green, all originated from the 

same +IPP+GlcN culture coloured dark blue). *IPP was removed from culture on day 

14. Growth was monitored by daily blood smears and parasitaemia was determined by 

calculating the percentage of infected red blood cells. Vertical dotted lines on the graphs 

every two days indicate when the cultures were subbed. Parasitaemia for days zero to 12 

is in B and days 12 to 18 is in C. Parasite protein was extracted from Pf3D7_0302600-

HA (D), wild-type (WT) 3D7 (no treatment) and Pf3D7_0716900-glmS (E) parasites 

throughout the growth assay. Pf3D7_0302600-HA parasites with no treatment (-IPP-

GlcN) were harvested from a culture being maintained. Protein was probed with rat 

anti-BiP, rat anti-HA and rabbit anti-ACP primary antibodies and anti-rat and anti-

rabbit HRP secondary antibodies, for a protein loading control (BiP), to visualise 

expression of the HA-tagged protein and to determine presence of the apicoplast on the 

basis of expression of an apicoplast protein (ACP). WT protein was included as a 

negative control for non-specific antibody binding.  
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Figure 4.13. Organellar DNA in Pf3D7_0716900-glmS knockdown IPP rescued 

parasites. The ratio of mitochondrion and apicoplast DNA to nuclear DNA in IPP 

rescued parasites relative to wild-type (WT) parasites was measured by real-time PCR. 

A: Genomic DNA was extracted from WT 3D7 parasites, Pf3D7_0716900-glmS (clone 

B11) parasites growing without treatment (-IPP-GlcN) and with IPP and glucosamine 

(GlcN) for 12 days (+IPP+GlcN). Pf3D7_0302600-HA (clone G3) parasites growing 

without treatment (-IPP-GlcN) was included as a positive control. B: Genomic DNA 

was extracted from WT 3D7 parasites, Pf3D7_0716900-glmS (clone D6) parasites 

growing without treatment (-IPP-GlcN), with only IPP (+IPP-GlcN) for 12 days and 

with IPP and GlcN (+IPP+GlcN) and 12 days and 18 days (*). Genomic DNA was also 

extracted for Pf3D7_0302600-HA (clone F8) control parasites growing without 

treatment (-IPP-GlcN) and with IPP and GlcN (+IPP+GlcN) for 12 days. The organellar 

to nuclear DNA (1.0) ratio was normalised relative to WT levels.  
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Figure 4.14. Apicoplast loss in IPP rescued Pf3D7_0716900-glmS parasites. HA-

tagged, Pf3D7_0716900-glmS (clone D6) parasites were grown without IPP and 

glucosamine (GlcN) (-IPP-GlcN) and with IPP and GlcN (+IPP+GlcN) for 18 days. Red 

blood cell parasites were fixed and probed with rat anti-HA primary and anti-rat 488 

secondary antibodies (green). For co-localisation, the apicoplast was probed with rabbit 

anti-ACP primary and anti-rabbit 546 secondary antibodies (red). Nuclei were stained 

with Hoechst (blue). Channels were merged with a transmission image (right) showing 

the location within the parasite. Scale bars are 2 µm.  
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4.7 Supplementary figures for Chapter 4 

	
 

 

 

Supplementary figure 4.1. Pf3D7_0302600-glmS (A) and Pf3D7_0716900-glmS (B) 

construct sequences. Before transfection, plasmid DNA was sequenced and analysed in 

Sequencher 5.0.1 to confirm correct sequence and integration. The ribozyme enzyme 

reference sequence (glmS) is red and shown below is the gene construct and consensus 

sequences. Consensus is indicated by a dot and sequences are from 3’ to 5’.  
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Supplementary figure 4.2. Wild-type 3D7 parasite growth with glucosamine. Wild-

type (WT) 3D7 parasites were grown in triplicate with 0 mM to 10 mM glucosamine 

(GlcN) for 72 hours. Parasite growth was measured in a SYBR Green assay and 

normalised parasitaemia was calculated in comparison to no drug and no parasite 

controls. Log transformation of data was performed and standard deviation bars are 

shown.  
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Supplementary figure 4.3. Real-time PCR primer pair standard curves. The 

mitochondrion primer pair has a standard curve with an R2 value of 0.997 (A), the 

apicoplast primer pair has a standard curve with an R2 value of 0.996 (B) and the 

nucleus primer pair has a standard curve with an R2 value of 0.994 (C). 
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Chapter 5 

 

Expanding knowledge of the Plasmodium transportome and novel 

apicoplast targeting mechanisms 

 

5.1 Introduction 

 

The sequencing of the Plasmodium genome led to an initial impression that the malaria 

parasite transportome was small compared to other eukaryotes, apparently lacking any 

channel whatsoever (Gardner et al. 2002). Since 2002, a lot of progress has been made 

in understanding the membrane transporters of Plasmodium with initial studies by 

Clements and Martin (2002) and Martin et al. (2005) identifying Plasmodium 

membrane transporters and sparking research in the area. This pioneering work 

provided insight into the Plasmodium transporter repertoire, discovering that it does 

indeed contain channels and is less deficient than originally thought (Martin et al. 

2005). A number of Plasmodium transporter reviews have highlighted advances in the 

field, though there is still a lot to learn about where many of these transporters reside 

within the parasite, whether they are essential for parasite growth and what they actually 

transport, which has impeded any major success in targeting Plasmodium transporters in 

antimalarial strategies (Krishna et al. 2002; Kirk 2004; Martin et al. 2009; Staines et al. 

2010; Kirk & Lehane 2014). Little is known about the membrane transporters of 

subcellular organelles, with studies continuing to focus on parasite plasma membrane 

proteins. Of particular interest is the apicoplast organelle, for which only two membrane 

transporters have been characterised to date, oTPT and iTPT (Mullin et al. 2006; Lim et 

al. 2010).  

 

The apicoplast organelle has captivated researchers since its discovery in 1996 and had 

promise as the Achilles’ Heel of the malaria parasite (McFadden et al. 1996; McFadden 

& Roos 1999). The apicoplast transportome is even more intriguing as the organelle is 

bound by four membranes (McFadden & Roos 1999). This poses many questions 

including whether there are membrane transporters in all four membranes, some non-

selective membranes, or transporters that span all four membranes. All of these queries 
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remain unanswered, though it is certain that selective transporters exist in these 

membranes to fuel apicoplast metabolism and export its essential products. Whilst it 

was clear that the apicoplast was indispensable for blood stage parasite growth, its 

actual biological function at this stage eluded researchers for 15 years. It was not until 

Yeh and DeRisi (2011) chemically rescued apicoplast-minus parasites with IPP that the 

role of this unique organelle became clear. IPP is exported into the parasite cytosol for 

isoprenoid synthesis and so a membrane transporter must be involved, particularly as 

IPP is a highly negatively charged metabolite. This therefore presents an interesting 

drug target if an IPP transporter can be identified, not only for malaria, but also for 

other plastid-containing organisms.   

 

The overarching goal of this thesis was to characterise the apicoplast transportome with 

the ultimate goal of identifying a Plasmodium IPP transporter. In Chapter 2, I used a 

shortlisting approach whereby candidate apicoplast membrane transporters were 

selected, based on the knowledge that a specific IPP transporter would be indispensable 

at the blood stage and localised the apicoplast. I then used this list to attempt gene 

deletions and localisations by tagging in P. berghei, the species most suited to this kind 

of medium throughput exercise. My screen identified a number of new apicoplast 

putative membrane proteins and also highlighted the fact that a number of apicoplast 

proteins do not exhibit the classical targeting signal and are perhaps escaping detection 

(Lim et al. 2009). Therefore, to improve further screens for apicoplast membrane 

transporters, the targeting of leaderless proteins to the apicoplast was investigated in 

Chapter 3. Finally, blood stage essential apicoplast candidates from Chapter 2 were 

followed up in P. falciparum as candidate IPP transporters and potential therapeutic 

drug targets in Chapter 4. The switch to P. falciparum allowed me to generate 

ribozyme-mediated knockdown constructs in conjunction with IPP rescue of the in vitro 

cultured knockdown parasites to determine whether a candidate protein knockdown was 

lethal in P. falciparum and essential for apicoplast function. This tapered screening 

method proved successful in identifying a number of essential Plasmodium apicoplast 

putative membrane transporters.  
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5.2 P. berghei as a screening tool for membrane transporters 

 

P. berghei proved to be a useful tool in a medium throughput genetic screen of 28 

candidate membrane proteins. Freely available PlasmoGEM deletion and tagging 

transfection vectors significantly streamlined this work. I found that roughly one third 

of the candidate membrane proteins studied were essential at the blood stage. This 

meant that around two thirds of the candidate proteins were not essential to blood stage 

growth, begging the question of why they are there and what they do. Moreover, this 

revelation also points to the need to understand what transporters are doing and when 

the parasite depends on them before they can be prioritised as potential drug targets. 

The large list of non-essential candidates will now need to be phenotyped across the 

parasite life cycle to establish whether or not they are required for normal growth or 

essential elsewhere in the complex life cycle of malaria parasites. In this respect it is 

also helpful to have generated these mutants in P. berghei, which is highly amenable to 

life cycle phenotyping. Life cycle studies will hopefully address the question of whether 

these genes are essential somewhere else in the life cycle or whether there is some 

redundancy amongst the Plasmodium transportome.  

 

In Chapter 1, it was found that over half of Plasmodium membrane transporters with 

published biological data were essential during the Plasmodium life cycle, with less 

than half of these essential transporters being vital to blood stage parasite growth (Table 

1.1). Almost 40 % of the previously studied Plasmodium transporters were essential for 

mosquito, liver and transmission stages with another 20 % having essential roles in the 

blood stage. It is therefore likely that 40 % of the blood stage indispensable candidate 

membrane proteins identified in Chapter 2 have essential roles during important 

transmission or pre-erythrocytic stages.  

 

Before the completion of this thesis, a number of studies reported characterisation data 

on the candidate membrane transporters that were part of my own list of candidates. 

Kenthirapalan et al. (2016) reported KO data for PbANKA_0107700 (ZIP1), 

PbANKA_0208300 (NPT1), PbANKA_0817000 (MFS2) and PbANKA_1231300 

(MFS1), which were all found to arrest in mosquito or transmission stages 
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(Kenthirapalan et al. 2016). These NPT1, MFS2 and MFS1 data are consistent with my 

ability to generate asexual blood stage KO parasite lines for these candidate membrane 

transporters. In contrast, I was not able to delete PbZIP1 in asexual blood stage 

parasites. I did not generate any data for PbANKA_0208400 (MFR2) although 

PbMFR2 KO parasites have been reported to display growth defects throughout the life 

cycle but PbMFR2 was ultimately found to be dispensable (Kenthirapalan et al. 2016). 

PbANKA_0410500 (PbMFR3) was reported as dispensable throughout the life cycle 

although a defect in salivary gland sporozoite production was observed (Kenthirapalan 

et al. 2016), again, this is consistent with my ability to KO PbMFR3 in the blood stage. 

PbANKA_1016400 (MFS5), PbANKA_0602400 (MFS4) and PbANKA_0112500 

(MFR1) were all completely dispensable throughout the life cycle with no observable 

growth defects in KO parasites (Kenthirapalan et al. 2016), all of which is consistent 

with my blood stage KO results.  

 

Interestingly, PbANKA_1364800 (ABCB6 or MDR6) was found to be essential at the 

blood stage with Rijpma et al. (2016) unable to generate ABCB6 KO parasites in either 

P. berghei or P. falciparum. Additionally, Bushell et al. (2017) recently deemed 

PbABCB6 probably essential for blood stage growth. This is contrary to my results that 

demonstrate that PbABCB6 can be deleted in asexual blood stage parasites. This 

perhaps indicates that ABCB6 has an important role during the blood stage and is 

therefore difficult to delete, prompting further investigation into the growth rate of 

PbABCB6 KO parasites and their subsequent characterisation throughout the life cycle. 

My results were also largely consistent with the recently published findings of Bushell 

et al. (2017). Although several contrasting results were reported that 

PbANKA_1429300 and PbABCB4 are dispensable, and PbATP3 and 

PbANKA_1446100 are essential for blood stage growth. It is noteworthy that the 

recovery of KO parasites may depend on the mutagenesis system used and that growth 

defects can have different impacts depending on the assays used. 

 

In this thesis, I localised Pf3D7_1145500 (ABCB3), ABCB4, DMT2 and MFS6 

proteins to the apicoplast. Two other studies have presented overlapping data on these 

four candidate membrane transporters (Kenthirapalan et al. 2016; Rijpma et al. 2016). 
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Rijpma et al. (2016) and Kenthirapalan et al. (2016) both report, respectively, that 

ABCB4 and DMT2 were refractory to deletion in asexual blood stage parasites, 

consistent with my results. Rijpma et al. (2016) also reported that PbABCB3 KO 

parasites have a severe blood stage growth defect whilst PfABCB3 KO parasites had no 

growth defect in asexual blood stage or mosquito stage parasites. I identified ABCB3 in 

my initial screen and localised PfABCB3 to the apicoplast. However, there are no 

PlasmoGEM PbABCB3 transfection vectors available, and I was unable to modify 

PbABCB3 during the course of this thesis. This highlights the difficulties of 

Plasmodium genetic manipulation and also the team effort required in such a task as 

characterising the transportome. The conflicting reports between P. berghei and P. 

falciparum ABCB3 orthologues are also a good reminder that although P. berghei and 

P. falciparum are often considered somewhat equivalent, they are different and require 

independent validation to determine whether a gene has the same role in both 

organisms. 

 

My findings agree with Kenthirapalan et al. (2016) and Bushell et al. (2017) that MSF6 

can be deleted at the blood stage. It was reported that the PbMSF6 KO parasites are 

slow growing at the blood stage (Kenthirapalan et al. 2016; Bushell et al. 2017). As 

discussed in Chapter 1, MFS6 was presented as a genetically attenuated sporozoite 

vaccine candidate as it displayed an attractive late liver stage arresting phenotype 

(Kenthirapalan et al. 2016). Furthermore, this thesis presented the apicoplast 

localisation of PbMFS6, confirming that MFS6 is an important apicoplast putative 

membrane transporter essential for liver stage development. In a follow up study, 

Weiner 3rd and Kooij (2016) report that MFS6 is a Plasmodium-specific protein that is 

not present in humans. All in all, MFS6 appears to be a promising prophylactic drug 

target and it should be a priority to discover its substrate and role in parasite biology.  

 

One important consideration when screening for Plasmodium apicoplast membrane 

transporters is to be aware of how many potential candidates are being excluded from 

the study based on whether they are predicted to be apicoplast-localised. Current 

prediction tools, PlasmoAP and PATS (Foth et al. 2003; Zuegge et al. 2001), are 

designed to predict the probability of a P. falciparum protein containing a canonical 
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bipartite leader sequence. PfoTPT was one of the first apicoplast membrane transporters 

characterised, yet it does not contain an N-terminal bipartite leader. Nevertheless, 

PfoTPT is clearly targeted to the outer apicoplast membrane (Mullin et al. 2006). It has 

been a mystery as to how this nuclear-encoded protein is directed to the apicoplast, 

which has created some uncertainty around our current localisation prediction methods 

in terms of what is being omitted. With this in mind, I included a number of leaderless 

candidate membrane proteins with the hope of identifying some apicoplast membrane 

transporters that would otherwise have remained unknown. This proved successful with 

the identification of three novel leaderless apicoplast putative membrane transporters: 

DMT2, ATP3 and MFS6.   

 

5.3 Novel targeting mechanisms of leaderless apicoplast putative membrane 

transporters 

 

In Chapter 3, we endeavored to dissect the protein features required for PfoTPT outer 

apicoplast membrane targeting. The entire PfoTPT protein was apparently necessary for 

apicoplast targeting, as deleting the final TMD (TMD 10) resulted in loss of apicoplast 

localisation. This indicated that some targeting information lies within TMD 10 or that 

TMD 10 completes other unknown targeting elements. In addition, TMD 1 alone is 

membrane bound, demonstrating that it has a role in membrane anchoring. In further 

investigation, we determined that a critical N-terminal tyrosine residue, found to be 

crucial to the apicoplast targeting of a T. gondii transporter (DeRocher et al. 2012), was 

also necessary for faithful PfoTPT targeting. A point mutation affecting this conserved 

tyrosine was made in PfoTPT (Y10A) and resulted in the protein no longer being 

targeted to the apicoplast, confirming that the tyrosine is essential for apicoplast 

targeting. Nonetheless, the tyrosine appears to be necessary but not sufficient for 

targeting as an attempt to create a minimal construct containing the crucial tyrosine, 

TMD 1 and TMD 10 (TMD1+TMD10), failed to target to the apicoplast.  

 

With three newly discovered leaderless apicoplast putative membrane transporters in 

hand, I set about to determine whether they contained N-terminal tyrosines that may be 

critical for their apicoplast localisations. Intriguingly, protein alignments revealed that 



197 
	

all novel leaderless apicoplast putative membrane transporters contained well-conserved 

N-terminal tyrosines just upstream or even within the first TMD. Whilst most other 

candidates studied here also contain tyrosines, it will be very interesting to mutagenise 

the conserved tyrosines in these newly identified leaderless apicoplast proteins to assess 

whether they have a similar role to the apicoplast-necessary tyrosine of PfoTPT and 

TgAPT1.  

 

5.4 IPP supplementation as a screening strategy for essential apicoplast membrane 

transporters 

 

Having identified three essential apicoplast putative membrane transporters in the P. 

berghei genetic screen, I then turned my attention to further characterising them in P. 

falciparum, a human malaria parasite with established inducible mutagenesis 

techniques. I generated ribozyme-mediated knockdown constructs for two of the 

candidates, PfABCB4 and PfDMT2. Unfortunately, only minimal knockdown of 

PfABCB4 knockdown was achieved, which had no discernable affect on parasite 

growth, even when parasites were stressed by low glucose or depleted fatty acid 

conditions. This is one of the limitations of an inducible knockdown strategy and 

highlights the importance of trialing a number of different approaches to disrupt an 

essential candidate gene. Future work could employ other knockdown strategies to 

confirm that PfABCB4 is indeed essential in P. falciparum and establish whether or not 

IPP supplementation can rescue the parasites.  

 

Efficient knockdown of PfDMT2 was achieved and it had a severe impact on parasite 

growth that was reminiscent of the apicoplast delayed death phenotype. 

Supplementation with IPP completely rescued PfDMT2 knockdown parasites and real-

time PCR and IFAs revealed that rescued parasites had lost their apicoplasts. These 

experiments confirmed that DMT2 is an essential apicoplast putative membrane protein, 

a likely transporter. However, it is more difficult to interpret what role DMT2 has in 

apicoplast biology. There appear to be two main options: general apicoplast 

housekeeping, or IPP export. In mapping out this project it was hypothesised that 

disrupting an apicoplast housekeeping transporter while rescuing it with IPP should 
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result in loss of the apicoplast through lack of a crucial biogenesis function. Conversely, 

we reasoned that the apicoplast might survive the knockdown of an IPP exporter so long 

as exogenous IPP was supplied in the medium. Based on this reasoning, I tentatively 

conclude that DMT2 is unlikely to be an IPP transporter because PfDMT2 knockdown 

parasites lose their apicoplasts. DMT2 is clearly an essential apicoplast membrane 

protein, but perhaps not an IPP exporter.  

 

The hypothesis that apicoplasts would survive knockdown of their IPP exporter 

assumes that a block in IPP export, and a consequent accumulation of IPP, is not toxic. 

If IPP build up is in fact toxic, disrupting an IPP exporter could result in a similar 

phenotype to targeting an apicoplast housekeeping gene. One way to address this 

uncertainty would be to analyse PfDMT2 knockdown parasites by mass spectrometry to 

see if they do suffer a build up of IPP. Another unknown is whether or not the 

apicoplast itself relies on IPP, and whether exogenously supplied IPP can enter the 

apicoplast. In this regard it is interesting to note that dimethylallyl diphosphate 

(DMAPP), an isomer of IPP, had no rescue effect on fosmidomycin treated parasites but 

did appear to be slightly toxic at 200 µM (Yeh & DeRisi 2011). However, no toxicity of 

exogenously supplied IPP was observed up to 400 µM (Yeh & DeRisi 2011). It is 

therefore unknown as to what IPP concentration is detrimental to the apicoplast. On 

balance, it seems premature to totally dismiss DMT2 as a candidate IPP transporter just 

yet.  

 

Detailed phylogenetic analysis of DMT2 was recently published showing that this 

putative membrane transporter is absent in plastid-lacking ancestors including 

Cryptosporidium species and ciliates (Weiner 3rd & Kooij 2016), which is consistent 

with the DMT2 apicoplast localisation reported here. Based on phylogenetic data and 

immunofluorescence data obtained earlier by Kenthirapalan et al. (2016), Weiner 3rd 

and Kooij et al. (2016) suggest that DMT2 might be the IPP transport protein. The 

authors then concede that DMT2 could be involved in other apicoplast maintenance 

processes, such as the import of iron or sulfur for the essential iron-sulfur cluster 

biosynthesis pathway (Weiner 3rd & Kooij 2016). The data presented in this thesis 

currently supports a non-IPP transporter function for DMT2. However, detailed 
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experiments are needed to confirm its biological role, which will be assisted by the 

inducible PfDMT2 knockdown strategy established here.  

 

5.5 Conclusions and future direction 

 

In summary, I have generated biological data for a number of Plasmodium putative 

membrane proteins including five novel apicoplast putative membrane transporters, two 

of which are blood stage essential (ABCB4 and DMT2), three of which are non-

essential at the blood stage (ATP3, MFS6 and ABCB3), and three of which are 

leaderless, containing no classical apicoplast targeting information (ATP3, MFS6 and 

DMT2). Previously, there were only two characterised apicoplast membrane 

transporters. This study has vastly expanded our knowledge of what proteins reside in 

the apicoplast membranes and boosted the running total to nine (Figure 5.1). 

Nevertheless, the biological roles of these apicoplast putative membrane proteins are yet 

to be determined. The importance of an N-terminal tyrosine was confirmed for the 

apicoplast targeting of PfoTPT and conserved tyrosines were found in the N-termini of 

all novel leaderless apicoplast candidates. Finally, DMT2 was confirmed as an essential 

apicoplast putative membrane transporter, and loss of the protein resulted in 

degeneration and ultimate loss of the apicoplast. Whether or not DMT2 has a role in IPP 

export requires further investigation.  

 

The published findings detailed in Chapter 1 regarding the number of Plasmodium 

transporters with essential roles in pre-erythrocytic and transmission stages make it vital 

that both the essential and non-essential candidates are characterised. Therefore, all non-

essential candidates identified in Chapter 2 should be characterised further to determine 

their biological roles and whether they can be perturbed to stop parasite growth. This 

also highlights the potential of Plasmodium transporters as not only therapeutic targets 

but also as molecular targets in transmission blocking and prevention strategies. 

PbANKA_0809500 and ATP3 were found to be blood stage non-essential apicoplast 

putative membrane proteins, and given what has recently been reported, future work 

directed by this thesis is encouraged to focus on exploring their functions throughout 

pre-erythrocytic and transmission stages. Future experiments would include obtaining 
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clonal parasites for these two KO parasite lines and feeding them to mosquitoes to 

observe their transition through subsequent stages of the life cycle to decipher when 

they are essential. Furthermore, it will be important to determine the essential biological 

role of MFS6 in the liver stage.  

 

The identification of three novel leaderless apicoplast putative membrane transporters 

confirms the existence of a cohort of non-classically targeted apicoplast membrane 

transporters and will prove useful in the search for novel apicoplast targeting 

mechanisms. Before this study, only one leaderless membrane transporter (oTPT) was 

known, which made it difficult to infer what might be important motifs for apicoplast 

targeting fidelity. Because we are just beginning to understand this non-canonical 

version of apicoplast targeting, my three fold expansion of exemplars will be 

particularly valuable in deciphering just what is necessary and sufficient to effect 

faithful targeting. An obvious first step would be to mutate the conserved tyrosines, 

which could be achieved by reusing the PlasmoGEM constructs in Chapter 2 and 

altering the tyrosine codons with mutant primer sequences. Confirmation that this 

tyrosine is necessary in other leaderless apicoplast proteins would give grounds to 

develop an improved apicoplast prediction tool that incorporates this protein feature. 

Another critical set of experiments would be to determine if these three new leaderless 

proteins are in the outer apicoplast membrane like oTPT. This could be tested by 

releasing apicoplasts from the HA, C-terminal tagged lines I generated and subjecting 

them to protease treatment to test if the terminus is exposed on the outside of the 

apicoplast. Similar experiments could also be done with N-terminal HA-tags, an 

approach used successfully for oTPT (Mullin et al. 2006). If, as I have proposed (Figure 

5.1), my three novel leaderless proteins are indeed located in the outer apicoplast 

membrane, these new members of this unusual protein set should reveal a great deal 

about apicoplast biology.  

 

Perhaps the most pressing studies are to investigate the roles of ABCB4, DMT2 and 

PbANKA_0505500, the three apicoplast located, blood stage essential putative 

membrane proteins. These three proteins are currently the leading candidates for an IPP 

exporter. Heterologous expression and transport assays will be vital in determining any 
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transporter roles and substrate specificities. ABCB4 is an ABC Superfamily half 

transporter so it must have a binding partner to function. Sequence investigation of 

other Plasmodium ABC transporters has identified one potential binding partner, 

ABCB3 (personal communication with Fabio Facchinelli). Co-immunoprecipitation of 

the PbABCB4 HA-tagged protein was attempted but failed to identify binding partners 

due to technical limitations (data not shown). GFP-Trap could also be used for 

immunoprecipitation of the PfABCB3 GFP-tagged parasites generated during this work. 

It is paramount to identify the ABCB4 binding partner so transport assays can proceed 

to elucidate the role of this important apicoplast putative membrane transporter. 

 

DMT2 has a crucial role to play in apicoplast biology so it is imperative that its 

substrate is defined. In collaboration with Fabio Facchinelli, transport assays on 

PbDMT2 have begun to test the hypothesis that it mediates phosphate/IPP co-transport. 

No phosphate transport could be measured (personal communication with Fabio 

Facchinelli), so no support for DMT2 as an IPP exporter came from this corner. 

However, it may be that the yeast expression system used was not appropriate for 

DMT2. A difficulty with these substrate experiments is the lack of a positive control for 

the protein being assayed. Alternative expression systems, such as the cell-free 

expression system used to successfully characterise PfoTPT and PfiTPT (Lim et al. 

2010), might prove more suitable. Metabolomics studies on IPP rescued DMT2 

knockdown parasites would also be valuable in determining what cellular role DMT2 is 

involved in. It remains unclear whether DMT2 is an IPP transporter; knowing its actual 

role in the apicoplast will be a major new insight.  

 

In addition to the two essential apicoplast putative membrane transporters assessed in P. 

falciparum, PbANKA_0505500 should also be characterised further. Time constraints 

prevented me from tackling this third important putative membrane protein. Ribozyme-

mediated knockdown and HA-tagging constructs should be made to determine whether 

the gene is essential and apicoplast located in P. falciparum and whether a lethal 

knockdown phenotype can be rescued with IPP.  
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Plasmodium species remain reliant on the secondary endosymbiosis-derived apicoplast 

organelle. The apicoplast-independent nature of Cryptosporidium likely reflects a 

greater ability to scavenge essential metabolites once provided by the apicoplast, 

perhaps via transporters such as CpABC (Perkins et al. 1999; Fleige et al. 2010). This 

scenario is even more compelling when one considers their nutrient-rich intestinal host 

cells compared to red blood cells in which Plasmodium species reside. Reduced 

apicoplast organelles are found in Theileria and Babesia species and it has been 

suggested that their reduced dependency on their symbiotic relationship with the 

apicoplast was achieved because of a lack of a parasitophorous vacuole barrier and a 

better endowed transportome with which to scavenge essential factors (Brayton et al. 

2007; Fleige et al. 2010). As suggested by Fleige et al. (2010), the immense 

morphological changes and challenging host environments experienced throughout a 

typical Plasmodium life cycle likely underpins the tight Plasmodium apicoplast alliance. 

This indispensable Plasmodium organelle may yet prove to be essential in the 

development of novel antimalarial strategies, and it appears that the apicoplast 

transportome is an attractive place to begin. 

 

To conclude, the Plasmodium apicoplast continues to be an attractive drug target that is 

unique from its mammalian host. There is still a lot to learn about the Plasmodium 

transportome, but progress is being made and a number of important apicoplast putative 

membrane transporters have been identified here. Based on their indispensability at the 

blood stage, two of these are potential targets for therapeutics. This work has 

significantly contributed to the biological data of the Plasmodium transportome and 

provides a platform for future studies to achieve a better understanding of apicoplast 

biology and perhaps identify novel molecular targets to treat or prevent malaria.   
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5.7 Figure for Chapter 5 

 

 

 
 

 

Figure 5.1. Summary of the novel apicoplast putative membrane proteins identified. 

The two previously characterised apicoplast membrane transporters, oTPT and iTPT, 

are shown on the inner and outer membranes. Dependent on whether they have an 

apicoplast leader, the predicted positions of the seven novel apicoplast candidates are 

shown. Putative integral membrane proteins are blue and putative membrane 

transporters are orange. Candidates with a leader are predicted to localise to the inner 

apicoplast membrane, as is the case with iTPT. Candidates without a leader are 

predicted to localise to the outer apicoplast membrane, as does oTPT.  
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•  9 TMDs 
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Pf3D7_0302600  
(ABCB4) 
•  6 TMDs 
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•  Conserved protein (unknown function) 
•  10 TMDs 
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PbANKA_0903500 
(ABCB3) 
•  6/7 TMDs 
•  Leader 
•  Non-essential (Rijpma 

et al. 2016) 

PbANKA_1103600 (ATP3) 
•  Cation transporter 
•  12/14 TMDs 
•  Leaderless 
•  Non-essential 

PbANKA_1304700 (MFS6) 
•  12 TMDs 
•  Leaderless 
•  Non-essential 
•  Natural transmission defect 

(Kenthirapalan et al. 2016) 

PbANKA_0505500 
•  Conserved protein 

(unknown function) 
•  7 TMDs 
•  Leader 
•  Essential 

PbANKA_1107900 
(oTPT) 
•  10 TMDs 
•  Leaderless 
•  Mullin et al. (2006) 
•  Essential (Banerjee et 

al. 2012) 

PbANKA_1244600 (iTPT) 
•  10 TMDs 
•  Leader 
•  Mullin et al. (2006) 
•  Non-essential 

(Banerjee et al. 2012) 
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Appendix I: Abbreviations 

 
3’ 3 prime 
3PGA 3-phosphoglycerate 
5’ 5 prime 
A adenine (nucleobase) or alanine (amino acid) 
ABC ATP-binding cassette  
ABCB3 ABC transporter B family member 3, putative 
ABCB4 ABC transporter B family member 4, putative 
ACP  acyl carrier protein 
ACT  artemisinin combination therapy  
AGRF Australian Genome Research Facility 
ATP3 cation transporting P-ATPase 
ATP4 non-SERCA-type Ca2+-transporting P-ATPase 
BLAST Basic Local Alignment Search Tool 
bp  base pair 
BSA  bovine serum albumin 
CD  cytosine deaminase 
cDNA  complementary DNA 
CDS  coding sequence 
cm  centimetre  
conA concanavalin A 
Cq quantification cycle 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DHAP  dihydroxyacetone 
DHFR  dihydrofolate reductase 
DIG  digoxigenin 
DMT2  drug/metabolite transporter, putative 
DNA  deoxyribonucleic acid 
DOXP 1-deoxy-D-xylulose-5-phosphate 
DPBS Dulbecco’s phosphate buffered saline 
dTTP deoxythymidine triphosphate 
dUTP deoxyuridine triphosphate 
EDTA ethylenediaminetetraacetic acid 
EGTA ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 
ER endoplasmic reticulum 
FNT formate-nitrite transporter 
G  gauge or glycine (amino acid) 
g  gram 
gDNA  genomic DNA 
GFP  green fluorescent protein 
GlcN glucosamine 
HA  haemagglutinin 
HI FBS heat-inactivated fetal bovine serum 
HIV  human immunodeficiency virus 
HRP  horseradish peroxidase 
HT  hexose transporter 
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IFA immunofluorescence assay 
IP intraperitoneal injection 
IPP isopentenyl diphosphate 
IPTG isopropyl β-D-1-thiogalactopyranoside 
iTPT inner triose phosphate transporter 
kb  kilo-base pair 
kDa kilodalton 
KO  knockout 
kV kilovolt 
L  litre  
LB  Luria-Bertani 
M  molar 
MFS6  major facilitator superfamily domain-containing protein, putative 
mL  millilitre 
mM  millimolar 
MMV  Medicines for Malaria Venture 
mRNA  messenger RNA 
N asparagine 
NBD  nucleotide-binding domain 
NCBI National Center for Biotechnology Information 
ng  nanogram 
ORF  open reading frame 
oTPT  outer triose phosphate transporter 
Pb  Plasmodium berghei 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PEP phosphoenolpyruvate 
Pf Plasmodium falciparum 
PlasmoDB Plasmodium genome database 
PlasmoGEM Plasmodium Genetic Modification project 
pM picomolar 
pPTs plastidic phosphate translocators 
PVDF polyvinyl difluoride 
Py Plasmodium yoelii 
Q glutamine 
RNA  ribonucleic acid 
rpm  revolutions per minute  
RPMI  Roswell Park Memorial Institute 
RT reverse-transcriptase 
S serine 
SDS sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SSC saline sodium citrate 
T  thymine  
TAG  HA-tag 
TBS  tris buffered saline 
TE tris-EDTA 
Tg  Toxoplasma gondii 
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TMD  transmembrane domain 
Tris  tris(hydroxymethyl)aminomethane 
TTBS  tris buffered saline with Tween 20 
UTR untranslated region 
V  volt 
VALAP vaseline:lanolin:paraffin 
w/v  weight by volume 
WEHI  Walter and Eliza Hall Institute of Medical Research 
WT  wild-type 
Y tyrosine 
µF  microfarad 
µg  microgram 
µJ  microjoule 
µL  microlitre 
µm  micrometer  
µM  micromolar  
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Appendix II: Recipes  

 
LB medium/agar 
40 g Tryptone  
20 g Yeast extract  
40 g NaCl 
 
Make up to 4 L with distilled water and divide into 300 mL aliquots (add 4.5 g 
bacterialogical agar per 300 mL for LB agar plates) before autoclaving. 
 
Wash buffer 
100 mL RPMI-Hepes (WEHI)  
5.8 mL 3.6 % Sodium bicarbonate 
 
SSC (20X) 
175.3 g NaCl 
88.2 g Sodium citrate  
 
Make up to 800 mL with distilled water and adjust the pH to 7.0 with concentrated HCl. 
Autoclave before making up to 1 L with sterile distilled water.  
 
Denharts (100X) 
5 g Ficoll 
5 g Polyvinylpyrrolidone 
5 g BSA fraction V 
 
Make up to 250 mL with distilled water and store aliquots at -20 °C.  
 
Blocking Solution  
4.5 mL 10X Maleic acid Buffer (DIG Wash and Block Buffer Set, Roche) 
5 mL 10X Blocking Solution (DIG Wash and Block Buffer Set, Roche) 
 
Make up to 50 mL with distilled water. 
 
Denharts hybridisation solution 
6X SSC 
5X Denharts 
1X Blocking Solution (DIG Wash and Block Buffer Set, Roche) 
 
Make up to 30 mL with distilled water and add 120 µL of denatured herring sperm 
DNA (10 mg/mL; Promega).  
 
Reducing buffer (4X) 
100 µL β-mercaptoethanol 
4.9 mL NuPAGE LDS Sample Buffer (4X; Thermo Fisher Scientific) 
 
Store at 4 °C. 
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Transfer buffer (20X) 
40.3 g Bicine 
52.1 g Bis-tris 
 
Make up to 500 mL with distilled water. 
 
TBS (20X) 
160 g NaCl 
4 g KCl 
60 g Tris base 
 
Make up to 800 mL with distilled water and adjust the pH to 7.4 with approximately 50 
mL of concentrated HCl. Autoclave before making up to 1 L with sterile distilled water.  
 
TTBS 
25 mL 20X TBS 
250 µL Tween 20 (Merck Millipore) 
 
Make up to 500 mL with distilled water. 
 
Cytomix 
3 mL 2 M KCl 
3.75 mL 2 M CaCl2 
0.5 mL 1 M PBS pH 7.6 
5 mL 250 mM Hepes, 20 mM EGTA pH 7.6 
250 µL 1 M MgCl2 
 
Make up to 45 mL with Hyclone water and adjust pH to 7.6 with up to 175 µL of 1 M 
KOH. Increase the volume to 50 mL with Hyclone water and sterilise with a 0.22 µm 
filter. Store aliquots at 4 °C.  
 
0/100 medium 
100 mL RPMI-Hepes (WEHI)  
5.8 mL 3.6 % Sodium bicarbonate 
10 mL 5 % Albumax  
 
SYBR Green lysis buffer 
20 mM Tris pH 7.5 
5 mM EDTA 
Saponin (0.008 % w/v) 
Triton X-100 (0.08 % w/v) 
 
For analysis, add an equal volume of 1X PBS to the lysis buffer and then 0.1 µL of 
SYBR Green I (Thermo Fisher Scientific) per mL of lysis buffer. 
 
Lipid-depleted medium 
1.5 g Fatty acid free BSA (Sigma-Aldrich) 
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750 µL Oleic acid (30 mM; Sigma-Aldrich), final concentration is 45 µM 
500 µL Palmitic acid (30 mM; Sigma-Aldrich), final concentration is 30 µM 
29 mL 3.6 % Sodium bicarbonate 
 
Make up to 500 mL with RPMI-Hepes and filter sterilise. 
 
Low-glucose medium 
4.2 g RPMI-1640 (Sigma-Aldrich) 
1 g Sodium bicarbonate 
2.975 g Hepes 
200 µL Gentamicin (50 mg/mL; Thermo Fisher Scientific) 
0.01 g Hypoxanthine 
 
Add approximately 470 mL of MilliQ water and pH to 7.4 with 4M NaOH. Make up to 
500 mL with MilliQ water and filter sterilise. Add 5 % albumax in RPMI-Hepes to a 
final concentration of 1 % before use (RPMI-Hepes contains 11.11 mM glucose so final 
concentration in medium is approximately 1 mM glucose).  
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Appendix III: Sequences 

 
All sequences listed below are 5’-3’.  
 
SP6 primer: atttaggtgacactatag 
 
T7 primer: taatacgactcactataggg 
 
M13-forward primer: tgtaaaacgacggccagt 
 
PbANKA_0614600 5’ flank primers: gcaatgcgttttgtgcttag (forward), 
gcttccaccgcaaatttattc (reverse). Product size is 425 bp.  
 
DHFR probe: 
ccgctcaggaacgaatttagatatttccagagaatgaccacaacctcttcagtagaaggtaaacagaatctggtgattatgggta
agaagacctggttctccattcctgagaagaatcgacctttaaagggtagaattaatttagttctcagcagagaactcaaggaacc
tccacaaggagctcattttctttccagaagtctagatgatgccttaaaacttactgaacaaccagaattagcaaataaagtagaca
tggtctggatagttggtggcagttctgtttataaggaagccatgaatcacccaggccatcttaa 
ac 
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Appendix IV: A genetic screen in rodent malaria parasites identifies 
five new apicoplast putative membrane transporters, one of which is 

essential in human malaria parasites (publication) 
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Summary 

The malaria-causing parasite, Plasmodium, contains a unique non-photosynthetic plastid 

known as the apicoplast. The apicoplast is an essential organelle bound by four membranes. 

Although membrane transporters are attractive drug targets, only two transporters have been 

characterised in the malaria parasite apicoplast membranes. We selected 27 candidate 

apicoplast membrane proteins, 20 of which are annotated as putative membrane transporters, 

and performed a genetic screen in P. berghei to determine blood stage essentiality and 

subcellular localisation. Eight apparently essential blood stage genes were identified, three of 

which were apicoplast-localised: PbANKA_0614600 (DMT2), PbANKA_0401200 

(ABCB4) and PbANKA_0505500. Nineteen candidates could be deleted at the blood stage, 

four of which were apicoplast-localised. Interestingly, three apicoplast-localised candidates 

lack a canonical apicoplast targeting signal but do contain conserved N-terminal tyrosines 

with likely roles in targeting. An inducible knockdown of an essential apicoplast putative 

membrane transporter, PfDMT2, was only viable when supplemented with isopentenyl 

diphosphate (IPP). Knockdown of PfDMT2 resulted in loss of the apicoplast, identifying 

PfDMT2 as a crucial apicoplast putative membrane transporter and a candidate for 

therapeutic intervention.  

 

Introduction 

Membrane transporters are ideal malaria drug targets as the Plasmodium parasite is typically 

reliant on them to establish an infection within host cells, scavenge from the environment, 

and shuffle resources between intracellular compartments. Many membrane transporters are 

vulnerable to pharmacological agents and used in the treatment of human disease (Kirk, 

2004; Kirk & Lehane, 2014). Furthermore, a number of Plasmodium transporters are 

attractive molecular targets for drug design, particularly the hexose transporter (Joët & 
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Krishna, 2004; Joët et al., 2003; Krishna et al., 2000; Woodrow et al., 1999). More recently, 

both PfATP4 and PfFNT have emerged as promising drug targets (Rottmann et al., 2010; 

Spillman et al., 2013; Lehane et al., 2014; Marchetti et al., 2015; Golldack et al., 2017). The 

Plasmodium transportome is a vital area of research that will aid our general understanding of 

malaria parasite biology, and ultimately offer novel drug targets to fight the disease.  

 

Detailed sequence analysis identified over 100 membrane transport proteins in the P. 

falciparum genome (Martin et al., 2005; Martin et al., 2009). These putative membrane 

transporters contain multiple hydrophobic transmembrane domains (TMDs) connected by 

hydrophilic loops, with many having eight to 14 TMDs (Martin et al., 2009). Although this 

analysis substantially expanded the list of Plasmodium transporters, the malaria parasite 

genome is still considered to be minimalistic in terms of transporter abundance, with just over 

2% of the genome encoding transport proteins (Martin et al., 2005). This should therefore 

result in a low level of redundancy amongst Plasmodium transporters relative to the 

transportomes of other organisms (Martin et al., 2005).  

 

Kenthirapalan et al. (2016) reported a genetic screen of 35 putative membrane transporters in 

P. berghei. During the disease causing blood stage of infection, 17.14% of these putative 

membrane transporters were found to have essential functions, 11.43% were required for 

normal growth, and 71.43% could be deleted with no growth defect or arrest across the life 

cycle (Kenthirapalan et al., 2016). However, of the genes that could be deleted in the blood 

stage, 45% were found essential for completion of the life cycle, 31% were later required for 

normal growth and only 24% were not needed for normal growth throughout the entire life 

cycle (Kenthirapalan et al., 2016). More recently, Bushell et al. (2017) found that of the 79 

transporters targeted for genetic deletion in blood stage P. berghei parasites, 33% were 
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essential, 24% were necessary for normal growth and 43% were dispensable. This may 

indicate that many membrane transporters have vital roles beyond the blood stage. 

Subcellular co-localisations were not provided in these studies, making it difficult to link any 

deletion effects with possible function within the cell.  

 

A primary feature in eukaryotic cells is the compartmentalisation of function into various 

membrane bound organelles with different internal environments. Membrane transporters are 

essential for the function and maintenance of organelles as they regulate the movement of 

molecules across otherwise impermeable membranes. One of the most intriguing organelles 

in Plasmodium is the apicoplast (McFadden et al., 1996). Derived from an algal chloroplast, 

the apicoplast contains many bacterial and plant-like pathways that are attractive drug targets 

because they differ markedly from pathways found in humans (McFadden & van Dooren, 

2004; Ralph et al., 2004). In the red blood cell stages, the only essential function of the 

apicoplast is the production of isopentenyl diphosphate (IPP) (Yeh & DeRisi, 2011). In in 

vitro culture, genes essential for apicoplast function, and even the entire apicoplast, can be 

deleted as long as the parasites are provided with a source of IPP (Gisselberg et al., 2013; 

Yeh & DeRisi, 2011). This is not true for the mosquito and liver stages of the parasite life 

cycle, where other apicoplast metabolic pathways are essential (Ke et al., 2014; Nagaraj et 

al., 2013; van Schaijk et al., 2014; Yu et al., 2008; Rathnapala et al., 2017).   

 

To maintain apicoplast metabolism, and thus ensure parasite survival, one or more of the 

apicoplast membranes must act as a selective molecular barrier. Canonical plant plastids 

(chloroplasts) have two membranes. The inner membrane contains a number of active 

transporters, and the outer membrane contains selective channels (Bölter & Soll, 2001; 

Fischer, 2011; Pick & Weber, 2014). Four membranes surround the apicoplast as a result of 
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its secondary endosymbiotic origins (Köhler et al., 1997; van Dooren & Striepen, 2013). The 

outer apicoplast membrane is intermittently continuous with the parasite endomembrane 

system,  and  the  second  outermost  ‘periplastid’  membrane  is  derived  from  the  red  algal  

plasma membrane (van Dooren & Striepen, 2013). The two innermost membranes of the 

apicoplast are homologous to the two membranes of the primary plastids of red algae and 

plants (McFadden & van Dooren, 2004; van Dooren & Striepen, 2013). Little is known about 

the distribution of membrane transport processes across these four membranes and how 

apicoplast transporters interact to import molecules required to fuel apicoplast metabolism 

and export metabolites to the rest of the parasite.  

 

Mullin et al. (2006) characterised the first apicoplast membrane transporters, the inner and 

outer triose phosphate transporters, PfiTPT and PfoTPT, which are homologs of plant 

plastidic phosphate translocators (pPTs) (Weber & Linka, 2011). A bipartite leader sequence 

targets PfiTPT to the innermost apicoplast membrane, whereas PfoTPT, which lacks a 

targeting leader, localises to the outermost apicoplast membrane (Mullin et al., 2006). The 

pPTs of Plasmodium were later found to fuel apicoplast metabolism by importing 

phosphoenolpyruvate (PEP), dihydroxyacetone (DHAP) and 3-phosphoglycerate (3PGA) 

from parasite glycolysis in the cytosol (Brooks et al., 2010; Lim et al., 2010). Banerjee et al. 

(2012) reported that during the blood stage of infection of the rodent malaria parasite, P. 

berghei, PboTPT was essential and PbiTPT was dispensable. However, PbiTPT KO parasites 

displayed growth defects in the mosquito and liver stages (Banerjee et al., 2012). It was 

suggested that PboTPT can transport the PbiTPT substrate in blood stage parasites and that 

the two transporters might not work in tandem (Banerjee et al., 2012). To date, the TPTs 

remain the only membrane transporters known to be localised to the apicoplast. 
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Here, we describe a medium throughput genetic screen for apicoplast membrane transporters 

in P. berghei. Candidate apicoplast membrane proteins, many of which are putative 

membrane transporters, were identified and then investigated using the PlasmoGEM vectors 

(Gomes et al., 2015; Pfander et al., 2012; Pfander et al., 2011; Schwach et al., 2015). In P. 

berghei, we localised these candidates by gene tagging and determined essentiality in the 

blood stage by gene knockout (KO) attempts. Gene knockdowns were performed for two 

apparently essential apicoplast putative membrane transporters in P. falciparum, and IPP 

supplementation was used to investigate the roles of one in apicoplast biogenesis.  

 

Results 

Candidate apicoplast membrane transporters 

We compiled a list of potential Plasmodium apicoplast membrane transporters (Table 1) from 

two sources: P. falciparum putative membrane transporters belonging to known transport 

families (Martin et al., 2005) and selected members of the predicted P. falciparum apicoplast 

proteome with multiple TMDs (Ralph et al., 2004). Many P. falciparum membrane 

transporters have seven or more TMDs, whilst some have six or fewer (Martin et al., 2005). 

Without biological data to confirm membrane transport activity, we selected candidate 

proteins predicted to have at least six TMDs (Table 1). Although multiple TMDs is a 

minimum requirement of most membrane transporters, some of these proteins may be 

integral membrane proteins with other functions, in which case further investigation is 

required.  

 

The first 10 candidates in Table 1 are predicted to be apicoplast-localised; the remaining 17 

apparently lack apicoplast targeting signals but were included in the hope of extending the list 

of non-canonically targeted apicoplast membrane transporters. All shortlisted candidates are 
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predicted to contain at least six and up to 17 TMDs, and have orthologues in both P. berghei 

and P. falciparum (Table 1). Additionally, nine have Toxoplasma gondii orthologues, eight 

have orthologues in Theileria, six in Babesia and 10 in Cryptosporidium (Table 1). Those 

with orthologues in Cryptosporidium, a model apicomplexan species that lacks an apicoplast 

(Zhu et al., 2000), were deprioritised. As a final criterion, we considered the level of blood 

stage expression of each candidate, namely from very low to very high (Table 1). Shortlisting 

led us to include 27 candidate proteins, 20 of which are putative membrane transporters and 7 

of which are putative integral membrane proteins, not currently annotated as transporters 

(Table 1).  

 

Blood stage essentiality in rodent malaria 

Initially, our genetic screen aimed to determine whether candidates were essential (parasites 

refractory to deletion) or non-essential (parasites survive deletion) during the blood stage of 

infection. This was achieved by attempting to delete candidate genes in P. berghei. Parasite 

lines were generated for 25 gene KO attempts, and PCR screening was performed to 

determine whether parasites lack the gene of interest or retain the wild-type (WT) locus 

(Figure 1A; Supplementary figure 1). Nineteen candidates appeared to have successful 

integration of the KO vector, indicating that the genes of interest had been deleted (Figure 

1A; Supplementary figure 1). These 19 genes were considered to be non-essential for parasite 

survival at the blood stage. Six candidates were apparently essential for parasite survival at 

the blood stage as no PCR products detected integration of the KO construct (Figure 1A). 

Instead, PCR screening generally showed that these parasites retained only the WT locus, 

suggesting that random integration had occurred and that the gene could not be deleted in 

surviving parasites (Figure 1A; Supplementary figure 1). Only deletion of 

PbANKA_0505500 yielded no parasites after three transfections with a KO construct. 
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Therefore, PbANKA_0505500 was deemed probably essential at the blood stage but PCRs 

could not be included in Figure 1A (Table 1). 

 

We analysed a subset of the generated parasite lines, using Southern blotting to validate our 

genetic screen results. This confirmed our PCR results showing that PbANKA_0614600 and 

PbANKA_0942100 are probably essential (Supplementary figures 2-4). Additionally, the 

candidate apicoplast membrane transporter, PbANKA_0401200, was reported to be 

refractory to deletion by Rijpma et al. (2016). We recovered parasites from only one of three 

transfections with the PbANKA_0401200 KO construct, and while our PCR results indicated 

that integration had occurred (Supplementary figure 1), we set out to validate our positive 

result by Southern blot (Supplementary figures 5-6). The results of the Southern blot were 

unclear for integration of the KO construct (Supplementary figure 6) so mRNA expression 

was examined by reverse transcriptase (RT)-PCR (Figure 1B-C). Three primer pairs within 

the PbANKA_0401200 coding sequence amplified the expected WT product sizes from 

parasites carrying the PbANKA_0401200 KO construct (Figure 1B-C). This suggested that 

an unusual integration occurred in PbANKA_0401200 KO parasites, where the gene locus 

was modified but the gene is still expressed. We thus suggest that PbANKA_0401200 is 

essential at the blood stage.  

 

PlasmoGEM transfection vectors are expected to have low rates of random integration and 

episomally maintained vectors (Pfander et al., 2011). However, in our experimental system, 

growth of parasites retaining the WT locus was common, indicating that many PlasmoGEM 

KO vectors can experience some random integration.  

 

Protein expression and apicoplast localisation 
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Sixteen candidate genes were HA-tagged for localisation experiments in P. berghei. PCR 

screening confirmed that all parasite lines contain the HA-tag (TAG) vector (Supplementary 

figure 7) and expression of the tagged protein was confirmed by Western blot (Figure 2A). 

Thirteen candidates had bands of the appropriate mass congruent with gene models (Figure 

2A), and three (PbANKA_0942100, PbANKA_0410500 and PbANKA_0916000) likely 

suffer from electrophoresis anomalies common to membrane proteins (Kaur & Bachhawat, 

2009). PbANKA_0809500 TAG protein could not be detected in blood stage parasites (data 

not shown), which have low expression of the gene (Table 1), so protein was extracted from 

sporozoite parasites where expression was higher. Particularly faint signal was observed for 

PbANKA_0417100 (Figure 2A), which is lowly expressed during the blood stages (Table 1). 

Tagged parasite lines were also generated in P. falciparum. Pf3D7_1145500-GFP 

(PbANKA_0903500 orthologue) had two GFP bands that were smaller than the predicted 

mass; the smallest may be dissociated GFP (Figure 2B). Finally, Pf3D7_0716900-glmS 

(PfDMT2-glmS), Pf3D7_0302600-glmS (PfABCB4-glmS) and Pf3D7_0302600-HA 

(PfABCB4-HA) had HA bands at the predicted masses (Figure 2C; Supplementary figure 8).  

 

Immunofluorescence assays (IFAs) were performed for all tagged candidate genes. Seven 

candidates co-localised with the apicoplast marker, ACP (Figure 3A-B). PbANKA_0809500, 

PbANKA_0401200, PbANKA_0505500 and Pf3D7_1145500 were all predicted to have 

apicoplast targeting leader sequences whilst PbANKA_1103600, PbANKA_1304700 and 

PfDMT2 were not predicted to contain leader sequences (Figure 3A-B; Table 1). Another 

seven candidates localised to non-apicoplast structures within the parasite (Figure 3D). Four 

candidates had no observable immunofluorescence signal at the blood stage so could not be 

localised in this life cycle stage: PbANKA_0942100, PbANKA_0417100, 

PbANKA_1446100 and PbANKA_0602400 (data not shown). Life cycle analysis of two 
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candidates (PbANKA_1103600 and PbANKA_0942100) revealed that PbANKA_1103600 

TAG was expressed and localised to the apicoplast in midgut oocysts, salivary gland 

sporozoites and in vitro liver cell stage parasites (Figure 3C). No signal was observed for 

PbANKA_0942100 TAG parasites at any life cycle stage so its localisation remains unknown 

(data not shown). 

 

The results of the screen are summarised in Figure 4, highlighting the essentiality of the 

candidates and whether they are localised to the apicoplast. The characteristics of each 

candidate gene are represented in Table 1 by colour-coded categories based on their location 

in the Venn diagram (Figure 4).  

 

Knockdown of essential apicoplast putative membrane transporters in human malaria 

Two candidates, identified as blood stage essential in the P. berghei genetic screen 

(PbANKA_0401200 and PbANKA_0614600: PbABCB4 and PbDMT2 respectively), were 

followed up with conditional knockdowns of orthologues in the human malaria parasite, P. 

falciparum (Pf3D7_0302600 and Pf3D7_0716900: PfABCB4 and PfDMT2 respectively). 

Glucosamine (GlcN)-induced glmS ribozyme knockdowns (Prommana et al., 2013) were 

generated and clonal integrant, WR99210 (WR)-resistant, parasites were obtained (Figure 5; 

Supplementary figure 9). The highest concentration of GlcN that allowed normal growth of 

the WT 3D7 parental line and a line carrying an HA-tagged protein targeted to the apicoplast 

(PfABCB4-HA) is 2.5 mM GlcN (Supplementary figure 10), so this concentration was 

selected for knockdown of transcripts in the glmS lines.  

 

Localisation of PfDMT2-glmS, PfABCB4-glmS and PfABCB4-HA confirmed the predicted 

apicoplast localisations and that the HA-tag and glmS additions do not interfere with targeting 
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(Figure 3A). Western blot analysis of PfDMT2-glmS parasites grown with and without GlcN 

confirmed an efficient knockdown of the putative transporter (Figure 2C-E). This knockdown 

trend was also observed in a different clonal line of PfDMT2-glmS parasites (Supplementary 

figure 11). It is noteworthy that expression of PfDMT2-glmS (without the addition of GlcN) 

fluctuates across the asexual cycle, with lowest expression in the merozoite/ring stage (0, 48 

and 96 hours) (Figure 2C). Nevertheless, addition of GlcN dramatically reduces the amount 

of PfDMT2 protein (Figure 2D-E; Supplementary figure 11). In contrast, the addition of 

GlcN to PfABCB4-glmS parasites did not substantially reduce protein levels, nor did it 

impede growth (Supplementary figure 10; Supplementary figure 12). Therefore, it was not 

possible to conclude if PfABCB4 is essential at the blood stage.  

 

PfDMT2 knockdown is lethal but can be rescued with IPP supplementation 

PfDMT2-glmS parasites were grown with different combinations of 2.5 mM GlcN and/or 200 

µM IPP to determine whether PfDMT2 knockdown abrogates growth and whether a growth 

phenotype can be rescued by supplying exogenous IPP (Figure 6). As expected, IPP alone 

had no effect on the growth or morphology of PfDMT2-glmS parasites in a six-day growth 

trial (Figure 6). Addition of GlcN to control parasites with IPP supplementation also had no 

effect on growth (Figure 6). In contrast, different clonal lines of PfDMT2-glmS parasites 

exposed to GlcN replicated normally in the first 48 hours but then failed to grow thereafter, 

with few healthy parasites visible after six days (Figure 6; Supplementary figure 13A-B). 

Growth of these knockdown parasites was restored when supplemented with IPP (Figure 6; 

Supplementary figure 13A-B), suggesting an apicoplast specific function for PfDMT2. 

Western blot analysis confirmed that PfDMT2 protein expression was knocked down in these 

IPP rescued parasites (Supplementary figure 13C-D).  
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The effects of GlcN treatment are reversible as long as parasites remain viable (Prommana et 

al., 2013). PfDMT2 knockdown parasites could recover when GlcN was removed after 12 

days of treatment (Supplementary figure 13). In contrast, IPP rescued knockdown parasites 

could not be recovered when GlcN and IPP were removed (Figure 6; Supplementary figure 

13A-B), suggesting that the apicoplast was irreversibly compromised in PfDMT2 knockdown 

parasites rescued with IPP. It should also be noted that with prolonged exposure to GlcN, a 

small subpopulation of knockdown parasites became insensitive to the treatment. Parasites 

could be recovered after 14 days in culture with GlcN, after which PfDMT2 expression was 

detected (Supplementary figure 13).  

 

Rescued PfDMT2 knockdown parasites are apicoplast-minus 

To test whether knocking down PfDMT2 resulted in loss of the apicoplast, we used real-time 

quantitative PCR to assess the impact of the PfDMT2 knockdown on the apicoplast genome 

(Figure 7). By assessing the ratio of a single copy apicoplast gene to a single copy nuclear 

gene, and including a mitochondrial gene as a control, we measured the impact of GlcN and 

IPP on the apicoplast of PfDMT2-glmS parasites across three 48-hour red blood cell life 

cycles (Figure 7). In absence of IPP and GlcN, both PfDMT2-glmS and control parasites 

retain the apicoplast genome (Figure 7). In contrast, in PfDMT2-glmS parasites exposed to 

GlcN but rescued with IPP, there was no evidence of the apicoplast genome after three or six 

48-hour life cycles (Figure 7; Supplementary figure 14). Apicoplast loss in these parasites 

was confirmed by IFA with no defined apicoplast structure visible in PfDMT2-glmS parasites 

treated with IPP and GlcN (Supplementary figure 15).  

 

Discussion 
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Membrane transporters have good drug target potential (Kirk, 2004; Krishna et al., 2001; 

Kirk & Lehane, 2014) so the Plasmodium transportome is a vital area of malaria research 

(Krishna et al., 2001; Kirk & Lehane, 2014). However, there is a lack of biological data for 

membrane transporters in Plasmodium, particularly for those on intracellular membranes 

(Kirk, 2004; Krishna et al., 2001; Kirk & Lehane, 2014). Only two apicoplast membrane 

transporters have been characterised to date (Mullin et al., 2006). It continues to be crucial to 

understand how molecules pass across the apicoplast membranes to fully understand 

Plasmodium biology and potentially offer novel drug targets. We set out to expand our 

understanding of apicoplast membrane transporters and their potential as drug targets by 

undertaking a medium throughput genetic screen addressing two central questions: which 

proteins are essential for parasite survival at the blood stage, and which are localised to the 

apicoplast?  

 

Five putative membrane transporters and three putative integral membrane proteins were 

identified as apparently essential at the P. berghei blood stage, flagging them as potentially 

good drug targets worthy of further characterisation. Two of these putative membrane 

transporters, PbANKA_0614600 (DMT2) and PbANKA_0401200 (ABCB4), and one of the 

putative integral membrane proteins, PbANKA_0505500, were apicoplast-localised. 

PfDMT2 is a putative drug/metabolite transporter. Knockdown of PfDMT2 prevents parasites 

from replicating in the second cycle; a phenotype reminiscent of the ‘delayed  death’  response 

to apicoplast targeting drugs described in Plasmodium and other apicomplexan parasites 

(Fichera et al., 1995; Goodman et al., 2007). Parasites treated with delayed death drugs can 

be rescued in culture by the addition of IPP, the only essential metabolic product of the 

apicoplast during the red blood cell stage (Yeh & DeRisi, 2011). Here, we showed that the 

lethality of the PfDMT2 knockdown phenotype is completely reversed by addition of IPP. 
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This allowed us to conclude that abatement of PfDMT2 disrupts apicoplast function, as 

confirmed by absence of the apicoplast genome and lack of a microscopically identifiable 

apicoplast organelle in knockdown parasites rescued with IPP supplementation. 

Unfortunately, an efficient knockdown of PfABCB4 could not be achieved with our system. 

This appears to be one of the limitations of this inducible knockdown strategy and highlights 

the importance of trialing a number of different approaches to disrupt an essential candidate 

gene. The knockdown phenotype of PbANKA_0505500 remains to be tested.  

 

Based on phylogenetic data showing the absence of a DMT2 orthologue in Cryptosporidium 

and the localisation of PbDMT2 to an unknown intracellular structure (Kenthirapalan et al., 

2016), Weiner 3rd & Kooij (2016) proposed that DMT2 might be an apicoplast-localised 

transport protein perhaps involved in IPP transport or the import of iron or sulfur for the iron-

sulfur cluster biosynthesis pathway. Our analysis suggests that PfDMT2 has a function in 

apicoplast maintenance rather than being solely an IPP transporter. Treatment of parasites 

with drugs disrupting housekeeping functions under IPP supplementation results in apicoplast 

loss (Yeh & DeRisi, 2011), while disruption of apicoplast IPP synthesis with IPP 

supplementation leaves the apicoplast intact (Gisselberg et al., 2013). By extension, 

disrupting an apicoplast housekeeping transporter while rescuing it with IPP should result in 

loss of the apicoplast through lack of a crucial biogenesis function. Conversely, the apicoplast 

should remain intact under IPP supplementation if the only role of the protein knocked down 

is IPP export. This assumes that a block in IPP export, and a consequent accumulation of IPP, 

is not toxic. If IPP build up is toxic, disrupting an IPP exporter could result in a similar 

phenotype to targeting an apicoplast housekeeping gene. Our initial finding that PfDMT2 is 

essential for the maintenance of the apicoplast shows that PfDMT2 may not exclusively be an 

IPP exporter, but likely plays a different, and/or additional role in apicoplast function. It 
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would be premature to totally dismiss PfDMT2 as a candidate IPP transporter that also has 

other roles in apicoplast metabolism, but further work is clearly required to confirm its 

biological role.  

 

One important consideration when screening for Plasmodium apicoplast membrane 

transporters is the potential exclusion of candidates based on the absence of predicted 

targeting motifs. Current prediction tools (Foth et al., 2003; Zuegge et al., 2001) are designed 

to predict the probability of a P. falciparum protein containing a canonical bipartite leader 

sequence. PfoTPT, one of the first apicoplast membrane transporters characterised and 

localised to the outer membrane, does not contain a leader (Mullin et al., 2006) and was not 

predicted to be apicoplast-localised. The targeting information required for the correct 

localisation of this type of membrane protein remains largely unexplored, in part because of a 

lack of confirmed, leaderless proteins to include in analyses. The only confirmed targeting 

information for these leaderless proteins is the presence of a tyrosine in the N-terminal region 

of the Toxoplasma orthologue of oTPT (DeRocher et al., 2012), and we recently established 

that an N-terminal tyrosine residue is necessary but not sufficient for the apicoplast targeting 

of PfoTPT (Lim et al., 2016).  

 

A number of leaderless candidate membrane proteins were included in our genetic screen 

with the hope of identifying further leaderless apicoplast membrane transporters. This proved 

successful with the identification of three novel leaderless apicoplast putative membrane 

transporters: DMT2, PbANKA_1103600 (ATP3) and PbANKA_1304700 (MFS6). 

Intriguingly, protein alignments revealed that these novel leaderless apicoplast proteins 

contain conserved N-terminal tyrosines just upstream of, or within the first TMD 

(Supplementary figure 16). These proteins provide a starting point for dissecting the process 
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of leaderless apicoplast targeting by determining the universality of the N-terminal tyrosine in 

apicoplast targeting and whether it is outer membrane specific.  

 

In addition to the blood stage essential candidates identified here, we found 18 candidates to 

be non-essential for blood stage growth. Furthermore, Rijpma et al. (2016) determined that 

our candidate PbANKA_0903500 (ABCB3) is not essential at the blood stage. Together, 

70% of our candidate proteins could be deleted in blood stage P. berghei parasites. Although 

termed non-essential in this study, it is important to consider that parasite fitness was not 

measured so a number of these candidates may be required for normal growth and become 

essential when in competition with other parasites in the field. Four of these 19 non-essential 

candidates were apicoplast-localised in this study: three putative membrane transporters 

(ABCB3, ATP3 and MFS6), and one putative integral membrane protein 

(PbANKA_0809500). Our blood stage essentiality results are largely consistent with recent 

findings (Kenthirapalan et al., 2016; Rijpma et al., 2016; Bushell et al., 2017) and combining 

these gives a broader understanding of the make-up of the putative parasite and apicoplast 

transportomes. It is becoming apparent that a number of Plasmodium putative membrane 

transporters can be deleted in blood stage parasites, shifting focus to the essential roles of 

membrane transporters during the mosquito and liver stages.  

 

Interestingly, there are some differences in our combined Plasmodium transportome 

essentiality data. PbANKA_1364800 (ABCB6) was found to be essential at the blood stage 

when Rijpma et al. (2016) could not generate ABCB6 KO parasites in P. berghei or P. 

falciparum, and Bushell et al. (2017) deemed PbABCB6 probably essential for blood stage 

growth. This is contrary to our results, where we deleted PbABCB6 in blood stage parasites. 

Further, we were unable to detect integrated PbANKA_0107700 (ZIP1) KO blood stage 
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parasites and deemed it probably essential. In contrast, Kenthirapalan et al. (2016) generated 

ZIP1 KO blood stage parasites that had a growth defect and could not infect mosquitos. Later 

experiments also generated PbZIP1 KO parasites that grew significantly slower during the 

blood stage (Bushell et al., 2017). Bushell et al. (2017) reported several other contrasting 

results that PbANKA_1429300 and PbABCB4 are dispensable, and PbATP3 and 

PbANKA_1446100 are essential for blood stage growth. 

 

It is noteworthy that the recovery of KO parasites may depend on the mutagenesis system 

used and that growth defects can have different impacts depending on the assays used. 

Rijpma et al. (2016) also reported that PbABCB3 KO parasites had a severe blood stage 

growth defect whilst PfABCB3 KO parasites had no growth defect in asexual blood stage or 

mosquito stage parasites. The conflicting reports between P. berghei and P. falciparum 

ABCB3 orthologues are a reminder that although these species are often considered 

somewhat equivalent, they are different and require independent validation to determine 

whether a gene has the same role in both organisms.  

 

It is important to consider blood stage redundancy before embarking on any targeted drug 

development strategy. The parasite undergoes remarkable morphological changes during its 

life cycle (Hall et al., 2005) so it should not be surprising that transportome proteins are 

switched on and off as the parasite changes between diverse host environments. It is vital to 

distinguish between membrane transporters that are essential for parasite growth at some 

stage (growth arrest phenotype) and membrane transporters that are likely redundant and 

completely dispensable (no growth phenotype at any stage). Life cycle studies will hopefully 

address the question of whether blood stage dispensable genes are essential elsewhere. Genes 

essential in pre-erythrocytic or transmission stages are ideal candidates for transmission or 
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prophylactic drugs, which are essential in world malaria control efforts to prevent disease 

spread and ultimately support eradication.  

 

In summary, we have generated biological data for a number of Plasmodium putative 

membrane transporters and integral membrane proteins, including five apicoplast putative 

membrane transporters and two apicoplast putative integral membrane proteins. This study 

has vastly expanded our knowledge of what proteins reside in the apicoplast membranes and 

boosted the running total to nine membrane proteins (Figure 8). The identification of three 

novel leaderless apicoplast putative membrane transporters confirms the existence of a cohort 

of non-canonically targeted apicoplast membrane transporters and should prove useful in the 

search for novel apicoplast targeting mechanisms and reveal a great deal about apicoplast 

biology. Heterologous expression and transport assays will be vital in confirming any 

transporter roles and determining any substrate specificities of the three new apparently blood 

stage essential apicoplast putative membrane transporters identified here, one of which is not 

currently predicted to be a transporter. Defining the function of PfDMT2 in the apicoplast 

will be a major new insight. The Plasmodium apicoplast continues to be an attractive drug 

target that is unique from its mammalian host. While there is still a lot to learn about the 

Plasmodium transportome, this work provides a platform for future studies to achieve a better 

understanding of apicoplast biology and identify novel molecular targets to treat or prevent 

malaria.   

 

Experimental procedures 

Candidate gene selection 

Potential Plasmodium apicoplast membrane transporters were shortlisted from two lists: 80 P. 

falciparum putative transport proteins (Martin et al., 2005) and 392 predicted P. falciparum 
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apicoplast proteins that contain multiple TMDs (Ralph et al., 2004). The lists were screened 

using the Plasmodium genome database (PlasmoDB) version 30 (Aurrecoechea et al., 2009) 

and protein localisation predictions were performed with PlasmoAP (Foth et al., 2003) and 

PATS (Zuegge et al., 2001). Gene orthologues were obtained for each candidate from 

OrthoMCL (Li et al., 2003) and TMD predictions were generated by TMHMM version 2.0 

(http://www.cbs.dtu.dk/services/TMHMM/) and TMpred 

(http://www.ch.embnet.org/software/TMPRED_form.html). Candidates with at least one 

prediction of 6 TMDs were selected. Although some candidate proteins with multiple TMDs 

may not be membrane transporters, they were included due to the difficulty in definitively 

predicting membrane protein structure from protein sequence. Finally, P. berghei blood stage 

expression data was obtained for all candidates (Otto et al., 2014) and binned with thresholds 

on sample percentiles.  

 

Maintenance of P. berghei and P. falciparum 

All animal procedures and experiments were performed in agreement with the local 

Prevention of Cruelty to Animals legislation and the University of Melbourne Animal Ethics 

Committee guidelines under ethics permits 1112043, 1212488 and 1413078. P. berghei 

ANKA (PbANKA) blood stage parasites were grown in four to six week old Swiss Webster 

mice that were sourced from the Monash Animal Research Platform. All P. falciparum blood 

stage culturing experiments were performed with human red blood cells (Australian Red 

Cross Blood Service) and in agreement with the University of Melbourne Human Ethics 

Committee guidelines under the ethics permit 1647087. P. falciparum 3D7 and D10 strain 

parasites were maintained as previously described (Trager & Jensen, 1976) in 2% hematocrit 

in RPMI-Hepes (WEHI) supplemented with Albumax II (Gibco) and sodium bicarbonate.  
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Transfection vectors 

Twenty-three KO and 16 HA-tag (TAG) transfection vectors were sourced from PlasmoGEM 

(plasmogem.sanger.ac.uk; Supplementary table 1). Three candidate genes were predicted to 

be apicoplast-localised and did not have PlasmoGEM KO transfection vectors available at the 

time. Double crossover homologous recombination KO constructs were therefore made for 

PbANKA_0942100, PbANKA_0401200 and PbANKA_0505500 (Supplementary figure 

17A). Typical KO and tagging strategies for all candidates are outlined in Supplementary 

figure 17. Primers were used to generate homologous  5’  and  3’  gene  specific  flanks  

(Supplementary table 2). The two flanks were ligated into the intermediate pGEM-T Easy 

Vector (Promega) and sequenced by the Australian Genome Research Facility (AGRF) with 

5’-atttaggtgacactatag (SP6) and 5’-taatacgactcactataggg (T7) primers. DNA flanks were 

ligated into either side of the pLDC (fusion of mCherry to the DHFR in the pL0006 vector 

(Malaria Research and Reference Reagent Resource Center)) selectable marker, DHFR, with 

corresponding restriction enzyme sites. Single crossover glmS ribozyme knockdown and 

control HA constructs were then made for Pf3D7_0302600 and Pf3D7_0716900 

(Supplementary figure 18) to HA-tag and induce protein knockdown. The primers used to 

generate each gene specific flank are in Supplementary table 3. BglII and PstI were used to 

ligate each flank into glmS and HA transfection vectors (Elsworth et al., 2014). Final plasmid 

DNA was sequenced by the AGRF with  SP6,  5’-agctgccatatccctcgac,  5’-

tgcacacaacatacacatttttac, 5’-tgtaaaacgacggccagt (M13-forward) and  5’-

tccaatgtgcatgataaaagaaa primers.  

 

Parasite transfection 

Approximately 10 µg of P. berghei DNA was linearised by NotI (PlasmoGEM vectors) and 

EcoRI/HindIII (pLDC vectors), and electroporated into WT PbANKA schizonts with an 
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Amaxa Nucleofector Device (Lonza), as previously described (Janse et al., 2006). After 24 

hours, pyrimethamine (TCI) was added to the mouse drinking water to a final concentration 

of 70 µg/mL. Mice were typically monitored for pyrimethamine-resistant parasites until day 

14 post infection. Candidate genes were considered to be probably essential at the blood stage 

if mice remained uninfected after 14 days. At least three biological replicates were performed 

in this case to confirm the negative result. Using the standard transfection protocol (Crabb & 

Cowman, 1996; Wu et al., 1995), approximately 100 µg of Pf3D7_1145500-GFP plasmid 

DNA (gift from Liting Lim) was electroporated into ring stage WT P. falciparum D10 strain 

parasites and Pf3D7_0302600-glmS, Pf3D7_0302600-HA and Pf3D7_0716900-glmS plasmid 

DNA into ring stage WT P. falciparum 3D7 strain parasites. On day two, 1 pM/mL WR 

(Sigma-Aldrich) was added. WR-resistant parasites were recovered after 15 to 30 days. To 

encourage the plasmid DNA to integrate into the parasite genome, parasites were cycled off 

WR twice, for three weeks at a time.  

 

Parasite genotyping 

In general, clonal parasites were not required in the P. berghei screen and mixed parasite 

populations were analysed. However, a clonal population of PbANKA_0401200 KO 

parasites was required for Southern blot and RT-PCR analyses. A clonal line was recovered 

after diluted parasites were inoculated into 10 naïve mice. Clonal populations of all P. 

falciparum parasite lines were recovered after diluting in 96-well plates. Pyrimethamine-

resistant parasite populations were screened with PCR primers detecting the WT locus, 

successful integration and presence of the transfection vector (Supplementary figure 17; 

Supplementary tables 4-5). PCR primers also detected the WT locus and successful 

integration of WR-resistant parasites (Supplementary figure 18; Supplementary table 6). A 

Southern blot was performed on PbANKA_0401200 KO clonal parasite and 
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PbANKA_0942100 KO and PbANKA_0614600 KO parasite gDNA using the gene specific 

5’  flank  and  DHFR  sequences  as probes. To generate digoxigenin-labelled (Roche) probes, 

PbANKA_0942100 and PbANKA_0401200 utilised the 5’  flank cloning primers 

(Supplementary table 2) and PbANKA_0614600  used  5’  flank  primers  (5’-

gcaatgcgttttgtgcttag  and  5’-gcttccaccgcaaatttattc). A standard DHFR probe was also used 

(Supplementary figure 19). Additionally, RNA was extracted from PbANKA_0401200 KO 

clonal parasites for cDNA synthesis with SuperScript III Reverse Transcriptase (Invitrogen). 

To determine whether PbANKA_0401200 was expressed in KO parasites, primers were 

designed within the coding sequence for RT-PCR (Supplementary table 7).  

 

Generating pre-erythrocytic stage parasites 

PbANKA_1103600, PbANKA_0942100 and PbANKA_0809500 TAG parasite lines were 

used to infect approximately 100 naïve female Anopheles stephensi strain MR4 mosquitoes. 

Mosquito midgut oocysts were typically harvested from day 9 post infection and salivary 

gland sporozoites from day 20 post infection. Furthermore, human hepatoma HepG2 cells 

(ATCC) were grown (Hollingdale et al., 1983) and infected with PbANKA_1103600 and 

PbANKA_0942100 TAG sporozoites.  

 

Western blot analysis 

Saponin-isolated intraerythrocytic parasites were resuspended in reducing buffer and heated 

to 70°C before analysis. For sporozoite protein, approximately 100,000 sporozoites were 

released from mosquito salivary glands to which reducing buffer was added before freezing. 

Protein samples were electrophoresed using the NuPAGE system (Thermo Fisher Scientific) 

and transferred from the gel to a 0.22 µm UltraCruz Nitrocellulose Pure Transfer Membrane 

(Santa Cruz Biotechnology) or a 0.45 µm polyvinyl difluoride (PVDF) membrane (Thermo 
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Fisher Scientific). After blocking, membranes were incubated with a monoclonal rat anti-HA 

antibody (1:250; Roche), mouse anti-GFP antibody (1:100; Roche), rat anti-BiP antibody 

(1:500; ATCC) or apicoplast marker acyl carrier protein (ACP) anti-serum, rabbit anti-ACP 

(1:250). After washing, membranes were incubated with goat anti-rat horseradish peroxidase-

conjugated (HRP) antibody, goat anti-mouse HRP antibody or goat anti-rabbit HRP antibody 

(1:1000; Thermo Fisher Scientific). Protein bands were detected with the SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Fisher Scientific). In addition, glmS ribozyme 

knockdown and HA-tag control parasites were grown with or without GlcN and saponin-

isolated at 0, 12, 24, 48, 72, 96 and 120 hours before analysing as above. To normalise 

Western blot expression data, the ratio of HA to BiP signal was calculated by determining the 

signal peak area of each lane on the Western blot using the gel analysis tool in Fiji 

(Schindelin et al., 2012). 

 

Immunofluorescence assays 

Infected blood, diluted to 1% in RPMI-Hepes with sodium bicarbonate, was adhered to 0.5 

mg/mL concanavalin A (conA, Type V; Sigma-Aldrich)-coated 1.5 coverslips (Leica) as 

described (McMillan et al., 2013). Cells were fixed with 4% paraformaldehyde, 0.005% to 

0.0075% glutaraldehyde (Electron Microscopy Sciences) in 1X Dulbecco's Phosphate 

Buffered Saline (DPBS) for 20 minutes and permeabilised with 0.1% Triton X-100 (Fisher 

Scientific) in 1X DPBS for 10 minutes. After washing, non-specific labeling caused by 

glutaraldehyde was reduced by incubating cells in 0.1 mg/mL sodium borohydride (BDH 

Chemicals) in 1X DPBS for 5 minutes. Cells were washed before blocking in 3% bovine 

serum albumin (BSA; Sigma-Aldrich) in 1X DPBS. Primary antibodies, monoclonal rat anti-

HA, mouse anti-GFP and rabbit anti-ACP, were incubated with the cells before washing. 

Secondary antibodies, goat anti-rat Alexa Fluor 488, goat anti-mouse Alexa Fluor 488 and 
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goat anti-rabbit Alexa Fluor 546 (1:5000; Thermo Fisher Scientific), were then added for 

incubation before washing. Hoechst 33342 (1:10,000; Thermo Fisher Scientific) was included 

in the first few washes. Cells were mounted with 0.01% DABCO (Sigma-Aldrich) in 50% 

glycerol and 1X DPBS. The same antibodies were used in the following pre-erythrocytic 

parasite IFAs.  

 

Infected midguts were fixed in 4% paraformaldehyde in 1X DPBS for 1 hour. Blocking and 

permeabilisation were performed at 4qC overnight in 0.25% Triton X-100 in 5% BSA. 

Midguts were incubated with primary antibodies for at least 4 hours with shaking before 

washing three times with 1X DPBS. Samples were then incubated in secondary antibodies for 

2 hours on an orbital shaker and then left at 4qC overnight. Midguts were washed three times 

with the second wash containing Hoechst. Finally, midguts were mounted with DAKO 

(Agilent). Sporozoites were added to 3% BSA-coated coverslips and incubated at 37qC for up 

to 15 minutes. Sporozoites were fixed with 4% paraformaldehyde in 1X DPBS for 10 

minutes and permeabilisation was achieved with 0.2% Triton X-100 in 1X DPBS for 20 

minutes. Samples were incubated with primary antibodies for at least 1 hour, washed three 

times and then incubated with secondary antibodies for at least 1 hour. The antibody solution 

was washed away with one wash containing Hoechst. Again, samples were mounted with 

DAKO. Finally, infected in vitro liver cells were fixed with 4% paraformaldehyde for 20 

minutes at 24, 48 and 63 hours post infection. Cells were washed before 0.1% Triton X-100 

in 1X DPBS was added for 20 minutes for permeabilisation. After washing, 3% BSA in 1X 

DPBS was added for 30 minutes before the liver cell-coated coverslips were placed on the 

primary antibodies for 1 hour. Coverslips were washed three times before being placed on 

secondary antibodies containing Hoechst for 1 hour. The coverslips were washed then 

mounted with DAKO. IFAs were imaged on an inverted Leica SP2 or Nikon A1R confocal 
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microscope with a 63X oil immersion objective. Image brightness, contrast and noise were 

adjusted in Fiji (Schindelin et al., 2012) when appropriate, and images were merged.  

 

Protein alignments 

Gene orthologues and protein sequences were obtained from PlasmoDB and OrthoMCL 

(Aurrecoechea et al., 2009; Li et al., 2003) and predicted TMD locations were generated by 

HMMTOP (Tusnády & Simon, 1998; 2001). Clustal Omega (1.2.2) Multiple Sequence 

Alignment (Sievers et al., 2011) was used to align gene orthologue protein sequences. 

 

P. falciparum growth assays 

The fluorescence-based technique for drug trials in P. falciparum was used to determine the 

effect of GlcN (Sigma-Aldrich) on WT 3D7, ABCB4-HA and ABCB4-glmS parasite growth 

(Smilkstein et al., 2004). Data were normalised to no drug and no parasite controls before a 

logarithmic drug curve was plotted with GraphPad Prism version 7.0b. For IPP 

supplementation, PfDMT2-glmS and control parasites were grown in 5 mL cultures for up to 

18 days with different treatments of 2.5 mM GlcN and 200 µM IPP (Yeh & DeRisi, 2011). 

Cultures were smeared every 24 hours, which were imaged with a Leica DM2500 microscope 

using a 40X objective and a Leica DC300F camera. A Giemsa-Counter plugin in Fiji 

(Schindelin et al., 2012) was used to count a minimum of 2000 red blood cells per sample. 

Parasites within the red blood cells were then manually counted to determine parasitaemia. 

Cultures were subbed to approximately 1% parasitaemia every 48 hours.  

 

Real-time PCR 

Primers were designed to target genes in the mitochondrial, apicoplast and nuclear genomes 

(Supplementary table 8), which were used to amplify DNA extracted from IPP supplemented 
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and control parasites. A 2X KAPA SYBR FAST qPCR Master Mix (Universal; Kapa 

Biosystems) was used for real-time PCR reactions with the following conditions: 95°C (3 

minutes, 1 cycle), 95°C (10 seconds), 60.2°C (30 seconds, 40 cycles) and 60 to 95°C (5 

seconds, increasing 0.5°C per hold). Every reaction was performed in triplicate and the 

quantification cycle (Cq) values were obtained for each. The relative quantification of gene 

expression, or the ratio of organellar to nuclear DNA relative to WT, was then calculated as 

previously described (Schmittgen & Livak, 2008).   
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Table 1. Candidate apicoplast membrane proteins in Plasmodium. Gene IDs are given for 

both P. berghei and P. falciparum orthologues and PlasmoDB annotations are shown, 

distinguishing between putative membrane transporters and putative integral membrane 

proteins. If a gene name has been assigned, it is given in brackets after the annotation. 

Presence of a gene orthologue in Toxoplasma gondii, Theileria, Babesia and 

Cryptosporidium is  indicated  by  ‘+’  and  absence  is  shown  by  ‘-’.  aTransmembrane domains 

(TMD) were predicted in P. falciparum with TMHMM and TMpred. If there was a 

discrepancy, the TMHMM and strongest TMpred results are given (TMHMM/TMpred). 

bLocalisation was predicted with PlasmoAP and PATS in P. falciparum. cP. berghei 

normalised expression for rings (R), trophozoites (T), schizonts (S) and gametocytes (G) 

(Otto et al., 2014), was binned with thresholds on sample percentiles: 0-5% (Very low), 5-

25% (Low), 25-75% (Moderate), 75-95% (High), 95-100% (Very high). For results: ND = no 

data, *localised in P. falciparum, αRijpma et al. (2016), βcontradicted by Kenthirapalan et al. 

(2016), θconfirmed by Rijpma et al. (2016), γKenthirapalan et al. (2016), δconfirmed by 

Kenthirapalan et al. (2016), §contradicted by Rijpma et al. (2016), νconfirmed by Bushell et 

al. (2017), λcontradicted by Bushell et al. (2017), Ωmutant displays significantly slow growth 

(Bushell et al., 2017). Each candidate was categorised by colour depending on blood stage 

essentiality and localisation results displayed in Figure 4. 
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Figure 1. Candidate gene knockout PCR screen and reverse transcriptase-PCR in P. 

berghei. A: PCR was performed on wild-type (WT) PbANKA and candidate gene knockout 

(KO) genomic DNA (gDNA) extracted from mixed population blood stage parasites. WT 

locus and integrant primers were used. PCR product bands were cropped from the correct 

well at the predicted product size of an ethidium bromide-stained agarose gel image. The 
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PbANKA_1364800 KO integrant primers span the entire KO construct with less than a 650 

bp size difference between the WT and KO predicted products, so both the WT and KO 

products are observed in the cropped region of the agarose gel indicating that both the WT 

locus and integrated KO vector are present in the parasite population. B: Three primer pairs 

were designed within the PbANKA_0401200 coding sequence (CDS) to detect RNA 

expression, primers 1 (red), 2 (green) and 3 (blue). Primer positions and fragment sizes are 

shown on the gene schematic. RNA was extracted from clonal PbANKA_0401200 KO 

parasites and reverse-transcribed into cDNA. C: Tubulin primers were included and each 

primer pair was used to amplify WT PbANKA gDNA (positive controls) and 

PbANKA_0401200 KO cDNA. No template control (NTC) and PCR reactions without 

reverse transcriptase (no RT) were used as negative controls. Reactions were electrophoresed 

and PCR product bands were cropped from the correct well at the predicted product size of an 

ethidium bromide-stained agarose gel image. Primer type is given on left and sample type is 

given above.  
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Figure 2. Tagged candidate protein expression and Pf3D7_0716900-glmS knockdown. 

A: Western blot analysis was performed on each HA-tagged (TAG) candidate in P. berghei. 

Parasite protein was extracted and separated by SDS-PAGE, transferred to a membrane, and 

visualised by probing with rat anti-HA primary and anti-rat HRP secondary antibodies. 

Protein band masses are shown by a standard marker (left). Parasite protein was extracted 

during the blood stage, except for PbANKA_0809500 TAG, which was taken from 

sporozoites. B: Pf3D7_1145500-GFP (ABCB3) blood stage expression. Protein was probed 

with mouse anti-GFP primary and anti-mouse HRP secondary antibodies. Western blots were 

also performed once on protein extracted from the following sorbitol-synchronised parasites 

over 120 hours: (C) Pf3D7_0716900-glmS (DMT2-glmS clone B11) without glucosamine 
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(GlcN) and (D) DMT2-glmS clone B11 with GlcN. Molecular mass markers are shown on 

left and antibodies are given on right. Anti-HA was used to monitor DMT2-glmS expression 

and anti-BiP as a protein loading control. Wild-type (WT) 3D7 protein was included as a 

negative control for non-specific antibody binding. To quantify protein expression, the data 

were normalised to BiP by calculating the ratio of HA to BiP signal (E) to compare DMT2-

glmS expression with and without GlcN. 
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Figure 3. Immunolocalisation of putative membrane proteins in Plasmodium. A: P. 

berghei and P. falciparum (PfDMT2-glmS clone D6, PfABCB4-HA clone G3, PfABCB4-

glmS clone F11) candidate proteins were HA-tagged and probed with rat anti-HA primary 
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and anti-rat 488 secondary antibodies (green). The apicoplast was probed with rabbit anti-

ACP primary and anti-rabbit 546 secondary antibodies (red) and nuclei were stained with 

Hoechst (blue). Channels were merged with a transmission image (right) showing the 

location within the parasite. All candidates were localised within red blood cell stage 

parasites except PbANKA_0809500, which was localised in a sporozoite. Scale bars are 2 

µm. B: Pf3D7_1145500-GFP was localised in an intraerythrocytic parasite probed with 

mouse anti-GFP primary and anti-mouse 488 secondary antibodies (green; scale bar is 2 µm). 

C: PbANKA_1103600 TAG parasites were localised in oocyst, sporozoite and in vitro liver 

cell stage parasites. Scale bars are 5 µm. D: Seven candidates were also localised to non-

apicoplast structures within intraerythrocytic parasites (scale bars are 2 µm).  
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Figure 4. Screening results for candidate apicoplast membrane proteins in Plasmodium. 

Blood stage essentiality (Essential or Non-essential) and localisation (Apicoplast or Non-

apicoplast) data was collected for 27 candidates. As shown in Table 1, each candidate was 

placed into one of the following categories: Essential, Apicoplast/Essential, Apicoplast, 

Apicoplast/Non-essential, Non-essential, Non-apicoplast/Non-essential, Non-apicoplast or 

Non-apicoplast/Essential. Proteins for which gene deletion or localisation data were not 

available are presented in a single category (Essential, Apicoplast, Non-essential or Non-

apicoplast).  
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Figure 5. Candidate gene PCR screen in P. falciparum. PCR was performed on wild-type 

(WT) 3D7, Pf3D7_0302600-HA (clone G3) and Pf3D7_0716900-glmS (clone B11) genomic 

DNA (gDNA) extracted from blood stage parasites. WT locus and integrant primers were 

used. PCR product bands were cropped from the correct well at the predicted product size of 

an ethidium bromide-stained agarose gel image. 
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Figure 6. Pf3D7_0716900 knockdown IPP supplementation growth assay and parasite 

morphology. In one replicate, sorbitol-synchronised Pf3D7_0716900-glmS (DMT2-glmS 

clone B11) and Pf3D7_0302600-HA (ABCB4-HA clone G3) control parasites were grown 

for up to 12 days with or without IPP and glucosamine (GlcN). A: Treatment timelines for 

each culture are shown in the colour-coded table. As controls, HA parasites were grown with 

IPP and GlcN (+IPP+GlcN), and glmS parasites were grown without IPP and GlcN (-IPP-

GlcN) for six days. On day six, cultures were discontinued, continued with the same 

treatment or continued with a different treatment. Colour links a continued culture with the 
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original culture (cultures coloured light blue, purple and green, all originate from the same 

+IPP+GlcN culture coloured dark blue). Growth was monitored by daily blood smears and 

parasitaemia was determined by calculating the percentage of infected red blood cells. 

Parasite growth is shown in B. Dotted vertical lines on the graph every two days indicate 

when  the  cultures  were  subbed.  ‘x’  indicates  when  a  culture  was  discontinued.  C:  Parasite  

morphology was monitored by daily blood smears. 
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Figure 7. Organellar DNA in Pf3D7_0716900 knockdown IPP rescued parasites. The 

ratio of mitochondrion and apicoplast DNA to nuclear DNA in IPP rescued parasites relative 

to wild-type (WT) parasites was measured by real-time PCR. Genomic DNA was extracted 

from WT 3D7 parasites, Pf3D7_0716900-glmS (DMT2-glmS clone B11) parasites growing 

without treatment (-IPP-GlcN) and with IPP and glucosamine (GlcN) for 12 days 

(+IPP+GlcN). Pf3D7_0302600-HA (ABCB4-HA clone G3) parasites growing without 

treatment (-IPP-GlcN) were included as a positive control. Reactions were performed in 

triplicate and the organellar to nuclear DNA (1.0) ratio was normalised relative to WT levels. 
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Figure 8. Novel apicoplast putative membrane proteins in Plasmodium. The two 

previously characterised apicoplast membrane transporters, iTPT and oTPT, are shown on the 

inner and outer membranes. Dependent on whether they have an apicoplast leader, the 

predicted positions of five novel apicoplast putative membrane transporters (orange), and two 

novel apicoplast putative integral membrane proteins (blue), are shown. Membrane proteins 

with a leader are predicted to localise to the inner apicoplast membrane, as iTPT does. 

Candidates without a leader are predicted to localise to the outer apicoplast membrane, as 

oTPT does. 
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Abstract
Apicoplasts are vestigial plastids in apicomplexan parasites like Plasmodium, the causative
agent of malaria. Apicomplexan parasites are dependant on their apicoplasts for synthesis
of various molecules that they are unable to scavenge in sufficient quantity from their host,
which makes apicoplasts attractive drug targets. Proteins known as plastid phosphate
translocators (pPTs) are embedded in the outer apicoplast membrane and are responsible
for the import of carbon, energy and reducing power to drive anabolic synthesis in the
organelle. We investigated how a pPT is targeted into the outer apicoplast membrane of the
human malaria parasite P. falciparum. We showed that a transmembrane domain is likely to
act as a recessed signal anchor to direct the protein into the endomembrane system, and
that a tyrosine in the cytosolic N-terminus of the protein is essential for targeting, but one or
more, as yet unidentified, factors are also essential to direct the protein into the outer apico-
plast membrane.

Introduction
The apicoplast is a relic plastid in apicomplexan parasites such as Toxoplasma gondii, the causa-
tive agent of toxoplasmosis, and Plasmodium spp., the causative agents of malaria [1, 2]. Apico-
plasts are homologues of plastids (often known as chloroplasts) in algae and plants but
apparently lost photosynthesis early in the development of Apicomplexa [3]. The organelle is
indispensable [4, 5] and synthesises isoprenoid precursors, fatty acids and haem [6], which are
essential to the parasites at certain stages of their life cycle [1, 2]. The essentially prokaryotic
nature of apicoplasts, which like plastids and chloroplasts ultimately derive from bacterial endo-
symbionts, has made them attractive as drug targets. Commonly used antimalarials such as
doxycycline, rifampicin and clindamycin perturb apicoplast function and kill parasites [7, 8].

Much of our understanding of how apicoplasts work came through predicting their prote-
ome on the basis of understanding how nucleus-encoded proteins are targeted into the organ-
elle across its four bounding membranes [6, 9, 10]. Approximately 400 Plasmodium falciparum
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proteins have a bipartite N-terminal leader [9, 10] that is sufficient and necessary for targeting
a protein into the apicoplast stroma [11] or the inner membrane [12]. The first element of the
bipartite leader is a standard signal peptide [13] that orchestrates co-translational insertion of
the protein into the rough endoplasmic reticulum (ER) [11, 14]. On entering the ER lumen, the
signal peptide is cleaved off, probably by a signal peptidase [15]. Signal peptide cleavage expo-
ses a new N-terminus, revealing a transit peptide with similar characteristics to those found in
plants and alga [13]. The protein is then trafficked through the endomembrane system, via the
Golgi [16], until an endomembrane vesicle carrying an apicoplast protein docks with the outer
apicoplast membrane and deposits the protein in the space between the outer membrane and
the next membrane in, namely the periplastid membrane [17]. In apicoplasts, the transit pep-
tide is essential for traffic of proteins across the inner three bounding membranes and into the
stroma, via a series of translocons [18–20]. Inner apicoplast membrane transporters also
appear to use this cleavable, bipartite leader targeting [12].

The outer membrane of the apicoplast is the interface between the organelle and the parasite
cytosol and is thus a critical boundary between the two compartments. We identified the first
protein in this membrane and showed, unexpectedly, that it lacked a canonical bipartite leader
[12]. An orthologue was later shown to also occur in the outer membrane(s) of T. gondii apico-
plasts [21]. These two outer apicoplast membrane proteins belong to a family of translocators
from the plastids of plants and algae known as the plastid phosphate translocators (pPTs),
which counter exchange various phosphorylated carbon compounds for inorganic phosphate
thereby regulating the interactions of plastid metabolism with that of the cytosol [22]. The api-
coplast outer membrane pPTs (known as PfoTPT in P. falciparum and TgATP1 in T. gondii)
have been demonstrated to have similar transport capacities and are essential [23–25], appar-
ently because they supply apicoplasts with crucial sources of carbon, energy and reducing
power by importing products of cytosolic glycolysis into the organelle [26].

Lack of a bipartite, apicoplast targeting leader on parasite pPTs was initially rather puzzling,
and it was proposed that the first transmembrane domain (TMD; the proteins have 10 in total)
might act as a classic signal anchor mediating insertion of the protein into the ER membrane,
with subsequent transfer via vesicular traffic into the outer apicoplast membrane, that is at
least transiently contiguous with the endomembrane system [12]. Several additional apicoplast
outer membrane proteins have since been identified; all lack a bipartite leader but do have
potential signal anchors [27–31]. Mutagenesis analysis of TgATP has confirmed that TMD1
acts as a signal anchor in T. gondii and also identified a tyrosine-based motif in the cytosolic N-
terminus of the protein as necessary, but not sufficient, for apicoplast localisation [32]. Similar
tyrosine-based motifs occur in the pPTs of other Apicomplexan parasites including PfoTPT,
and the P. vivax pPT N-terminus was able to direct TgATP1 to the apicoplast [32]. We decided
to explore the targeting of the malaria parasite apicoplast pPT, PfoTPT, in vivo to further define
elements or architecture essential for targeting to the apicoplast membrane. A better under-
standing of targeting to the outer membrane, which cannot yet be predicted, could help identify
other apicoplast transporters and membrane proteins for improved understanding of organelle
function. Here we describe the roles of different combinations of PfoTPT TMDs in subcellular
targeting and the critical role of a tyrosine in the cytosolic N-terminus for correct apicoplast
targeting, similar to the situation in T. gondii.

Materials and Methods
Cloning of Constructs
Truncated versions of PfoTPT were amplified with the appropriate primers (Table 1 and Fig 1)
from P. falciparum genomic DNA (gDNA) by polymerase chain reaction (PCR). TMD1+TMD10
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was generated by fusion of TMD1 and TMD10 (containing loop 9) fragments via aHindIII site
(Table 1 and Fig 1). The forward primer was designed such that the amplified insert would con-
tain CACC at the 5’ end for insertion into the pENTR/D-TOPO vector (Invitrogen). The PCR
reaction used Elongase (Invitrogen) and low annealing and elongation temperatures to accommo-
date the A/T bias in P. falciparum sequences [10].

Table 1. Predictedmasses and primer pairs for the PfoTPT transfection constructs. The tyrosine (Y) codon in synthetic PfoTPT and the alanine (A)
codon in Y10A are in bold. The predicted mass given for TMD10 is for the entire TMD1+TMD10 fusion protein. TheHindIII cloning sites are underlined. AHin-
dIII site is naturally found within TMD1 and one was added to the TMD10 forward primer.

Construct Predicted mass Forward primer Reverse primer

Synthetic PfoTPT 39.0 kDa 5’CACCATGAAAGATAACGAAAAAAAAAACGAATACGGTACGTT 5’AAAGATAGAGTATAGAAATGCTCCAAAGATGGC

Y10A 38.9 kDa 5’CACCATGAAAGATAACGAAAAAAAAAACGAAGCTGGTACG 5’AAAGATAGAGTATAGAAATGCTCCAAAGATGGC

TMD1to9 39.5 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TATAATTATTGATGAAACAATGATAACA

TMD1to8 36.4 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’AAGGCACATAAAAGCAACTTC

TMD1to6 27.0 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TGCATAAATAGATCTAATAGATGAACC

TMD1to5 24.0 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TTTCATAGATGCACAAACAACA

TMD1to2 14.2 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’ACTTATCCAATATATAAATATAAATATCCAT

TMD1 10.8 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TAAAGCTTTTTTATTATCTACATTATATAATAC

TMD10 10.55 kDa 5’CACCAAGCTTTATTTAAAACACAAATAACGTTACTTGGA 5’AAAGATTGAATACAAGAAAGCACCGAATATTG

doi:10.1371/journal.pone.0159603.t001

Fig 1. DNA sequence of the PfoTPT gene from start to stop codon. The part of the forward primer found in the coding
region is shown in black and was used to generate TMD1to9, TMD1to8, TMD1to6, TMD1to5, TMD1to2 and TMD1. The part
of the TMD10 forward primer matching the coding region is shown in purple. Reverse primers used to amplify portions of the
gene containing various TMDs are shown in red. The tyrosine codon is shown in orange, theHindIII cloning site is shown in
green and loop 9, included in TMD1+TMD10, is shown in blue.

doi:10.1371/journal.pone.0159603.g001
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The full length of PfoTPT was codon optimised as previously described [24]. With this
resource available to us, synthetic PfoTPT was prepared with the appropriate primers (Table 1)
for insertion into the Plasmodium transfection vector. To generate a synthetic PfoTPT con-
struct with a single point mutation (Y10A), a forward primer containing the mutation was
used to amplify the codon optimised gene (Table 1).

The amplified sequences were inserted into an entry vector (pENTR™/D-TOPO; Invitrogen)
via a TOPO reaction (Invitrogen), according to the manufacturer’s protocol. The entry vector
was transformed into electrocompetent PMC103 Escherichia coli by electroporation. Trans-
formed colonies were selected with 50 μg/mL kanamycin and screened by PCR with Taq poly-
merase (Invitrogen) using the gene-specific forward primer and M13 reverse primer (5’
CAGGAAACAGCTATGAC). Positive colonies were grown in culture before purification of the
plasmid, according to the manufacturer’s protocol (QIAGEN). Purified entry vectors contain-
ing the insert were sequenced.

The fragment of PfoTPT was transferred from the purified entry vector into an expression
vector, pCHD-3/4, carrying the CRT promoter and triple hemagglutinin (HA) tag at the
3’end of the coding sequence, by the Multisite Gateway™ recombination system (Invitrogen),
using the att1 and att2 sites in a LR reaction, according to the manufacturer’s protocol.
The expression vector was transformed into E. coli cells as described above, and positive
colonies were selected on their ability to grow in the presence of 100 μg/mL ampicillin.
Positive colonies were screened with gene-specific primers and appropriate restriction
enzyme digestions. The expression vector was then purified as above and sequenced prior to
transfection.

Transfection and Culture of Parasites
P. falciparum parasites (D10 strain) were cultured in human red blood cells at 2% haematocrit
in RPMI 1640 (WEHI) supplemented with Albumax (GibcoBRL) to a final concentration of
1% and gassed with 5% CO2 and 1% O2 in N2 at 37°C [33]. Transfections were conducted by
electroporation of ring stage parasites [34, 35] using approximately 100 μg of plasmid DNA.
After electroporation, parasites were grown in the absence of drug through one 48-hour intra-
erythrocytic cycle. Subsequently, WR99210 was added to a final concentration of 10 pM in the
culture medium. Transformed parasites were selected based on their resistance to the antifolate
WR99210 via possession of the human dihydrofolate reductase gene [36].

Protein Partitioning
Infected red blood cells were lysed with 10 volumes of 0.15% saponin (Sigma-Aldrich)/0.1%
bovine serum albumin (BSA; Sigma-Aldrich) and washed with phosphate buffered saline
(PBS). Isolated parasites were lysed in 1% Triton X-114 (Sigma-Aldrich)/2 mM EGTA/prote-
ase inhibitor (Roche)/PBS and incubated on ice for 30 minutes [12, 37]. Cell debris was
removed by centrifugation. The cloud point of Triton X-114 is approximately 20°C [12, 37], so
proteins were phase partitioned by condensation by layering the supernatant onto a sucrose
cushion (6% sucrose/0.06% Triton X-114/PBS) and incubating at 37°C for 3 minutes. Centrifu-
gation resulted in the formation of three phases: the upper soluble phase, the sucrose cushion,
and an insoluble pellet. This soluble phase was considered a wash, and the sucrose cushion was
discarded. Partitioning was repeated on the pellet to ensure that the soluble and detergent
phases were not contaminated with proteins of the wrong phase. Proteins of the phases were
precipitated by acetone and analysed by Western blot.

Targeting of a Transporter to the Apicoplast in Plasmodium falciparum
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Western Blot Analysis
Parasites were harvested by treatment with 0.15% saponin/0.1% BSA/PBS for 10 minutes on
ice. Parasites were then pelleted by centrifugation, washed with PBS and lysed in reducing sam-
ple buffer (2% β-mercaptoethanol/NUPAGE LDS Sample Buffer; Life Technologies) before
being boiled for 5 minutes. Proteins were separated by SDS-PAGE [38] and transferred onto a
nitrocellulose membrane (Amersham). To visualise HA-containing fragments, the membrane
was blocked in western blocking buffer (5% skim milk powder/TTBS) for at least 1 hour and
incubated in a monoclonal rat anti-HA antibody (Roche) diluted 1:250 in blocking buffer for 1
hour. For detection of Hsp60, anti-Hsp60 (kind gift from T. Lithgow and R. Waller) was used
at a 1:1000 dilution. The membrane was then washed several times with TTBS before incubat-
ing for 45 minutes in rabbit anti-rat horseradish peroxidase-conjugated antibody (DAKO)
diluted 1:1000 in blocking buffer. After repeating the wash steps, protein bands were detected
on X-ray film or on a ChemiDoc (BioRad) using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific), according to the manufacturer’s protocol.

Immunofluorescence Assays
Cells were harvested by centrifugation, washed with PBS and fixed with 4% paraformaldehyde/
0.005%-0.0075% glutaraldehyde (ProSciTech) in PBS for 20 minutes. Fixed cells were washed
in PBS and subsequently permeabilised with 0.1% Triton X-100 (Fisher Scientific) in PBS for
10 minutes before being blocked with 3% BSA in PBS for at least 30 minutes. Cells were incu-
bated with a monoclonal rat anti-HA antibody (Roche; 1:250 dilution) and the apicoplast
marker acyl carrier protein (ACP) anti-serum at a 1:500 dilution, the plasma membrane
marker anti-PfNT1 antibody (Malaria Research and Reference Resource Centre, NIH [39]) at a
1:400 dilution or the ER marker anti-BiP antibody (Malaria Research and Reference Resource
Centre, NIH [40]) at a 1:1000 dilution, in the blocking media for 1 hour at room temperature
or overnight at 4°C. Samples were then washed well with PBS and incubated with goat anti-rat
antibody Alexa Fluor 488 and goat anti-rabbit antibody Alexa Fluor 546 (Molecular Probes;
1:750–5000 dilution) for 1 hour. After washing with PBS, cells were incubated in Hoechst
33342 (Life Technologies; 1:10,000 dilution) for 20 minutes. Cells were adhered to 0.1% poly-
ethylenimine (Sigma-Aldrich)-coated coverslips with a drop of 0.01% DABCO (Sigma-
Aldrich) in 50% glycerol. Alternatively, immunofluorescence assays were performed on cells
bound to coverslips treated with 0.5 mg/mL Concanavalin A (Sigma-Aldrich) as previously
described [41]. Samples were then sealed with VALAP (Vaseline: lanolin: paraffin; 1:1:1, by
weight). Control cells were incubated with secondary antibody only.

Confocal Microscopy
Cells were observed using an inverted Leica DMIRB-TCS SP 2 confocal microscope, with PL
APO 63X/1.4 λBL oil objective. Transmission images were captured using differential interfer-
ence contrast optics.

Results and Discussion
To investigate signals responsible for targeting proteins into the outer apicoplast membrane in
the human malaria parasite P. falciparum, we generated a series of episomally expressed con-
structs incorporating different combinations of TMDs and connecting loops from the PfoTPT
protein, each with a C-terminal triple HA tag. Constructs were driven by the PfCRT promoter,
providing low expression peaking during the ring stage [12]. This stage has distinct, punctate
apicoplasts [42] allowing unequivocal assessment of targeting by immunofluorescence. As
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previously reported [12], expression of the full gene with a C-terminal tag results in accumula-
tion in the apicoplast and the protein is membrane integrated.

To avoid integration of constructs that could confound some of the planned experiments,
we used a synthetic gene with different codon usage (available to us from previous work [24]).
Expression of the full length, synthetic, HA-tagged gene showed faithful targeting to the apico-
plast (Fig 2A) and Triton X-114 phase partitioning demonstrated that the protein is lodged in
the apicoplast membrane (Fig 3). We then made a point mutation within this construct to
change the tyrosine residue at position 10 in the cytosolic N-terminus to alanine (Y10A;
Table 1). This single point mutation drastically altered targeting of the protein with none visi-
ble within the apicoplast and the overwhelming majority of protein accumulating outside the
apicoplast (Fig 2B). The Y10A construct remained membrane resident (Fig 3), and is appar-
ently located in both the plasma membrane on the basis of co-localisation with the plasma
membrane marker, PfNT1 (S1A Fig), a nucleoside transporter shown to reside in the parasite
plasma membrane [43], and the ER on the basis of co-localisation with BiP (S2A Fig), a mem-
ber of the heat shock protein family (PfHSP70) resident in the ER [40]. These results corrobo-
rate identification of this tyrosine motif as essential for apicoplast outer membrane targeting of
TgATP1, the orthologous protein in T. gondii [32].

Although these studies clearly identify the Y10A motif as necessary for apicoplast outer
membrane targeting, the motif alone is apparently not sufficient to direct any membrane pro-
tein to this destination as previous fusion of the N-terminus (containing the crucial tyrosine
motif) to a nucleoside sugar transporter (TgNST1) did not confer apicoplast targeting in T.
gondii [32]. To explore the possibility that another domain (or domains) in these proteins is
required for outer apicoplast membrane targeting, we created constructs from PfoTPT with
various combinations of loops and TMDs and with C-terminal epitope tags (Fig 2). These con-
structs, which use the native PfoTPT DNA sequence, showed no tendency to integrate; likely
because integrations would truncate the PfoTPT protein, which is essential in P. berghei [25]
and thus likely to be essential in P. falciparum. Since there is no need for processing of PfoTPT
for correct targeting [12], our strategy should yield information on what portions of the protein
are necessary for apicoplast targeting. Such a truncation approach has also successfully dis-
sected the ER targeting signals of ryanodine receptors in mammalian cells [45] and facilitated
the examinations of the targeting requirements and topology of plant vacuolar antiporters [46]
and mammalian ATP-binding cassette (ABC) transporters [47].

Our first deletion construct (TMD1to9) removed TMD 10, which abrogated apicoplast tar-
geting (Fig 2C). Even though this construct contains almost the entire PfoTPT protein, it
did not target to the apicoplast as shown by the lack of co-localisation with ACP (Fig 2C).
TMD1to9 also did not target to the plasma membrane on the basis of no co-localisation with
nucleoside transporter, PfNT1 (S1B Fig). Rather, TMD1to9 exhibited peri-nuclear staining typ-
ical of ER localisation in Plasmodium spp., confirmed by co-localisation with BiP (S2B Fig).

Four other constructs, each lacking further C-terminal TMDs (TMD1to8, TMD1to6, TMD
1to5, and TMD1to2), also failed to target to the apicoplast on the basis of no detectable co-loca-
lisation with ACP (Fig 2D–2G). Nevertheless, all these deletion constructs remained membrane
resident (Fig 3) and tended to localise to the ER and/or the plasma membrane on the basis of
co-localisation with BiP and/or PfNT1 (S1C–S1F and S2C Figs) (BiP co-localisation data not
shown for TMD1to8, TMD1to6, TMD1to5). We conclude that truncations of the PfoTPT C-
terminus abrogates apicoplast targeting, which could suggest that the full complement of 10
TMDs, and/or some element in the C-terminal tail, are essential for apicoplast targeting.

The minimal construct tested was TMD1, and it did not localise to the apicoplast (Fig 2H)
but instead showed ER localisation (S2D Fig) and plasma membrane localisation (S1G Fig) on
the basis of co-localisation with BiP and PfNT1, respectively. TMD1 is primarily a membrane
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Fig 2. Gene expression constructs defining elements of PfoTPT essential for targeting to the outer membrane of the
apicoplast. TMDs are represented by numbered boxes and are joined by loops. All PfoTPT constructs are episomally
expressed under the PfCRT promoter and tagged with triple HA at the C-terminus detected with anti-HA and secondary
antibody conjugated to FITC (green) in parasites within erythrocytes. Co-localisation of the apicoplast using antisera against
apicoplast stromal marker, ACP, is shown in red. Nuclei are stained with Hoechst (blue), and transmitted light images of the
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located protein (Fig 3), and along with the other C-terminal deletion constructs (above), these
localisations support the hypothesis [12] that TMD1 probably acts as a recessed signal anchor
directing PfoTPT into the endomembrane, which has also been confirmed for TgATP1 [32].

Our final construct, TMD1+TMD10, sought to bring together three of the elements identi-
fied in this study as apparently being essential for apicoplast outer membrane targeting (the

parasites within their host red blood cell are shown on the right. Scale bars = 2μm. A. Full length, synthetic PfoTPT co-
localises with ACP. B. Point mutation of tyrosine residue at position 10 (✪) in the synthetic PfoTPT (Y10A) abrogates
targeting to the apicoplast showing no co-localisation with the apicoplast marker. C. Removal of TMD 10 (TMD1to9)
abrogates targeting to the apicoplast showing no co-localisation with the apicoplast marker. D. Removal of TMDs 9 and 10
(TMD1to8) abrogates targeting to the apicoplast showing no co-localisation with the apicoplast marker. E. Removal of TMDs
7, 8, 9 and 10 (TMD1to6) abrogates targeting to the apicoplast showing no co-localisation with the apicoplast marker. F.
Removal of TMDs 6, 7, 8, 9 and 10 (TMD1to5) abrogates targeting to the apicoplast showing no co-localisation with the
apicoplast marker. G. Removal of TMDs 3, 4, 5, 6, 7, 8, 9 and 10 (TMD1to2) abrogates targeting to the apicoplast showing no
co-localisation with the apicoplast marker and diffuse staining throughout the parasite. H. Removal of TMDs 2, 3, 4, 5, 6, 7, 8,
9 and 10 (TMD1) abrogates targeting to the apicoplast showing no co-localisation with the apicoplast marker and diffuse
staining throughout the parasite. I. A combination of TMD1 and TMD10 (TMD1+TMD10) was not sufficient to reconstitute
targeting to the apicoplast, showing no co-localisation with the apicoplast marker.

doi:10.1371/journal.pone.0159603.g002

Fig 3. Western blots showing that all PfoTPTmodification constructs producemembrane bound
proteins of appropriate apparent masses. The left column shows the insoluble (membrane) fraction while
the right column shows the soluble (non-membrane) fractions after Triton X-114 protein partitioning. The
apicoplast stromal protein Hsp60 [44] is loaded as a soluble protein control, and PfoTPT is loaded as an
insoluble protein control [12]. Hsp60 fractions were probed with anti-Hsp60 and all other fractions with anti-
HA.

doi:10.1371/journal.pone.0159603.g003
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tyrosine motif in the cytosolic N-terminus, TMD1, and TMD10, and the cytosolic C-terminus),
as a potentially minimal construct that might be sufficient to target a protein into the apicoplast
outer membrane. However, this construct clearly did not co-localise with ACP (Fig 2I), instead
appearing to accumulate in the parasite endomembrane (S2E Fig) and plasma membrane (S1H
Fig). TMD1+TMD10 is exclusively a membrane located protein (Fig 3); its orientation is
unknown but assumed to have the termini projecting into the cytosol on the basis of the posi-
tively charged N-terminus and the even number of TMDs.

An alternative explanation for the loss of targeting in these truncated constructs is altered
orientation of the proteins in the membrane. We previously showed that PfoTPT resides in the
outer apicoplast membrane with its termini facing the cytosol [12], likely because of the posi-
tive charges on the N-terminus and the even number of TMDs. The impact of protein orienta-
tion on apicoplast targeting remains unexplored. Unfortunately, determining the membrane
orientation of artificial constructs in the endomembrane system is technically challenging
and beyond the scope of this study. Therefore, it remains possible that the deletions of TMDs
in PfoTPT alter membrane topology causing mis-localisation. It is reasonable, however, to
assume that constructs including the positive N-terminus and an even number of TMDs (e.-
g. TMD1to8, TMD1to6, TMD1to2, TMD1+TMD10) would adopt the same configuration as
full length PfoTPT, but they still all failed to target to the apicoplast. From this observation,
we tentatively conclude that TMD symmetry is not sufficient for apicoplast targeting in these
constructs.

All constructs migrated in SDS-PAGE gels at appropriate apparent masses and were mem-
brane resident (Fig 3).

Conclusions
The localisation of PfoTPT to the apicoplast heralded a new paradigm in apicoplast targeting
[12, 27]. PfoTPT lacks the classical bipartite leader necessary for targeting proteins to the apico-
plast stroma [11] and was hypothesised to utilise a previously uncharacterised route that could
direct proteins into the outermost apicoplast membranes [12]. Mullin et al. [12] proposed that
TMD1 of PfoTPT is a recessed signal anchor that directs the protein into the endomembrane
and that another feature (or features) in the protein must be responsible for directing and lodg-
ing the protein in the outermost apicoplast membrane. Here we demonstrated that the first
TMD of PfoTPT is indeed sufficient for committing the protein into the endomembrane sys-
tem in which the apicoplast is positioned, but is insufficient for apicoplast targeting. This is
consistent with the hypothesis that TMD1 is a recessed signal anchor [12], as previously shown
in T. gondii [32].

We also confirm that a tyrosine residue, present in the N-termini of all apicomplexan
homologues of PfoTPT and crucial for T. gondii outer apicoplast membrane targeting [32], is
also essential for correct targeting in P. falciparum. However, the lack of plastid targeting by
TMD1 alone, even though it includes the critical tyrosine residue in the N-terminus, tells us
that one or more other features of the protein are necessary for apicoplast outer membrane
targeting. Orientation and protein topology may be important factors for correct apicoplast
localisation. The C-terminal deletion constructs perhaps indicate that TMD10 and/or the C-
terminus are critical for faithful targeting, but an attempt to constitute these elements into a
minimal apicoplast outer membrane-targeting module (TMD1+TMD10) was unsuccessful. In
summary, TMD1 is likely to act as a signal anchor to direct PfoTPT into the endomembrane
system. A tyrosine in the N-terminus is necessary for apicoplast outer membrane targeting,
and loss of TMD10 and the C-terminus perturbs targeting, but a minimal combination of these
three elements is not sufficient to reconstruct targeting. Thus, an as yet unidentified element
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(or elements), or perhaps even protein orientation in the membrane, is required for targeting
to the outer apicoplast membrane.

Supporting Information
S1 Fig. Gene expression constructs not targeted to the apicoplast now co-localised with the
plasma membrane. TMDs are represented by boxes and are joined by loops. All PfoTPT con-
structs are episomally expressed under the PfCRT promoter and tagged with triple HA at the
C-terminus detected with anti-HA and secondary antibody conjugated to FITC (green). The
parasite plasma membrane is detected with anti-PfNTP1 (red). Nuclei are stained with Hoechst
(blue), and transmitted light images of the parasites within their host red blood cell are shown
at right. Scale bars = 2μm. A. Point mutation of tyrosine residue at position 10 (✪) in the syn-
thetic PfoTPT (Y10A) relocates protein from the apicoplast (Fig 2B) to the plasma membrane.
B. Removal of TMD 10 (TMD1to9), which completely abrogates targeting to the apicoplast
(Fig 2C), does not result in plasma membrane localisation. C. Removal of TMDs 9 and 10
(TMD1to8), which completely abrogates targeting to the apicoplast (Fig 2D), results in some
protein localisation to the plasma membrane. D. Removal of TMDs 7, 8, 9 and 10 (TMD1to6),
which completely abrogates targeting to the apicoplast (Fig 2E), results in localisation of the
protein that mostly overlaps with the parasite plasma membrane marker, PfNT1. Note that the
erythrocyte is infected with three separate parasites. E. Removal of TMDs 6, 7, 8, 9 and 10
(TMD1to5), which completely abrogates targeting to the apicoplast (Fig 2F), results in localisa-
tion of the protein that mostly overlaps with the parasite plasma membrane marker, PfNT1.
Note that the erythrocyte is infected with two separate parasites. F. Removal of TMDs 3, 4, 5, 6,
7, 8, 9 and 10 (TMD1to2), which completely abrogates targeting to the apicoplast (Fig 2G),
results in some re-localisation of the protein to the plasma membrane. G. Removal of TMDs 2,
3, 4, 5, 6, 7, 8, 9 and 10 (TMD1), which completely abrogates targeting to the apicoplast (Fig
2H), results in some localisation of the protein to the plasma membrane. H. Recombining
TMD1 with TMD10 (TMD1+10) was unable to reconstitute apicoplast targeting (Fig 2I) and
resulted in some plasma membrane targeting.
(TIFF)

S2 Fig. Select gene expression constructs not targeted to the apicoplast are now co-localised
with the endoplasmic reticulum. TMDs are represented by boxes and are joined by loops. All
PfoTPT constructs are episomally expressed under the PfCRT promoter and tagged with triple
HA at the C-terminus detected with anti-HA and secondary antibody conjugated to FITC
(green). The parasite ER is detected with anti-BiP (red). Nuclei are stained with Hoechst
(blue), and transmitted light images of the parasites within their host red blood cell are shown
at right. Scale bars = 2μm. A. Point mutation of tyrosine residue at position 10 (✪) in the syn-
thetic PfoTPT (Y10A) relocates protein from the apicoplast (Fig 2B) to the ER, as well as the
plasma membrane (S1A Fig). B. Removal of TMD 10 (TMD1to9), which completely abrogates
targeting to the apicoplast (Fig 2C), results in perinuclear localisation of the protein that
almost entirely overlaps with the ER marker, BiP. C. Removal of TMDs 3, 4, 5, 6, 7, 8, 9 and 10
(TMD1to2), which completely abrogates targeting to the apicoplast (Fig 2G), results in re-
localisation of most of the protein to the ER. D. Removal of TMDs 2, 3, 4, 5, 6, 7, 8, 9 and 10
(TMD1), which completely abrogates targeting to the apicoplast (Fig 2H), primarily results in
localisation of most of the protein to the ER. E. Recombining TMD1 with TMD10 (TMD1+10)
was unable to reconstitute apicoplast targeting (Fig 2I) and resulted in some perinuclear ER
targeting, plus some parasite plasma membrane targeting (S1H Fig).
(TIFF)
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Table 1. Predictedmasses and primer pairs for the PfoTPT transfection constructs. The tyrosine (Y) codon in synthetic PfoTPT and the alanine (A)
codon in Y10A are in bold. The predicted mass given for TMD10 is for the entire TMD1+TMD10 fusion protein. TheHindIII cloning sites are underlined. AHin-
dIII site is naturally found within TMD1 and one was added to the TMD10 forward primer.

Construct Predicted
mass

Forward primer Reverse primer

Synthetic
PfoTPT

39.0 kDa 5’CACCATGAAAGATAACGAAAAAAAAAACGAATACGGTACGTT 5’AAAGATAGAGTATAGAAATGCTCCAAAGATGGC

Y10A 38.9 kDa 5’CACCATGAAAGATAACGAAAAAAAAAACGAAGCTGGTACG 5’AAAGATAGAGTATAGAAATGCTCCAAAGATGGC

TMD1to9 39.5 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TATAATTATTGATGAAACAATGATAACA

TMD1to8 36.4 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’AAGGCACATAAAAGCAACTTC

TMD1to6 27.0 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TGCATAAATAGATCTAATAGATGAACC

TMD1to5 24.0 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TTTCATAGATGCACAAACAACA

TMD1to2 14.2 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’ACTTATCCAATATATAAATATAAATATCCAT

TMD1 10.8 kDa 5’CACCTAAATAGAATGAAAGATAATGAAAAAA 5’TAAAGCTTTTTTATTATCTACATTATATAATAC

TMD10 10.55 kDa 5’CACCAAGCTTTATTTAAAACACAAATAACGTTACTTGGA 5’AAAGATTGAATACAAGAAAGCACCGAATATTG

doi:10.1371/journal.pone.0161420.t001
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